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Summary

We present an analysis of sequence variation across complete

mitochondrial (mt) genomes of eleven sturgeon species. We
have sequenced five mt-genomes from four Ponto-Caspian
species: Acipenser gueldenstaedtii (Russian sturgeon), Acipens-
er persicus (Persian sturgeon), Acipenser naccarii (Adriatic

sturgeon), and Acipenser baerii (Siberian sturgeon). Two
specimens of A. gueldenstaedtii were included representing
the gueldenstaedtii-like haplotype and the baerii-like haplo-

type. Phylogenetic information content of each gene, clusters
of genes sharing similar functions (tRNAs, protein coding
sequences) and of the entire mitochondrial DNA genome was

evaluated using the Shimodaira and Hasegawa test. Based on
their suitability to reconstruct sturgeon phylogeny, mitochon-
drial genes were ranked between �very good� (ND5, cytb – large
agreement between phylogenies based on these genes and the

phylogeny calculated on the entire mt genome), �good� (COI,
ND4, ATP6), �medium� (ATP8, COII, COIII, ND1, ND2,
ND3, ND4L) and �weak� (ND6 – tree topology is significantly

deviated from the expected one). The maximum parsimony
(MP) tree based on entire mt genomes showed that Scaphirin-
chus is a sister clade of the genera Acipencer and Huso.

However, maximum likelihood (ML) algorithm with the most
suitable nucleotide evolution model (GTR+I+G) places
Scaphyrinchus within Acipenser as a sister branch to Ponto-

Caspian species. Both algorithms (MP, ML) agreed in the
following points: (i) Atlantic and Pacific species are separated
in different clades, Huso huso is basal with the Atlantic species
and (ii) all species of the gueldenstadetii-complex are closely

related. Finally, eight substitutions between A. baerii and the
baerii-like specimen of A. gueldenstaedtii were found overall
protein coding sequences, and 131 substitutions were detected

between the gueldenstaedtii-like and baerii-like haplotype over
the entire mt genome. Taking the small sample size under
consideration, these differences have to be handled with care

and should be addressed in further studies.

Introduction

The family Acipenseridae consists of four genera (Acipenser,
Huso, Scaphirhynchus, and Pseudoscaphirhynchus) taking
together 25 extant species. Recently published molecular

phylogenies are not congruent in several points with the
classical taxonomy based on morphology (Artyukhin, 2006).
For example both species of the genus Huso (Huso huso and

Huso dauricus) were grouped within the species of the genus
Acipenser (Birstein and DeSalle, 1998) and separated in two
different clusters representing their zoogeographic distribution

(Ludwig et al., 2001; Peng et al., 2007). Additionally, the
genus Pseudoscaphirhynchus was also grouped within the genus

Acipenser most closely connected to Acipenser stellatus

(Birstein et al., 2002). Finally, the genus Scaphynchinchus
was an internal clade within the genus Acipencer (Peng et al.,
2007) or its position is unresolved (Krieger et al., 2008).

Most of the previous studies based on single mitochondrial

(mt) genes [mostly cytochrome b (cytb) – Ludwig et al., 2000,
2001] or on a few mt genes (Krieger et al., 2008) or sometimes
only on parts of them (Birstein and DeSale, 1998). To over-

come the limitations of these limited data sets, we used entire
mt genomes for phylogenetic reconstruction.

Besides phylogenetic questions, we would like to address the

identification of characteristic substitutions for species and
population identification. Depending on different evolutionary
constrains, mt genes have a different degree of inter- and
intraspecific variability. Sequence analysis of entire mt

genomes is time consumed and expensive, therefore we would
like to identify these regions which are characterized by a large
level of inter- or intraspecific variability. Although during the

second Status Workshop for Identification of Acipenserifor-
mes in Trade in Berlin September 30–October 1, 2006 was
decided to focus on cytb sequences for molecular species

identification (Ludwig et al., 2002; Ludwig, 2008), additional
informative regions could be fruitful especially for closely
related species (Ludwig, 2006).

There were several recent studies on individual mitochon-
drial DNA (mtDNA) variability and its suitability for phylo-
genetic analysis. For example, based on maximum parsimony
(MP), maximum likelihood (ML), and neighbor joining (NJ)

analyses of several vertebrates, the following classification was
proposed for mitochondrial genes: good genes are ND4, ND5,
ND2, cytb, COI; medium genes are COII, COIII, ND1, ND6;

and poor genes are ATP6, ND3, ATP8, ND4L (Zardoya and
Meyer, 1996). Miya and Nishida (2000) classified the same
genes especially for teleostei as follows: very good (ND5, ND4,

COIII, COI); good (COII, cytb); medium (ND3, ND2); poor
(ND1, ATP6); and very poor (ND4L, ND6, ATP8). Although
there seem to be a large species-overlapping information
content among all vertebrates, there is always a rest of lineage

specificity in such data sets. Therefore, we test the sturgeon
specific information content of all mt sequences.

Materials and methods

At present the following complete mtDNA sequences are

deposited in GenBank (Table 1): H. huso, A. stellatus,
Acipenser transmontanus, Acipenser mikadoi, Scaphirhynchus
cf. albus, Polyodon spathula. We sequenced the complete

mtDNA genome of five specimens from four sturgeon species.
Acipenser naccari, Acipenser persicus, and Acipenser baerii, and
Acipenser gueldenstaedtii (n = 2). We included two specimens
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of A. gueldenstaedtii because this species is divided into two
major haplogroups: one haplogroup possesses typical gue-
ldenstaedtii-like haplotypes, and the other haplogroup has
baerii-like haplotypes. We sequenced for each haplogroup one

specimen.
Ethanol fixed tissue samples were obtained from the Russian

National Collection of Standard Genetic Materials

(RNCSGM) of sturgeon fishes (maintained by VNIRO).
Primers were designed by multiple alignments of complete
mtDNA sequences deposited at GenBank. Primers design and

amplification conditions were done using the FastPCR pro-
gram (Kalendar, 2007).
We designed 84 primers, which were used for amplification

of 42 overlapping PCR-fragments. List of primers and PCR
conditions are available on request. To increase PCR efficiency
and to avoid non-specific product amplification, a two stages
nested PCR was used. The first stage produced �2400-bp
product, and the second stage of nested PCR resulted in a
�1200-bp product. The smaller one was cleaned and used for
further sequencing. Final PCR products (42 amplicons,

�1200 bp) covered all mtDNA at least two times. PCR was
done in a DNA engine PTC tetrad 2 thermal cycler (MJ
Research) and reactions carried out with 30 cycles of a 15 ll
reaction volume containing H2O, 1.5 ll of 10· PCR buffer
(Sileks), 1.2 ll NTP�s (2.5 mMM each), 1.5 ll of each primer
(5 lMM), 0.06 ll of 0.5 U Taq polymerase (Sileks), and 0.6 ll
DNA template. Cycle profile was as follows: denaturation at

94�C for 15 s, annealing at 50�C (but sometimes it was
adjusted according to primer properties) for 30 s, and exten-
sion at 72�C for 90 s. PCR products were run on a 1.0%

agarose gel and stained with ethidium bromide. Double-
stranded PCR products were purified enzymatically by
treatment with ExoI (Fermentas) and phosphatase SAP

(USBiological) according to Werle et al. (1994), or by gel
excising using a DNA Extraction Kit (Fermentas). Purified
PCR product were subsequently used for direct cycle sequen-

cing with BigDye v.1.1 Sequencing Kit (ABI). All sequencing
reactions were performed according to the manufacturer�s
instructions on a 3100 DNA sequencer (ABI). Primary
sequence analysis was performed using Sequencing Analysis

software (ABI). Condon reconstruction was done with Codon-
Code Aligner v.1.5.2. (CodonCode Corporation).
Phylogenetic analyses were done on complete mitochondrial

genomes and on protein-coding genes. Control regions were
excluded from phylogenetic reconstructions depending on
heteroplasmy and large numbers of indels. MP and ML

reconstructions were performed using PAUP*4.0b10 (Swof-
ford, 2001). The best-fit model of nucleotide substitution was
assessed by ModelTest 3.7 (Posada and Crandall, 1998). The
statistical confidence of the resulting best trees of each ML

analysis was calculated by corrected non-parametric test of
topologies, proposed by Shimodaira and Hasegawa (1999).
Shimodaira and Hasegawa (SH) test implemented in

PAUP*4.0b10 (Swofford, 2001) by using RELL bootstrap
(one-tailed test). This was done by comparing gene topology
with the expected topology. We used the best fitting evolu-

tionary model, which were separately calculated for each gene
or functional group of genes. This allows estimate the
information content of each genes ⁄ group of genes for

sturgeon phylogeny. Estimation of dN ⁄ dS ratio for protein
coding sequences was performed by PALM program (Yang,
2000).

Results

GenBank accession numbers are presented in Table 1. Anal-

ysis of complete mtDNA sequences confirmed a conserved
order of genes overall sturgeons. Gene order is identical to the
order observed in other teleostei (Arnason et al., 2004).

Maximum parsimony topology based on complete mito-
chondrial genomes (Fig. 3) is concordant with previously
published phylogenies based on cytb gene (Fontana et al.,
2001; Ludwig et al., 2001; Peng et al., 2007), and on control

region variation (Ludwig et al., 2000). But ML topology
differed from previously published topologies by the grouping
of Scaphirhynchus, which became a sister clade to the Ponto-

Caspian species within the genus Acipenser (Fig. 4). The same
topology is obtained by ML analysis of all protein-coding
sequences. Within the closely related gueldenstaedtii-species

complex (A. gueldenstaedtii, A. naccarii, A. persicus), A.
gueldenstaedtii is most closely related to A. persicus, but
bootstrap support is for this cluster low (55%). Deleting third

codon position, phylogenetic relationships are not resolved for
A. gueldenstaedtii, A. naccarii, and A. persicus.
Swofford et al. (2001) showed that in analysis of extensive

DNA sequences ML algorithm is superior to MP in robustness

of phylogenetic reconstruction. Therefore, further analyses of
separated genes were focused on ML. The genus Scaphirhyn-
chus was excluded from this analysis resulting from its unsafe

grouping in MP and ML trees. Results of the SH-test are
presented in Fig. 1. Two SH tests were conducted for each
rRNA and protein coding gene, unified tRNA genes, and

Table 1
Origin of samples, genbank accession numbers and collection numbers

Species Sampling location GenBank accession no. Reference RNCSGM no.

Acipenser baerii Irtish River Pending This study BAE0154
Acipenser gueldenstaedtii
(typical mitotype)

Volga (Volgogradskiy ORZ) Pending This study GUE0830

Acipenser gueldenstaedtii
(baerii mitotype)

Caspian Sea (Zhemchuzhniy Isl.) Pending This study GUE0365

Acipenser naccarii Sierra Nevada Factoria r. Riofrio Spain. Pending This study NAC0020
Acipencer persicus Caspian Sea (near Turkmenian coast) Pending This study PER0161
Acipenser stellatus AJ585050 Arnason et al. (2004)
Acipenser transmontanus NC_004743 Inoue et al. (2003)
Huso huso NC_005252 Dunn et al., direct

submission Genbank
Acipenser dabryanus AY510085 Peng et al. (2007)
Scaphirhynchus cf. albus NC_004420 Inoue et al. (2003)
Polyodon spathula AY510086 Peng et al. (2007)
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protein coding genes: (i) agreement between topology based on
each gene and the �expected� topology or based on entire
mtDNA dataset (left bars on Fig. 1) as well as (ii) the
reciprocal test (right bars on Fig. 1). Gene polymorphism was

calculated as a proportion of variable sites to the total gene
length (Fig. 2). All protein coding genes have a more or less
similar degree of variability, and their variability�s are about

twice times larger than the values observed for ribosomal
genes. Interestingly, remarkable variation was found especially
in very short genes (for example ATP8).

Discussion

All Ponto-Caspian species were unified in one clade in both
algorithms MP and ML. Using MP, Ponto-Caspian species are
the sister clade of Pacific species (Fig. 3). However, in ML
analysis Scaphirhynchus is grouped together with Ponto-

Caspian species (Fig. 4). Grouping within the Ponto-Caspian
clade is similar in both approaches and in agreement with the
previously published molecular phylogenies (Birstein et al.,

2002; Peng et al., 2007; Krieger et al., 2008).
The relationship of baerii-like haplotypes (Jenneckens et al.,

2000) within the A. gueldenstaedtii clade is of special interest

for both trade control and management of Russian sturgeons

of the Northern Caspian Sea because these closely connected
species (Ludwig et al., 2003; Birstein et al., 2005) are impor-
tant caviar producers. Only eight substitutions between
A. baerii and the baerii-like specimen of A. gueldenstaedtii

were found overall protein coding sequences. However, taking
entire genomes under consideration, 131 substitutions were
detected between gueldenstaedtii-like and baerii-like haplo-

types. Because only single representatives for both haplo-
groups were analyzed, we can draw no conclusions if any of
these substitutions is species(haplogroup)-specific. Larger

sample sets should be screened for these substitutions. Almost
fixed diagnostic substitution separating A. baerii and baerii-
like haplotypes of A. gueldenstaedtii are discussed in an

additional article within this issue (Voynova et al., 2008).
Several phylogenies based on single genes have lower

phylogenetic information in relation to the molecular phylog-
eny based on the entire genome. However, only the ND6

phylogeny is significantly different. This is in agreement with
the previously published observation based on primates
(Yoder and Yang, 2000) that ND6 has very different codon

usage and substitution patterns. But besides the ND6 noise in
phylogenetic reconstructions, the impact of this gene is not
significant for phylogenetic reconstruction. Parameters of

nucleotide evolution model (GTR+I+G) are similar and tree
topology remains constant if ND6 is excluded or not. Taken
together, we propose the following classification of sturgeon
mitochondrial genes: (i) very good (ND5, cytb), good (COI,
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Fig. 3. Maximum parsimony tree based on complete mt genomes.
Bootstrap support after 1000 replications is shown
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ND4, ATP6), medium (ATP8, COII, COIII, ND1, ND2, ND3,
ND4L) and poor (ND6). Nevertheless, the robustness of these

analyses increases with the number of specimens incorporating
intraspecific variation often observed within a species (Zar-
doya and Meyer, 1996).

Additionally, the position of the Scaphyrinchus clade
requires further analysis. Our MP tree is concordant with
previously published and widely accepted phylogeny that
Scaphirinchus is a sister clade of the genera Acipencer and

Huso. Nevertheless, ML places Scaphyrinchus within Acipenser
having high statistical support. This grouping is in agreement
with recently published data (Dillman et al., 2007). Further

analyses are necessary to solve this topic.
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