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Abstract

Background: Identification of species via DNA sequences is the basis for DNA taxonomy and
DNA barcoding. Currently there is a strong focus on using a mitochondrial marker for this
purpose, in particular a fragment from the cytochrome oxidase | gene (COIl). While there is ample
evidence that this marker is indeed suitable across a broad taxonomic range to delineate species,
it has also become clear that a complementation by a nuclear marker system could be
advantageous. Ribosomal RNA genes could be suitable for this purpose, because of their global
occurrence and the possibility to design universal primers. However, it has so far been assumed
that these genes are too highly conserved to allow resolution at, or even beyond the species level.
On the other hand, it is known that ribosomal gene regions harbour also highly divergent parts.
We explore here the information content of two adjacent divergence regions of the large subunit
ribosomal gene, the D1-D2 region.

Results: Universal primers were designed to amplify the D 1-D2 region from all metazoa. We show
that amplification products in the size between 800—1300 bp can be obtained across a broad range
of animal taxa, provided some optimizations of the PCR procedure are implemented. Although the
ribosomal genes occur in multiple copies in the genomes, we find generally very little intra-
individual polymorphism (<< 0.1% on average) indicating that concerted evolution is very effective
in most cases. Studies in two fish taxa (genus Cottus and genus Aphyosemion) show that the D1-D2
LSU sequence can resolve even very closely related species with the same fidelity as COI
sequences. In one case we can even show that a mitochondrial transfer must have occurred, since
the nuclear sequence confirms the taxonomic assignment, while the mitochondrial sequence would
have led to the wrong classification. We have further explored whether hybrids between species
can be detected with the nuclear sequence and we show for a test case of natural hybrids among
cyprinid fish species (Alburnus alburnus and Rutilus rutilus) that this is indeed possible.

Conclusion: The DI-D2 LSU region is a suitable marker region for applications in DNA based
species identification and should be considered to be routinely used as a marker complementing
broad scale studies based on mitochondrial markers.
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Background

The use of DNA sequences as a tool for the identification
of species has been widely discussed in the past years [1-
6]. One important step in implementing a DNA taxon-
omy or DNA barcoding system is the choice of appropri-
ate markers. There is currently a preference for the COI
gene, a mitochondrial protein, as the marker of choice for
animals [1]. But other markers have also been suggested,
for example the nuclear rDNA [4,7,8] or the mitochon-
drial LSU gene (16S rDNA) [9]. It is generally expected
that mitochondrial markers could provide a better resolu-
tion, because their maternal inheritance results in a
smaller effective population size and hence a faster fixa-
tion of neutral mutations. However, mitochondrial mark-
ers might not always reflect the full history of a species
[10]. Nuclear markers, on the other hand, underlie recom-
bination and are therefore less suitable to trace phyloge-
netic lineages within species.

Apart from the question of choosing the appropriate
marker type, there are also general problems with relying
on a single marker system only, most notably the possibil-
ity of hybridization among lineages. Contrary to a com-
mon perception of species being entirely independent
from one another, the units that are commonly consid-
ered 'species' hybridise frequently in nature [11-14]. Sev-
eral model systems for interspecific hybridisation have
been studied using multiple genetic markers, which sug-
gest that mitochondrial haplotypes and possibly also
nuclear genes can be exchanged between distinct species
in the course of hybridisation events [15-17]. Even in the
absence of hybridisation, incomplete lineage sorting can
result in shared ancestral haplotype lineages beyond spe-
ciation events [18]. The relevance of these problems in the
context of taxonomic applications has been well recog-
nized [2,19], but has so far been very little addressed with
respect to developing appropriate comparative markers.

Here we evaluate the utility of the large subunit ribosomal
rRNA (LSU) as a potential marker for species identifica-
tion. The LSU is part of the rDNA gene complex which
occurs in tandem repeats, arranged in ribosomal clusters
in the nuclear genome [20]. Ribosomal genes are gener-
ally considered to be highly conserved, but they are actu-
ally composed of a mixture of conserved and divergent
regions. These have been called "divergence regions - D"
and are numbered in 5'to 3'direction of the mature rRNA
[21]. In the present paper we report primers and protocols
that permit the amplification of a highly variable part of
the nuclear rDNA. We find that the variation in the LSU
D1-D2 fragment permits its use in DNA barcoding
approaches for a wide variety of metazoa. In addition to
this general utility, we explore the use of ribosomal genes
to directly identify hybrids, which would not be possible
with mitochondrial markers alone.

http://www.frontiersinzoology.com/content/4/1/6

Results

Primer selection

For a survey of meiobenthos organisms we have previ-
ously used the D3-D5 expansion segment of the LSU as a
signature sequence [7], which has yielded good taxo-
nomic resolution as well as reasonably good phylogenies.
However, the fragment includes relatively long highly
conserved stretches and we have therefore assessed here
the D1-D2 region as an alternative fragment that could
potentially yield an even higher resolution. Figure 1
shows a comparison of the relative conservation of the
different rRNA regions. It is evident that the D1-D2 region
belongs to the most divergent parts, although it contains
also some highly conserved stretches that allow the selec-
tion of universal primers.

We have retrieved sequences spanning the D1-D2 region
of the LSU from diverse metazoan taxa from GenBank and
aligned them to identify sequence blocks that are suitable
for primer development. Primers were chosen for the
most conserved blocks, aiming to identify primers which
could be used in very broad range of taxa (with a focus on
metazoa, but may also work in all eukaryotes). A few such
truly universal primers were identified, but in some cases
we had to distinguish between vertebrate and invertebrate
primers (Figure 2). The primers were tested on a large
range of diverse animal taxa (Table 1) to verify their utility
and to find the range of fragment sizes that are to be
expected. The outer primers depicted in Figure 2 amplify
a fragment of 800-1300 bp, the inner primers can be used
for sequencing. Interestingly, the outer primer revl, which
was designed for vertebrates works also with most inverte-
brates. For those cases where it did not work in inverte-
brates, we used rev2 as the outer primer.

Amplification efficiency

We found that the invertebrate sequences could generally
be amplified with standard protocols. However, verte-
brate samples were generally more difficult to amplify,
which cannot only be ascribed to major size differences.
Interestingly, DNA traces originating from vertebrate
commensals or parasites in DNA extracts were sometimes
amplified, while the host sequences were not. We found
that residual ribosomal rRNA was a major inhibitor in
these cases, since extensive RNAseA digestion of the DNA
samples leads to a much better amplification success.
Since the same treatment leads also to improved results
with invertebrate samples, we have included this in the
recommended standard procedure.

Apart of the removal of rRNA we found that the addition
of PCR enhancer buffers (see Methods) leads to signifi-
cantly improved amplification of many rDNA templates,
which is in agreement with the observations of Ralser et
al. [22]. This is most likely related to high GC content and
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ribosomal gene cluster in tandem repeats, separated by intergenic spacers (IGS)

Figure |

General organisation of eukaryotic ribosomal genes. All eukaryotes show a stereotypic arrangement, with often hundreds of
tandemly repeated ribosomal transcription units. Each produces a large transcript which is processed into the small subunit,
the 5.8S subunit and the large subunit. The external transcribed spacer (ETS) and the internal transcribed spacers (ITSI and
ITS2) do not become part of the mature rRNA, but their sequences and structures are required for the correct processing.
The dot plot comparisons above the SSU and the LSU show the conservation profiles between a chordate and an arthropod
sequence. In this presentation, the sequences of two species (mouse and Drosophila) are compared and a dot is placed in the
diagram at each position where 10 consecutive nucleotides match. Conserved and divergent regions become thus directly
apparent. It is evident that the SSU is more conserved, interrupted by a few less conserved regions, while the LSU show larger

regions of divergence.

pronounced secondary structure of our target gene.
Finally, single strand binding (SSB)-protein was found to
further improve the quality of the PCR product but is not
a necessary additive in most reactions.

Further optimizations will still be necessary for some taxa.
Most notably, we found that samples from mammals,
birds and amphibians are difficult to amplify, i.e. the suc-
cess rate is low.

Sequence polymorphisms

Ribosomal genes are subject to concerted evolution,
which ensures that the multiple copies present in the
genome retain more or less identical sequences [23,24].
Still, there may be concerns that the concerted evolution

process may not be sufficiently effective to ensure com-
plete sequence homogeneity. We have therefore carefully
checked our sequence reads for signs of ambiguity, which
would be indicative of incomplete homogenization.
Among approx. 230 fragments analysed in this way, we
found 15 where a single ambiguous position was identi-
fied in both sequencing directions (compare Figure 3), six
where two such positions were found and four with three
ambiguities. In a few cases we found more ambiguities
(up to 9) [see additional file 1], but it is possible that these
samples were contaminated with DNA from closely
related species (nematodes). This implies that much less
than 0.1% of the sequence positions surveyed are poly-
morphic on average, although this may vary in some taxa.
Nonetheless, this number suggests that insufficient
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Primer name

and position*

Sequence

comment

LSU D1,D2 fw1: 56- | AGC

74

LSU D1,D2 fw2:
342-364

LSU D1,D2 rev1i:

1091-1111

LSU D1,D2 rev2:

1048-1067

LSU D1,D2 rev3:

979-998

LSU D1,D2 rev4:

773-792

ACA

TAC

ACG

GCA

GTT

GGA GGA AAA GAA

AGT ACC DTR AGG

TAG AAG GTT CGA

ATC GAT TTG CAC

TAG TTC ACC ATC

AGA CTY CTT GGT

ACT A

GAA AGT TG

TTA GTC

GTC AG

TTT CG

CCG TG

universal; for amplification and
sequencing

universal; for sequencing

designed for vertebrates, but
works also for most
invertebrates; for amplification
and sequencing

invertebrates, when rev1 does
not work; for amplification and
sequencing

primarily vertebrates; for
sequencing

universal; sequencing

*position numbers refer to the complete LSU sequence of Drosophila melanogaster (GB acc.

M21017)

ITS 2

Figure 2

LSU D1-D2 rRNA region

EEEDR
- —_— e f— e —
fw1 fw2 rev4 rev3 rev2 revi
« >

fragment length between 850 to 1300 bp

Primers used for amplification and sequencing of the D1-D2 LSU region. The primer positions in column | refer to the LSU
sequence of Drosophila melanogaster (Acc. No. M21017). The sketch below indicates the approximate positions of the primers.
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Table I: List of taxa analysed with observed sequence length
range for the D1-D2 fragment in the final alignhment [see
additional file for further details]

Taxa number of species DI-D2 fragment length range (bp)
Teleostei 41° 1041-1186
Cyclostomata | 1138
Nematoda 17 791-1017
Hirudinea 5 954—1034*
Mollusca 9 986—1005*
Crustacea 5 899—1221%*
Chelicerata | 1066
Insecta 70 945-1302*

*includes sequences amplified with primer rev2, which are in the final
alignment 48 bp shorter than those done with revl.

¢ without the sequences of Cottus (N = 27) and Aphyosemion (N = 56)
which are within the length range for teleosts.

homogenization is not a significant problem for D1-D2
sequences.

Taxon assignment

Information about the affinities of a given sequence was
obtained by conducting BLAST searches (blastn) [25]
against the GenBank database [26] and by using simple
neighbour joining clustering based on uncorrected p-dis-
tances with MEGA 3.1 [27]. We found that the phyloge-
netic signal in the data is sufficient to group most
sequences into taxa that are known to be monophyletic,
although deep phylogenetic relationships of this tree
appeared not to be very reliable (not shown). However,
given our focus on a highly variable part of the LSU, we
would not have expected to retrieve reliable deep level
phylogeny resolution from this anyway. Still, the informa-
tion content of the D1-D2 region is sufficient to place new
sequences into the right phylogenetic context.

Species identification

The most important consideration for the utility of a
marker is its ability to discriminate between closely
related species. We have therefore obtained the D1-D2
LSU sequences from two taxonomically well studied fish
groups and compared these to mitochondrial COI
sequences from the same animals. The first group includes
species of the genus Cottus, which occur in streams
throughout the northern hemisphere. In a recent taxo-
nomic survey of the species in Middle Europe, 15 species
were distinguished on the basis of diagnostic morpholog-
ical and molecular characters [28]. Figure 4 shows a com-
parison between the LSU sequences and the
mitochondrial sequences for a subset of these species,
including several population samples from three of them.
It is evident that although the general level of divergence
is lower for the LSU sequences (note different scales), the
same species and the same populations are identified with
both markers in most cases. The only exception is the sam-

http://www.frontiersinzoology.com/content/4/1/6

ple "RotesW", which is grouped with Cottus gobio for the
COI sequence and with Cottus rhenanus for the LSU
sequence. The origin of the sample, as well as additional
molecular markers [15] show that the respective specimen
belongs to Cottus rhenanus [28], i.e. this is a clear case
where a mitochondrial transfer has occurred in the past.
The phylogenetic relationships recovered by the two
markers show general congruence, but are not identical
for all nodes. We have so far no further markers, which
could be used to resolve these conflicts, i.e. it is not possi-
ble to say whether the LSU or the mtDNA sequences are
more reliable in this respect.

The second group is a monophyletic species group (Son-
nenberg et al. in prep.) within the large genus Aphyosemion
sensu lato. These are small fish (ca. 4-5 cm standard
length) which live in little forest creeks in the coastal plain
from Benin to Cabinda (Angola). Currently nine species
and one subspecies are recognized based on diagnostic
characters of male colour patterns. Figure 5 shows a com-
parison between the LSU data and the mitochondrial
sequences of all nine recognized species. The sampling
contains several populations of species with larger distri-
bution areas (A. ahli [Cameroon, Equatorial Guinea], A.
australe [Gabon to Cabinda (Angola)], A. calliurum [Benin
to Cameroon]). A. edeanum, A. festivum, A. heinemanni and
A. pascheni are represented by a single population. Espe-
cially the latter three are only known from small areas and
all four together with A. celiae and A. franzwerneri are
endemic to Cameroon [29]. Despite a lower sequence
divergence level, the LSU dataset shows the same cluster-
ing of species samples. Aphyosemion ahli and A. calliurum
are both paraphyletic with respect to A. edeanum for the
former and A. celiae for the latter species. As with the Cot-
tus example, there are conflicts with the phylogenetic rela-
tionships between species for the two markers (e.g. A.
heinemanni, A. australe) but this depends on the method of
phylogenetic inference (NJ, exclusion of gaps and missing
data, model of sequence evolution, statistical tests etc.) or
insufficient phylogenetic signal and it is still open which
of them may be more accurate.

Evaluation of hybrids

To evaluate the performance of the LSU marker in cases of
hybrid animals, we have first generated artificial F1
hybrids between Cottus perifretum and Cottus rhenanus.
These two parental species show diagnostic differences in
the D1-D2 region. The electropherograms of the hybrid
animals were found to display double peaks at these posi-
tions (Figure 6), which reflect their hybrid status. Interest-
ingly, however, the height of these double peaks differed
between the animals. This suggests that the rDNA repeat
units may not be inherited in simple Mendelian patterns,
at least not in hybrids between species. Although this
presents a complication which needs to be further stud-
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Figure 3

Two examples for ambiguous sequence positions in the forward and reverse sequencing direction of the same fragment (indi-
cated by a red arrow). We interpret these ambiguities as polymorphic positions among the rDNA repeat units within an ani-
mal. Given that these ambiguities are very rare (see text), one can conclude that homogenization is usually very efficient.

ied, the presence of such double peaks can indicate a
hybrid status, provided one finds the corresponding par-
ent species that have fixed nucleotides at the respective
positions.

To assess this approach for a naturally occurring situation,
we have evaluated it for fish species pair, where the fre-
quent occurrence of F1 hybrid animals has been previ-
ously suspected [30]. These are two Cyprinid fish species,
Rutilus rutilus and Alburnus alburnus, which occur in many
European streams. Figure 7 shows a comparison of the
phenotypes of the parental species and the possible
hybrid. The trace pictures of the LSU sequences at three
diagnostic sites are shown next to them. It is evident that
the suspected hybrid has indeed a mixture of both ribos-
omal types. This confirms the special utility of rRNA
sequences for detecting hybrids.

Discussion

Our data provide evidence that the D1-D2 region can be
readily amplified from a wide range of taxa and that it
contains sufficient phylogenetic information to allow

assignment to related taxa. At the same time the D1-D2
region appears to carry sufficient variability to distinguish
congeneric species although we have so far shown this
only for two fish groups. However, at least one of these
two groups may be considered as a taxonomic test case
because of their close relationships. The Cottus gobio com-
plex has previously been considered to represent a single
pan-European species. Only a recent taxonomic revision
has challenged this view [28,41]. The D1-D2 LSU
sequence clusters correspond to the newly described spe-
cies confirming that a high level resolution is indeed pos-
sible with this gene region.

It is noteworthy that much of the variation in the D1-D2
region is found in length variable parts. While such indels
cause a problem with alignments for deep phylogenetic
inferences, they should be considered as an advantage for
taxonomic purposes, since they add another character
state beyond transitions and transversions. Moreover,
indels may be particularly suitable for fast determination
assays independent of sequencing, such as microarrays

[7].
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A comparison between LSU and mtDNA sequences with respect to species level resolution for the genus Cottus. Twelve spe-
cies of the genus Cottus were sequenced for both markers and trees were obtained via the neighbour joining algorithm in
MEGA 3.1. For three species, multiple animals from given populations were sequenced. Both markers detect the same group-
ings, with the exception of the animals from the population "RotesW", where COI sequences generate a different assignment.
Further analysis of this case has shown that this is due to mitochondrial transfer.

Potential problems associated with the use of ribosomal
genes

Ribosomal genes are organized in clusters that contain
hundreds of copies per haploid genome. It is generally
assumed that these evolve in concert [23,24]. Evidently,
intra-genomic variation among these copies could cause
problems. However, we have generally observed a low
level of ambiguities in our sequences.

Another potential problem in studies of IDNA genes is the
occurrence of pseudogenes. Recent studies show that this
is a particular problem for the ITS region in animals and
plants where it may confound phylogenetic inferences
[31,32]. Similarly, multiple variants for the SSU gene were
found in sturgeons [33,34], a Platyhelminth [35] and a
dinoflagellate [36]. However, both the study by Keller et
al. [31] and by Fuerst and Krieger [33] suggest that only
the functional variants are expressed at high levels and
that these are not polymorphic. Hence, in cases where evi-
dence for pseudogenes is found, it may be useful to
directly sequence the ribosomal RNA to assess which of
the sequence variants is the functional one.

We note that both problems listed here apply in a similar
way also to mitochondrial markers. Insufficient homoge-
nization of rDNA repeats can be compared to hetero-
plasmy of different mitochondrial haplotypes in a single

organism (reviewed in [37]) and rDNA pseudogenes can
be compared to nuclear copies of mitochondrial genes
(e.g.[38,39]). Thus, for either marker system one has to be
aware that complications can arise through these phe-
nomena, although they are not so frequent that they
would seriously compromise their broad applicability.

rDNA variation and taxonomic group delimitation

Any new sequence variant in rDNA has to be homoge-
nized across at least most of the other rDNA repeats before
it becomes detectable. This homogenization is most likely
achieved by a succession of many unequal cross-over
events within the rDNA cluster. Hence, new alleles should
only become visible after some time of genetic exchange
has passed in an interbreeding population. However, it is
currently not clear how long it takes to fix a new variant,
or even whether this occurs predominantly via intra- or
interchromosomal homogenization [40]. But in any case,
a new fixed variant can be seen as a reflection of an
extended history of interbreeding in a given population.
Accordingly, even a single mutational difference in rDNA
may be taken as an informative character that could
potentially delineate a new group.

For mitochondrial DNA analysis it was suggested that a
threshold level of intraspecies versus interspecies variance
is used as a proxy to identify groups or species [1]. How-
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A comparison between LSU and mtDNA sequences with respect to species level resolution for the Aphyosemion calliurum spe-
cies group with a complete taxon sampling. For species with larger distribution several populations were sampled. Both mark-
ers assign the samples to the same groups. See text for further details.

ever, species recognition (as well as the underlying con-
cepts) is not only an issue of distances but also of
distinctness (e.g. [41]). Taxonomic resolution in the con-
text of alpha taxonomy is either present or not and is basi-
cally given once a single diagnostic character can be
identified. In the case of Cottus, we found that the different
rDNA variants depicted in Fig. 4 correspond to animals
from different streams and that one usually finds only one
variant per stream, at least in the cases where the respec-
tive data are available. Thus, a separate group recognition
based on molecular differences as small as a single substi-
tution is corroborated by their allopatric occurrence and
their presumably independent evolution since several
thousand years. Accordingly, single nucleotide differences
in TDNA genes may be considered as a first indicator of
genetic separation. In cases where the respective groups

occur under sympatric conditions, it may even be an indi-
cator of incipient speciation. Clearly, this issue has to be
further explored, but these considerations show that the
collection of sequences from the coding parts of the ribos-
omal genes may provide an additional value for taxon
delimitation.

Conclusion

Our results show that the D1-D2 region of the LSU rDNA
gene has the potential to be developed as a taxonomic
marker. It can be amplified with truly universal primers
and shows a divergence rate, which is suitable to differen-
tiate even closely related species. Because it is bi-paren-
tally inherited, it can also be used for detecting hybrids
and their corresponding parental species. It appears there-
fore that it could be an ideal marker for complementing
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Figure 6
The assessment of hybrid status from heterozygosity of informative characters. The sequence traces were obtained from four
FI hybrid animals between Cottus perifretum and C. rhenanus. Four positions where fixed differences were known to occur are
selected. Double peaks are evident in most, although not in all cases (see text).

DNA barcoding studies based on mitochondrial COI
sequences.

Materials and methods

Macrozoobenthos invertebrates were collected and deter-
mined by M. Hess (Munich), nematodes were obtained as
cultures from E. Schierenberg (Cologne), most fish mate-
rial and some invertebrates were collected and/or deter-
mined by AN and RS, the Galaxias and Brachygalaxias
samples by K. Busse (Bonn). F, Hybrids of Cottus were
produced in the aquarium as described in Stemshorn et al.
[42].

For most samples total DNA was extracted from ethanol
preserved or fresh material using a standard Proteinase-K
in SDS/EDTA buffer [tissue digestion in 500 uL HOM
buffer (0.5% SDS, 100 mM Tris-HCI, 80 mM EDTA pH
8.0) and 5 pL Proteinase-K (20 mg/mL) for at least 3 h at
55°C; addition of 500 pL NaCl (4.5 M) and 300 pL Chlo-
roform, gentle mixing for 15 min.; centrifugation for 10
min. at 10.000 rpm, transfer of upper phase (750 pL)
without interphase in new tube; precipitation with 750 puL
99% Ethanol, gentle mixing and incubation at room tem-
perature for 5 min., centrifugation for 10 min. at 13.000
rpm, removal of supernatant; 2x washing of the pellet
with 500 puL 70% Ethanol, incubation at room tempera-
ture for 5 min., centrifugation for 10 min. at 13.000 rpm,
complete removal of supernatant; airdried pellet dis-
solved in 100 uL TE buffer (10 mM Tris-HCIl, 0.1 mM

EDTA pH8.0)]. Alternatively, we used a standard CTAB
buffer protocol [tissue digestion in 500 pL 2% CTAB
buffer (2 g/100 mL CTAB, 1.4 M NaCl, 100 mM Tris-HCl,
20 mM EDTA, pH 8.0) and 15 pL Proteinase-K (20 mg/
mL) for 1 h - overnight at 64°C; 2x extraction with Chlo-
roform/Isoamylalcohol (24:1), gentle mixing for 10 min.,
centrifugation for 10 min. at 13.000 rpm, transfer of
upper phase without interphase in new tube; precipitation
with 400 pL 98% Ethanol, incubation at room tempera-
ture for 1 h, centrifugation for 20 min. at 13.000 rpm,
removal of supernatant; 2x washing of the pellet with 500
pL 75% Ethanol, centrifugation for 10 min. at 13.000
rpm, complete removal of supernatant; airdried pellet
solved in 50-100 pL TE]. For some samples we used also
DNA isolated with a commercial kit (procedure according
to the manufacturer; Qiagen, Diisseldorf) or released the
DNA with a Chelex/Proteinase-K protocol (500 pL 5%
Chelex suspension, 10 pl Proteinase K (20 mg/ml]) incu-
bation 1 h to overnight at 64°C, 15 min. 95°C denatura-
tion of Proteinase-K (important for the following RNAseA
treatment). RNA was digested for all samples with RNA-
seA (10 mg/ml, Fermentas) before PCR reactions. We
added to 50 pL DNA solution 2 pl Fermentas RNAseA and
incubated for 1-3 h at room temperature.

Primers were designed according to partial or complete
LSU rDNA sequences from GenBank for a variety of taxa,
ranging from plathelminths, nematodes and arthropods
to vertebrates. Primer sequences are listed in Figure 2.
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AGAGG GAGTC GGAAC

AGRGG GAKTC GGRAC

AGGGG GATTC GGGAC
Figure 7

http://www.frontiersinzoology.com/content/4/1/6

Rutilus
rutilus

Alburnus
X
Rutilus
hybrid

Alburnus
alburnus

Hybrid status analysis in a natural case. Samples were obtained from pure species of R. rutilus and A. alburnus, as well as from a
suspected hybrid animal. The sequence traces show diagnostic positions for the two species and confirm double peaks at the

respective positions for the apparent hybrid animal.

PCR conditions were tested with temperature and MgCl,
gradients. Amplification of LSU fragments were consider-
ably enhanced by the addition of Q-solution (Qiagen,
Diisseldorf) and single strand binding Protein (SSB,
Sigma Aldrich). Final concentration of Q-solution is 1x
(from 5x stock) and 1 pg SSB protein in a 20 pl PCR reac-
tion mix.

The following PCR program was used to amplify the D1-
D2 fragments: 4 min. at 94 °C for initial denaturation; 45
cycles with 20 sec. 94°C, 20 sec. 52,5°C and 90 sec. 72°C,
followed by 8 min. at 72°C for final extension. For most
fragments we used the primer combination fw1 and revl,
some invertebrates amplified better with the combination
fwl and rev2.

In addition we amplified and sequenced a COI fragment
currently applied in DNA barcoding applications for a
sample of Cottus and the species of the Aphyosemion calliu-
rum group (Cyprinodontiformes: Nothobranchiidae) for
comparison with the LSU fragment. PCR primer for the
amplification of the COI fragment for these taxa were
taken from the literature (HCO-2198 [1,43]) or designed
according to published complete mitochondrial
sequences and own data for the Cottus samples and the A.
calliurum group. The following primers were used : Cottus
COI forward: 5'-TTC TCG ACT AAT CAC AAA GAC ATT-3,
Cottus COl reverse: 5'-TAG ACT TCA GGG TGA CCA AAG
AAT CA-3, Aphyosemion forward: 5'-TAA GAA AAG GAT
TTA AAC CT-3": "universal" reverse[43]: 5'-TAA ACT TCA
GGG TGA CCA AAA AAT CA-3'.
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All Aphyosemion and Cottus COI PCR reactions are done in
15 microliter reactions with the Qiagen Multiplex PCR
Kit, including 3 microliter Q-Solution and 0.5 microliter
of a 10 pmol solution of each primer. The following PCR
program was used to amplify the COI fragments: 15 min.
95°C for initial denaturation and activation of the
polymerase enzyme; 45 cycles with 20 sec. 94°C, 90 sec.
52°C and 90 sec. 72°C, followed by 8 min. at 72°C for
final extension.

PCR products were checked on a 1.5 % agarose gel with
ethidium bromide staining (130 V, 30-40 min.), cleaned
with Millipore PCR cleaning plates and sequenced accord-
ing to the manual with ABI BigDye Terminator ver.3.1 in
both directions on an ABI 3700. Sequencing was done
with the same primers as used in the PCR reaction for
both gene fragments. Very long LSU sequences (> 1100
bp), especially if they contain GC rich stretches, were
sequenced in addition with the internal primers fw2 and
rev4. For sequencing it sometimes turned out to be help-
ful to increase the amount of template DNA to get better
reads in difficult sequence regions.

Contigs were assembled with Lasergene SeqMan II (DNA-
Star) and resulting sequences checked against GenBank
for contamination. All contigs were checked by eye for
ambiguous nucleotides in the regions sequenced for both
strands. We counted positions with double peaks from
one third up to same height in both strands to estimate
the occurrence of different alleles or copies in the rDNA
cluster.

The COI and LSU sequences for Cottus and Aphyosemion
were aligned with Clustal X [44] and checked by eye with
BioEdit 5.0.9 [45]. Aligned protein sequences were
checked for a functional coding sequence to test against
non-functional nuclear copies. A cluster analysis was done
with the neighbour joining algorithm (NJ) as imple-
mented in MEGA 3.1 [27]. We employed no model of
sequence evolution and used p-distances to compare only
the raw data without any assumptions on sequence evolu-
tion. Missing data or gaps were deleted in the pairwise
comparison.

All sequences are deposited in Genbank under the acces-
sion numbers EF416965 — EF417284).

Additional material

Additional File 1

Supplemental list of species. List of all sequences obtained, including spe-
cies assignment, length, accession number and number of ambiguities
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Click here for file
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http://www.frontiersinzoology.com/content/4/1/6

Acknowledgements

We thank Monika Hess (OkoKart, Munich) and Einhard Schierenberg (Inst.
for Zoology, University of Cologne) and Klaus Busse (Zoologisches Forsc-
hungsmuseum Alexander Koenig, Bonn) for their help in providing refer-
ence specimens for DNA analyses. We thank Henri Persat, Maurice
Kottelat, Eric Taylor, David Neely, Joerg Freyhof, Filip Volckaert, Bernd
Haenfling and Vendula Slechtova for providing DNA samples of various Cot-
tus species. Andreas Hartl (Dorfen) has been so kind to provide the Albur-
nus x Rutilus hybrid as well as photographs.

References

I. Hebert PDN, Cywinska A, Ball SL, deWaard JR: Biological identifi-
cations through DNA barcodes. Proceedings of the Royal Society of
London, Series B 2003, 270:313-321.

2. Tautz D, Arctander P, Minelli A, Thomas RH, Vogler AP: A plea for
DNA taxonomy. Trends in Ecology & Evolution 2003, 18:70-74.

3. Hebert PDN, Stoeckle MY, Zemlak TS, Francis CM: Identification
of Birds through DNA Barcodes. PLoS Biology 2004, 2:7.

4.  Blaxter M: The promise of a DNA taxonomy. Philosophical Trans-
actions of the Royal Society, London, Series B, Biological Sciences 2004,
359:669-679.

5. Savolainen V, Cowan RS, Vogler AP, Roderick GK, Lane R: Towards
writing the encyclopedia of life: an introduction to DNA bar-
coding. Philosophical Transactions of the Royal Society, London, Series B,
Biological Science 2005, 360:1805-181 1.

6.  Vogler AP, Monaghan MT: Recent advances in DNA taxonomy.
Journal of Zoological Systematics and Evolutionary Research in press.

7.  Markmann M, Tautz D: Reverse taxonomy: an approach
towards determining the diversity of meiobenthic organisms
based on ribosomal RNA signature sequences. Philosophical
Transactions of the Royal Society of London, Series B, Biological Sciences
2005, 360:1917-1924.

8.  Monaghan MT, Balke M, Gregory TR, Vogler AP: DNA-based spe-
cies delineation in tropical beetles using mitochondrial and
nuclear markers. Philosophical Transactions of the Royal Society of
London, Series B, Biological Sciences 2005, 360:1925-1933.

9. Vences M, Thomas M, van der Meijden A, Chiari Y, Vieites DR: Com-
parative performance of the 16S rRNA gene in DNA barcod-
ing of amphibians. Front Zool 2005, 2(1):5.

10. Ballard JWO, Whitlock MC: The incomplete natural history of
mitochondria. Molecular Ecology 2004, 13:729-744.

1. Grant PR, Grant BR: Hybridization of bird species. Science 1992,
256:193-197.

12.  Scribner KT, Page KS, Bartron ML: Hybridization in freshwater
fishes: a review of case studies and cytonuclear methods of
biological inference. Reviews in Fish Biology and Fisheries 2001,
10:293-323.

13.  Seehausen O: Hybridization and adaptive radiation. Trends in
Ecology and Evolution 2004, 19:198-207.

14.  Gross BL, Rieseberg LH: The ecological genetics of homoploid
hybrid speciation. | Hered 2005, 96:241-252.

15.  Nolte AW, Freyhof ], Stemshorn K, Tautz D: An invasive lineage
of sculpins, Cottus sp. (Pisces, Teleostei) in the Rhine with
new habitat adaptations has originated by hybridization
between old phylogeographic groups. Proc Biol Sci 2005,
272(1579):2379-87.

16. Herder F, Nolte AW, Pfaender ], Schwarzer ], Hadiaty RK, Schliewen
UK: Adaptive radiation and hybridization in Woallace's
Dreamponds: evidence from sailfin silversides in the Malili
Lakes of Sulawesi. Proc Biol Sci 2006, 273(1598):2209-17.

17.  Bachtrog D, Thornton K, Clark A, Andolfatto P: Extensive intro-
gression of mitochondrial DNA relative to nuclear genes in
the Drosophila yakuba species group. Evolution 2006,
60:292-302.

18.  Avise JC, Wollenberger K: Phylogenetics and the origin of spe-
cies. Proceedings of the National Academy of Scienes USA 1997,
94:7748-7755.

19.  Moritz C, Cicero C: DNA Barcoding: Promise and Pitfalls. PLoS
Biology 2004, 2(10):e354.

20. Long EO, Dawid IB: Repeated genes in eukaryotes.
Reviews in Biochemistry 1980, 49:727-764.

21. Hassouna N, Michot B, Bachellerie |JP: The complete nucleotide
sequence of mouse 28S rRNA gene. Implications for the
process of size increase of the large subunit rRNA in higher
eukaryotes. Nucleic Acids Research 1984, 12:3563-3583.

Annual

Page 11 of 12

(page number not for citation purposes)


http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=EF416965
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=EF417284
http://www.biomedcentral.com/content/supplementary/1742-9994-4-6-S1.pdf
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15771783
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15771783
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15771783
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15012752
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15012752
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15618301
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15618301
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16243698
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16243698
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16243698
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16901841
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16901841
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16901841
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16610321
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15486587
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6328426
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6328426
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6328426

Frontiers in Zoology 2007, 4:6

22.

23.

24.

25.

26.
27.

28.

29.
30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Ralser M, Querfurth R, Warnatz H-J, Lehrach H, Yaspo M-L, Kro-
bitsch S: An efficient and economic enhancer mix for PCR.
Biochemical ~and  Biophysical ~Research Communications 2006,
347:747-751.

Elder JF, Turner BJ: Concerted evolution of repetitive DNA
sequences in eukaryotes. Quarterly Review in Biology 1995,
70:297-320.

Liao D: Concerted evolution: molecular mechanism and bio-
logical implications. American Journal of Human Genetics 1999,
64:24-30.

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ: Basic local
alignment search tool. Journal of Molecular Biology 1990,
215:403-410.

Benson DA, Karsch-Mizrachi |, Lipman D), Ostell J, Wheeler DL:
GenBank. Nucleic Acids Research 2006, 34:D 16-D20.

Kumar S, Tamura K, Nei M: MEGAZ3: Integrated software for
Molecular Evolutionary Genetics Analysis and sequence
alignment. Briefings in Bioinformatics 2004, 5:150-163.

Freyhof ], Kottelat M, Nolte AW: Taxonomic diversity of Euro-
pean Cottus with description of eight new species (Teleostei:
Cottidae). Ichthyological Exploration of Freshwaters 2005, 16:107-172.
Huber JH: Killi — Data 2000 german edition. Paris: Société Francaise
d'lchthyologie;; 2000.

Busse K, Freyhof |, Zarske A: Serum-electrophoretic patterns of
various cyprinid hybrids from the Rivers Elbe and Sieg (Tel-
eostei: Cyprinidae). Faunistische Abhandlungen, Staatliches Museum
fur Tierkunde Dresden 1999, 21:265-272.

Keller 1, Chintauan-Marquier IC, Veltsos P, Nichols RA: Ribosomal
DNA in the grasshopper Podisma pedestris: escape from
concerted evolution. Genetics 2006, 174:863-874.

Harpke D, Peterson A: Non-concerted ITS evolution in Mam-
millaria (Cactaceae). Molecular Phylogenetics and Evolution 2006 in
press.

Krieger ], Fuerst PA: Characterization of nuclear 18S rRNA
gene sequence diversity and expression in an individual lake
sturgeon (Acipenser fulvescens). Journal of Applied Ichthyology
2004, 20:433-439.

Krieger |, Hett AK, Fuerst PA, Birstein V], Ludwig A: Unusual
intraindividual variation of the nuclear 18S rRNA gene is
widespread within the acipenseridae. Journal of Heredity 2006,
97:218-225.

Carranza S, Giribet G, Ribera C, Barguna Riutort M: Evidence that
two types of 18S rDNA coexist in the genome of Dugesia
(Schmidtea) mediterranea (Platyhelminthes, Turbellaria, Tri-
cladida). Molecular Biology and Evolution 1996, 13:824-832.

Santos SR, Kinzie RA, Sakai K, Coffroth MA: Molecular character-
ization of nuclear small subunit (18S)-rDNA pseudogenes in
a symbiotic dinoflagellate (Symbiodinium, Dinophyta). jour-
nal of Eukaryotic Microbiology 2003, 50:417-421.

Kmiec B, Woloszynska M, Janska H: Heteroplasmy as a common
state of mitochondrial genetic information in plants and ani-
mals. Current Genetics 2006, 50:149-159.

Pons ], Vogler AP: Complex pattern of coalescence and fast
evolution of a mitochondrial rRNA pseudogene in a recent
radiation of tiger beetles. Molecular Biology and Evolution 2005,
22:991-1000.

Hazkani-Covo E, Graur D: A Comparative Analysis of Numt
Evolution in Human and Chimpanzee. Molecular Biology and Evo-
lution 2007, 24:13-18.

Schistterer C, Tautz D: Chromosomal homogeneity of Dro-
sophila ribosomal DNA arrays suggests intrachromosomal
exchanges drive concerted evolution. Current Biology 1994,
4:777-783.

Kottelat M: European freshwater fishes. An heuristic checklist
of the freshwater fishes of Europe (exclusive of former
USSR), with an introduction for non-systematists and com-
ments on nomenclature and conservation. Biologia, Bratislava,
Section Zoology 1997, 52(Supplement 5):1-271.

Stemshorn KC, Nolte AW, Tautz D: A Genetic Map of Cottus
gobio (Pisces, Teleostei) based on microsatellites can be
linked to the Physical Map of Tetraodon nigroviridis . Journal
Evolutionary Biology 2005, 18:1619-1624.

Folmer O, Black M, Hoeh W, Lutz R, Vrijenhoek R: DNA primers
for amplification of mitochondrial cytochrome c oxidase
subunit | from diverse metazoan invertebrates. Molecular
Marine Biology and Biotechnology 1994, 3:294-299.

44,

45.

http://www.frontiersinzoology.com/content/4/1/6

Thompson JD, Gibson T}, Plewniak F, Jeanmougin F, Higgins DG: The
ClustalX windows interface: flexible strategies for multiple
sequence alignment aided by quality analysis tools. Nucleic
Acids Research 1997, 24:4876-4882.

Hall TA: BioEdit: a user-friendly biological sequence align-
ment editor and analysis program for Windows 95/98/NT.
Nucleic Acids Symposium Series 1999, 41:95-98.

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Publish with Bio Med Central and every
scientist can read your work free of charge

"BioMed Central will be the most significant development for
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and published immediately upon acceptance
« cited in PubMed and archived on PubMed Central

O BioMedcentral

« yours — you keep the copyright

Page 12 of 12

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9915939
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9915939
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2231712
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2231712
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16381837
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16381837
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15260895
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15260895
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15260895
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16951064
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16951064
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16951064
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16714428
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16714428
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16714428
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14733432
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14733432
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14733432
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16763846
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16763846
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16763846
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7820547
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7820547
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	Primer selection
	Amplification efficiency
	Sequence polymorphisms
	Taxon assignment
	Species identification
	Evaluation of hybrids

	Discussion
	Potential problems associated with the use of ribosomal genes
	rDNA variation and taxonomic group delimitation

	Conclusion
	Materials and methods
	Additional material
	Acknowledgements
	References

