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ABSTRACT

Molecular phylogeny based on the analysis of partial sequences of mitochondrial (mt) cy-
tochrome b (cyt b), 125, and 16S genes supports a close relationship between the European
Atlantic sturgeon Acipenser sturio L., 1758, and the American Atlantic sturgeon, Acipenser
oxyrinchus Mitchill, 1815. These sister species form a separate clade within the genus Acipenserand
appear to be the most basal clade with respect to all other species of the genus. Intraspecifically,
at least two different genetic forms have been found within A. sturio (in the Northern and Baltic
seas), but no defined subspecies exist. For A. oxyrinchus, fixed differences in the control region
and cyt b gene distinguish the two subspecies, the Atlantic sturgeon A. oxyrinchus oxyrinchus
Mitchill, 1815 and the Gulf of Mexico sturgeon A. oxyrinchus desotoi Vladykov, 1955. Within A. o.
oxyrinchus, a pronounced latitudinal cline in haplotype diversity exists from north to south along
the eastern coast of North America. This greater genetic diversity in southern populations is most
likely a result of population continuity through the Pleistocene. Monomorphism within the two
northernmost, post-Pleistocene A. o. oxyrinchus populations indicates a probable founder effect.
A. o. desotoi also displays a significant geographic structuring of populations in different river sys-
tems. Because of the lack of A. sturio individuals necessary for population studies and the close
relationship between this species and A. oxyrinchus, the genetic characteristics and structure of A.
oxyrinchus can be regarded as a model for A. sturio. The only opportunity for future detailed mol-
ecular study of A. sturio resides in using tissue samples from sturgeon specimens kept in various
European museums.
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RESUMEN

Andlisis molecular de Acipenser sturio L., 1758 y Acipenser oxyrinchus Mitchill, 1815: una re-
vision

La filogenia molecular basada en el andlisis de secuencias parciales de los genes mitocondriales (mt) cito-
cromob (cytb), 128y 16S apoya la proxima relacion entre el esturion atldntico europeo Acipenser sturio

L., 1758 y el esturion atldntico americano Acipenser oxyrinchus Mitchill, 1815. Estas especies hermanas

70 del ginero Acipenser y parecen constituir el clado mas basal con relacion

forman un clado sebarado
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a todas las otras especies del género. Intraespecificamente se han encontrado, al menos, dos formas genéticas
diferentes dentro de A. sturio (en los mares del Norte y Bdltico) pero no existen subespecies definidas. Para
A. oxyrinchus las diferencias fijadas en la region control y en el gen del oyt b distinguen las dos subespecies:
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la diversidad de haplotipos desde el norte hasta el sur a lo largo de la costa este de América del Norte. Esta
mayor diversidad genética en las poblaciones meridionales es, mas probablemente, un resultado de la conti-
nuidad poblacional durante el Pleistoceno. El monomorfismo dentro de las dos poblaciones post-pleistocénicas
mds septentrionales de A. o. oxyrinchus indica un probable efecto fundador. A. o. desotoi siempre muestra
una significativa estructuracion geogrdfica de poblaciones en diferentes sistemas fluviales. Debido a la falta
de individuos de A. sturio necesarios para los estudios poblacionales y a la proxima relacion entre esta espe-
cie y A. oxyrinchus, las caracteristicas y estructura genéticas de A. oxyrinchus pueden ser consideradas co-
mo modelo para A. sturio. La inica oportunidad para un futuro estudio molecular detallado de A. sturio
reside en el uso de muestras de tejidos de ejemplares de esturion almacenados en varios museos europeos.

Palabras clave: Esturion atldntico, citocromo b, diversidad genética, filogenia.

INTRODUCTION

At present, the European Atlantic or Baltic stur-
geon Acipenser sturio L., 1758 is one of the most en-
dangered sturgeon species (Rochard, Castelnaud
and Lepage, 1990; Birstein, 1993, 1999a; Lepage
and Rochard, 1995; Birstein, Bemis and Waldman,
1997; Anatsky, 1999). Historically, its range includ-
ed the Northeastern Atlantic Ocean, especially the
shallow parts of the North and Baltic Seas and
coastal areas of the Mediterranean and Pontic re-
gions (reviews in Holcik et al, 1989; Kinzelbach,
1997). Currently, only a small population of A. stu-
rio exists in the Gironde River system in France
(Castelnaud et al., 1991; Williot et al., 1997). In the
spring of 1995, natural reproduction of this
species was reported in this river basin for the first
time since 1988 (Anon., 1995). Unfortunately, it is
not known which river was used by sturgeon for
spawning at that time. Analysis of the catch data of
A. sturio provided by commercial fishermen over
the period 1980-1994 indicates that juveniles from
this population disperse over a very large area,
from the Bay of Biscay to Scandinavia, as well as
the British Isles (Rochard, Lepage and Meazé,
1997).

Until recently, another small stock of A. sturio
was also observed in the eastern part of the Black
Sea (Pavlov et al., 1985, 1994). Sturgeon spawned in
the lower part of the Rioni River in Georgia
(Ninua, 1976). All attempts to catch A. sturioin that
area in the 1990s have failed (E. Artuykhin and Z.

During the last decade, several single A. sturio in-
dividuals were caught in the North Atlantic and the
Baltic Seas. In 1985, 1989 and 1995, three sturgeon
were caught in the German waters of the North Sea
near the Helgoland Island (Debus, 1995, 1997; K.
Busse, pers. comm.). In 1993, one A. sturio was cap-
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tured in the North Sea near the Dutch coast
(Timmermanns and Melchers, 1994) and in 1992,
two juveniles were reported from a tributary of the
Dutch part of the Rhine (Volz and De Groot,
1992). In May 1996, a large mature female was
caught in the Estonian waters of the Baltic Sea
(Paaver, 1996, 1997, 1999). Therefore, only single
individuals of A. sturio are currently available for
genetic research.

Historically, the North American Atlantic stur-
geon, Acipenser oxyrinchus Mitchill, 1815, was con-
sidered to be the same species as A. sturio. Later, A.
oxyrinchus was recognised as the separate sub-
species A. sturio oxyrinchus, with the European
Atlantic sturgeon known as A. sturio sturio (Smith,
1891; Vladykov and Greely, 1963). In 1963, Magnin
and Beaulieu suggested elevation of these sub-
species to species ranks, with the European form
retaining the name A. sturio, and the American
form recognised as A. oxyrinchus (Magnin and
Beaulieu, 1963; Magnin, 1964). Since then, they
are usually considered sister species (e.g., Birstein
and Bemis, 1997; Choudhury and Dick, 1998), but
recently Artyukhin and Vecsei (1999) lowered
them to subspecies level again. However, this opin-
ion contradicts current data on genetic differences
between A. sturio and A. oxyrinchus (see below).

Two subspecies, the Atlantic sturgeon, A.
oxyrinchus oxyrinchus Mitchill, 1815 and the Gulf of
Mexico sturgeon, A. oxyrinchus desotoi Vladykov,
1955, were described within A. oxyrinchus
(Vladykov, 1955; Vladykov and Greely, 1963).
Currently, the Atlantic subspecies occurs from the
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In contrast to the European Atlantic sturgeon, dif-
ferent populations of A. oxyrinchus have been stud-
ied intensively and numerous genetic data for this
species exist in the literature.

In the present paper, we review all of the genet-
ic data known for both A. sturio and A. oxyrinchus.

RESULTS AND DISCUSSION

General genetic characteristics and the position of
A. sturio-A. oxyrinchus within the Acipenseridae

The chromosome number in A. sturio is 116 + 4
(Fontana and Colombo, 1974; Tagliavini et al.,
1999). The A. sturio karyotype consists of 35 pairs of
meta- and submetacentric large and medium-sized
chromosomes, two pairs of small acrocentrics and
about 20 pairs of microchromosomes (Fontana
and Colombo, 1974; Tagliavini et al., 1999). The
DNA content in A. sturiois 3.6 pg/nuclei (Fontana,
1976), which is characteristic of sturgeons with 120
chromosomes (Birstein, Hanner and DeSalle,
1997). For A. o. oxyrinchus the DNA content was re-
ported as 4.55 pg/nuclei (Blacklidge and Bidwell,
1993), but the difference in the DNA content be-
tween these two species appears to be due to dif-
ferent methods of evaluation (microdensitometry
for A. sturio and flow cytometry for A. oxyrinchus).
For A. oxyrinchus, the number of chromosomes in
A. o. desotoi cultured cardiac cells was 99-112 (Li et
al., 1985).

All of this evidence confirms that both A.
oxyrinchus and A. sturio belong to the 120-chromo-
some group of sturgeons and, therefore, A. sturio
belongs to the group of 120-chromosome sturgeon
species; members of the other group of species
have 240 chromosomes (for detailed discussion of
the problem of ploidy in sturgeons, see Birstein,
Hanner and DeSalle, 1997; Birstein and DeSalle,
1998; Vasil’ev, 1999). On the basis of karyotypic
structure, a high number of nucleoli in nuclei, and
a high level of duplicated loci, the 120-chromo-
some sturgeon species are usually considered
tetraploids (Ohno et al, 1969; Birstein, Hanner

and DeSalle, 1997). The American paddlefish

Polyodon spathula (Walbaum, 1792), a repre-

sentative of the second acipenscriform family

Polyodontidae, also has 120 chromosomes and sim
¢

ilar karyotypic characteristics to those of the 120-
chromosome sturgeons (Dingercus and Howell,
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1976). In P spathula, the duplicated loci were
found for insulin, glucagon, glucagon-like peptide,
and proopiomelanocortin (Nguen et al., 1994;
Danielson et al, 1999). Since karyotypes of the
shovelnose sturgeon Scaphirhynchus platorynchus
(Rafinesque, 1820) (which belongs to presumably
the oldest sturgeon subfamily Scaphirhynchinae
- see Mayden and Kuhajda, 1996) and of P. spathu-
la are similar, the tetraploid karyotype of 120 chro-
mosomes is regarded as ancestral for acipenseri-
forms (reviewed in Birstein, Hanner and DeSalle,
1997; Vasil’ev, 1999). However, some authors de-
scribe the 120-chromosome sturgeon species, in-
cluding A. sturio, as diploids (Fontana et al., 1996;
Tagliavini et al., 1999).

A molecular phylogenetic study of all sturgeon
species showed that A. sturio and A. oxyrinchus are
clustered together in one clade, and that this clade
is the sister-group to the other main clades of stur-
geon species (Birstein and DeSalle, 1998). This
conclusion was based on combined analysis of data
for fragments of three mitochondrial (mt) genes,
the 12S, 16S, and cytochrome b (cyt b) (150-bp,
350-bp, and 650-bp, respectively). The position of
this clade in the phylogenetic tree supports the hy-
pothesis that A. sturio (together with A. oxyrinchus)
is probably a descendant of ancestral forms of
Acipenser (Nesov and Kaznyshkin, 1983). Based on
the fact that the main geological changes in the
North Atlantic Ocean occurred during the Lower
(18595 My ago) and Upper (95-65 My ago)
Cretaceous (Smith, Smith and Funnell, 1994), it is
assumed that the A. sturio-A. oxyrinchus lineage orig-
inated during the Middle Cretaceous, ca. 90 My
ago (Birstein and DeSalle, 1998).

Molecular difference between A. sturio and
A. oxyrinchus

Wirgin, Stabile and Waldman (1997) compared
a partial sequence (203-bp) of the control region
of the mtDNA of A. sturio (an individual from the
Gironde River) to sequences from 159 individuals
representing both A. o. oxyrinchus and A. o. desotot.
They found a minimum of 31 and maximum of 33
between A. sturio and A.

nucleotide changes

oxyrinchus individuals. There were also three sites of

insertions/deletions recognised: a CA insertion in

positions 35-35, and deletions of GC in positions

58-59 and A in position 119 of A. oxyrinchus relative
63
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to A. sturio. The number of nucleotide changes in
pairwise comparisons between the two subspecies
of A. oxyrinchus ranged between 5 and 8, with no in-
sertions and/or deletions, and is therefore much
lower than between A. sturio and A. oxyrinchus. With
the exclusion of insertions and deletions, nu-
cleotide divergence between these two species was
much higher (about 15 %) than between the two
subspecies of A. oxyrinchus (maximum 3.5 %; Ong et
al., 1996). Also, we found 7 nucleotide changes in
the 295-bp cyt b gene regions between A. sturio and
A. oxyrinchus (figure 1; see also Birstein and
DeSalle, 1998). We observed even more changes in
a 642-bp fragment of the ND5 gene (table I).

Wirgin, Stabile and Waldman (1997, p. 387) con-
cluded that “the level of [molecular] differentia-
tion observed argues strongly for full species status
of each of the western and eastern Atlantic stur-
geons.” Therefore, molecular data support the tra-
ditional recognition of A. sturio and A. oxyrinchus as
separate species (Magnin and Beaulieu, 1963;
Magnin, 1964) and not subspecies, as Artyukhin
and Vecsei (1999) suggested recently.

Are there intraspecies forms within A. sturio?

A comparison of two fragments of the cyt b gene
in A. sturio individuals from different locations
showed considerable intraspecific genetic differen-
tiation (Birstein, Betts and DeSalle, 1998). Four A.

Molecular analysis of Acipenser sturio

sturio individuals were used for this analysis: two
from the Gironde River in France, one caught in
the North Sea near the Dutch coast (Timmer-
manns and Melchers, 1994), and one captured in
the Baltic Sea in Estonian waters (Paaver, 1996,
1997). The sequences from two individuals from
the Gironde River were practically identical (GR1
and GR 2) and differed in only a few changes from
the sequence of the individual from the North Sea
(GR1, GR 2, and NS, respectively, in figure 1 and
table II). The partial cyt b sequence from the Baltic
Sea individual (BS) differed slightly from that of
the NS (6 changes) and GS1/ GS 2 (4 changes)
(figure 1, table II). Ludwig et al. (2000) also de-
scribed a difference in the distribution of mi-
crosatellite allelles in the museum specimens of A.
sturio from the populations in the North and Baltic
Seas. They found some alleles in the North Sea in-
dividuals only (alleles 121 and 124 of the mi-
crosatellite Afu-19; 147 of Afu-34; 120 of Afu-39 and
152 of Afu-68), while two alleles (130 of the mi-
crosatellite Afu-19 and 180 of Afu-180) were ob-
served exclusively in the Baltic Sea specimens. All
these data point to the possibility of intraspecies
differentiation within A. sturio.

Earlier, two forms differing in meristic characters
were described within A. sturio (Marti, 1939; Ninua,
1976). Marti (1939) showed that the number of
dorsal and lateral scutes in the Baltic Sea A. sturio is
lower than in the Black Sea A. sturio (9.6 and 14.3,
and 27.7 and 32.8, respectively). Later it was found

Table I. Nucleotide changes in a partial sequence (642-bp) of the ND5 gene of A. sturio from the Gironde River and A.
oxyrinchus desotoi!. (1): Data from Doukakis, Birstein and DeSalle (unpublished). Tissue samples from the same individuals
GR1 and AD as in figure 1 and table II were used. (2): Position numbers refer to the ND 5/6 primer of Bembo et al. (1995)

Positions of nucleotides?

Species
39 50 68 70 103 128 154 164 173 193
A. sturio A G C G T A G C C C
A. oxyrinchus desotoi G T T A G T A G T T
196 216 238 259 319 337 346 352 382 385
A. sturio T T T C T C A G C A
A. oxyrinchus desotoi C C C T C T G A T G
388 398 412 445 466 469 478 517 532 544
A. sturio T T G A A A G C T T
A. oxyrinchus desotoi C C A G G G A T C C
550 571
A. sturio T A
A. oxyrinchus desoto C G
64 Bol. Inst. Esp. Oceanogr. 16 (1-4). 2000: 61-75
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Cytochrome b — a part of the region 1
NSa CCGCCTTCCCATACATCGGCGACACACTAGTGCAATGAATCTGAGGCGGCTT

BSa e oo 000000 osescsosseesseccsssscscssccscscccss(Jeeescsovesee e
GR1la e o 0 0 6 66606 60 0006600000000 e 0000 0s 000000000000
GR2a e o 6 66 6 06 6000 0000000006000 e 0000000000000 0000

ADa s eeescscssssssssssecssssesGeessGToeeGeorecssccscccssce
AOa Y LY el Y e R S I I A I S I

Cytochrome b — a part of the region 2
NSb GAATCATACTTTCTCTTTGCCTACGCCATCCTCCGATCTATTCCGAACAAACTAGGCGG

BSb T P g B R R
GR2D ++++Gerooesssonessasasnscssssossssaosssancncssnoscsacsccconncs
ADb e eeGeeeMeeCovssosssessnossosasaossscssasssocsoosseccccccosscs
AOb ceseGeooToeeCovoesessassssnsesososssosssossasscocsoncsessanccons

NSb AGTACTGGCCCTTCTATTCTCCATCCTAGTCCTAATATTGGTACCAGTCCTCCACACCT

GRLD ++vveessossssssecsssanessssnsessssscssssosscssoncssceonccses
GR2D e esssssssssssannnsasassssssscsscsscsoansssssccceccccccs
AOb I I R IR I I A A

NSb TCCAAACAACGGGGAAATACATTTCGGCCCCTCTCCCAAATCCTATTTTGAGCCCTAGT

BSb I L e R R R R AR
GRID ++veveesseePecscsssssoscsssNecessccccccsccncccccccsGAreeeGe?
GR2D ++veesssovossssssssssnscsssPecccsscnsccccccccsccccsGAreeeGe>
ADb B T e R R N AR EER RS

AOb I TR e R R R N A

Figure 1. Variable areas in the regions 1 (384-435 nucleotides) and 2 (811-986) of the cytochrome b gene in A. sturio and A.
oxyrinchus. NS is the A. sturio specimen from the North Sea (Dutch coast): NSa corresponds to a partial sequence of the se-
quence submitted to GenBank under No. AF006145 (372-494 nucleotides); NSb is a partial sequence of a sequence under
No. AF006176. BS is the A. sturio specimen from the Baltic Sea (Estonia): BSa and BSb regions correspond to NSa and NSb,
respectively. AG1 and AG2 are two A. sturio specimens from the Gironde River (Cemagref, France). AD is a specimen of A.
oxyrinchus desotoi (caught in the Pearl River, Louisiana, USA): ADa corresponds to NSa (accession No. AF006153) and ADb
corresponds to NSb (accession No. AF006164). AO is a specimen of A. oxyrinchus oxyrinchus (caught in the St. Lawrence River,
Quebec, Canada): AOa (accession No. AF006140) and AOb (accession No. AF006163) correspond to NSa and NSb, respec-
tively. The description of specimens NS, BS, GR1, and GR2 was given in Birstein, Betts and DeSalle (1998), and of AD and
AO, in Birstein and DeSalle (1998). Nucleotide positions correspond to positions in the cytochrome b gene sequence of the
white sturgeon, A. fransmontanus (Brown et al., 1989; GenBank accession no. X14944)

that sturgeon from the Atlantic Ocean (Gironde Studies on the molecular difference between the
River), the Mediterranean, and the Black Sea have Baltic and North Sea sturgeons, as well as the
similar numbers of scutes: for the dorsal scutes 12.7,  Gironde River individuals, support this hypothesis
18.0, and 13.5, respectively; and the lateral scutes,  concerning the possible existence of at least two
35.1, 33.4, and 32.0, respectively (Magnin, 1963; forms of A. sturio. Although more in-depth studies

Ninua, 1976). Based on these data, Holcik e al are needed to confirm this hypothesis, such studies
(1989, p. 371) suggested that the Baltic Sea popula-  may be impossible, since live Atlantic sturgeon are
tion of A. sturio “is probably separated from the re-  caught very rarely.

maining ones and may be a distinct subspecies.”

Bol. Inst. Esp. Oceanogr. 16 (1-4). 2000: 61-73 65
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Table II. Nucleotide changes in a combined sequence (295-bp) of the cytochrome b gene of A. sturio from the Gironde River

(two specimens, GR1 and 2), North Sea (NR), and Baltic Sea (BS)!. (1): Data from Birstein, Betts and DeSalle (1998). Two

regions of the cyt b gene cover nucleotides (372-494) and (811-1018) (see figure 1). (2): Numbers correspond to positions
in the sequence of the cytochrome b gene of the white sturgeon, A. transmontanus (Brown et al., 1989)

Positions of nucleotides?

Fish sample

478 815 819

822 892 939 955 979 980 985

NS A C (@
BS G G T
GR1 A G s
GR2 A G C

T C G G A G A
C T A G A G A
T C A A G A G
T C G A G A G

Was A. sturio the only native sturgeon species in
the Guadalquivir River in Spain?

In 1997, a group of Spanish authors suggested
that two specimens from the collection of the
Donana Biological Station in Seville (EBD 8173
and 8174) were not A. sturio, but were rather the
Adriatic (Italian) sturgeon, Acipenser naccarii Bona-
parte, 1836 (Garrido-Ramos et al., 1997). This the-
ory completely contradicted the commonly accept-
ed opinion that A. sturio was the Iberian Peninsula’s
only native sturgeon (Almaca, 1988; Elvira,
Almodévar and Lobon-Cervia, 1991a, b; Elvira and
Almodévar, 1993). A. naccarii is an endangered
species which lives in the Adriatic Sea and spawns
mainly in the Po River basin in Italy (Tortonese,
1989; Rossi et al., 1991). Recently, a second popula-
tion of this species was found in Albanian waters of
the Adriatic (Ludwig and Kirschbaum, 1998). This
species is closely related to the Russian Acipenser
gueldenstaedtii Brandt & Ratzeberg, 1833 and
Siberian Acipenser baerii Brandt, 1869 sturgeons
(Birstein, 1999b; Birstein, Doukakis and DeSalle,
2000), but not to A. sturio.

In addition to completing a morphological
study, Garrido-Ramos et al. (1997) presented the re-
sults of a molecular study of one of the two speci-
mens under discussion. Using a hypothesized
“species-specific” nuclear satellite DNA (stDNA)
Hind III from identified tissue samples of vouched
specimens of A. naccarii, the authors claimed that
they were able to hybridize this stDNA to the DNA
extracted from the questioned A. sturio specimen.
The presence of the “species-specific” satellite in
the museum specimen and in extant A. naccarii,
and the absence of this stDNA in extant A. sturio,

Unfortunately, the authors did not describe their
method of DNA extraction and, therefore, their ex-
periments could not be reproduced.

Later the same authors showed that this HindIII
stDNA is not “species-specific”, since it is present in
at least two other sturgeon species, A. baerii and
Huso huso (L., 1758) (Ruiz-Rejon et al, 2000).
Previously a similar or a closely-related family of
stDNA was also found in the Russian sturgeon A.
gueldenstaedtii, sterlet Acipenser ruthenus L., 1758,
and stellate sturgeon Acipenser stellatus Pallas, 1771
(Mikhailova et al, 1995). Evidently, additional
proof is needed to support the conclusion of
Garrido-Ramos et al. (1997) and Ruiz-Rejon et al.
(2000) that A. sturio does not contain the HindIII
or a closely related stDNA. Also, the possibility that
in the case of the specimen EBD 8173, Garrido-
Ramos et al. (1997) extracted an authentic and not
a contaminant DNA, should be eliminated.

Three laboratories in different countries
(Molecular Laboratory, American Museum of
Natural History, New York; Institute of Freshwater
Ecology and Inland Fisheries, Berlin; Department
of Biodiversity and Evolutionary Biology, National
Museum of Natural Sciences, Madrid) tried to ob-
tain additional molecular information on the two
specimens under study. Sequencing of the follow-
ing mitochondrial genes was employed for com-
parison of A. sturio with A. naccarii and for testing
the questioned specimens: cyt b, NADH 5, control
region, and 12S rRNA. It had been shown previ-
ously that the 389-bp fragment of the 12S gene in
the two species differed by 7 nucleotide changes
(table III) and that A. sturio and A. naccarii could,
therefore, easily be discriminated using this gene
(Ludwig and Kirschbaum, 1998).

None of the three laboratories could extract au-

uestion, even

....... , €VCIl
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Table III. Nucleotide changes in a partial sequence of the 12S ribosomal gene of A. sturio and A. naccarii'. (1): Data from
Ludwig and Kirschbaum (1998). (2): Position numbers refer to the primer L1091 (Kocher et al., 1989)

Positions of nucleotides?

Species

38 203 298 309 325 383 388
A. sturio ) C C T A G C
A. naccarii G T T C G A G

used in each laboratory (Doukakis et al, 2000).
Moreover, Almodévar, Machordom and Sudrez
(2000) later succeded in obtaining and sequencing
a 152-bp fragment of the cyt b gene from the spec-
imen EBD 8174. These authors demonstrated the
similarity of this sequence and those from two oth-
er archival museum specimens of A. sturio to the
ones already published, and generated by them-
selves the cyt b gene sequences from the recently
collected A. sturio individuals. Further detailed
morphological studies of the two specimens under
discussion also failed to support the Garrido-
Ramos et al. (1997) conclusion (Elvira and
Almodévar, 1999; Rincén, 2000). Therefore, until
further proof using molecular methods is provid-
ed, these two specimens should be considered A.
sturio. However, Garrido-Ramos and his colleagues
still insist that the specimen EBD 8173 is A. naccarii
(Ruiz-Rejon et al., 2000) and not A. sturio.

Currently, there is no convincing evidence that
A. naccarii historically lived in Spanish waters, and
future conservation efforts should respect this find-
ing. Also, although several Siberian sturgeon, A.
baerii, have been caught in the rivers of Spain, these
individuals were typical escapes from fish farms
(Birstein, Betts and DeSalle, 1998; Elvira and
Almodévar, 1999). Therefore, A. baerii should not
be considered endemic to this system, either.

A. oxyrinchus as a model for possible genetic traits
in A. sturio

General structure of the mDNA

In contrast to the length variation observed in
the species of the Pacific coast (white sturgeon,
Acipenser transmontanus Richardson, 1836, and
green sturgeon Acipenser medirostris Ayres, 1854), no

length variation in mtDNA molecules was observed
among many specimens of A. oxyrinchus (specifical-
ly A. 0. oxyrinchus) (Brown et al., 1996; Waldman e
al., 1996; Ludwig et al., 2000). Brown et al. (1996)
discovered only one individual with longer
Bol. Inst. Esp. Oceanogr. 16 (1-4). 2000: 61-73
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mtDNA. This was a case of heteroplasmy, i.e. a dif-
ference in the length of the D-loop region due to
variation in number of repeated segments (see be-
low): this specimen of A. o. oxyrinchus had three re-
peats in the D-loop instead of one. However,
Miracle and Campton (1995) observed heteroplas-
my in 18.5 % (31) of the individuals out of 168 A.
o. desotoi studied. The heteroplasmic individuals
displayed 1-4 copies of tandemly repeated seg-
ments. These data need more detailed confirma-
tion. Ludwig et al. (2000) found only one individual
of A. sturio with three repeats in the D-loop among
38 museum and 28 live specimens studied.

The general organization of the control region
in the mtDNA of A. oxyrinchus is similar to that in
other sturgeon species such as A. transmontanus
(Buroker et al., 1990). There are, however, some
specific organizational details which differ in A.
oxyrinchus. Within an approximately 1-1.1 kb seg-
ment between the 3’ end of the cyt b gene and the
5" end of the conserved sequence block (CSB) of
A. oxyrinchus, the following elements exist: the
genes for tRNATh and tRNAPro, an RTX segment
(which has limited homology to the repeated se-
quence, RS), a 3'flanking segment with 95% se-
quence homology to the repeated sequence RS, an
RS, a 5’-flanking segment with 60-70 % sequence
homology to the RS, and then a region of a unique
sequence of the control region (Brown et al., 1996).
Brown et al. (1996) determined the RS length in A.
oxyrinchus as 80 bp, while Ludwig and Jenneckens
(2000) considered it to be 79 bp in A. o. oxyrinchus
and 80 bp in A. sturio. The RTX segment, which is
characteristic of the A. oxyrinchus mtDNA, has not
been found in the mtDNA of any other sturgeon
species studied so far (Brown et al., 1996).

Discrimination between A. o. oxyrinchus and A.
oxyrinchus desotoi

Ong ¢t al. (1996) used direct sequencing of a vari-
able 203-bp region within the control region for
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comparison of A. o. oxyrinchus and A. o. desotoi. This
203-bp segment corresponds to positions from 3 to
237 of the control region of A. transmontanus
(Buroker et al., 1990). Three fixed differences at po-
sitions 104, 199, and 200 were found among 15 poly-
morphic sites within this region between the two
subspecies of A. o. oxyrinchus (Ong et al., 1996). The
other polymorphic sites were scattered throughout
the repeated sequences beginning at position 87
and ending at position 231. These data confirm the
difference between the two subspecies. It has been
hypothesised that the phylogenetic separation of the
two subspecies might have been initiated by popula-
tion separation in the late Pliocene or Pleistocene
(Bowen and Avise, 1990; Avise, 1992). This disjunc-
tion could have occurred with changes in the size of
the Florida Peninsula associated with the sea level
and climatic changes during this period.

The evolutionary history of A. sturiowas probably
similar. During the last glaciation, the Baltic Sea
was covered with ice (Forsstrom and Punkari, 1997;
Klimanov, 1997), so the Baltic Sea form of A. sturio
must have originated during the post-glacial time,
i.e. during the last 11000 years. The colonization
or recolonization of A. sturio in the Baltic Sea oc-
curred from the southwestern part of the North
Sea, which was not covered with ice.

However, a post-glacial founder effect is not the
only possible explanation of the facts. Ludwig et al.
(2000) considered another potential scenario: the
decrease in population size in A. sturio and A. o.
oxyrinchus caused by overfishing could result in a
loss of genetic variability during the 19th-20th cen-
turies. If so, the decrease in population size could
lead to a lineage sorting effect.

Stock distribution of A. oxyrinchus along the North
American East coast

The data on the structure of the A. oxyrinchus
stocks may give an idea of possible structure and
history of the former A. sturio populations. RFLP
analysis of mtDNA using four diagnostic restriction
enzymes (Bgl 1, Msp 1, EcoR'V, Hinf1, and Hinc II)
(Waldman, Hart and Wirgin, 1996; Waldman et al.,
1996) and sequencing of the 203-bp fragment of
the control region mentioned above (Wirgin et al.,
tock structure
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analysis showed that populations could be grouped
into three main highly differentiated stocks (with
four subgroups in the southeastern stock):

(1) Canadian: St. Lawrence and St. John Rivers;
(2) Hudson River;
(3) Southeastern:

(a) Albermarle Sound;

(b) Cape Fear River;

(¢) Edisto River;

(d) Savannah, Ogeechee, and Altamaha

Rivers.

A profound latitudinal cline in the number of
composite mtDNA haplotypes and in haplotypic di-
versity was observed, which increased from north to
south (Wirgin et al.,, 2000). The number of haplo-
types in each population ranged from one in each
of the two most northern populations to 17 in the
Savannah River. Haplotypic diversity (Nei and
Tajima, 1981) among populations ranged from
complete monomorphism (0.0, St. John River) in
the two Canadian populations to considerable
polymorphism in southeastern populations (0.90,
the Savannah River). Previously, Brown et al. (1996)
also observed a very low level of mtDNA sequence
diversity in Atlantic sturgeon from the St. Lawrence
River. These results, combined with the monomor-
phism of the two Canadian populations, suggest a
strong post-glacial founder effect (but see above).
Three haplotypes unique to northern populations
were probably the result of nucleotide substitutions
that occurred during post-glacial times, i.e. within
the last 10000 years. The greater genetic diversity
in the southern populations is most likely due to
continuity of these populations through the
Pleistocene: all river systems with populations of
sturgeons characterised by a high level of haplo-
typic diversity are in an area which was not glaciat-
ed (Swift et al., 1986). Possibly, the second factor of
high genetic diversity was faster mutation rates in
these sturgeon because of their shorter generation
times (Wirgin et al, 2000). Twenty-five (64 %) of
the 39 composite mtDNA haplotypes found were
unique to sturgeon from a particular population.

A similar analysis of RFLP data (Bgl1, Msp 1, EcoR
V, and HinfI) and sequencing of a 203-bp variable
fragment of the control region (the same as in Ong
et al., 1996) allowed Stabile et al. (1996) to identify

5 regional or river-specific stocks of A. o. desotoi
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(1) Lake Ponchartrain and Pearl River (Louisia-
na);

(2) Pasacagoula River (Mississippi);

(3) Escambia and Yellow rivers (Florida);

(4) Choctawhatchee River (Florida);

(5) Apalachicola, Ochlockonee, and Suwannee
rivers (Florida).

These data point to a strong reproductive isola-
tion of A. o. desotoi stocks, a point which is rein-
forced by the low gene flow estimates between pop-
ulations (details in Stabile et al., 1996 and Wirgin,
Stabile and Waldman, 1997). Haplotypic diversity
(the RFLP data) ranged from 0.09 between the
western and Choctawhatchee River stocks to 0.66
between the western and Escambia River-Yellow
River stocks. Stabile et al. (1996) discussed two pos-
sible explanations for these results. First, these da-
ta indicate the possibility of strong homing fidelity
of individuals within A. o. desotoi. Second, the hom-
ing fidelity may be reinforced by metabolic, tem-
perature-dependent constraints: the sturgeon re-
turn to the same rivers from the Gulf of Mexico to
summer near cold water springs in the cool water
refuges (Clugston, Foster and Carr, 1995; Foster
and Clugston, 1997).

Molecular data and conservation projects

Since A. sturio is internationally listed as critical-
ly endangered (Anon., 1996), there is a serious
concern in the European scientific community re-
garding this species. The Gironde River population
of A. sturio has been studied for 20 years and a pro-
ject for its restoration has been elaborated by
French experts (Elie, 1997). A search for sturgeons
from the Gironde (France) and Rioni (Georgia)
Rivers, in an effort to create an artificial aquacul-
ture of A. sturio in northern Germany, was recently
suggested (Debus, 1995). In 1994, the Society to
Save the Sturgeon Acipenser sturio was organised in
Europe (Elvira and Gessner, 1996). The impor-
tance of genetic and molecular data illustrated in
this paper stresses the necessity to base all practi-
cal efforts on the results of genetic research.
Individuals caught in the historic area of A. sturio,
especially young sturgeon, can be easily misidenti-
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portant in the Adriatic Sea, where both A. sturio
and A. naccarii historically spawned in the same
rivers and local fishermen did not distinguish be-
tween them (Holdik ef al., 1989; Tortonese, 1989).

Currently, the problem of discrimination be-
tween A. sturio and A. naccarii is especially relevant
due to the discussion of a project to introduce A.
naccarii from an aquaculture stock developed in
Italy into the Guadalquivir River in Spain (Ruiz-
Rejon, Hernando and Domezain, 1998; Domezain,
1999). The implementation of this project should
be postponed until convincing genetic data can
prove that A. naccarii in fact historically existed in
Spain. A species introduction must not be based on
the poorly supported opinion of only one labora-
tory that one of many scores of sturgeon specimens
kept in museum collections of Spain was not A. stu-
rio, but A. naccarii.

The TUCN Red List classifies A. o. oxyrinchus as
near threatened and A. o. desotoi as vulnerable
(Anon., 1996). Recently, the US Fish and Wildlife
Service and the US National Marine Fisheries
Services were petitioned to list and protect both sub-
species under the Endangered Species Act
(Waldman and Wirgin, 1998). In 1994 and 1996, sev-
eral thousand A. o. oxyrinchus from an artificially cul-
tured Hudson River broodstock were released into
the Hudson River and Chesapeake Bay (Secor, 1996;
Waldman and Wirgin, 1998; Secor and Waldman,
1999). In the latter case, within 8 months the re-
leased fish had spread through the Chesapeake Bay
from Baltimore Harbor to the lower James River in
Virginia and even to neighbouring North Carolina
(St. Pierre, 1999). However, Waldman and Wirgin
(1998) recommended avoiding interstock transfer
of A. oxyrinchus in future stocking to prevent disinte-
gration of locally adapted gene pools. Another con-
cern is the possibility of inbreeding depression of A.
oxyrinchus due to a low number of artificially bred in-
dividuals used in hatchery-based stocking projects
(St. Pierre, 1996, 1999).

Concluding remarks: The need to study museum
specimens

Genetic data on the current structure of A.
oxyrinchus stocks enabled Wirgin, Stabile and

struct the history of this species. Also, genetic ex-
periments on A. oxyrinchus demonstrated that ge-
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netic data are crucial to any conservation project.
The lack of experimental material is the limiting
factor of genetic study of A. sturio, since only sever-
al live A. sturio were caught during the last decade;
the only solution is to study museum specimens.
Since new DNA extraction for formalin-preserved
museum specimens has recently been developed
(France and Kocher, 1996; Vachot and Monnerot,
1996; Jiang, Wu and Lin, 1997; Wirgin et al., 1997),
such a study on A. sturio is more realistic than ever.
The first results using microsatellite DNA extracted
from museum specimens of A. sturio from the
North and Baltic Seas showed a high genetic simi-
larity between these populations in the past, and a
possible decline in genetic variability in both pop-
ulations from 1823 to 1992 (Ludwig et al., 2000).

Future molecular experiments should be per-
formed in conjunction with morphological study of
the same specimens. This will allow researchers to
describe intraspecific forms within A. sturio, if they
in fact existed. All of the main European museum
collections holding A. sturio specimens should be
involved in this work and it should be coordinated
by a group of experts.

The evolutionary history of A. sturio is practically
unknown. Below are some of the main outstanding
questions:

(1) Was the Gironde River basin a refugium
from which colonization of other popula-
tions in the North and Baltic seas occurred?

(2) How were the populations of the Gironde
River, Iberian Peninsula, Mediterranean and
Adriatic Sea genetically interrelated?

(8) Finally, did the Black Sea population origi-
nate from the sturgeons of the Adriatic-
Marmora Seas after the Black Sea became
connected with the Mediterranean approxi-
mately 8 000 years ago (Ryan et al., 1997), or
is this population older?

Only results of a detailed genetic research can
yield answers to these questions.

ACKNOWLEDGEMENTS

We are grateful to Isaac Wirgin, John Waldman
and their co-authors for providing us with their un-
published paper on the study of A. o. oxyrinchus

stocks. We also thank Arne Ludwig for valuable
comments on the draft of the manuscript.

70

Molecular analysis of Acipenser sturio

REFERENCES

Almaca, C. 1988. On the sturgeon, Acipenser sturio, in the
Portuguese rivers and sea. Folia Zoologica 37: 183-191.
Almodévar, A., A. Machordom and J. Sudrez. 2000.
Preliminary results from characterization of the Iberian
Peninsula sturgeon based on analysis of the mtDNA cy-
tochrome b. In: Symposium on Conservation of the Atlantic
Sturgeon Acipenser sturio L., 1758 in Europe. Boletin.

Instituto Espariol de Oceanografia 16 (1-4): 17-27.

Anatsky, S. A. 1999. Present day status of the Baltic sturgeon:
the view from Russia. Journal of Applied Ichthyology 15
(4/5): 277.

Anon. 1995. Une plan de sauvegarde pour I’estrogeon.
Flewves et Rivieres du Sud-West, Autumn 1995: 66 pp.

Anon. 1996. 1996 IUCN Red List of Threatened Animals. TUCN.
Gland, Switzerland: 368 pp.

Artuykhin E. and P. Vecsei. 1999. On the status of Atlantic
sturgeon: conspecificity of European Acipenser sturio and
North American Acipenser oxyrinchus. Jowrnal of Applied
Ichthyology 15 (4/5): 35-37.

Avise, J. C. 1992. Molecular population structure and the
biogeographic history of a regional fauna: a case history
with lessons for conservation biology. Otkos 63: 62-76.

Bembo, D. G., G. R. Carvalho, M. Snow, N. Cingolani and
N. T. J. Pitcher. 1995. Stock discrimination among
European anchvoies, Eugraulis encrasicolas, by means of
PCR-amplified mitochondrial DNA analysis. Fisheries
Bulletin 94: 31-40.

Birstein, V. J. 1993. Sturgeons and paddlefishes: threatened
fishes in need of conservation. Conservation Biology 7: 773-
787.

Birstein, V. J. 1999a. Effect of ecosystem degradation on
anadromous sturgeons. In: Proceedings of the CMS
Symposium on Animal Migration (April 13, 1997. Gland,
Switzerland). CMS Technical Series Publication 2: 19-37.
Bonn; The Hague.

Birstein, V. J. 1999b. New perspectives for monitoring mi-
gratory animals — improving knowledge for conserva-
tion. Environmental Policy and Law 29: 235-238.

Birstein, V. J. and W. E. Bemis. 1997. How many species are
there within the genus Acipenser? In: Sturgeon Biodiversity
and Conservation. V. J. Birstein, J. R. Waldman and W. E.
Bemis (eds.): 157-163. Kluwer Academic Publishing.
Dordrecht, Netherlands.

Birstein, V. J., W. E. Bemis and J. R. Waldman. 1997. The
threatened status of acipenseriform species: a summary.
In: Sturgeon Biodiversity and Conservation. V. ]. Birstein, J.
R. Waldman and W. E. Bemis (eds.): 427-435. Kluwer
Academic Publishing. Dordrecht, Netherlands.

Birstein, V. J., ]. Betts and R. DeSalle. 1998. Molecular iden-
tification of Acipenser sturio specimens: a warning note for
recovery plans. Biological Conservation 84: 97-101.

Birstein, V. J. and R. DeSalle. 1998. Molecular phylogeny of
Acipenseridae. Molecular Phylogenetics and Evolution 9:
141-155.

Birstein, V. J., P. Doukakis and R. DeSaiie. 2000. Polyphyly of

NAT A

mtDNA lineages in the Russian sturgeon, Acipenser

TR [ S S I o A N LT T P2 P
guetaensiaeatit. 10ICIiSIC alld cvoluuvliary Hiplicauulis.
O omeovsrintinn (Tomotire 1 1-88
LONSErvaiton GENeEs 1. 5i1-60.

Bol. Inst. Esp. Oceanogr. 16 (1-4). 2000: 61-73



V] Birstein and P. Doukakis

Birstein, V. J., R. Hanner and R. DeSalle. 1997. Phylogeny of
the Acipenseriformes: cytogenetic and molecular ap-
proaches. In: Sturgeon Biodiversity and Conservation. V. ].
Birstein, J. R. Waldman and W. E. Bemis (eds.): 127-155.
Kluwer Academic Publishing. Dordrecht, Netherlands.

Blacklidge, K. H. and C. A. Bidwell. 1993. Three ploidy lev-
els indicated by genome quantification in Acipenseri-
formes of North America. Journal of Heredity 84: 427-430.

Bonaparte, C. 1836. Iconografia della fauna italica per le qual-
tro classi degli animali vertebrati. Tomo III. Pesci. Rome.
Fasc. 15-18: 80-93.

Bowen, B. W. and J. C. Avise. 1990. Genetic structure of
Atlantic and Gulf of Mexico populations of sea bass,
menhaden, and sturgeon: influence of zoogeographic
factors and life history patterns. Marine Biology 107: 371-
381.

Brown, J. R., K. Beckenbach, A. T. Beckenbach and M. J.
Smith. 1996. Length variation, heteroplasmy and se-
quence divergence in the mitochondrial DNA of four
species of sturgeon (Acipenser). Genetics 142: 525-535.

Brown, J. R., T. L. Gilbert, D. J. Woebel, P. J. O’Hara, N. E.
Buroker, A. T. Beckenbach and M. J. Smith. 1989.
Nucleotide sequence of the apocytochrome B gene in
white sturgeon mitochondrial DNA. Nucleic Acids Research
17: 4389.

Buroker, N. E,, J. R. Brown, T. L.. Gilbert, P. J. O’Hara, A. T.
Beckenbach, W. K. Thomas and M. J. Smith. 1990.
Length heteroplasmy of sturgeon mitochondrial DNA:
an illegimate elongation model. Genetics 124: 157-163.

Castelnaud, G., E. Rochard, P. Jatteau and M. Lepage. 1991.
Donnees actuelles sur la biologie d’Acipenser sturio dans
I’estuaire de la Gironde. In: Acipenser. P. Williot (ed.):
251-175. Cemagref. Bordeaux, France.

Choudhury, A. and T. A. Dick. 1998. The historical bio-
geography of sturgeons (Osteichthyes: Acipenseridae): a
synthesis of phylogenecsis, palaeontology and palaeo-
geography. Journal Biogeography 25: 623-640.

Clugston, J. P., A. M. Foster, and S. H. Carr. 1995. Gulf stur-
geon, Acipenser oxyrinchus desotoi, in the Suwannee River,
Florida., USA. In: Proceedings of the International Symposium
on Sturgeons (September 6-11, 1993). A. D. Gershanovich
and T. I. J. Smith (eds.): 189-203. VNIRO. Moscow.

Danielson, P. B., J. Alrubaian, M. Muller, J. M. Redding, and
R. M. Dores. 1999. Duplication of the POMC gene in the
paddlefish (Polyodon spathula): analysis of gamma-NSH,
ACTH, and beta-endorphin regions of ray-finned fish
POMC. General and Comparative Endocrinology 116: 164
177.

Debus, L. 1995. Historic and recent distribution of Acipenser
sturioin the North Sea and Baltic Sea. In: Proceedings of the
International Symposium on Sturgeons (September 6-11,
1993). A. D. Gershanovich and T. L. J. Smith (eds.): 215-
224. VNIRO. Moscow.

Debus, L. 1997. Sturgeons in Europe and causes of their de-
cline. In: Sturgeon Stocks and Caviar Trade Workshop. V. J.
Birstein, A. Bauer, and A. Kaiser-Pohlmann (eds.): 55-68.
IUCN. Gland, Switzerland, and Cambridge, UK.

Dingercus, G. and W. M. Howell. 1976. haryotyplc analysm
and evidence of te[raplolay in the North American pad-

(llCIIbIl, I’UL_’)JUU,UIL A[luul,uul, Science 1

2000: 61-73

Molecular analysis of Acipenser sturio

Domezain, A. 1999. ;Por qué tanto interés en retrasar el
plan de recuperacién del esturiéon del Guadalquivir?
Quercus 161: 62-65.

Doukakis, P., V. J. Birstein, R. DeSalle, A. N. Ludwig, A
Ludwig, A. Machordom, A. Almodévar and B. Elvira.
2000. Failure to confirm previous identification of two
putative museum specimens of the Atlantic sturgeon,
Acipenser sturio, as the Adriatic sturgeon, A. naccarii.
Mavine Biology 136: 373-377.

Elie, P. (ed.). 1997. Restauration de I'esturgeon Europeen
Acipenser sturio. Rapport Final du Programme d’Execu-
tion. ETUDE Cemagref 24: 1-381.

Elvira, B. and A. Almodévar. 1993. Notice about the survival
of sturgeon (Acipenser sturio L.) in the Guadalquivir estu-
ary (SW Spain). Archiv fiir Hydrobiologie 129: 253-255.

Elvira, B. and A. Almodévar. 1999. A morphological study of
native sturgeon Acipenser sturio in Spain, and recent
records of exotic Siberian sturgeon A. baerii. Journal of
Applied Ichthyology 15 (4/5): 278-279.

Elvira, B. and A. Almoddévar. 2000. Morphology and taxon-
omy of the Atlantic sturgeon Acipenser sturio from Spain.
Folia Zoologica 49 (3): 221-230.

Elvira, B., A. Almodévar and J. Lobén-Cervid. 1991a.
Recorded distribution of sturgeon (Acipenser sturio L.,
1758) in the Iberian Peninsula and actual status in
Spanish waters. Archiv fiir Hydrobiologie 121: 253-258.

Elvira, B., A. Almodévar and J. Lobén-Cervid. 1991b.
Sturgeon (Acipenser sturio L., 1758) in Spain. The popu-
lation of the river Guadalquivir: a case history and a
claim for a restoration programme. In: Acipenser. P.
Williot (ed.): 337-347. Cemagref. Bordeaux, France.

Elvira, B. and ]J. Gessner. 1996. The Society to Save the
Sturgeon Acipenser sturio. Sturgeon Quarterly 4 (1/2): 7.

Fontana, F. 1976. Nuclear DNA content and cytometry of
erythrocytes of Huso huso L., Acipenser sturio L. and
Acipenser naccarii Bonaparte. Caryologia 29: 127-138.

Fontana, F. and G. Colombo. 1974. The chromosomes of
Italian sturgeons. Experientia 30: 739-742.

Fontana, F., M. Lanfredi, R. Rossi, P. Bronzi and G. Arlati.
1996. Karyotypic characterization of Acipenser guelden-
staedti with C-, AgNOs, and fluorscence banding tech-
niques. ltalian Journal Zoollogy 63: 113-118.

Forsstrom, L. and M. Punkari. 1997. Initiation of the last
glaciation in northern Europe. Quarterly Science Review
16: 1197-1215.

Foster, A. M. and A. Clugston. 1997. Seasonal migration of
Gulf sturgeon in the Suwanne River, Florida. Transactions
of American Fisheries Society 126: 302-308.

France, S. C. and T. D. Kocher. 1996. DNA sequencing of for-
malinfixed crustaceans from archival research collec-
tions. Molecular Marine Biology and Biotechnology 5: 304-313.

Garrido-Ramos, M. A., M. C. Soriguer, R. de la Herrdan, M.
Jamilena, C. Ruiz-Rejon, A. Domezain, J. A. Hernando
and M. Ruiz-Rejon. 1997. Morphometric and gcnctic

ana1y51s as pI'OOI of the existence of two sturgeon spcucx

in the Guadalquivir river. Marine Biology 129: 33-39.
Holdik, J., R. Kinzelbach, L. I. Sokolov “..“.d V. P. Vasil'ev.

71



V. J. Birstein and P. Doukakis

formes. J. Hol¢ik (ed.) 1 II: 364-394. AULA. Wiesbaden,
Germany.

Jiang, L., W. Wu and Y. Lin. 1997. Efficient methods for iso-
lating mtDNA from fresh or fixed molluscan specimens.
Zoological Studies 36: 74-78.

Kinzelbach, R. 1997. The sturgeon (Acipenser sturio L. 1758)
in Europe. Zeitschrift fiir Okologie und Naturschutz 6: 129-
135.

Klimanov, V. A. 1997. Late glacial climate in northern
Eurasia: the last climatic cycle. Quarterly International 41/
42: 141-152.

Kocher, T. D., W. K. Thomas, A. Meyer, S. V. Edwards, S.
Piabo, C. A. Villablan, F. X. Villablan and A. C. Wilson.
1989. Dynamics of mitochondrial DNA evolution in ani-
mals: amplification and sequencing with conserved
primers. Proccedings of the Natinal Academy of Sciences (USA)
86: 6196-6200.

Lepage, M. and E. Rochard. 1995. Threatened fishes of the
world: Acipenser sturio Linnaeus, 1758 (Acipenseridae).
Environmental Biology and Fishes 43: p. 28.

Li, M., V. Marrayatt, C. Annand and P. Odense. 1985. Fish
cell culture: two newly developed cell lines from Atlantic
sturgeon (Acipenser oxyrhynchus) and guppy (Poecilia retic-
ulata). Canadian Journal of Zoology 63: 2867-2874.

Linnaeus, K. 1758. Systema naturae. In: Nantes Pisces. X ed.
Holmiae 1: 230-238.

Ludwig, A. and I. Jenneckens. 2000. A PCR test for mito-
chondrial heteroplasmy in sturgeon. Animal Genetics 31:
153-154.

Ludwig, A. N, I. Jenneckens, L. Debus, A. Ludwig, J. Becker,
and F. Kirschbaum. 2000. Genetic analyses of archival
specimens of the Atlantic sturgeon Acipenser sturio L.,
1758. In: Symposium on Conservation of the Atlantic Sturgeon
Acipenser sturio L., 1758 in Europe. Boletin. Instituto
Espaiiol de Oceanografia 16 (1-4): 181-190.

Ludwig, A. and F. Kirschbaum. 1998. Comparison of mito-
chondrial DNA sequences between the European and
the Adriatic sturgeon. jJournal of Fish Biology 52: 1289-
1291.

Magnin, E. 1963. Recherches sur la systematique et la bi-
ologie des Acipenseridés Acipenser sturio L., Acipenser
oxyrhynchus Mitch. et Acipenser fulvescens Raf. Annales.
Station Centrale d’Hydrobiologie Apliquée, Paris 9: 8-242.

Magnin, E. 1964. Validité d’une distinction spécifique entre
les deux acipenseridés: Acipenser sturio L. d’Europe et
Acipenser oxyrhynchus d’Amerique du Nord. Naturaliste
Canadien (Québec) 91: 5-20.

Magnin, E. and G. Beaulieu. 1963. Etude morphometrique
compare de 1'Acipenser oxyrhynchus Mitchill du Saint-
Laurent et de I’Acipenser sturio Linn de la Gironde.
Naturaliste Canadien (Québec) 90: 5-38.

Marti, V. Yu. 1939. The biology and harvest of Acipenser stu-
rio in the Black Sea. Zoologicheskii Zhurnal 18: 435-442 (in
Russian).

Mayden, R. L. and B. R. Kuhajda. 1996. Systematics, taxon-
omy, and conservation status of the endangered
Alabama sturgeon, Scaphirhynchus suitkusi Williams and

Clemmer (Actinopterygii, Acipenseridae). Copeia 1996:

oAl "IQ
&TL1=& 1O,

Molecular analysis of Acipenser sturio

Mikhailova, N. A., I. B. Lobov, O. 1. Podgornaya and V. J.
Birstein. 1995. Restriction analysis of the nuclear DNA of
three species of Acipenser. Sturgeon Quarterly 3 (3): 8-9.

Miracle, A. L. and D. E. Campton. 1995. Tandem repeat se-
quence variation and length heteroplasmy in the mito-
chondrial DNA D-loop of the threatened Gulf of Mexico
sturgeon, Acipenser oxyrhynchus desotoi. Journal of Heredity
86: 22-27.

Mitchill, S. L. 1815. The fishes of New York described and
arranged. Trans. Lit. Philos. Soc. New York 1: 355-492.

Nei, M. and F. Tajima. 1981. DNA polymorphism detectable
by restriction endonucleases. Genetics 97: 145-163.

Nesov, L. A. and M. N. Kaznyshkin. 1983. New sturgeons
from the Cretaceous and Paleogene of the USSR. In:
Contemporary Problems of Paleontology. V. V. Menner (ed.):
68-76. Nauka. Moscow (in Russian).

Nguen, T. M., T. P. Mommsen, S. M. Mims and J. M. Conlon.
1994. Characterization of insulins and proglucagon-de-
rived peptides from a phylogenetically ancient fish, the
paddlefish (Polyodon spathula). Biochemistry J. 300: 339-
345.

Ninua, N. Sh. 1976. Atlantic Sturgeon in the Rioni River.
Izdatel’stvo Metsniereba. Tbilisi, Georgia. 122 pp. (in
Russian).

Ohno, S., J. Muramoto, C. Stenius, L. Christian, W. A.
Kittrel and N. B. Atkin. 1969. Microchromosomes in
hoocephalian, chondrostean, and holostean fishes.
Chromosoma 26: 35-40.

Ong, T-L., J. Stabile, I. Wirgin and J. R. Waldman. 1996.
Genetic divergence between Acipenser oxyrinchus
oxyrhinchus and A. o. desotoi as assessed by mitochondrial
DNA sequencing analysis. Copeia 1996: 464-469.

Paaver, T. 1996. A common or Atlantic sturgeon, Acipenser
sturio, was caught in the Estonian waters of the Baltic Sea.
Sturgeon quarterly 4 (3): p. 7.

Paaver, T. 1997. Atlandi tuur — Eesti haruldasim kala. Eesti
Loodustaed 5: 191-193.

Paaver, T. 1999. Historic and recent records of native and
exotic sturgeon species in Estonia. jJowrnal of Applied
Ichthyology 15 (4/5): 129-132.

Pavloy, D. S., Yu. S. Reshetnikov, M. I. Shatunovsky and N. L.
Shilin. 1985. Rare and endangered fish species of the
USSR and principles of their inclusion in the “Red Data
Book.” Voprosy Ikhtiologii 25: 16-25 (in Russian, English
translation: Journal of Ichthyology 25: 88-99).

Pavlov, D. S., K. A. Savvaitova, L. I. Sokolov and S. S.
Alekseev. 1994. Rare and Endangered Animals. Fishes.
Moscow, Vysshaya Shkola. 333 pp. (in Russian).

Rincoén, P. A. 2000. Big fish, small fish: still the same species.
Lack of morphometric evidence of the existence of two
sturgeon species in the Guadalquivir River. Marine Biology
136 (4): 715-723.

Rochard, E.. G. Castelnaud and M. Lepage. 1990. Sturgeons
(Pisces: Acipenseridae); threats and prospects. journal of
Fish Biology 37 (Supplement A): 123-132.

Rochard, E., M. Lepage and L. Meazé. 1997. Identification

et characiérisation de 1’aire de ‘cpal‘ ition marine de I'es-
turgeon europeen Acipenser sturio a partir de déclarations
de cantt watic Living Resowrces 10: 101-109

wurces 10: 101-109,

Bol. Inst. Esp. Oceanogr. 16 (1-4). 2000: 61-73



V J. Birstein and P. Doukakis

Rossi, R., G. Grandi, R. Trisolini, P. Franzoi, A. Carrieri, B.
S. Dezfuli and E. Vecchietti. 1991. Osservacioni sulla bi-
ologia e la pesca dello storione cobice Acipenser naccarii
Bonaparte nella parte terminale del fiume Po. At
Societd Italiana di Scienze Naturali. Museo Civico di Storia
Naturale di Milano 132: 121-142.

Ruiz-Rején, M., R. de la Herran, C. Ruiz-Rején and M. A.
Garrido-Ramos. 2000. Genetic characterization of
Acipenser sturio L., 1758 in relation to other sturgeon
species using satellite DNA. In: Symposium on Conservation
of the Atlantic Sturgeon Acipenser sturio L., 1758 in Europe.
Boletin. Instituto Espasiol de Oceanografia 16 (1-4): 231-236.

Ruiz-Rejon, M., J. A. Hernando and A. Domezain. 1998.
Evidencias morfolégicas y genéticas del cardcter
autéctono del esturién del Adridtico en la peninsula
Ibérica. Quercus 153: 39-43.

Ryan, W. B. F., W. C. Pitman III, C. O. Major, K. Shimkus, V.
Moskalenko, G. A. Jones, P. Dimitrov, N. Gorar, M.
Sakincc and H. Yiice. 1997. An abrupt drowning of the
Black Sea. Marine Geology 138: 119-126.

Secor, D. 1996. Reinntroduction of Atlantic sturgeon into
the Chesapeake Bay. Sturgeon Quarterly 4: 14-15.

Secor, D. H. and J. R. Waldman. 1999. Historical abundance
of Delaware Bay Atlatic sturgeon and potential rate of re-
covery. American Fisheries Socirty Symposium 23: 203-216.

Smith, A. G., D. G. Smith, and B. M. Funnell. 1994. Atlas of
Mesozoic and Cenozoic Coastlines, Cambridge University
Press. Cambridge, UK.

Smith, H. M. 1891. Report on the fisheries of the South Atlan-
tic States. Bulletin of the Fisheries Commission 11: 269-356.
Smith, T. L. J. and J. P. Clugston. 1997. Status and manage-
ment of Atlantic sturgeon, Acipenser oxyrinchus, in North
America. In: Sturgeon Biodiversity and Conservation. V. J.
Birstein, J. R. Waldman and W. E. Bemis (eds.): 335-346.

Kluwer Academic Publishing. Dordrecht, Netherlands.

Stabile J., J. R. Waldman, F. Parauka and I. Wirgin. 1996.
Stock structure and homing fidelity in Gulf of Mexico
sturgeon (Acipenser oxyrinchus desotoi) based on restric-
tion fragment length polymorphism and sequence analy-
ses of mitochondrial DNA. Genetics 144: 767-775.

St. Pierre, R. A. 1996. Breeding and stocking protocol for cultured
Atlantic sturgeon. Atlantic States Marine Fisheries
Commission. Washington, D.C.: 17 pp.

St. Pierre, R. A. 1999. Restoration of Atlantic sturgeon in
the northeastern USA with special emphasis on culture
and restocking. Journal of Applied Ichthyology 15 (4/5):
180-182.

Swift, C. E., C. R. Gilbert, S. A. Bortone, G. H. Burgess and
R. W. Yerger. 1986. Zoogeography of the freshwater fish-
es of the southeastern United States: Savannah River to
Lake Ponchartrain. In: The Zoogeography of North American
Freshwater Fishes. C. H. Hocutt and E. O. Wiley (eds.): 213-
265. John Wiley & Sons. New York.

Tagliavini, J., P. Williot, L. Congius, M. Chicca, M. Lanfredi,
R. Rossi and F. Fontana. 193 Molecular cytogenetic

analysis of the Karyotypc of ihe European Atlantic stur-
geon, Acipenser sturio. Hercdu) 83: 520-525

Bol. Inst. Esp. Oceanogr. 16 (1-4). ). 2000: 61-73

Molecular analysis of Acipenser sturio

Timmermanns, G. and M. Melchers. 1994. De steur in
Nederland. Natura 7: 155-158.

Tortonese, E. 1989. Acipenser naccarii Bonaparte, 1836. In:
The Freshwater Fishes of Europe. General Introduction to Fishes,
Acipenseriformes. J. Holéik (ed.) 1 II: 285-293. AULA.
Wiesbaden.

Vachot, A. and M. Monnerot. 1996. Extraction amplifica-
tion and sequencing of DNA formaldehyde-fixed speci-
mens. Ancient Biomolec. 1: 3-16.

Vasil’ev, V. P. 1999. Polyploidization by reticular speciation
in Acipenseriform evolution: a working hypothesis.
Journal of Applied Ichthyology 15 (4/5): 29-31.

Vladykov, V. D. 1955. A comparison of Atlantic Sea sturgeon
with a new subspecies from the Gulf of Mexico (Acipenser
oxyrhynchus de sotoi). Journal of Fisheries Research Board of
Canada 12: 754-761.

Vladykov, V. D. and J. R. Greely. 1963. Order Acipenseriodei.
In: Fishes of the Western North Atlantic. H. B. Bigelow, C. M.
Breder, D. M. Cohen, G. W. Mead, D. Merriman, Y. H.
Olsen, W. C. Schroeder, L. P. Schultz and J. Tee-Van (eds.)
Sears Foundation of Marine Research, Memoir 1: 24-60.
Yale University. New Haven.

Volz, J. and S. J. De Groot. 1992. Erster Nachweis des Stors
(Acipenser sturio) im niederlindischen Rhein seit 40
Jahren. Fischokologie 6: 3-6.

Waldman, J. R., J. T. Hart and 1. I. Wirgin. 1996. Stock com-
position of the New York Bight Atlantic sturgeon fishery
based on analysis of mitochondrial DNA. Transactions of
the American Fisheries Society 125: 364-371.

Waldman, J. R., K. Nolan, J. Hart and L. I. Wirgin. 1996.
Genetic differentiation of three key anadromous fish
populations of the Hudson River. Estuaries 19: 759-768.

Waldman, J. R. and L. I. Wirgin. 1998. Status and restoration
options for Atlantic sturgeon in North America.
Conservation Biology 12: 631-638.

Williot, P, E. Rochard, G. Castelnaud, T. Rouault, T. Brun,
M. Lepage and P. Elie. 1997. Biological characteristics of
European Atlantic sturgeon, Acipenser sturio, as the basis
for a restoration program in France. In: Sturgeon
Biodiversity and Conservation. V. J. Birstein, J. R. Waldman
and W. E. Bemis (eds.): 359-370. Kluwer Academic
Publishing. Dordrecht, Netherlands.

Wirgin, L, L. Maceda, J. Stabile and C. Mesing. 1997. An
evaluation of introgression of Atlantic coast striped bass
mtDNA in a Gulf of Mexico population using formalin-
preserved museum collections. Molecular Ecology 6: 907-
916.

Wirgin, I. I, J. E. Stabile and J. R. Waldman. 1997.
Molecular analysis in the conservation of sturgeons and
paddlefish. In: Sturgeon Biodiversity and Conservation. V. J.
Birstein, J. R. Waldman and W. E. Bemis (eds.): 385-398.
Kluwer Academic Publishing. Dordrecht, Netherlands.

Wirgin, 1., . R. Waldman, J. Rosko, R. Gross, M. R. Collins,
S. G. Roge dj Stablle 2000. Range-wide stock struc-

cipenser ()xywmrhuc mryrmrh us

is of mitochondrial DNA.
isheries Society 129: 476-486.

73



