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Strength and Limitations
of DNA Barcode under the
Multidimensional Species

Perspective

Valerio Sbordoni

Abstract — DNA barcoding aims at providing an efficient method for species-
level separation using a partial sequence of the mitochondrial COIl gene. The
efficiency of the barcode in separating species is based on the amount of
genetic distance among samples. While in many taxa the species can be
efficiently identified through the barcode, other situations cannot be treated by
this approach. The causes for such discrepancy appear to be mostly related to
the nature of speciation events and to the different roles of the genetic system,
natural selection and evolutionary time. Thus, DNA barcode represent just
one important descriptor in the framework of the multidimensional species
approach.

Index Terms — DNA barcode, molecular systematics, species concepts,
taxonomic procedures.

2
1 INTRODUCTION

ince 2003, many research groups started to accumulate molecular data with

the aim of setting up a sort of inventory of life that might itemize biodiversity

as a sequence of species-specific DNA. In particular, Paul Hebert from

the Canadian University of Guelph [1], [2],proposed to use a sequence of the

COI mitochondrial gene, codifying for cytochrome oxidase 1,as a “molecular

signature” to identify a species. The selection of this gene for exploring limits

between species allows for the practical advantages of using mitochondrial

DNA together with the previous wide use of this gene in a large variety of

organisms. COIl sequences are also currently used at different taxonomic levels,

in phylogeny, phylogeography and population genetics studies, due to the great

advantage offered by the availability of amplification protocols, as well as a large
number of sequences ready for barcoding.

At present there are many ongoing DNA barcoding projects reported on the
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website of the Barcode of Life Data Systems (www.boldsystems.org), an online
workbench that supports collection, management, analysis, and use of DNA
barcodes. An enormous bulk of barcode data for a wide array of organisms has
already been made available to the scientific community. Thus, a sequence of
the mitochondrial COI gene has become the most used mitochondrial marker,
especially for animals. The same marker, preferably associated with nuclear
DNA sequences, is commonly used also in more wide phylogenetic studies.
The choice of a marker specific for plants and fungi is more problematic, but it
currently seems oriented, at least for angiosperms, to the trnH-psbA sequence,
an intergenic spacer of plastidic DNA [3], [4].

2 MoLEcuLAR SysTEMATICS AND THE DNA BARCODE

By identifying genetic differentiation threshold values that would include
individuals of the same species, the barcode approach allows investigating
and analysing in some detail inter-species delimitation and its many related
problems. A great advantage offered by DNA barcoding is the possibility of
identifying cryptic species, that is to distinguish as belonging to different species
individuals that, due to their similar morphology, were considered as belonging
to a unique species. This would be feasible by identifying genetic distance limit
values within which two individuals can be considered as belonging to the same
species, while outside these limits they should be considered as belonging to
different species. Although the limit seems to be somehow taxon dependent, it
has been observed that a value of genetic distance between two DNA-barcode
sequences equal to or higher than three per cent (D=0.03) identifies distinct
species.

However, it has become clear that the currently used genetic distance
approaches by means of DNA barcodes have strong limitations, particularly
when it comes to defining species boundaries [5]. One reason is that mtDNA
rates of evolution vary substantially between and within species and between
different groups of species, thus resulting in broad overlaps of intra- and
interspecific distances [6], [7], [8]. But there are other reasons worth to be briefly
discussed.

To what extent DNA barcode may solve the problem of identification of
interspecific limits? And, will this approach be applicable to the different
typologies of species? Based on the data produced up to day, it seems that
DNA barcoding may solve problems of specific classification in a wide range of
organisms and situations, but many taxa cannot be treated by this approach [9].

Let’s try to understand why. Biologists and evolutionists know that species are
the result of historical processes, mainly speciation and range dynamics. The
knowledge of these processes is of help for inferring the essence of species
whose properties reflect the “signature” of speciation where the following factors

have more or less predominant roles:
The genetic system.
2. Natural selection.
3. Evolutionary time.

The genetic system, i.e. the organization of genes and of other chromosomal
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genetic material may favour, by acceleration, the speciation process especially
when it is based on Robertsonian translocations, or inversion polymorphisms
or, as with the extreme case of instantaneous speciation, on allopolyploid
mechanisms, so frequent in plants.

Natural selection may have a determinant role in those sympatric speciation
phenomena connected to the shift of the trophic niche, that are frequent
especially in phytophagous insects. In these cases selective pressure may
significantly accelerate the adaptive diversification process of genotypes in their
new evolutionary path.

Finally, in the absence of diverging selective pressure, even the simple
allopatric condition of two originally conspecific populations may lead to
speciation in the long run if the genic flow barrier persists. This is where the
evolutionary time finds its role. The longer the isolation time, the higher the
number of different nucleotidic substitutions in the DNA sequences of the two
genic pool involved. Accumulation of diverging mutations in the whole genome
will inevitably lead to speciation by genetic drift, and the speed of this process
will be inversely proportional to the population effective size.

This brief analysis of times and modes of speciation is of help for interpreting
the biological meaning of genetic distance estimates based on the DNA barcode
concept. A limit of 3% genetic divergence is relatively well working to separate
species that are the result of geographic speciation events driven by gradual
accumulation of diverging mutations. Emblematic examples are diverging
populations and species of animals adapted to cave life [10], with special regard
to the thoroughly studied Dolichopodacave crickets [11], [12], [13].

On the other hand, much smaller values, up to a ten factor, do not allow the
discrimination by barcoding of species differing by one or more chromosomal
inversions, as it is the case with some Anopheles [14], or of recent species
originated sympatrically by adaptive shift, as it has been reported in fruit flies
of the genus Rhagoletis [15]. Most probably, in the case of Dolichopoda, the
divergence process may have involved most of the genome and, consequently,
mitochondrial genes as well. Conversely, in the other two examples, the
divergence should have involved, in relatively short times, only a few genes
target of selection, or particular combinations of these genes, showing no effects
in mitochondrial DNA sequences. Indeed, mitochondrial DNA is often used as a
molecular clock [16], [17].

3 THE MuLTIDIMENSIONAL APPROACH

The debate on species’ properties shows many different aspects: a more
classical one opposing the “biological concept of species, BSC” to the “typological,
TSC” one [18], and a more modern one that seeks a conflict between BSC and
the “phylogenetic concept” [19].

But when analysing the nature of these contrasts it must be agreed that
the three concepts focus on properties of the species that do not contrast
and which are coherent with a vision of the species as the in itinere product
of the evolutionary process. Therefore it should be agreed that a species,
beside representing “the smallest monophyletic group of common ancestry”
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[20], expresses its distinct gene pool (BSC) by having eventually acquired the
distinctive characters emphasized in the typological species concept.

Actually, in routine work, many taxonomists tend to use operational approaches
toward species, based on morphological characters that are unique and shared
or their hierarchies. Although this is not explicitly declared, these species are
based on philosophies ranging from the classic typological concept up to the
phylogenetic and the phenetic ones. Traditional phenetic definitions of species
are based essentially on the numeric recognition of intervals separating clusters
of phenetically similar individuals [21], [22]. For this evaluation many different,
“not weighed” types of taxonomic characters are examined, but their biological
meaning is not evaluated.

The phenetic “concept” has been strongly criticized because it was not
considered as sufficient to describe the complex interrelations existing
among clusters of similar populations. Nonetheless, this kind of approach has
operational advantages of some practical value and consequently it is widely
adopted and used by systematists.

Being an intrinsically complex entity, the species requires a multidimensional
approach taking into account the whole set of taxonomic characters. Nowadays,
the huge progress in multivariate analysis, together with the wide choice of
technologies to measure parameters related to the ecology of niche, or to sexual
behaviour, and/or to many other crucial features of species-specificity, have
richly endowed the kit of characters available to the modern taxonomist. The
technical and conceptual progress in the field of molecular biology has made
relatively easy and rapid both the acquisition and the phylogenetic interpretation
of sequence data containing an enormous quantity of information. The routine
use of these characters has substantially empowered the understanding of the
species’ genetic structure and has brought to the discovery of the existence of
cryptic species.

However, as previously discussed, DNA sequences are not the only
depositories of evolutionary history. Any other kind of character is potentially
suitable to give its own contribution to the species definition. For instance,
much of the ecological role (niche) of an organism, is written in its morphology,
although there is no assurance that the ecological divergence between two
similar species corresponds to a genetic gap, even though this coincidence
shows up in the majority of cases. The diagnostic value of each character varies
by taxon or specific evolutionary, geographical and ecological situations. For
most taxa specialists know very well which characters are more kin to represent
the species’ biological properties.

This discussion makes us re-consider, although with due caution and
adjustments, the usefulness of the phenetic approach. Since different
descriptors have different values for a given organism, one cannot rely on
automatic discriminating procedures, while one can rely on the availability of the
whole set of algorithms and multivariate procedures set up in the systematic and
ecological fields. Yet, the responsibility of the final decision will inevitably have
to rely on the competence and experience of the specialist. It must be stressed
that different taxonomic characters do not necessarily vary in a coordinated
way, yet they are often conflicting. Both evaluation and weighing of characters
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have always had and continue to have a fundamental role in the process of
species’ delimitation [11].

Based on this logic and premises, species are considered as “clusters of
individuals that are effectively separated from other clusters in the space defined
by their descriptors” [23]. Alike the preceding phenetic definitions, species are
seen as clouds of probability in an hyperspace. Here though characters are
weighed and a value is assigned to genetic, and inter-reproductive descriptors,
i.e. exactly those characterising the species as a monophyletic cluster, as a
cluster of genotypes and as a cluster of individuals sharing a special relation
with their environment. An “ad hoc” reduction of this hyperspace makes this
multidimensional concept operative. For instance, the typical biological species
becomes a particular case where intra-population genetic and reproductive
relationships are quantified and analysed as a sub-set of a wider set of descriptors.
Yet, the use of the multidimensional approach should be particularly useful for
organisms with asexual or uniparental reproduction, including bacteria, protists,
fungi, rotifera and many parthenogenetic taxa, to which it is traditionally difficult
or impossible to apply the biological concept of species, thus overcoming the
tie of amphigonic reproduction and allowing, not only in theory, the evaluation
of clusters defined by appropriate descriptors. The literature on taxonomy, and
not only the recent one, offers many examples of this approach, adopted with
success in cave crickets [11], butterflies [24], fishes [25], fossil Ostracoda [26],
Rotifera[27], etc.

Many species’ definitions, privileging either properties, can be accommodated
within this approach, but | want here to recall in particular a somewhat unknown
definition by Alfred Russell Wallace, incidentally quoted in one of his writings
where he disputes with Galton: “A species ... is a group of living organisms,
separated from all other such groups by a set of distinctive characteristics,
having relations to the environment not identical with those of any other group
of organisms, and having the power of continuously reproducing its like” [28].

This definition, dated many years before the Synthetic Theory, refers to all
the emerging properties of species: a set of distinctive characters (highlighted
by the typological concept), the relationship with the environment (ecological
concept), and finally the power of reproducing its own characteristics, which
implies the properties of the hereditary material. Compared with many others,
Wallace’s definition has certainly the merit of stressing multidimensionality,
a concept that expresses the best operational solution to the problem of the
delimitation of species.
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