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1. Introduction

The order Acipenseriformes includes 25 extant sturgeon
species and two extant paddleWsh species (e.g., Birstein,
1993; Birstein and Bemis, 1997). Sturgeons and paddleWshes
are considered “living fossils”; in fact, although acipenseri-
form Wshes Wrst appeared in the fossil record approximately
200 Mya, they have seemingly not undergone much mor-
phological change since that time (Gardiner, 1984). These
“evolutionary relicts” display markedly disjunction distri-
butions with a wide distribution in the northern hemisphere
(e.g., Gardiner, 1984; Bemis et al., 1997). Their unique ben-
thic specializations and conserved morphology, their evolu-
tionary age, the variation in their basic diadromous life
history, and the large public interest due to their near
extinction or critically endangered status, make sturgeons
and paddleWshes interesting groups for molecular evolu-
tionary studies (e.g., Birstein, 1993; Choudhury and Dick,
1998).

Moreover, acipenseriform Wshes provide an ideal case
study for examination of genome duplication events. Mul-
tiple levels of ploidy exist among these Wshes since they
include, for instance, diploidy (species with »120 chromo-
somes including all taxa with between 110 and 130 chro-
mosomes, e.g., Acipenser nudiventris, Acipenser
oxyrinchus, Acipenser ruthenus, Acipenser stellatus, Aci-
penser sturio, Huso dauricus, Huso huso, Scaphirhynchus
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albus, Scaphirhynchus platorynchus, Scaphirhynchus sut-
tkusi, Psephurus gladius, and Polyodon spathula) and tet-
raploidy (species with »250 chromosomes including all
taxa with between 220 and 276 chromosomes, e.g., Aci-
penser baerii, Acipenser fulvescens, Acipenser gue-
ldenstaedtii, Acipenser medirostris, Acipenser persicus,
Acipenser schrenckii, and Acipenser transmontanus) as well
as evolutionary octaploidy (species with »500 chromo-
somes, e.g., Acipenser mikadoi) (reviewed in Birstein et al.,
1997). These Wshes represent an interesting model for
studying lineage speciWc genome duplication events. Fur-
thermore, polyploidization is believed to be an important
evolutionary aspect in animals, as it is in plants (e.g., Sol-
tis and Soltis, 1999; Le Comber and Smith, 2004; Crow
et al., 2006). However, the timing of the polyploid events
in these acipenseriform Wshes remains uncertain.

The phylogenetic relationships among extant acipens-
eriform groups has been the subject of numerous,
detailed works (e.g., Grande and Bemis, 1991; Birstein
and DeSalle, 1998; Ludwig et al., 2001; Robles et al.,
2004). With a robust hypothesis on the relationships
among these groups being available, it is of much interest
to date the origin of these groups since this is crucial, in
fact, for clarifying acipenseriform evolution and histori-
cal biogeography. As stated above, sturgeons and padd-
leWshes are an interesting group for biogeographical
analysis: their wide distribution across North America
and Eurasia, for example, raises the question on where
the centre of origin is, as well as on whether such wide
distribution was mainly due to dispersal, to vicariance, or
to a combination of both.
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Therefore, the main aim of the present work is precisely
to date the origin of the major groups of the order Acipens-
eriformes, in order to discuss these and other questions
related with the genome duplication events and the biogeo-
graphic distribution of these Wshes.

2. Materials and methods

2.1. Taxon sampling, DNA extraction, long PCR, and 
sequencing by primer walking

The Yangtze sturgeon (Acipenser dabryanus), Chinese
swordWsh (P. gladius) and Mississippi paddleWsh (P. spath-
ula) samples were conservation genetic analysis collections
deposited in Yangtze River Institute of Fisheries, Chinese
Academy of Fisheries Science. The other samples were
retrieved from GenBank (Table 1). Total genomic DNA
was extracted from the muscle tissue using a QIAamp tis-
sue kit (Qiagen) following the manufacturer’s protocol. The
mitochondrial genome DNAs of the three acipenseriforms
were ampliWed in its entirety using a long PCR technique
(Cheng et al., 1994; Miya and Nishida, 1999). The primers
designed to amplify the total mitochondrial genome are
given in Appendix Table S1. Long PCR was done in a PTC-
100 programmable thermal controller (MJ Research,
USA); reactions were carried out in 25 ul reaction volume
containing 2.5 ul 10 X LA PCR buVer II (Takara), 0.8 mM
dNTPs, 2.5 mM MgCl2, 0.5 um each primer, 0.625 units LA
Taq polymerase (Takara) and approximately 20 ng tem-
plate DNA. The thermal cycle proWle was: pre-denatur-
ation at 96 °C for 1 min, and 30 cycles of denaturation at
95 °C for 30 s, annealing at 60 °C for 50 s, extension at 72 °C
for 3 min, Wnal extension at 72°C for 15 min, and were elec-
trophoresed on a 0.8% agarose gel (Promega). The long
PCR products were diluted in sterilized distilled water for
subsequent use.

Long PCR products were puriWed with a Cycle-Pure Kit
(Omega) and subsequently used for direct cycle sequencing
with dye-labelled terminators (ABI). Methods of sequenc-
ing were the same as above. Initial sequencing primers were
the same as those for long PCR, and subsequent sequencing
was performed using primers designed with reference to
previously-determined sequences (primer-walking). We
designed 64 sequencing primers (except for long PCR prim-
ers; available from ZP upon request) for determining the
complete mtDNA sequences of the three acipenseriforms.

2.2. Sequence analysis and molecular dating

DNA sequences were analyzed using the software Laser-
gene version 5.0 (DNASTAR). Contig assembly was per-
formed with the program Seqman. Multiple alignments
were prepared for two rRNAs and eight protein-coding
genes by using CLUSTAL X version 1.83 (Thompson et al.,
1997) at default settings, excluding 22 tRNAs, ND3, ND4L,
and ATP8, due to their small size (e.g., Peng et al., 2006).
The CO2 gene was also excluded in our analyses due to its
unavailable in alligator gar (Lepisosteus spatula). The
nucleotide alignment for ND6 was unreliable due to an
unusual substitution pattern (e.g., Yoder and Yang, 2000),
and was thus also removed from the analysis. To avoid bias
in reWning alignments, ambiguous alignment positions
(including beginnings and ends of many protein-coding
genes and rRNA highly variable regions) were excluded by
using the GBLOCKS 0.91b (Castresana, 2000) at default
settings.

We have applied two steps for dating the divergence
time of sturgeons and paddleWshes. First, we reconstructed
Table 1
Seven complete mitochondrial genome sequences of sturgeons and paddleWshes and related taxa plus one shark as outgroup retrieved from GenBank for
the Wrst dating analysis

Family Species Common name GenBank Accession No. References

Heterodontidae H. francisci Horn shark AJ310141 Arnason et al. (2001)
Lepidosirenidae Lepidosiren paradoxa South American lungWsh AF302934 Brinkmann et al. (2004)
Pelomedusidae Pelomedusa subrufa African side-necked turtle AF039066 Zardoya and Meyer (1998)
Bovidae Bos taurus Cow V00654 Anderson et al. (1982)
Cercopithecidae Macaca mulatta Rhesus monkey AY612638 Gokey et al. (2004)
Hominidae Pan troglodytes Chimpanzee D38113 Hixson and Brown (1986)
Hominidae Homo sapiens Human V00662 Anderson et al. (1981)
Amiidae A. calva BowWn AB042952 Inoue et al. (2003)
Lepisosteidae L. spatula Alligator gar AP004355 Inoue et al. (2003)
Lepisosteidae Lepisosteus oculatus Spotted gar AB042861 Inoue et al. (2003)
Acipenseridae A. dabryanus Yangtze sturgeon AY510085 This study
Acipenseridae Acipenser stellatus Stellate sturgeon AJ585050 Arnason et al. (2004)
Acipenseridae Acipenser transmontanus White sturgeon AB042837 Inoue et al. (2003)
Acipenseridae H. huso Beluga AY442351 Dunn et al. unpublished
Acipenseridae Scaphirhynchus cf. albus Pallid sturgeon AP004354 Inoue et al. (2003)
Polyodontidae P. spathula Mississippi paddleWsh AY510086 This study
Polyodontidae P. gladius Chinese swordWsh AY571339 This study
Osteoglossidae Osteoglossum bicirrhosum Silver arawana AB043025 Inoue et al. (2001)
Pantodontidae Pantodon buchholzi Freshwater butterXyWsh AB043068 Inoue et al. (2001)
Catostomidae Carpiodes River carpsucker AY366087 Broughton et al. unpublished
Catostomidae Myxocyprinus Chinese sucker AY986503 Peng et al. (2006)
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the phylogenetic relationships of the order Acipenserifor-
mes with some other basal jawed vertebrates using com-
plete mitochondrial genome data retrieved from GenBank
(Table 1). The maximum likelihood (ML) analysis as imple-
mented in PAUP¤ 4.0b10 (SwoVord, 2002) with TBR
branch swapping (10 random addition sequences). The
best-Wtting nucleotide substitution model was selected by
using Modeltest 3.7 (Posada and Crandall, 1998; Posada
and Buckley, 2004). Bayesian inference of likelihood was
implemented by using MrBayes version 3.1 (Ronquist and
Huelsenbeck, 2003) with partitioned strategies. Under the
partitioning strategy, the data set was divided into 10 parti-
tions: Two rRNAs and eight protein-coding genes. The
best-Wtting nucleotide substitution models for each of the
10 partitions were selected by using the Akaike Informa-
tion Criterion (AIC) implemented in MrModeltest version
2.2 (Nylander et al., 2004). Metropolis-coupled Markov
chain Monte Carlo (MCMC) analyses (with random start-
ing trees) were run with one cold and three heated chains
(temperature set to default 0.2) for one million generations
and sampled every 100 generations. To ensure that our
analyses were not trapped in local optima, four indepen-
dent MCMC runs were performed. Topologies and poster-
ior clade probabilities from diVerent runs were compared
for congruence.

Then we estimated the origin time of Acipenseriformes
and the time for splitting the sturgeons and paddleWshes.
The latter combined with fossil records was used as upper
time for the next dating analysis. Second, we used Ludwig
et al.’s (2001) phylogeny among extant acipenseriform spe-
cies to estimate the divergence time among these groups
using mitochondrial cytochrome b gene sequences data
retrieved from GenBank (Table 2—including inferred
ploidy levels of acipenseriforms). Bayesian approaches
(Thorne et al., 1998; Thorne and Kishino, 2002), one of the
relaxed molecular clock methods, were used for the two
dating analyses, the setting for Bayesian approaches were
as follows.

Divergence times were determined using a Bayesian
approach that incorporates variation of rates of evolution
among genes and among lineages (Thorne et al., 1998;
Thorne and Kishino, 2002), which were estimated with
MULTIDIVTIME program (available from J. Thorne).
This parametric approach relaxes the assumption of a strict
Table 2
Twenty-four mitochondrial cytochrome b gene sequences used for dating the divergence time of acipenseriform species retrieved from GenBank for the
second dating analysis

a Nine distribution areas were coded from A to I according to the analysis of Bemis and Kynard (1997): (A) PC, Ponto-Caspian region; (B) ASJ, Amur
River, Sea of Okhotsk and Sea of Japan; (C) SAO, Siberia and Arctic Ocean; (D) CH, China; (E) NEA, Northeastern Atlantic; (F) NEP, North Eastern
PaciWc; (G) NWA, North Western Atlantic; (H) GL, Great Lakes; (I) MGM, Mississippi River and Gulf of Mexico.

b Inferred ploidy levels of acipenseriforms were taken from Zhang et al. (1999), Ludwig et al. (2001), and references therein.

Species Distribution area GenBank Accession No. Distribution area codea Ploidy levelb

Family Polyodontidae
Genus Psephurus

P. gladius Yangtze River basin, China AY571339 D 2n
Genus Polyodon

P. spathula Mississippi–Missouri basin AY510086 I 2n

Family Acipenseridae
Genus Acipenser

A. baerii Rivers of north coast of Russia AJ245825 C 4n
A. brevirostrum North America-Atlantic coast AJ245828 G 4n or 8n
A. dabryanus Yangtze River basin, China AY510085 D 4n
A. fulvescens North America-Central United States AJ245829 H 4n
A. gueldenstaedtii Ponto-Caspian species AJ245826 A 4n
A. medirostris North America-PaciWc coast AF184105 F 4n
A. mikadoi Siberia-PaciWc coast AJ245831 B 8n
A. naccarii Adriatic Sea AJ245833 A 4n
A. nudiventris Ponto-Caspian species AJ245832 A 2n
A. oxyrinchus North America-Atlantic coast AJ245838 GHI 2n
A. persicus Ponto-Caspian species AJ245835 A 4n
A. ruthenus Ponto-Caspian area and some rivers of north coast of Russia AJ249694 ACE 2n
A. schrenckii Amur River drainage, Sea of Okhotsk AJ251451 B 4n
A. sinensis China, South Japan AJ252186 D 4n
A. stellatus Ponto-Caspian species AJ585050 A 2n
A. sturio West European Atlantic coast AJ428497 AE 2n
A. transmontanus North America-PaciWc coast AB042837 F 4n

Genus Huso
H. huso Ponto-Caspian species AY442351 A 2n
H. dauricus Amur River drainage AJ252187 B 2n

Genus Scaphirhynchus
S. albus Mississippi–Missouri basin AP004354 I 2n
S. platorynchus Mississippi–Missouri basin U56986 I 2n
S. suttkusi Mississippi–Missouri basin U55994 I Unknown
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molecular clock with a continuous autocorrelation of sub-
stitution rates across the phylogeny, and allows the use of
several calibrations/time constraints. This approach
involved two steps. First, ESTBRANCHES was run to esti-
mate branch lengths from the data and a Wxed tree topol-
ogy using the F84 + G model of sequence evolution. This
allows rates to vary among sites following a discrete
gamma distribution with four rate categories (Yang, 1994)
along with their variance-covariance matrix. Parameters for
the F84 + G model were estimated using the BASEML pro-
gram in PAML (Yang, 2000).

Next, the species used as outgroups for the Wrst and
second dating analysis were horn shark (Heterodontus fran-
cisci), and bowWn (Amia calva), respectively. MULTIDIV-
TIME was used both for 10 partitions of mitochondrial
genome sequences of the Wrst dating analysis with estimat-
ing the prior and posterior ages of branching events, their
standard deviations, and the 95% credibility intervals via
Markov chain Monte Carlo, and for three partitions of
cytochrome b gene sequences of the second dating analysis.
The Markov chain was run for 200,000 generations and
sampled every 100 generations after an initial burn-in
period of 200,000 cycles for all the analyses. Prior gamma
distributions on three parameters of the relaxed clock
model were assumed and speciWed through the mean and
SD of the root age, root rate, and rate autocorrelation;
528 Mya (SDD 528 Mya) (Wrst dating analysis), and
200 Mya (SDD200 Mya) (second dating analysis) for the
expected time between tips and root without node time
constraints, 0.01 (SDD0.01) substitutions per site per mil-
lion years for the rate at the root node, 0.4 (SDD 0.4) for
the parameter (v) that controls the degree of rate autocorre-
lation per Mya along the descending branches of the tree.
To check for convergence of the MCMC, analyses were run
from at least two diVerent starting points.

The MULTIDIVTIME program allows for both mini-
mum and maximum fossil constraints. Whereas minima are
often based on the earliest occurrences in the fossil record,
maxima are intrinsically more diYcult to estimate. So in the
Wrst dating analysis, we used the estimated divergence time
between tetrapods and bony Wshes versus cartilaginous
Wshes (528 Mya) for the upper time between tip and root
node (C4) (Appendix Table S2, Appendix Fig. S1), and in
the second dating analysis, we used the above estimated
split time between sturgeons and paddleWshes combined
with fossil records (ca. 200 Mya) for the upper time between
tip and root node (Appendix Table S3, Fig. 1).

2.3. Biogeography and ancestral areas reconstruction

To assign distributions to the internal nodes in the tree,
the dispersal–vicariance analysis (DIVA; Ronquist, 1996;
Ronquist, 1997) was used. The program optimizes distribu-
tions for each node of the tree by favouring vicariance
events and minimizing the number of assumed dispersals
and extinctions. Between the nodes of the given tree DIVA
assigns a cost to changes in distribution interpreted as
extinctions or dispersals but no cost to changes interpreted
as vicariance. Optimizations minimizing the cost are
favoured. The assigned distributions were then compared
with the age estimates and if possible correlated to geologi-
cal history (see below). Nine main areas of distribution
were used and coded from A to I according to the results of
Bemis and Kynard (1997): (A) PC, Ponto-Caspian region;
(B) ASJ, Amur River, Sea of Okhotsk and Sea of Japan;
(C) SAO, Siberia and Arctic Ocean; (D) CH, China; (E)
NEA, North Eastern Atlantic; (F) NEP, North Eastern
PaciWc; (G) NWA, North Western Atlantic; (H) GL, Great
Lakes; (I), MGM, Mississippi River and Gulf of Mexico.

When the ancestral distribution was determined by
DIVA to be composed of all, or nearly all, possible areas
used to deWne the distribution of acipenseriforms, the
“maxareas” option was used to limit the range of ancestral
distributions to two areas. This approach determines which
is the most likely ancestral distribution if that distribution
was restricted to small areas (Ronquist, 1996).

3. Results

3.1. Divergence Time Estimates

The complete mitochondrial L-strand nucleotide
sequences of the three acipenseriforms (A. dabryanus, P.
gladius, and P. spathula) have been registered in GenBank
under the accession numbers AY510085, AY571339, and
AY510086, respectively. The organization of the three aci-
penseriform mitochondrial genome followed that of gener-
alized bony Wsh and vertebrate mitochondrial genomes.
Each of them consists of 13 protein-coding, 22 tRNA, two
rRNA genes, and a control region. All genes were of similar
length to those in other bony Wshes and the gene order was
identical to that so far obtained in many other vertebrates.

Maximum likelihood and Bayesian analyses resulted in
the same tree topology with slightly supporting value diVer-
ence based on 11,009 bp mitogenome sequence data set
(Appendix Fig. S1). All of the nodes of the Bayesian tree
received >96% posterior probabilities.

As explained in the section Materials and methods, diver-
gence times for the nodes in the tree (see Appendix Fig. S1)
were estimated using a Bayesian relaxed molecular clock
method. The Bayesian approach estimated the origin time
for Acipenseriformes at 389.7Mya with a 95% credibility
interval of 361.5–414.2Mya, for concatenated mitochondrial
genome sequence data set. The results were similar to the
results of 312.1Mya for data set #1 and 346.9 Mya for data
set #2 of Inoue et al.’s (2005)work. The estimated time for
splitting between sturgeons and paddleWshes is at 141.4 Mya
with a 95% credibility interval of 132.4–159.5Mya for the
concatenated sequence data set. These results were similar to
the results of 114.1Mya for data set #1 and 145.2Mya for
data set #2 in Inoue et al. (2005).

As also noted in the section Materials and methods, we
used the above estimated divergence time (ca. 141 Mya)
and the oldest acipenseriform fossil record avaialable
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(ca. 200 Mya) (Grande and Bemis, 1991; Jin, 1995) in order
to investigate sturgeons and paddleWshes divergence time
estimates. The results of Bayesian relaxed molecular clock
analysis using mitochondrial cytochrome b gene sequence
data are given in Table 3 and Fig. 1. The split time between
sturgeons and paddleWshes is dated back to Early Jurassic
at 184.4 Mya with a 95% credibility interval of 150.0–
199.5 Mya, which were slightly older than the result of
141.4 Mya that based on mitogenome sequence data set,
but with overlapping credibility interval. Within the Poly-
odontidae clade the Chinese swordWsh (P. gladius), with a
limited distribution in Yangtze River, splits with the Missis-
sippi paddleWsh (P. spathula), which also has a limited dis-
tribution in the Mississippi–Missouri basin, at about
68 Mya. Within the Acipenseridae clade, the divergence
time between the PaciWc and the Atlantic clades appears as
about 121 Mya (Table 3; Fig. 1).
3.2. Dispersal–vicariance analysis

The historical biogeography of the acipenseriforms
was analyzed in terms of the nine main distribution areas
referred above (Table 2), with the setting of “maxareas”
limiting the number of ancestral areas. A search with
DIVA resulted in seven alternative reconstructions of the
distribution history, each requiring 15 dispersals between
areas. The optimal distributions at each ancestral node
are given in Appendix Figure S2. According to the DIVA
analysis, the common ancestor of the sturgeons and
paddleWshes was widespread on (1) Ponto-Caspian
region, and China region, (2) Mississippi river and Gulf
of Mexico, (3) Ponto-Caspian region, Mississippi river
and Gulf of Mexico, and (4) China region and Missis-
sippi river and Gulf of Mexico. The reconstructions are
similar except for some of the basal events. The suggested
Fig. 1. Rooted ingroup tree assumed in the partitioned Bayesian analysis (Thorne and Kishino, 2002) for cytochrome b gene sequences using MULTIDIV-
TIME. Branches are shown to reXect divergence times estimated. C1–C6 are calibration nodes (see Appendix Table S3 for more detailed information).
N1–N17 are nodes of interest for which estimated dates are presented in Table 3. A dash-dotted line indicates the posterior mean for divergence time in
millions of years for split the sturgeons and paddleWshes. The cladogram used is the maximum likelihood phylogram of the 24 acipenseriform Wshes com-
bined the results from Ludwig et al. (2001) and the present study. Data of inferred ploidy level for corresponding species were given based on the analysis
of Zhang et al. (1999), and Ludwig et al. (2001). The chromosome duplication events were mapped on the branches.
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solution implies a centre of origin for Acipenseridae in
the Ponto-Caspian region (Fig. 2).

4. Discussion

4.1. Dating the genome duplication events

Since Stephens (1951) and Ohno (1970) introduced their
theory of evolution by gene duplication, it is widely accepted
that gene duplication has played a crucial role on the origin
of metazoans, vertebrates and mammals from unicellular
organisms. Nevertheless, the role of ancient and lineage spe-
ciWc duplication events is less investigated until now.

Within all recent vertebrates, sturgeons include some of
the species with a larger number of chromosomes. Indepen-
dently to two ancient genome duplication rounds shared by
an early deuterostome ancestor (Meyer and Schartl, 1999)
about 590 Mya and a second round up to 150 Myr later
(Wang and Gu, 2000), several lineage speciWc duplication
events occurred in sturgeons and paddleWshes (Fig. 1).
Therefore, these Wshes represent an interesting model for
studying these lineage speciWc genome duplication events.
The results of our dating analysis suggest that genome
duplication events in the sturgeon Atlantic lineage (53 Mya)
and in the sturgeon PaciWc lineage (70 Mya) were done at
somewhat similar timings (see Fig. 1). Although no clear
conclusion can be made about this subject, it is possible to
discuss some reasons that might have favoured duplication
events at these timings. The possible reason concerns simple
random: our general understanding of genome duplication
events seems to suggest that these events happen randomly

Table 3
Posterior means and 95% credibility intervals for divergence times in mil-
lion year ago (Mya) of nodes in Fig. 1 for the second dating analysis

C1–C6 are calibration nodes.

Node Cytochrome b data (three partitions)

N1 57.9 (23.4, 112.2)
N2 150.8 (104.7, 187.0)
N3 10.7 (1.2, 34.6)
N4 4.1 (0.1, 17.1)
N5 121.3 (76.7, 166.2)
N6 96.2 (55.5, 141.6)
N7 48.0 (17.5, 90.6)
N8 9.6 (0.5, 29.5)
N9 69.7 (34.1, 114.8)
N10 10.5 (0.7, 31.1)
N11 45.8 (18.6, 84.7)
N12 71.4 (37.9, 114.1)
N13 52.7 (24.5, 91.5)
N14 35.4 (13.8, 68.2)
N15 24.0 (7.5, 51.5)
N16 10.8 (1.7, 29.1)
N17 5.3 (0.2, 18.0)
C1 184.4 (150.0, 199.5)
C2 67.7 (50.5, 120.7)
C3 171.6 (132.9, 195.9)
C4 86.4 (48.2, 132.6)
C5 59.7 (29.4, 99.8)
C6 44.5 (18.7, 80.5)
from time to time. The selective advantage resulting from
increasing heterozygosity may support a Wxation of these
new “genotypes”. But this process of Wxation may be more
successfully in times of population expansion (radiation).
Based on the outcome of this study (Fig. 1), we conclude
that most of the recent sturgeon lineages evolved with the
shrank of the Tethys Sea and the creation of new water
bodies (for example Caspian, Black, and Aral seas). It is not
unlikely that individuals with higher gen(om)e numbers are
specially more Xexible in their adaptation to new/changing
environmental conditions. Independently from this Wrst
round of sturgeon lineage speciWc genome duplications
there were a few more recent events, for example in A.
mikadoi (ca. within 9.6 Myr) as well as in Acipenser breviro-
strum (ca. within 35.4 Myr) (see Fig. 1). A. brevirostrum has
an intermediary ploidy level depending on its number of
chromosomes (nD»360). Kim et al. (2005) classiWed this
species as hexaploid depending on its number of Ag-NORs
(nD 10) possibly resulting from the functional loss of
NORs on more than one pair of chromosomes. Taken
together, there is large evidence for an ongoing process of
gene silencing in sturgeons but their low evolutionary rate
resulted in the “conservation” of lineage speciWc intermedi-
ary character states over a long time.

4.2. Historical biogeography

Acipenseriformes had existed at least since the Early
Jurassic (»200 My BP), and all fossil and recent taxa
appeared from the Holartic (Bemis et al., 1997). As above
mentioned, there are two extant Acipenseriform families:
Polyodontidae, containing two monospeciWc genera (Poly-
odon and Psephurus), and Acipenseridae, containing three
genera (Acipenser, Huso, and Scaphirhynchus). The ancient
split of these families dated by our analysis of molecular
mitochondrial cyt b gene data (184 Mya: see Fig. 1) is in
good agreement with the paleontological data available.
Fossil records of paddleWshes from China date to the
Lower Cretaceous (e.g. Protopsephurus liui, Grande et al.,
2002) and from North America date to the Upper Creta-
ceous (Paleopsephurus wilsoni MacAlpin, 1941). Today only
two extant paddleWsh species are found: P. spathula, inhab-
iting North American rivers (Mississippi/Missouri basin),
and P. gladius, inhabiting the Yangtze River in China.
Thus, all the fossil and extant paddleWshes described so far
are restricted to the northern hemisphere. The Atlantic and
PaciWc Oceans seemingly began to open during the Jurassic
and have continued to do so during the Cretaceous (Laur-
asia splits in North America and Eurasia) (Smith et al.,
1994). About 120 million years ago, the Tethys Sea shrank
further, eventually becoming the Black, Caspian and Aral
Seas (Smith et al., 1994). These geological events appear to
have played an important role in acipenseriform evolution,
by: (i) forming the sea sturgeon lineage (»171 Mya) and
perhaps by contributing to the subsequent splitting
between the North American A. oxyrinchus and the
European A. sturio (see Fig. 1); (ii) contributing to separate
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the genus Scaphirhynchus from the remaining sturgeons
(»151 Mya) (see Fig. 1); (iii) contributing to the Atlantic/
PaciWc split (»121 Mya) and their further sub-division
within both clades (see Fig. 1), and (iv) contributing to the
continental subdivision of the two paddleWsh species
(»68 Mya) (see Fig. 1). Although both these two extant
paddleWsh species are formed by primary freshwater Wshes
and all paddleWsh fossil records discovered so far are from
freshwater deposits, they occasionally stray into costal
marine environments (Bemis et al., 1997). For this reason,
separation between the two extant paddleWsh species (i.e.
between Asia and North America) seemingly depended
essentially on the increasing geographic distance between
both continents during the Late Cretaceous. Nevertheless,
one cannot totally exclude other reasons also favoring their
splitting, such as, for example the increase of salinity of the
waters situated between these continents.
The distribution of the sea sturgeons is a further exam-
ple seemingly supporting a vicariance scenario based on
continental drift. In fact, the opening of the Atlantic Ocean
between Europe and North America seemingly began at
about 100 Mya (Smith et al., 1994), what thus may have
contributed to the divergence between the two major lin-
eages of sea sturgeons (see Fig. 2). Sea sturgeons are anad-
romous Wshes, well adapted to marine conditions and
occurring on both shores of the Atlantic Ocean. To provide
an exact dating for the Wnal separation of these lineages
based on ecological and physiological clues is very diYcult
due to the eventual tolerance to high values of salinity and
the eventually ability for long distance migrations that
these Wshes might have displayed (Ludwig et al., 2002). But
such a separation was probably Wnished with the closure of
the Tethys Sea and the onset of the North Atlantic Gyre
(about 15–20 Mya) (Smith et al., 1994). Today, A. sturio
Fig. 2. Suggested biogeographical history of the acipenseriforms (see text for details). The reconstruction is one of the seven alternative, equally parsimoni-
ous biogeographical reconstructions (cf. Appendix Fig. S2). Dispersal events are indicated on the branches. Note that the dispersal–vicariance analysis, the
cost of dispersal is one per area added to an ancestral distribution. For instance, the cost of assumption that A. ruthenus dispersed from Ponto-Caspian
region to the other major regions (+CE) is two dispersals. Implied between-area vicariance events are indicated by hyphens in the ancestral distributions.
The illustrated reconstruction diVers from the other alternatives (cf. Appendix Fig. S2) in postulating that the ancestral species of Acipenseriformes was
distributed in the Ponto-Caspian region or China region. In addition, the reconstruction implies a center of origin for the Acipenseridae in the Ponto-Cas-
pian region. Codes A–I are the same as shown in Table 2.
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inhabits in Europe and A. oxyrinchus inhabits in North
America. A trans-Atlantic colonization event for A. oxyrin-
chus entering the Baltic Sea was recently proposed (Ludwig
et al., 2002). Based on our dating results these species were
separated at about 58 Mya - thus somewhat earlier than the
Wnal closure of the Tethys Sea (see Fig. 1).

With respect to our results concerning the divergence of
the Atlantic/PaciWc sturgeon split (121 Mya), this is in good
agreement with the shrank of the Tethys Sea (120 Mya) sep-
arating these two oceans. Probably, the Aral, Black and
Caspian seas evolved from this Tethys Sea (Smith et al.,
1994). This might thus have contributed to the emergence
of several lineages of the Atlantic group. This Atlantic
group contains Eurasian (mainly Ponto-Caspian species)
and two North American species (A. brevirostrum and A.
fulvescens). The separation between the Eurasian and the
North American species was very likely related to the
increasing geographic distance between these landmasses
and the closure of the Tethys Sea, and this seemingly
occurred after the genome duplication (53 Mya) shown in
Fig. 1. Nevertheless, the limited adaptation of some species
to seawater conditions probably also played an important
role in this separation. For example, A. fulvescens, A. baerii,
and A. naccarii are predominantly freshwater species.

Based on the outcome of our study, we can thus say that
sturgeon adaptation on seawater was very likely a primitive
feature for this group of Wshes. Later, some lineages lost/
reduced their ability to enter seawater, depending on the
realization of ecological niches situated in freshwater reser-
voirs. Due to diVerent geological events the distribution of
some lineages was limited to freshwater lakes, which
resulted in a reduced level of seawater adaptation. The
genome duplication event dated about 53 Mya (see Fig. 1)
can probably explain the founding of new lineages of
Atlantic sturgeons. Such lineages include the most diverse
sturgeon lineage (“gueldenstaedtii-complex”: see Birstein
et al., 2005). Several rounds of radiation and refugial diVer-
entiation were seemingly caused by glaciations resulting in
the complicated genotype patterns observed for this species
complex (Birstein et al., 2005). Moreover, introgression
events caused by river captures or release programs blurred
the original subdivision of lineages/species. For these rea-
sons, molecular dating within this complex should be dis-
cussed with extreme caution. Furthermore, one should note
that in the present study we used only “reference” geno-
types for each species analyzed. Nevertheless, the present
study supports a rather ancient origin of the diVerent lin-
eages/species.

Patterns similar to those described above for the Atlan-
tic group seemingly also apply to the PaciWc sturgeon spe-
cies. In fact, the founding of many of these species is very
likely related to genome duplications events associated with
continental drift (see Fig. 1). The following species pairs
have a trans-PaciWc (American/Asian) distribution: A.
transmontanus versus A. schrenckii and A. medirostris ver-
sus A. mikadoi. Speciation of A. mikadoi was very likely
related to a second genome duplication event within the
PaciWc group (see Fig. 1). Taken together, largest species
diversity of Acipenseridae clade was observed in Ponto-
Caspian region, especially in the region occupied by the
former Tethys Sea, which implies a possible origin of most
of these lineages in this region (Fig. 2), and which scenario
had previously been suggested by Birstein and DeSalle
(1998).
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