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Introduction and outline

Whatever a character, it can be used in taxonomy

Mikhail B. Potapov

Taxonomy, in the broad sense of definition, identification and re-identification of taxa has found

its actual form in the Linnean binomial classification system and the rules of application that have

been erected since then. In this system, the unit on which all classification bases is the species, but

the species concept itself is a subject of ongoing debate. As a result, different concepts of species

have been developed (e.g. Grant 1981). The biological species concept, as the most widespread,

proposes to identify taxonomic species in accordance with reasonable biological units, i.e. groups

of freely interbreeding natural populations (Mayr 1970) or ”a group of populations possessing

inherited differences that prevent gene exchange with other such groups” (Barton 1989). However,

if we try to arrange biological entities in a classification that best represents the natural system of

descent, we have to be conscious that these entities are a product of the ongoing process of

evolution and thus reflect the variability that is its moving force. A species concept as defined

above will encounter difficulties when regarding organisms that reproduce uniparentally or

asexually (e.g. White 1978, Perkins 2000). Within the area of distribution of a species, distinct

morphotypes may be found that live in sympatry (Olson et al. 2004, Reed et al. 2004). Even the

potential to hybridise may vary between populations assumed to represent the same species (e.g.

Fukami et al. 2004).

Among organisms with limited dispersal potential, differentiated populations easily may be

recognised that are not separated by sexual isolation and thus may be regarded as infraspecific taxa

(Minelli 1993). Such effects have led to some 30 definitions of the term ‘species’, including

biosystematic categories such as sibling species which are morphologically indistinguishable yet

reproductively isolated, coenospecies or colour pattern species, as an attempt to describe

taxonomic levels between species and subspecies, probably representing different stages on the

way to speciation (Grant 1981, Minelli 1993).

Characters are used to define boundaries between taxa for both taxonomic classification and re-

identification. For that purpose, characters should be selected that not only separate one organism

group from another but build up a row of homologous character states and thus may enlighten the

direction of evolution within the group (Duncan & Stuessy 1984). The ability to re-identify a

certain taxon provides the fundament for all further studies that might be helpful to evaluate the

taxonomic status, species boundaries, reproduction and evolutionary history. These studies may

lead to a re-evaluation of the original taxonomic status, which, too, may require a new character set
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for taxon identification. However, both disciplines, classification and re-identification, have to

work together to achieve a better understanding of biological diversity and evolution.

About 10-15 millions of species are estimated to exist on our planet (Hammond 1992). Thousands

of taxonomists will be required not only for describing new species but even more for routine

species identification (Hebert et al. 2003). Most of these new species are expected to occur among

prokaryotes, fungi and invertebrates (Janssen et al. 1996, Bachmann 1997, Pace 1997, Klein et al.

1998, Brown 2000, Gravesen et al. 2000, Pryor & Gilbertson 2000, Witt et al. 2003, Pinceel et al.

2004). In most cases these new findings are small organisms bearing few morphological characters

that might be suitable for species identification. Furthermore, variability on both the genetic and

the phenotypic level may lead to intraspecific character variability impeding a correct

identification. Further drawbacks for efficient routine identification are morphological cryptic

species, which still have to be detected, and a lack of efficient morphological characters in juvenile

life stages or even genders (e.g. Bretfeld 1999).

In the functioning of terrestrial ecosystems, soil biodiversity is a crucial factor (Bengtsson 1998,

Copley 2000). Soil communities are among the most species-rich components within terrestrial

ecosystems (Jones & Bradford 2001). For studies dealing with biodiversity and ecology, there is

need for species definition and species identification (Mallet & Willmott 2003), and such

identification is difficult if the species studied are small-sized (e.g. Barrientos 2003, Behan-

Pelletier 2003) or highly diverse in character patterns, thus usually having to be lumped in species

groups (e.g. D’Haese & Weiner 1998, Stothard et al. 2000, Crochet et al. 2003, Polaszek et al.

2004). Within such species groups, both the scarcity and the variability of diagnostic differences

makes the estimation of their members’ status as separate species difficult. Therefore such species

groups remain undistinguishable as long as no reliable characters exist that could be used to

discriminate all individuals of a presumed taxon from its sibling taxa. Among such

morphologically ‘simple’ groups are some collembolan species groups (Deharveng 2004).

Collembola are an ancient group of wingless arthropods that belong to the so-called ”Apterygota”.

Due to new molecular findings, their systematic position at the basal stem of Hexapoda has been

questioned recently (Nardi et al. 2003a, b, Delsuc et al. 2003, Kjer 2004, D’Haese, submitted).

Collembola can be found in extremely different types of habitats, ranging from seashores to high

mountain regions. Worldwide, about 7,500 species have been described (Bellinger et al. 1996-

2005), most of them dwelling soil and litter. Here, they are extremely abundant, in temperate

grassland several 100,000 individuals per square metre can be found (Dunger 1983). Collembola

influence soil respiration and decomposition processes and, by selective grazing, they can increase

mineralisation and improve plant growth (Filser 1993, 2002, Rusek 1998). Collembola are an
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important factor of decomposition processes in many biomes, which is, amongst other factors, the

result of their high abundance in soil habitats (Eaton et al. 2004). Since the species composition

may influence, e.g., the rate of nitrogen turnover (Mebes & Filser 1998, Cragg & Bardgett 2001),

or be used as an indicator of soil quality (van Straalen 1998), studies on Collembola are of

ecological importance. They require, however, robust methods for species identification, but their

small size interferes with a robust taxonomic division that is based on morphological methods

alone. Collembola range between 0.2 and 10 mm in size, most species are between 1 and 5 mm

long, and thus comparison of external morphological characters is the most widely used tool for

species identification. Here, conspicuous structures of sensory organs such as the postantennal

organ and other features, e.g. details of legs and furca, sensory setae, abdominal spines, organs for

secretion or for mating, have been used. Chaetotaxy, i.e. the mapping of the distribution of setae on

the cuticle in order to detect similarities and differences between taxa, is widely used in current

systematics. In some genera the body colour pattern allows for species discrimination (Bretfeld

1988, Carapelli et al. 1995a, Nayrolles 1998), and fine morphological structures, e.g. of

mouthparts, offer additional traits for discrimination of species or species groups (Fjellberg 1999,

Deharveng 2004). All such characters can be combined for numeric and phenological cladistic

analyses which may help to reveal phylogenetic relationships and provide keys for the

determination of genera or even species (Weiner 1996, Nayrolles 1998, D’Haese & Weiner 1998,

Carapelli et al. 2001, D’Haese 2003).

However, in some collembolan groups morphological methods failed to resolve the taxonomic

status of these groups, which therefore have to be treated as species groups, because either

different morphological character sets are available that lead to different systematics, or the high

variability in diagnostic differences among species makes a verification of their status as separate

species doubtful. Biochemical and genetic markers have been analysed for their suitability to

resolve such problematic groups. The main disadvantage of these methods is that the small size of

Collembola requires damaging or destroying the specimen during extraction of the genetic

information. The value of banding patterns of polytene chromosomes for phylogenetic

reconstruction remains unclear (Cassagnau & Lauga-Reyrel 1985). Biochemical fingerprinting

techniques have been used to obtain taxonomical information (Hale & Rowland 1977, Hart &

Allamong 1979, Dalens 1982). However, enzyme patterns may change within individuals during

life stages (Grimnes 1981, Dalens & Rousset 1986) or depend on the specimens’ physiological

status (Frati et al. 1989). These ambiguities might more easily be overcome by investigating the

gene sequence data as the basal units of natural selection. Furthermore, the advent of the PCR

technique provided the opportunity to amplify minute amounts of DNA that can be yielded from
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small individuals up to a level sufficient for subsequent gel electrophoresis, regardless of

developmental stages, ecomorphic or physiological changes. An absence of interbreeding should

lead to at least some genetic differences fixed in closely related taxa that might be useful for

discrimination (Avise & Ball 1990).

In studies of collembolan biology, nuclear and mitochondrial ribosomal genes have mostly been

used to infer phylogenetic relationships at high taxon levels (Hwang et al. 1995, Whiting et al.

1997, Carapelli et al. 2000, Wheeler et al. 2001, Zhang et al. 2001, Park 2002, D’Haese 2002,

Luan et al. 2003, Nardi et al. 2003a, Kjer 2004). Here, the highly variable D3 domain of 28S

rDNA has been used to investigate taxonomic levels of families or genera. Although this domain

contains both extremely conserved and very rapidly evolving sites, it proved to be of limited value

for resolving low taxonomic levels (Carapelli et al. 1995b, Frati & Carapelli 1999, Frati &

Dell’Ampio 2000, Frati et al. 2000b), whereas adding more of these hypervariable domains

increased the phylogenetic resolution at taxonomic levels of genus or species (Dell’Ampio et al.

2002). In Eukaryota, the nuclear rDNA genes 18S, 5.8S and 28S are separated by two internal

transcribed spacer regions, ITS-1 and ITS-2. Both regions are spliced out after transcription and are

of no further importance. Thus, both show a high rate of nucleotide substitution that makes them

most suitable for the study of closely related species or within species, whereas between genera or

higher taxonomic levels the differences in variation and sequence length may become too large to

guarantee an exact aligning (e.g. Navajas et al. 1992, 1999). Up to now, they have been tested in

numerous insect species, but not yet in Collembola.

Among nuclear protein coding genes, the elongation factor-1alpha has been tested, but showed low

phylogenetic signal within Collembola due to few informative sites at first and second codon

positions and a high amount of multiple substitutions at third codon positions (Frati & Carapelli

1999, Carapelli et al. 2000). Other protein coding genes such as G-6pdh seem to be useful for

resolving intermediate taxon levels from generic to ordinal levels, but not for closely related

species (Soto-Adames 1994).

Mitochondrial DNA (mtDNA) exists in several hundreds to thousands of copies per cell (Hoy

1994), thus being a favourite target for choice of primer sets when working with small individuals.

For mitochondrial protein coding genes, the gene used over the widest variety of insect taxa is the

cytochrome oxidase subunit II (COII) (Caterino et al. 2000). The subunit I (COI) has the broadest

range of phylogenetic signal (Hebert et al. 2003), but due to its length the nucleotide sequences

used in different studies are not always comparable. In studies including Collembola, both COI and

COII have successfully been used at levels between genus and population (Frati et al. 1997, 2000a,

2001, Frati & Carapelli 1999, Agusti et al. 2003), including the diagnosis of sibling species
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(Carapelli et al. 1995a) and the confirmation of colour pattern forms to represent good species

(Soto-Adames 2002). Therefore mtDNA seems to be the most appropriate tool for resolving

cryptic species groups.

The development of molecular markers requires a certain amount of genetic information, i.e. tissue

material from which DNA, proteins etc. can be extracted. When investigating cryptic species

groups, there is a high risk to mix genetic information of several species-to-be-detected whenever

two or more individuals are pooled for extraction. Therefore, such extraction has to be based on

single individuals in order to minimise potential contamination of the genetic information

obtained. Hence molecular based identification of small specimens is also a problem of small

template concentrations.

On the other hand, this investigation has to be based on the current status of taxonomic knowledge

in order to scrutinise the validity of this taxonomic status, which up to now is mostly based on

morphological characters alone. For this purpose it will be necessary to identify the species prior to

DNA extraction, so methods have to be found that allow for species identification as well as for

subsequent molecular analysis of the same sample, sometimes a tedious task due to small sizes

(Soto-Adames 2002).

An estimation of biological diversity as well as its conservation requires detailed species surveys,

but such surveys are considered to be expensive and time-consuming (Balmford & Gaston 1999),

whereas the value of Earth’s ecological systems is ignored (James et al. 1999). Furthermore a large

part of biodiversity data is hardly accessible for research and thus cannot be used effectively.

The MOLART project on which this PhD thesis is based was funded by the German Federal

Ministry of Education and Research (BMBF) within the BIOLOG-project ”EDIS” (accession

number 01LC9904). The Entomological Data Information System (EDIS, http://www.insects-

online.de) is a part of the Global Biodiversity Information Facility (GBIF, http://www.gbif.org)

initiative which aims to make the worlds' biodiversity data freely and universally available via the

Internet. The aims of EDIS are to build up a global species register for Insecta and the optimisation

of methods and the development of new tools for accessing important data about biodiversity. The

acronym MOLART is derived from German ”Molekulare Arten” (”molecular species”). MOLART

dealt with the development and standardisation of molecular methods for safe and efficient

identification of species which cannot (or only with great effort and expertise) be distinguished by

morphological analysis. For this purpose, different molecular techniques (such as DNA

sequencing, AFLP or RAPD) should be applied, refined and evaluated according to their

diagnostic power, their efficiency for different taxa according to the universality of the genetic
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code, the necessary effort of time and the required experience. Based on these investigations,

standardised methods should be proposed to be used in future molecular taxonomy, for the

characterisation of type material, and for establishing reference collections and identification keys.

For the present study, these aims were exemplified by two problematic species groups within the

Collembola as an example of taxa that combine ecological importance and controversial species

status, the Protaphorura armata group (Onychiuridae, Poduromorpha) and the Isotoma viridis

group (Isotomidae, Entomobryomorpha). The Isotomidae are the most common taxon family in

collembolan communities of the Palaearctic and dwell different types of habitats such as soil, litter

and moss (Potapov 2001). In their morphological patterns, sexual dimorphism occurs as well as

cyclomorphosis, i.e. winter and summer forms differ in shape of furca and legs, and ecomorphosis.

Here, unfavourable conditions, especially drought and heat, can influence the morphology,

including thickening of the cuticle, appearance of anal spines and modification of mouth parts.

For the species complex of Isotoma viridis Bourlet 1839, more than 30 synonyms have been

described, most of them as colour varieties due to the variable pigmentation that is typical for the

genus Isotoma. This species complex is widespread in the Northern Hemisphere and consists of

large species dwelling undisturbed sites as well as different anthropogenic biotops, especially

agricultural soils. Therefore these active epigeic species are often used for studies dealing with

questions of soil quality or soil management (see chapters 3 and 4 for references). On the other

hand, it has been shown that this complex contains distinct species by studies of habitat

preferences (Filser 1999) and a combined study of morphology, ecology and isozyme patterns

(Simonsen et al. 1999). For three members of the species complex, different habitat preferences

were detected (Filser 1999): I. anglicana Lubbock 1862 is common in open sites under arable

management, I. riparia Nicolet 1841 is strictly hydrophilous and tolerates industrial waste (Shaw

2003), and I. viridis Bourlet 1839 is eurytopic and favours open sites, but seems to be influenced

by the presence of metals (Cole et al. 2001). Such differing habitat requirements illuminate the

need for a robust marker system that could be used independently from morphological characters

and provide a fast species discrimination, since studies that include the identification of soil fauna

usually have to identify several thousands of individuals. This could be carried out expeditiously

by a molecular-based identification method. Another bonus of such a system would be that also

juvenile stages or genders that lack certain discrimination criteria could be identified. Besides, a

robust molecular based method could be used to scrutinise these group’s current systematics that

are mainly based on morphological characters. As an independent marker system, it could either

verify this current systematics or reveal incongruencies, e.g. Simonsen et al. (1999), who found

variation in some isozyme patterns that hint at the presence of a cryptic species in the I. viridis
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group. Molecular marker systems could help to resolve such incongruencies and cooperate with

traditional marker systems to establish a more robust species discrimination.

The species complex of Protaphorura armata (Onychiurus armatus sensu Gisin 1960) is of similar

ecological relevance. It belongs to the Onychiuridae, which are characterised by the presence of

pseudocelli on the integument. The subfamily Onychiurinae consists of small, mostly unpigmented

Collembola. They are euedaphic, i.e. they live permanently in the soil or under litter. Here, they are

less dependent on changes in temperature and moisture (Filser 1995) and thus are among the most

widespread species in soil. Onychiuridae lack eyes and most species also have no furca, i.e.

characters that, along with colour patterns of the body, usually would provide valuable characters

for species identification as in other collembolan taxa. Therefore the most important characters for

discrimination of Onychiurinae are the pseudocellar pattern, chaetotaxy, length characters and

small differences in the shape of claws, furca rudiment, antennal organ III, postantennal organ and

anal spines. Due to difficulties in establishing reliable characters for identification, several species

within the Onychiurinae were lumped together in so-called species groups, one of them being the

Protaphorura armata group.

Apart from tiny character differences, another problem especially in this group are aberrations in

the character pattern, the presence of intermediate forms (Bödvarsson 1970, Pomorski 1986) and

probable hybridisation between ecological distinct members of this species complex (Filser 1992).

The division of P. armata into several species by Gisin (1960) has been criticised, especially due

to character variability, but later attempts to resolve the systematics of the P. armata group did not

agree in their results (e.g. Pomorski 1990, Weiner 1996, Fjellberg 1999). Therefore the taxonomy

of the P. armata group is still doubtful and object of ongoing dispute. This group stands for the

widespread problem of high variability of the morphological characters currently used and the

resulting difficulties to establish robust marker systems that would simplify re-identification and

further studies, including a verification of species boundaries. Here, generic boundaries definitely

are not settled and further changes are likely to be proposed (Hopkin 1997).

The following chapters present the activities on which I have focused during my Ph. D. research.

The possibilities and limitations of a molecular based identification and taxonomy system are

summarised in a literature review (chapter 2). Chapter 3 and 4 include the first investigation of the

Isotoma viridis group using DNA sequencing methods, demonstrating the accordance of their

findings with earlier studies that used different marker sets, the robustness of the DNA-based

markers when including samples from different European countries, their potential to reveal

sibling species and their potential to facilitate genetic studies on a high throughput level. Chapter 5

is a first attempt to define species boundaries within the Protaphorura armata group based on



                                                                                                                                1   Introduction and outline

8

nucleotide sequences of three gene loci and chapter 6 investigates the suitability of several DNA

fingerprinting methods, RAPD, AP-PCR and AFLP, for identification of minute species,

exemplified by the I. viridis and P. armata groups and Folsomia candida as additional species.

List of abbreviations

COI, II: cytochrome oxidase subunits I, II; ITS: internal transcribed spacer; mtDNA: mitochondrial

DNA
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Zusammenfassung

Die biochemischen Entdeckungen der letzten Jahrzehnte haben der Molekularbiologie ein breites

Betätigungsfeld in der Biosystematik eröffnet. Die Stärken einer molekularen Taxonomie ergeben

sich aus der Möglichkeit, die Informationsträger des genetischen Codes, der ebenso wie seine

Wirkmechanismen in der belebten Welt universell ist, zu vervielfältigen und zu charakterisieren.

Daher kann mit bekannten oder ableitbaren molekularen Methoden an die Taxierung beliebiger,

auch noch weitgehend unerforschter Gruppen ebenso herangegangen werden wie an die

Diskriminierung selbst extrem kleiner Spezies, an denen nur sehr wenige anatomisch-

morphologische Bestimmungsmerkmale erarbeitet werden können. Kleinste Probenmengen

genügen zur Darstellung der molekularen Information, so daß auch das Screening großer

Sammlungsbestände oder die Verwendung von gelagertem Material aus lange zurückliegenden

Probennahmen möglich ist, um etwa zeitabhängige Veränderungen festzustellen. Das

grundlegende methodische Rüstzeug ist weltweit kompatibel, wodurch die taxonomische

Verständigung und der Austausch von Methoden und Ergebnissen unproblematisch verlaufen.

Geläufige molekularbiologische Methoden werden vorgestellt und bewertet. Ein Problem stellt

nach wie vor die Gewichtung vorgefundener Merkmalsmuster und ihre Einordnung in den

evolutiven Kontext dar. Die Ergebnisse bei der systematischen Aufschlüsselung evolutiv alter

Ebenen sind oft dergestalt widersprüchlich, daß vor der Etablierung eines verläßlichen

Methodenapparates, mit dem ein breites molekulares Screening an einer Vielzahl von Spezies

durchgeführt werden kann, eine molekularbiologisch begründbare Auftrennung eher auf der Ebene

von Rassen, Populationen und Spezies möglich ist. Sinnvollerweise sollte die molekulare

Taxonomie versuchen, Methoden bereitzustellen, um unklare oder widersprüchlich beschriebene

Artenkomplexe sicher und schnell auch durch Forscher anzusprechen, die keine jahrelange

Erfahrung in der Arbeit mit der betreffenden Artengruppe besitzen.
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Summary

During the last decades, molecular techniques have become an important tool for taxonomy. The

potential to amplify and to detect the information basing on the universal genetic code allows the

study even of species groups yet poorly investigated and of small individuals which lack of stable

morphological characters due to small size or morphological diversity. Small amounts of sampling

material are sufficient for gaining lots of molecular data, allowing to screen vast abundant species

or material from collections for gene flow, genetic diversity, intraspecific variability and expansion

history. The basal techniques of molecular biology are used the same way all over the world,

making an exchange of methods and results quick and easy. The most popular of these techniques

are listed and discussed. Unfortunately molecular characters are susceptible to misinterpretation

due to homoplasy and mutation effects in a similar way as morphological characters do, sometimes

leading to the construction of a gene based tree aberrant from the organismal tree. As it remains

problematic to describe taxa by molecular characters only, molecular taxonomy should try to

provide methods to resolve the status of cryptic species and species groups and for fast and easy re-

identification of taxa.

Schlüsselworte

AFLP, Allozyme, DNA-Sequenzierung, Methodenspektrum, Mikrosatelliten, Molekulare Marker,

PCR, RAPD, RFLP, Taxonomie

Einleitung

Taxonomie, also die Theorie und insbesondere die Praxis der biologischen Klassifikation wird im

allgemeinen als praktischer Teil der Systematik angesehen und oft mit der Systematik als Begriff

durcheinandergeworfen. Ziel der Taxonomie ist es, Lebewesen zu benennen und so genau zu

beschreiben, daß sie entweder als neue (Art-) Einheit von bereits beschriebenen Einheiten

abgegrenzt oder anhand der Beschreibung sicher identifiziert und einer bestehenden Art

zugeordnet werden können. Ersteres ist der Traum jedes Taxonomen, letzteres sein täglich Brot.

Hierzu gehört auch, die zuverlässig wiedererkennbaren Eigenschaften oder Kennzeichen eines

Lebewesens als taxonomische Merkmale zu definieren und ein System zu erstellen, das Prinzipien

der Klassifikation, Nomenklatur, Beschreibungen und Mittel zur Identifizierung zur Verfügung

stellt. Die Systematik erstellt hierzu den biologischen Unterbau des natürlichen Systems: sie

beschreibt und benennt die Lebewesen und ordnet nach ihrem Verwandtschaftsgrad alle

Lebensformen zu natürlichen Gruppen in ein System, das ihre Evolution aus älteren Stammformen

ebenso wiederspiegelt wie ihren tatsächlichen Grad der Verwandtschaft. Mittlerweile sind beide
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Forschungsbereiche derart ineinander übergegangen, daß einer Unterscheidung untergeordnete

Bedeutung beigemessen wird (z.B. Hawksworth & Bisby 1988) oder beide von vornherein als

Synonym angesehen werden (Ax 1988).

Die heute auf der Erde anzutreffende Formenvielfalt ist das Ergebnis evolutiver Prozesse, die seit

etwa 3,5 Milliarden Jahren ablaufen. Einheiten dieser Organismenvielfalt sind die Arten.

Artenkenntnis ist damit die entscheidende Voraussetzung für die Bearbeitung aller

weiterführenden wissenschaftlichen, ökologischen und ökonomischen Fragen. Nach wie vor läßt

sich die globale Zahl der Arten nur grob schätzen, dabei schwanken die Werte zwischen fünf und

zwanzig Millionen. Trotz der großen Zahl von bisher ungefähr 1.8 Millionen beschriebenen Arten

zeigen alle weiteren systematisch-taxonomischen Untersuchungen und Aufsammlungen, daß erst

ein Bruchteil des auf der Erde bestehenden Arteninventars erfaßt wurde. Und selbst von diesen

besitzt der Mensch nur bruchstückhafte Kenntnis ihrer zahlenmäßigen Verteilung, ihrer

Reproduktionsbiologie, ihrer ökologischen Ansprüche und der Rollen, die sie in den Ökosystemen

spielen. Folglich erweisen sich bei zunehmender Kenntnis neuer Arten die bisher vorliegenden

Beschreibungen oft als unzureichend und unvollständig und müssen entsprechend ergänzt werden.

Die Betrachtung unterschiedlicher Erscheinungsformen von Lebewesen führte zur Einteilung in

'Taxa' als Einheiten einer biologischen Klassifikation, die nach unterscheidbaren Merkmalen

gedanklich zusammengefaßt und benannt werden. Linné schuf ein einheitliches System von

Regeln der Beschreibung und eine Nomenklatur, die im wesentlichen heute noch gültig ist. Hierbei

stützte er sich vor allem auf Merkmale der Morphologie. Seit Lamarck postulierte, daß Ähnlichkeit

von Taxa nicht durch ähnliche Lebensweisen, sondern durch Abstammung von gemeinsamen

Vorfahren bedingt werde, wuchs die Bedeutung der Phylogenie als der evolutionären

Verwandtschaft von Arten. Linnés Systematik geht von Entwicklung neuer Arten aus

andersgestaltigen Urformen aus, wobei die Ähnlichkeit zwischen Lebewesen in ihrer

Verwandtschaft begründet ist und der Grad der Verwandtschaft mit dem Grad der Ähnlichkeit der

Merkmale korreliert; im Idealfall ortho- oder paraloger Sequenzen (siehe unten) auch der

molekularen Merkmale.

Durch ungerichtete Mutation entstehen in einer Population neue Merkmale, die sich durch

gerichtete Selektion innerhalb der Population durchsetzen oder untergehen. Die Trennung von

Teilpopulationen durch räumliche oder zeitliche Ereignisse kann langfristig zur Ausbildung

abweichender Merkmalskomplexe und damit zur Ausbildung neuer Arten führen. Diese besitzen

plesiomorphe Merkmale, die schon ihre gemeinsame Stammart besaß, und auch neu ausgebildete,

apomorphe Merkmale, die nur den Individuen dieser Art eigen sind und durch die sie als eigene

Art von anderen Spezies getrennt werden können. Im Zuge weiterer Artaufspaltung können
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apomorphe Merkmale bei mehreren nahe verwandten Arten gefunden werden; man spricht von

Synapomorphien und kann aus diesen drei Merkmalstypen eine Stammart und alle ihre

Nachkommenarten in einer monophyletischen Gruppe zusammenfassen. Die Merkmale der

Stammart finden sich auch bei allen Nachkommen, sofern sie nicht reduziert wurden. Das

Verteilungsmuster von gemeinsamen, neuen und reduzierten Merkmalen erlaubt somit auch

Rückschlüsse auf die Phylogenese.

Problematisch bleibt dabei die Einordnung fossiler Formen, weil hier von vielen Übergangstypen

keine Belege gefunden wurden, also Lücken in der Evolution klaffen, und bei jenen, von denen

Belege existieren, oft nur wenige Merkmale erhalten sind, die für eine systematische Einordnung

taugen. Bei rezenten, d.h. noch lebenden Formen hingegen kann eine enorme Vielzahl von

Merkmalen beschrieben werden. Die Schwierigkeit liegt hier darin, diese Merkmale in ihrer

unterschiedlichen Aussagekraft zu bewerten. Nach wie vor gültig ist die biologische Definition der

Art, die von Individuen mit einer Anzahl gemeinsamer Merkmale innerhalb der Spezies ausgeht,

die einander als potentielle Geschlechtspartner erkennen, aktiv zur Fortpflanzung aufsuchen und

fertile Nachkommen erzeugen. Die fortpflanzungsbiologische Isolation bewirkt zusammen mit

weiteren Faktoren den Arterhalt. Problematisch dabei ist, daß Arten auch als Formenkreise

geographisch nebeneinander lebender Rassen mit fließenden Übergängen, aber auffälligen

Unterschieden im Bereich der Merkmale, die zur Trennung herangezogen werden, angesehen

werden können, da sich zum einen der Prozeß der Artbildung in Zeiträumen vollzieht, die vom

Individuum Mensch nur schwer zu verfolgen sind und zum anderen Effekte wie Kleptonbildung

und Hybridisierung zwischen Spezies (z.B. Grant & Grant 1994, Milinski 1994, Vorburger 2001)

noch nicht konsequent in der Systematisierung umgesetzt werden.

Der Anerkennung der Mendelschen Regeln folgte die Erforschung der biochemischen Prinzipien,

die diesen zugrunde lagen. Diese Erkenntnisse wiederum beeinflussen  fast alle Forschungsfelder

der heutigen Biologie, nicht zuletzt auch die Taxonomie, deren Ziele man heute wie folgt

definieren kann:

i) Die Bestandsaufnahme rezenter wie fossiler Arten zu ermöglichen und zu vervollständigen

und

ii) Ihre Einordnung in ein phylogenetisches System.

Zum etablierten Arsenal der Taxierungswerkzeuge neu hinzugetreten sind seit dem letzten

Jahrhundert die Detektion biochemischer und molekulargenetischer Unterscheidungsmerkmale

(z.B. Sibley & Ahlquist 1987). Seitdem erkannt wurde, daß in allen lebenden Organismen die

Information für die Ausprägung jedes vererbbaren Merkmals in Form komplexer
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Nukleinsäuremoleküle vorhanden ist (DNA, RNA), haben Systematiker gehofft, diese genetische

Datenbank anzapfen zu können, um Antworten auf Fragen zu erhalten, wie sich Arten

unterscheiden und wie Arttrennung und -ausbreitung vonstatten gehen. Unter den biochemischen

Entdeckungen der letzten Jahrzehnte haben vor allem die Entwicklung der

Elektrophoresetechniken, der DNA-Sequenzierung, und der Polymerase-Kettenreaktion (PCR)

sowie die Isolierung von Restriktionsenzymen die Bedeutung der Molekularbiologie für

Systematik und Taxonomie verstärkt. Nachdem, quasi als erster Schritt, die Stabilität molekularer

Daten durch ihren Einsatz in der Systematisierung belegt wurde, tritt der zweite, die molekulare

Taxonomie hinzu. Mittlerweile haben molekulargenetische Methoden ihre Kinderkrankheiten –

Materialaufwand und Unzuverlässigkeit – soweit abgelegt, daß sie dem Systematiker ein

wertvolles Werkzeug sein können.

Ausgenutzt wird dabei die Universalität des genetischen Codes bzw. des Aufbaus einzelner

komplexer Moleküle, untersucht werden insbesondere Proteine und Nukleinsäuren. Neben DNA

mit einfacher Sequenz finden sich im Genom eines Individuums mittelrepetitive Sequenzen, in

denen Nukleotidfolgen zwanzig- bis fünfzigmal tandemartig wiederholt auftreten, und

hochrepetitive Sequenzen mit bis zu einigen Millionen mal wiederholten Basenfolgen. Durch

ungleiche Crossing-over bei der Zellteilung variieren diese Sequenzen sehr stark in der Zahl der

Repeats und damit in ihrer Länge, wodurch sie für die Erstellung eines genetischen Fingerabdrucks

sehr nützlich sind, in Kombination mit 2D-Gelelektrophorese aber auch zur Trennung auf

Gattungsebene eingesetzt werden können (Harms et al. 2000). DNA einfacher Sequenz variiert

hingegen auf der Ebene einzelner Basenaustausche, insbesondere auf der dritten Position eines

Tripletts, die für die Codierung der resultierenden Aminosäure nur noch von untergeordneter

Bedeutung ist. Hier spielen etwa Einbaufehler bei der Replikation, Mutationen, Strangbrüche oder

das Exon-shuffling der beweglichen DNA-Elemente eine Rolle. Über 90% der DNA enthalten

keine bekannte sequenzabhängige Variation und sind von daher durch hohe Variabilität auf

Populationsniveau gekennzeichnet. Austausch oder Verlust einzelner Nukleotide oder ganzer

Sequenzabschnitte führt hier nicht zu einem Nachteil für den Organismus. Doch selbst für den

Organismus lebenswichtige Sequenzen, etwa proteincodierende Gene, können in gewissem

Rahmen mutieren, da der genetischen Code mehr Kombinationsmöglichkeiten erlaubt als daraus

resultierende Aminosäuren existieren. Während die Zahl hier möglicher Variationen also

wesentlich stärker eingeschränkt ist als etwa in den Satelliten-Abschnitten der DNA, deren Zahl

sich wiederholender Sequenzmotive von Individuum zu Individuum verschieden ist, liegen DNA-

Abschnitte wie zum Beispiel die internal transcribed spacer (ITS) in ihrer Variabilität zwischen
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den vorgenannten; ihre Länge zwischen Exonabschnitten muß annähernd gleich bleiben, um ein

korrektes Spleißen bei der Transkription zu gewährleisten.

Aus diesen Graden von Variabilität kann sich der Taxonom Marker suchen, die auf der

taxonomischen Ebene stabil sind, die er untersuchen möchte, während sie auf anderen Ebenen

hohe Variabilität zeigen. Wie in der Morphologie kann man auf molekularer Ebene ebenfalls nach

‚apogenen‘ und ‚plesiogenen‘ Merkmalen suchen, die eine Arttrennung ermöglichen; hierzu

prinzipiell die Basenabfolge betrachten, Unterschiede in der Abfolge suchen und ihre Summe

kladistisch als Ansammlung von Merkmalen werten oder variable Sequenzbereiche suchen, die die

Gestalt des betreffenden Strangabschnitts bzw. des resultierenden Proteins verändern, oder die sich

mit Restriktionsenzymen zu anderen Fragmentmustern zerschneiden lassen als bei verwandten

Arten.

Methodik der Molekulartaxonomie

Ehe die Entwicklung der PCR und die Entdeckung der Restriktionsenzyme den DNA-basierten

Techniken ihre heute dominierende Position verschaffte, wurden auf molekularer Ebene vor allem

Proteine, etwa Hormone und Cytochrome auf ihren Wert für die Verwandtschaftsforschung

untersucht. Höhere taxonomische Ebenen können etwa durch die An- oder Abwesenheit

bestimmter biochemischer Stoffklassen oder einer typischen Abwandlung in der Proteinstruktur

charakterisiert werden. In der Pflanzentaxonomie sind dies insbesondere Stoffklassen, die

ursprünglich aus wirtschaftlichem Interesse erforscht wurden, etwa Alkaloide, Flavonoide und

Terpenoide (Hegnauer 1962, Gibbs 1974). Einige davon, wie Flavonoide und Terpenoide sind

sowohl geeignet, um auf Artebene Hybride zu erkennen als auch zur Gruppierung höherer Ebenen

durch Betrachtung von Stoffunterklassen wie den Sesquiterpenen (z.B. Seaman 1982). Die

Aminosäuresequenzierung von Molekülen wie Hämoglobin oder Myoglobin wird nach wie vor in

der Arttrennung eingesetzt (z.B. Goodman et al. 1987). Die Proteinelektrophorese wird bereits seit

den fünfziger Jahren des letzten Jahrhunderts praktiziert. Proteine unterscheiden sich abhängig von

der Aminosäurezusammensetzung in elektrischer Ladung und in räumlicher Gestalt durch Faltung

in Tertiär- und Quartärstruktur. Bringt man sie in ein Gel und legt eine Spannung an, so werden sie

entsprechend ihrer Ladung unterschiedlich stark zur Anode gezogen und wandern aufgrund ihrer

Größe auch unterschiedlich schnell durch das Molekularsieb, das ein Gel darstellt. Durch zeitliche

Trennung der elektrischen und der größenabhängigen Auftrennung kann man mit

zweidimensionalen (2D-)Gelen auch komplexe Enzymgemische auftrennen. Der Nachweis der

Moleküle erfolgt anschließend durch spezifische Färbungstechniken. Neben Isozymen, d.s.

Enzyme, die ähnliche katalytische Funktionen erfüllen, obwohl sich in ihrer Struktur deutlich
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unterscheiden (Ferguson 1988, Pasteur et al. 1988), werden vor allem Allelvarianten (Allozyme)

eines Enzyms oder einer Enzymgruppe, zum Beispiel verschiedene Esterasen, untersucht (z.B.

Rodriguez et al. 2000, Snabel et al. 2001). Großer Vorteil der Technik ist die Trennschärfe bei

engverwandten Arten. Aus dem Informationsfundus, den die DNA bereitstellt und der bei

mehreren Spezies sich ähnlich darstellt, werden oft unterschiedliche Kombinationen von Proteinen

synthetisiert, die eine Trennung in Subpopulationen, von Geschwisterarten und Rassen

ermöglichen (z.B. Hewitt 1988). Proteinmarker können daher aussagekräftiger sein als DNA-

Marker, weil sie nicht das bloße Vorhandensein von Information, sondern deren Umsetzung als

Reaktion des Organismus auf seine Umwelt darstellen. Nicht oder nur schwer unterscheidbare

Arten können entlang von Umweltgradienten morphologische Merkmale ausbilden, die anhand der

Enzymvariabilität eine Trennung in verschiedene Taxa erlauben (z.B. Simonsen et al. 1999). Daher

ist die Enzymanalyse bedeutsam für die Trennung kryptischer Artkomplexe oder Subpopulationen

auf dem Weg zur eigenen Art. Während etwa Avise (1983) empfiehlt, wenigstens 100 Genloci zu

untersuchen, um die genetische Differenzierung verläßlich abschätzen zu können, werden

üblicherweise nur 10 bis 30 Loci untersucht, da ein Nachteil der Proteintechnik im apparativen

Aufwand und der Unbeständigkeit der Proteine gegenüber Temperaturschwankungen,

Austrocknung, ionischen Lösungen und Enzymen besteht. Weil relativ große Mengen gut

gekühlten oder frischen Materials benötigt werden, können bei kleinen Arten nur wenige Marker je

Individuum detektiert werden (z.B. Kazmer 1991).

Bei der Untersuchung von DNA ist von Vorteil, daß die Methodik kaum mit der Art der

untersuchten DNA variiert, daß kleinste Gewebemengen für die Extraktion genügen und daß DNA

auch weit stabiler ist als Proteine und selbst aus qualitativ minderwertigem Material gewonnen

werden kann. In der DNA-Sequenz selbst können Polymorphismen in den Intronsequenzen oder

auf den Wobble-Positionen detektiert werden, die bei der Proteinsynthese nicht berücksichtigt

werden. Hier liegt eine enorme Menge von Information in unterschiedlichen Graden von

Variabilität vor, die ebenfalls nach geeigneten Markern für den gewünschten Zweck abgesucht

werden kann.

Dies macht sich die molekulare Taxonomie zunutze, indem sie die DNA-Sequenz als eine Abfolge

von Nukleotiden und folglich als eine Abfolge von potentiellen Merkmalen betrachtet, die zur

Taxierung im Grad ihrer Abweichung gemessen werden kann oder aus der charakteristische

Sequenzunterschiede sichtbar gemacht werden können. Grundsätzlich kann also die Sequenz selbst

untersucht werden oder man kann bekannte oder unbekannte Abweichungen in der Sequenz

nutzen, um ein Fragmentmuster zu erzeugen, das zwischen den gewünschten Taxa variiert. Die

geläufigsten DNA-basierten Verfahren hierbei sind die DNA-Sequenzierung, RFLP, AFLP,
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RAPD, VNTR, SSCP und DGGE (siehe unten). Welches Verfahren tatsächlich gewählt wird,

hängt von der jeweiligen Fragestellung ab. Die Wiedererkennung von Taxa richtet sich natürlich

zunächst nach den bisher beschriebenen Methoden. Geht man vom Vorhandensein eines normal

ausgestatteten molekularbiologischen Labors mit Elektrophoresekammern, Tiefkühlschrank und

PCR-Thermocycler aus, so bieten sich für Neuuntersuchungen zur ersten Abschätzung, etwa zur

Trennung von Zwillingsarten, schnelle und relativ preiswerte Methoden an. Blind, also ohne

genaue Kenntnis der Sequenz, können Sequenzierung mit Universalprimern, AFLP, RAPD, SSCP

und DGGE, mit Einschränkung auch RFLP und VNTR-Techniken eingesetzt werden. Eine

Übersicht hierzu zeigt Tab.1.

Tab. 1: Molekulargenetische Techniken und ihre geläufigsten Anwendungen

Technik Geeignet für Einsatz ohne Kennt-
nis der Gensequenz

AFLP Arttrennung, Diversität möglich
Allozyme Paarungssysteme, Verwandtschaft möglich
Isozyme Arttrennung, Verwandtschaft, geographische

Variation
möglich

RAPD Arttrennung, Diversität möglich
RFLP Diversität, geographische Variation,

Arttrennung
aufwendig

Sequenzierung konservativer
Bereiche

Stammbaumerstellung möglich

Sequenzierung variabler Bereiche Arttrennung, Diversität, Verwandtschaft,
Populationen

möglich

SSCP/DGGE Diversität, Verwandtschaft möglich
VNTR Paarungssysteme, intraspezifische Variation,

Verwandtschaft
aufwendig

Beim Restriction Fragment Length Polymorphism (RFLP) wird ein Teil der DNA nach PCR-

Amplifikation oder, falls nur wenige Schnittstellen detektiert werden, die gesamte DNA mit

Restriktionsenzymen ‚verdaut‘. Diese Enzyme zerschneiden die DNA an enzymspezifischen

Erkennungsstellen, so daß das entstehende Fragmentmuster elektrophoretisch aufgetrennt werden

kann. Ist bei Art A durch Mutation eine dieser Schnittstellen verändert, wird hier nicht geschnitten

und es entsteht ein anderes Muster als bei Art B. Abhängig von den gewählten Enzymen können in

konservativen DNA-Bereichen höhere taxonomische Ebenen untersucht werden, in stärker

variablen Individuen und ihre Verwandtschaftsbeziehungen (Abb.1).

Für letzteres werden vor allem Fingerprinting-Techniken eingesetzt, die sogenannten VNTR

(Variable Number of Tandem Repeats), je nach Länge auch Mini- oder Mikrosatelliten genannt,

die als hypervariable einfachrepetitive Sequenzen, etwa GATA, sich im ganzen Genom verteilt

finden oder an bestimmten Bereichen der Chromosomen gehäuft auftreten. Aufgrund der

erwähnten individuenspezifischen Länge der Repeats besitzen sie ein großes Potential zur
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Individualisierung gleich einem Fingerabdruck (Jeffreys et al. 1985) und ermöglichen eine

Feintrennung zwischen Arten und v.a. Populationen bis hinab zu Verwandtschaftsbeziehungen.

Eine Suche nach noch unbekannten geeigneten Markerdifferenzen erfordert das Austesten

zahlreicher Genloci, hieraus die Auswahl der reproduzierbaren Loci und hieraus wiederum die

Auswahl der aussagekräftigsten. Der Nachteil ist ersichtlich: dieses Procedere muß komplett

durchgegangen werden, wenn für die untersuchten Arten noch keine geeigneten Marker vorliegen,

und erst am Ende ist absehbar, ob man an den richtigen Stellen im Genom gesucht hat. Der Einsatz

von VNTR oberhalb der Ebene von Populationen ist daher selten. (Abb.2).

Als häufigstes Blindverfahren wird das RAPD-Fingerprinting eingesetzt (Randomly Amplified

Polymorphic DNA, Williams et al. 1990). Hierbei amplifizieren Zufallsprimer von 10 Basenpaaren

Länge jene Sequenzbereiche, an die sie sich bei der gewählten PCR-Temperatur anlagern können.

Um die Bindungsstellen in überschaubarem Rahmen zu halten, benutzt man Primer mit hohem

Anteil an Guanin- und Cytosinbasen, die in der DNA seltener auftreten, und erhält ein Muster aus

meist wenigstens zehn starken und vielen schwächeren Banden zur Auswertung. Auch hier führen

Abb.1: PCR-RFLP: ein DNA-Abschnitt wird amplifiziert und anschließend mit
Restriktionsenzymen verdaut. Durch Mutationen in der Sequenz kann derselbe Abschnitt
kann für dasselbe Restriktionsenzym bei unterschiedlichen Taxa unterschiedliche
Schnittstellen und damit unterschiedliche Fragmentmuster aufweisen. In diesem Beispiel ist
das Muster für Art A (Nrn.1-6) stabil, weist aber bei Art B (Nrn. 7-13) (innerartliche?)
Variation auf: bei Individuum Nr. 12 wurde keine Schnittstelle erkannt. Die Längenvariation
in Nrn. 7 und 13 ist auf Verwendung eines weiter strangabwärts bindenden Primers
zurückzuführen. M = Molekulargewichtsmarker.

1 2 3 4 5 6 M 7 8 9 10 11 12 13



                                                                                2   Molekulare Taxonomie – Königsweg oder Werkzeug?

24

Abwandlungen in der Sequenz der Bindungsstellen zu abweichenden Mustern bei der

Elektrophorese, auch hier spielen der oder die gewählten Primer eine große Rolle, eine mindestens

ebenso große allerdings die Versuchs- und Laborbedingungen, was von der Heizmethode des

Thermocyclers über unterschiedliche Konzentrationen der eingesetzten DNA bis zur Herkunft der

verwendeten Chemikalien reichen kann. Manchmal sind nur wenige Banden auswertbar oder die

Variabilität innerhalb des Taxons zu hoch, um taugliche Fragmente zu finden (Abb.3) und der

Wert der erhaltenen Daten wird teilweise durch mangelhafte Wiederholbarkeit eingeschränkt (z.B.

Black 1993). Ein gefundenes Markerset sollte in jedem Fall durch Wiederholung unter

stringenteren Bedingungen verifiziert werden (Landry & Lapointe 1996). Auch der Einsatz eines

Pipetierroboters kann die Zuverlässigkeit der RAPD deutlich steigern, da dieser Konzentrationen

und Behandlung der Proben vereinheitlicht.

Das AFLP-Fingerprinting (Amplified Fragment Length Polymorphism, Vos et al. 1995) steht

gewissermaßen zwischen RFLP und RAPD. Nach Schneiden der gesamten DNA mit

Restriktionsenzymen werden durch Zugabe von Adaptern, die Schnittstelle und

Primerbindungsstelle kombinieren, bestimmte Fragmente in der PCR selektiv amplifiziert. Die

Variation entsteht hier durch Sequenzabweichungen an der Schnittstelle, an die der Adapter bindet

(oder eben nicht). Die Konstruktion der Adapter erfordert gewisse Erfahrung und das Verfahren ist

Abb.2: Analyse des Fortpflanzungserfolges in einem polygynen Paarungssystem bei
Staphyliniden mittels Monolocus-Fingerprint: Detektion von Minisatelliten-Fragmenten durch
Verdau der DNA mit dem Restriktionsenzym Hinf I. Durch Vergleich der Fragmentmuster der
Nachkommen (Rhombus) von 4 potentiellen Müttern (Kreis) und 3 potentiellen Vätern
(Quadrat) können die jeweiligen Eltern bestimmt werden. M = Molekulargewichtsmarker.
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material- und zeitaufwendiger, aber auch stabil reproduzierbar und liefert weit mehr Merkmale als

die RAPD.

Betrachtet man die Gesamt-DNA, so führen Sequenzunterschiede auch zu Änderungen in Faltung

und Raumstruktur des DNA-Moleküls, wodurch die Beweglichkeit bei der Elektrophorese (Single-

Strand Conformation Polymorphism, SSCP, z.B. Hayashi 1991) und die Stabilität der

Doppelstrangbindung beeinflußt wird (Denaturing Gradient Gel Electrophoresis, DGGE, z.B.

Myers et al. 1986). Da diese beiden Techniken sehr geringe Unterschiede detektieren, ist ihre

Wiederholbarkeit problematisch.

Die Sequenzierung selbst, d.i. das Identifizieren der Nukleotidabfolge auf der DNA oder der

Aminosäuren, stellt bereits taxonomische Information bereit, da Unterschiede in ebendieser

Abfolge summiert und taxonomisch bewertet werden können. Seit dem Aufkommen der PCR ist

die DNA-Sequenzierung zu einem erschwinglichen und weitverbreiteten Werkzeug geworden, das

zur Untersuchung beinahe jedes systematischen Problems herangezogen werden kann, da sie den

wohl höchsten Informationsgehalt zur DNA-Variation bietet. Sie wird oft für

Stammbaumrekonstruktionen und zur Systematisierung von höheren Taxa bis hinab zur

Abb.3: Anderes Taxon oder andere DNA-Konzentration? Bei der RAPD-
Technik können schon durch kleine Änderungen in den Reaktions- und
Reagenzbedingungen gewaltige Unterschiede im resultierenden Muster
auftreten. Hier bei der Trennung von Collembolen: Art A (Nrn. 1, 2); Art
B von zwei Standorten I (3, 4, 12, 13) und II (6-11). M = Molekularmarker
0.1 – 2.2 kb.

1 2 3 4 M 5 6 7 8 9 M 11 12 13
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Populationsebene eingesetzt, seltener hingegen für Studien, die eine Untersuchung zahlreicher

Individuen oder Genloci erfordern, zum Beispiel die Auflösung kryptischer Artenkomplexe oder

junger Artaufspaltungen, da sie, je Probe betrachtet, zeit- und arbeitsintensiv ist. Auf der anderen

Seite stellt sie eine relativ sichere Basis, von der aus, nach Auffinden von Bereichen mit

gewünschter Stabilität, zur Reidentifikation preiswertere Techniken wie VNTR oder RFLP,

nunmehr abgesichert, zum Einsatz kommen können. Seitdem bekannt ist, daß viele Gene

beständiger Veränderung durch ungleiche Crossing-over, Genkonversion usw. unterliegen (z.B.

Patterson 1987), daß etwa die Evolutionsraten der mitochondrialen DNA von Säugern rund

siebenmal schneller evolvieren als die von Selachiern (Martin et al. 1992), und Regionen innerhalb

des Gens in verschiedenen Spezies unterschiedlich schnell evolvieren (z. B. Simon et al. 1996),

können sie einerseits, sobald die Mechanismen und Evolutionsgrade für die betreffende Region

bekannt und abschätzbar sind, zur Verifizierung schwacher morphologischer Belege herangezogen

werden (z. B. Tavaré et al. 2002) und andererseits danach als Markerregion gewählt werden, um

für eine bestimmte taxonomische Ebene das maximale Trennungspotential zu gewährleisten. Zu

den eher variablen Bereichen gehören zum Beispiel mitochondriale Gene oder Satelliten-DNA, zu

den gemäßigt variablen die ITS-Sequenzen, die von konservativen rRNA-codierenden

Genabschnitten flankiert werden, zu den eher konservativen Kerngene wie die 18S-rDNA. Unter

den Aminosäuren evolvieren z. B. Histone nicht, Hämoglobine langsam und Immunglobuline

schnell. Auf Stamm- bis Gattungsebene wird daher eher DNA-Sequenzierung eingesetzt, auf Art-

und Populationsebene neben Sequenzierung auch RFLP, Satelliten und AFLP, auf Populations-

und Individuenebene Allozymanalysen, RAPD und VNTR. Hier muß betont werden, daß die

Übergänge fließend sind, da sehr viele Faktoren in die Wahl der Methode einfließen. Man kann

etwa auf der Basis der Sequenzierung eine Variationskarte erstellen, die im weiteren durch RFLP

oder Mikrosatelliten überprüft werden kann, was im Endeffekt erheblich billiger ist.

Bedeutung der molekularen Taxonomie

Aufgrund der erwähnten Universalität des genetischen Codes kann mit bekannten oder ableitbaren

Methoden an die Taxierung beliebiger, auch noch teilweise systematisch dürftig bearbeiteter

Gruppen herangegangen werden. Beispielhaft seien hier genannt viele Gruppen von

Mikroarthropoden, ferner Picoplankton, Pilze, Hefen, Archäen und Phagen. Daneben können

unsichere Gruppen in die Stammbäume aufgenommen und die Zusammenfassung bestehender

Phyla aufgrund etablierter taxonomischer Methoden auf eventuelle Unstimmigkeiten überprüft

werden. Das grundlegende methodische Rüstzeug – Extraktion, PCR, Elektrophorese und

Chromatographie – ist weltweit kompatibel, wodurch die Verständigung und der Austausch von
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Methoden und Ergebnissen unproblematisch verläuft. Hinzu kommt, daß sich molekulargenetische

Erkenntnisse auch in verwandten Disziplinen wie der Virologie, Krebsforschung, Pharmakologie,

Tier- und Pflanzenzucht, Entwicklungsbiologie, Biogeographie, Physiologie, Parasitologie etc.

verwenden lassen. Ihre hohe Faszination für finanzierende Stellen liegt nicht zuletzt im fließenden

Übergang von der grundlegenden Wirkungsforschung zur Möglichkeit aktiver Einflußnahme.

Die Untersuchung von Chromosomen- und Proteinmustern, DNA-Sequenzen und Restriktions-

fragmenten ermöglicht die Diskriminierung selbst extrem kleiner Spezies, an denen nur sehr

wenige anatomisch-morphologische Bestimmungsmerkmale erarbeitet werden können, wie auch

die Arbeit mit nicht ausgewachsenen und saisonal veränderlichen Stadien. Kleinste Probenmengen

genügen zur Darstellung der molekularen Information, so daß auch das Screening großer

Sammlungsbestände oder die Verwendung von gelagertem Material aus lange zurückliegenden

Probennahmen für die Erstellung eines genetischen Archivs herangezogen werden kann, um etwa

Effekte genetischer Drift oder intra- und interspezifische Variation festzustellen. Gleichzeitig kann

so eine Schwäche des morphologisch basierten Systems, das Typensystem, ausgeglichen werden:

Die erste Beschreibung einer neuen Art erfolgt an einem Exemplar, das anschließend als

Vergleichstyp in einer Sammlung verwahrt wird und hierdurch nicht ohne weiteres mit neuen

Funden verglichen werden kann. Aus Paratypen oder Neufängen könnte aber DNA extrahiert

werden, deren Sequenz dann als weitere Referenz dient (Tautz et al. 2003).

Zu beachten ist dabei, daß der DNA-Amplifikation eine gewisse Unwägbarkeit anhaftet, da

angesichts minimaler Probenmengen kleine Änderungen im Procedere oder auch Lesefehler der

Polymerase, Verunreinigungen und Störsubstanzen zu deutlich abweichenden Resultaten führen

können. Ferner muß wie auch in der Morphologie bei molekularer Taxonomie mit intraspezifischer

Variabilität gerechnet werden. Mehrere Genotypen in einer Population können ein Zeichen für das

Vorhandensein noch nicht erkannter echter Arten (good species, z.B. Miller 2001, Dres & Mallet

2002), aber auch Zeichen von jüngst stattgefundenen Veränderungen in der

Populationszusammensetzung sein (Soltis et al. 1992). Dies schwächt die Aussagekraft vor allem

von minderstabilen Methoden wie der RAPD. Begegnen kann man diesem Problem, indem man

Exemplare einer Art aus mehreren Populationen vergleicht. Abweichende Resultate aus der

Untersuchung mit unterschiedlichen molekularen Techniken spielen für den Systematiker eher eine

Rolle als für den Taxonomen. Idealerweise benutzt dieser, statt neue Genabschnitte oder

Techniken zu untersuchen, jene, die bereits - meist von Systematikern - untersucht wurden. Doch

ist die Abweichung des Merkmals von allen anderen Taxa nur ebenso wichtig wie die Stabilität.

Ein evolutiv unbedeutender oder in seiner Bedeutung noch nicht erkannter Sequenzabschnitt wie

etwa die ITS-Regionen kann taxonomisch bedeutsam sein, wenn er innerhalb des untersuchten
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Taxons stabil auftritt (z. B. Otranto et al. 2001). Im Sinne der Markerbewertung und der

Vergleichbarkeit geht der Trend zur Konzentration auf bewährte Sequenzen als Markerregionen,

die einheitlich auf verschiedene Spezies angewandt werden (Caterino et al. 2000).

Das systematische Ergebnis stimmt keineswegs immer mit der Morphologie überein, z. B. zeigten

nach Davis & Gilmartin (1985) morphologisch klar getrennte Pflanzengruppen kaum Unterschiede

in ihren Proteinmustern. Weil sich an solchen Abweichungen leicht ein systematisch-methodischer

Streit entzündet - den molekularen Merkmalen wird vorgeworfen, sie seien schwach, den

morphologischen, sie seien irreführend oder nicht bedeutsam - wird oft übersehen, daß -

wenigstens für den Taxonomen - ein Taxon durch verschiedenste Merkmalstypen charakterisiert

ist, aus deren Angebot er nicht das ‚modernste‘, sondern die sichersten und reproduzierbarsten

verwenden sollte. Doyle (1992) etwa betont am Beispiel der Chloroplasten-DNA, daß deutliche

Abweichungen zwischen ‚gene tree‘ und ‚species tree‘ nicht aus der Daten untersuchter Genloci

abgeleitet werden können, wenn diese rein zufällig ausgewählt wurden. Orthologe Sequenzen als

genetisch basierte Stammlinien, deren Abwandlungen im Verlauf der Stammaufspaltung mit denen

der zugehörigen Spezies einhergehen und übereinstimmen, müssen daher von paralogen

Sequenzen, Veränderungen im Genom, vor allem durch Genduplikationen, die schon vor der

Artaufspaltung auftraten und bei der Bewertung zu abweichenden genetischen Gruppierungen

führen können, abgegrenzt werden (Fitch 1970, Patterson 1988).

Neben der Betrachtung der Auftrennungs- und Fragmentmuster kann die Ereignis-

wahrscheinlichkeit von Punktmutationen in der DNA-Sequenz gewichtet werden; hieraus ergeben

sich variable und konservative Genomabschnitte, die anhand ihrer unterschiedlichen

Evolutionsrate für Diskriminierungen auf basaler respektive terminaler Ebene eingesetzt werden

können. Die Identität von Sequenzen bzw. Markern kann bedeuten, daß die untersuchten

Individuen zum selben Taxon gehören, aber auch, daß an den gewählten Loci zuwenig Variation

vorliegt, um unterschiedliche Taxa definieren zu können. Der Molekulartaxonom sucht folglich

nach konservierten oder langsam evolvierenden Merkmalen, nach komplexen, funktionslosen und

funktionell voneinander unabhängigen Merkmalen als ‚guten‘ Merkmalen für eine stabile

Taxierung.

Somit stellt die Gewichtung vorgefundener Merkmalsmuster und ihre Einordnung in den

evolutiven Kontext ein erhebliches Problem der Molekularsystematik dar. Auch dem

Molekulartaxonomen bleibt nicht erspart, die aufgefundenen Merkmale zu werten und ihre

Evolutionsrichtung festzustellen, um seine Taxierung nicht auf scheinbare Übereinstimmungen

(Analogien) oder Plesiomorphien zu stützen. Erschwerend kommt hinzu, daß in seinem

Forschungsbereich scheinbare Rückentwicklungen sehr wohl auftreten können, weil mit
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zunehmender genetischer Distanz zweier Taxa auch die Zahl von parallelen Mutationen und

Rückmutationen und damit die Gefahr fehlerhafter Merkmalsanalysen und des Auftretens von

Homoplasien zunimmt (z.B. Bandelt et al. 1995). Ein vorhandener entwicklungsgeschichtlicher

Zusammenhang zweier Arten kann hierdurch maskiert oder ein nichtvorhandener vorgetäuscht

werden. Demnach kann der Taxonom durch kritische Vergleiche, vor allem aber durch

Heranziehen von Ergebnissen und Befunden anderer Taxierungsmethoden Homologien suchen in

Sequenzen, in Sequenzabschnitten und Nukleotiden (viele geringwichtige Merkmale), in Genen

(wenige, aber gewichtige Merkmale), in Schnittstellen und Fragmenten, Isoenzymen, Allelen und

cytogenetischen Merkmalen. Die Ergebnisse bei der systematischen Aufschlüsselung basaler, d.h.

evolutiv alter Ebenen sind teilweise aber sehr widersprüchlich, so daß vor der Etablierung eines

verläßlichen molekulartaxonomischen Methodenapparates, mit dem ein breites molekulares

Screening an einer Vielzahl von Spezies durchgeführt werden kann, eine molekularbiologisch

begründete Auftrennung eher auf der Ebene von Rassen, Populationen und Spezies möglich ist.

Solange die Frage des rein molekular definierten Taxons noch Gegenstand der Diskussion bleibt

(z.B. Floyd et al. 2002), molekulare Marker also bei der Identifikation von Taxa helfen, sie aber

nicht selbst definieren können, sollte die molekulare Taxonomie auf die Erkenntnisse bewährter

Taxierungstechniken zurückgreifen und diese kritisch hinterfragen, dabei aber ebenso sich selbst

hinterfragen lassen. Sinnvollerweise sollte sie versuchen,

� Methoden für ein schnelles Screening von Gruppen bereitzustellen, die systematisch noch

wenig erforscht sind oder nur wenige bzw. instabile morphologische Merkmale tragen (z.B.

Kroes et al. 1999)

� taxonspezifische Signalsequenzen zu finden und die molekularen Daten in bestehende

morphologische Beschreibungen einzubinden (z.B. Tautz et al. 2003)

� auf der Basis vorhandener ‚klassischer‘ morphologisch-anatomischer Arbeiten Methoden

bereitzustellen, um unklare oder widersprüchlich beschriebene Artenkomplexe sicher und

schnell auch durch Forscher anzusprechen, die keine jahrelange Erfahrung in der Arbeit mit der

betreffenden Artengruppe besitzen.

Hierbei kann sie ermöglichen, Artenkomplexe erstmals zu trennen und daraufhin morphologisch

neu zu betrachten, variable Merkmale zu definieren und stabile Merkmale festzulegen, anhand

derer die Arten nun auch morphologisch getrennt werden können. Die Zukunft liegt ohne Frage in

einer gleichwertigen Betrachtung aller erhältlichen Merkmale zur Taxonabgrenzung, seien sie nun

molekular oder morphologisch (z. B. Edgecombe et al. 2002). Die wahren evolutiven

Verwandtschaftsbeziehungen können wohl nie definitiv geklärt werden, weder durch Betrachtung
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von Knochen noch durch Betrachtung von DNA, doch besteht die Möglichkeit, sich diesem

Idealzustand am besten anzunähern wohl darin, Verwandtschaftshypothesen mit so vielen

Methoden als möglich zu testen.
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Summary

Identification of collembolan species is generally based on specific morphological characters, such

as chaetotaxy and pigmentation pattern. However, some specimens do not match to described

characters because these refer to adult specimens, often of one specific sex, or the characters are

highly variable in adults (e.g. pigmentation, setae or furcal teeth). Isozymes have frequently

assisted species discrimination, but also these may vary with developmental stage or

environmental conditions. For identification of single species of the Isotoma viridis group we

present both direct sequencing of the COII gene and a simple DNA-based molecular method. Five

PCR primers amplifying the COII region (717 bp) of the mitochondrial DNA were used. The

sequences clearly separated the species Isotoma viridis, I. riparia and I. anglicana, irrespective of

colour varieties within the first species. DNA amplification products of different species can also

be distinguished by digestion with restriction endonucleases, followed by gel electrophoresis for

separation of fragments. This restriction fragment length polymorphism (RFLP), obtained after

digestion with the endonucleases Taq I, Vsp I, Mva I and Bsp 143 I revealed specific fragments that

separated the three species from each other. Since restriction enzymes are sensitive to single base

mutations we suggest to use a combination of enzymes with at least two species-specific restriction

sites when using the RFLP technique. For the I. viridis complex, Vsp I1 and Bsp 143 I appear to be

an appropriate combination.

Keywords

Collembola, COII gene, DNA-based identification, Isotoma viridis group, mt-DNA, PCR-RFLP,

morphological variability, restriction endonucleases

Introduction

Soil organisms are essential for constitution of soil structure and recycling of organic matter.

Collembola constitute an important group within soil invertebrates because of the large number of
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species and individuals, which may reach up to several million specimens per square metre (Rusek

1998). Due to their key role in soil ecology, one may expect that stable taxonomic characters are

well established. In contrast, only few reliable markers for taxonomy have been defined and many

characters, e.g. pigmentation patterns, chaetotaxy and length proportions, are highly variable in

adults of some groups (Yoshii 1989, Potapov 2000, Soto-Adames 2000). Furthermore, several

collembolan families respond to changes in season (cyclomorphosis) and environmental conditions

(ecomorphosis), especially drought, by altering parts of external (e.g. hairs, claws, ocelli,

mucrones) and internal anatomic characters (Fjellberg 1980). Thus, by using variable morpho-

logical characters for taxonomy there is a high risk to interpret individual variability as

polymorphism (Nayrolles 1998) and to describe syntaxa or to hide good species in groups

considered a single species variable in phenotype (Simonsen et al. 1999). Besides that, most of the

specific characters refer to adult individuals only, leaving aside all juveniles which are often found

in large numbers.

For Isotoma viridis Bourlet, 1839, a species quite common in Europe, up to 30 synonyms have

been described with most descriptions based on colour patterns (Stach 1947). Gisin (1960)

separated the species into five varieties until Yosii (1963) discerned I. anglicana Lubbock, 1862,

and I. viridis Bourlet, 1839, by morphological characters. Different patterns in morphology,

ecology and isozymes supported the distinction of I. viridis s. l. into three species Isotoma

anglicana Lubbock, 1862, I. riparia Nicolet, 1841, and I. viridis Bourlet, 1839 (Fjellberg 1975,

Filser 1999, Simonsen et al. 1999).

Since PCR has become widely used, it now has the potential to be a powerful tool in molecular

taxonomy, especially for the identification of very small species. Therefore, DNA-based taxonomy

and phylogenetic studies of Collembola have gained increasing importance over the last years and

could be used to resolve open questions (Frati et al. 1997, Frati & Carapelli 1999). Direct

sequencing is a time-consuming and expensive technique, compared with traditional

morphological studies. However, there are a number of fast, inexpensive - though not always

reliable - DNA-based methods which could be used for discriminating species groups or for

detecting cryptic species (Landry & Lapointe 1996, Wang et al. 1996, van der Wurff et al. 2000,

Faten et al. 2002). The purpose of our study was to establish such a method for the identification of

collembolan species, using I. viridis s. l. as a model group.
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Materials and methods

Sampling locations
Collembola were collected between April and October 2001 in pitfall traps filled with ethylene

glycol as conserving liquid or caught alive by suction and kept for rearing in the laboratory. I.

viridis, I. riparia and I. anglicana were collected from canal embankments and arable land near the

campus of the University of Bremen. A. Fjellberg provided I. riparia from Tjøme (Norway) (Table

1). Species were reared in plastic boxes on a mixture of plaster and charcoal (9:1). After

anaesthetising the animals with CO2, each individual was assigned to one of three types called

‘anglicana’, ‘riparia’ or ‘viridis’ based on the morphological characters colour, shape of body and

head and proportions of antennae, head, tergites and furca. For rearing, these types were kept

separated by collection locations and held at 20°C in a 18-6 h day-to-night light regime.

Specimens were fed with dry yeast, lichens and algae grown on bark. After collection, individuals

were either identified and their DNA extracted immediately or stored at –20°C in a mixture of

ethylene glycol and 70% Ethanol (1:9). Specimens were washed in 70% ethanol in order to remove

DNA and to moisten the surface for microscopic examination. After that they were embedded in

pure ethylene glycol, mounted on cavity slides and identified following Gisin (1960), Palissa

(1964), Fjellberg (1980) and Simonsen et al. (1999). For later reference, a picture was taken from

the whole body, then legs and furca were dissected and mounted on slides. After that, DNA was

extracted from the torso.

Table 1: description of sampling sites
Site number 1 4 8 15 17
Site description Canal

embankment
Arable land
near a canal

Shady, humous
canal
embankment

Salt meadow
along seashore

Damp meadow

Locality Bremen,
northern
Germany

Bremen,
northern
Germany

Bremen,
northern
Germany

Tjøme,
Norway

Black Forest,
southern
Germany

DNA extraction
The extraction followed the technique described in Sunnucks & Hales (1996): single specimens

were transferred in a 1.5 ml reaction tube filled with 300 µl TNES-buffer (50 mM Tris-Cl pH 7.5,

400 mM NaCl, 20 mM EDTA, 0.5% w/v SDS) and crushed with a teflon rod. Then, 100 µg ml-1

Proteinase K were added and after incubation at 37°C for 5 to 15 h, proteins were precipitated by

adding 85 µl 5M NaCl, thorough shaking for 15 sec and centrifugation for 5 min. at 17.000 G.

DNA was pelleted from the decanted supernatant by adding 1 volume of ethanol and
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centrifugation. The pellet was washed twice in 250 µl 70% ethanol, air-dried and dissolved in 50

µl 0.1x TE-Buffer (10 mM Tris-Cl pH 7.5, 0.1 mM EDTA) over night. For samples stored in

ethanol, the procedure above was followed, except that excess ethanol was allowed to evaporate

before extraction and, because of a lower DNA-yield, they were dissolved in 25 µl TE only.

PCR and sequencing
Design of primers (Biometra) 1 to 4 listed in Table 2 followed Simon et al. (1994). All primers

were modified as described in Frati and Carapelli (1999), to achieve better fitting to collembolan

mtDNA. We designed a fifth flanking primer, C2-J-3074, following preliminary sequencing

results.

Table 2: Primers used for PCR and sequencing
No. Primer Sequence Location

1 TL2-J-3033 5-AATATGGCAGATTAGTGCA-3 flanking

2 TK-N-3785 5-GTTTAAGAGACCAGTACTT-3 flanking

3 C2-N-3661 5-GCTCCACAAATTTCTGAACA-3 internal

4 TD-N-3862 5-CGTCTGACAAACTAATGTTAT -3 flanking

5 C2-J-3074 5-TCATGTTGCGATTTCTAAAG-3 flanking

PCR was carried out using 0.5 unit Taq polymerase (Eppendorf) per 25 µl vol. with reaction buffer

containing 1.5 mM Mg, additional Mg up to a content of 2.0 mM, 160 µM each dNTPs, 240

nmoles of each primer, 2µl DNA template and filled up with ddH2O to a total volume of 25µl,

using the following PCR programme: after an initial denaturation at 94°C (3 min), 10 cycles with

each 94°C (60 sec), 40°C (60 sec) and 72°C (60 sec), followed by 25 cycles where annealing

temperature was raised to 45°C and a final extension at 72°C for 5 min. Successful amplifications

were carried out again with a total volume of 100 µl. The whole PCR product (125 µl) was

precipitated by adding 3 volumes of Ethanol and 1/10 volume of ammonium acetate and run on an

agarose gel. After staining with ethidium bromide, a fragment of ca. 700 base pairs was cut out on

an UV illuminator. From this piece DNA was extracted by centrifugation through 0. 45 µm filter

units (Millipore) and precipitated again. The cleaned product was sequenced at the core facilities

of GAG (Bremen) and SeqLab (Göttingen).

All primers listed in Table 2 amplify within the mitochondrial cytochrome oxidase subunit II

(COII). The sequences received were aligned using the Clustal X programme (Thompson et al.

1997) and compared with sequences of closely related collembolan species stored in GenBank

(Isotomurus palustris was used as an outgroup). Suitability of the chosen sequence for species
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discrimination was tested by constructing a cladistic tree using the programme MEGA version 2.1

(Kumar et al. 2001). Search for restriction sites that were stable within and variable between

species was done using the programmes NEBcutter (New England Biolabs) and Seqaid II version

3.81 (Schaffer and Sederoff 1981). Fragment patterns resulting from each enzyme were compared

to patterns of collembolan species morphologically similar to I. viridis s. l. to avoid mistakes

during future molecular identification. These patterns were created artificially using COII

sequences deposited in GenBank or EMBL. From all enzymes investigated only those producing

unique patterns for I. viridis s. l., non-similar to other species, were selected for testing.

Suitable restriction endonucleases were acquired from MBI Fermentas. Of each PCR product 5 to

12 µl were digested uncleaned with 0.1 unit of restriction enzyme and 1x enzyme buffer, provided

in a total volume of 20 µl for 90 min at 37°C (in case of Taq I at 65°C). The COII fragments of 32

individuals from three species were cut using the enzymes Taq I, Bsp 143 I, Vsp I and Mva I.

Digestion fragments were separated on a 2% agarose gel, stained with ethidium bromide and

photographed under ultraviolet illumination. Resulting fragment patterns were checked for their

suitability to discriminate species. Nucleotide sequences reported in this paper have been deposited

in EMBL and GenBank under accession numbers AJ586578 to AJ586609.

Results

A total of 717 bp of the COII gene was sequenced, beginning shortly before the initiation codon

ATC. The Neighbor Joining cladogram of the Isotoma viridis group is shown in Fig. 1. The

branches of I. viridis, I. riparia and I. anglicana were supported by high bootstrap values, with I.

anglicana being the most distant species within the Isotoma group. Within I. anglicana,

differences in sequence could be found between populations of two sampling sites from canal

embankments less than 2 km apart from each other. In contrast, no such differences were found

between I. riparia specimens from Norway and Bremen. Populations of I. viridis from northern

Germany (sites 1, 4, 8) were closely related, but a rather distinct difference was found between

them and the single specimen from southern Germany (site 17). I. viridis with a mid-dorsal line

(”I. vir-MDL”) were grouped together with other I. viridis specimens.

The 717 investigated bp of the COII sequence contained 315 variable positions, which were

checked for nucleotide sequences that were stable within and variable between species so that they

could be used for species discrimination by RFLP. Interspecific variation was detected in the COII

sequences in 38 positions for I. viridis and I. anglicana, in 39 positions for I. viridis and I. riparia

and in 42 positions for I. anglicana and I. riparia.
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Restriction analysis of COII amplification products (cut with the enzymes Vsp I, Bsp 143 I, Mva I

and Taq I) resulted in restriction profiles which were suitable to discriminate the three species (Fig.

2). Vsp I distinguished I. anglicana from I. viridis and I. riparia and showed 100% reliability for

Fig. 1: Bootstrap consensus tree of the Isotoma viridis group, derived from the 717 bp sequence
of mt-COII DNA using NJ-method; all characters weighed equally. Numbers near nodes
indicate the bootstrap values (1000 replicates). Isotomurus palustris (GenBank No. X95794 and
X95789) are used as outgroup. A description of site numbers is listed in Table 1.

 Isotomurus palustris-94

 Isotomurus palustris-89

 I.riparia Norway 15-5

 I.riparia Norway 15-2

 I.riparia Norway 15-4

 I.riparia Bremen 4-45

 I.riparia Norway 15-3

 I.riparia Norway 15-1

 I.riparia Bremen 1-3

Isotoma riparia

 I.vir-MDL Bremen 4-22

 I.viridis Bremen 8-3

 I.vir-MDL Bremen 4-24

 I.viridis Bremen 4-16

 I.viridis Bremen 1-16

 I.viridis Bremen 4-7

 I.vir-MDL Bremen 1-6

 I.viridis Bremen 4-15

 I.viridis Bremen 4-9

 I.viridis Bremen 4-5

 I.vir-MDL Bremen 4-6

 I.viridis Bremen 4-17

 I.viridis Bremen 1-9

 I.viridis Bremen 1-11

 I.vir-MDL Bremen 1-43

 I.viridis Bremen 1-20

 I.viridis South-GER 17-1

Isotoma viridis

 I.anglicana Bremen 1-13

 I.anglicana Bremen 1-2

 I.anglicana Bremen 8-4

 I.anglicana Bremen 8-6

 I.anglicana Bremen 8-7

 I.anglicana Bremen 8-5

 I.anglicana Bremen 8-2

 I.anglicana Bremen 8-1

Isotoma anglicana

100

65

100

64
95

89

62

86

98

98

100

67

100

59

100
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Fig. 2: Absolute fragment lengths of the 717 bp sequence of mt COII DNA-based on matches
of four restriction enzymes Vsp I, Mva I, Bsp 143 I and Taq I. Numbers next to each
restriction site indicate its stability (% of all individuals investigated). Iso vir = Isotoma viridis
(n = 17), Iso ang = I. anglicana (n = 8), Iso rip = I. riparia (n = 7). Frag = fragment. Names of
enzymes and recognition sequences (in brackets) are indicated at the top of each restriction
map. The ^ indicates the position of cleavage.
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all specimens tested. Bsp 143 I separated I. viridis and I. riparia. It produced a different pattern for

I. anglicana, too, but except for one fragment this was not stable. Mva I may differentiate I. viridis

from I. riparia and I. anglicana but did not produce stable fragment patterns in all cases. Taq I

revealed different fragment patterns for all three species but often was variable: In Fig. 3, in lanes

1, 2 and 4 the enzyme did not cut the DNA sequence at the expected cleavage site due to a single

base substitution. In lane 14, two fragments of 182 and 81 bp also remained unseparated, the result

was a longer fragment of 263 bp, by which this fragment pattern became similar to an I. viridis

pattern.
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Discussion

The phylogenetic tree derived from DNA sequencing clearly supports the distinction of three

different species I. anglicana, I. riparia and I. viridis, confirming the separation proposed by

Simonsen et al. (1999) which was obtained from isozymes, morphology and ecology studies. Thus,

it confirms the value of both molecular and traditional taxonomic methods, and the usefulness of

the mitochondrial COII sequence in separating not only Collembolan species (Frati et al. 1997,

Frati and Carapelli 1999, Shao et al. 2000), but also insect species in general (Caterino et al. 2000).

The distinction of I. viridis from northern and southern Germany (Fig. 1) might hint at a further

differentiation within this species, but requires further investigation since it was based on a single

individual only. It could as well be an overestimation of the levels of intraspecific differentiation

due to nucleotide composition bias and/or presence of hypervariable sequences such as the third

codon position. These have not been omitted for genetic analysis, because our aim was to detect

cleavage sites that might discriminate species from each other. As most restriction enzymes

recognize a sequence of four base pairs or more, all nucleotide positions have to be checked.

Isotoma viridis I. riparia I. anglicanaMM

  1-9    1-11   4-29   1-43  4-24  1-16            15-3   15-4            8-4     8-5     8-7   1-13

Fig. 3: Example of a restriction fragment length polymorphism gel for Isotoma
viridis, I. riparia and I. anglicana, revealed by digestion of the COII DNA
sequence (717 bp) using the enzyme Taq I. Lane 1 to 6: I. viridis, lane 8 to 9: I.
riparia, lane 11 to 14: I. anglicana. For each lane, site number (see Table 1) and
individual number are given. M = 100 bp DNA-Ladder Marker (11 fragments 100 –
1000 bp).



                                                                         3   Discrimination of the Isotoma viridis group by PCR-RFLP

41

I. viridis with mid-dorsal line (Fig. 1) showed morphological characters of I. viridis, but

additionally a broad middorsal line on tergites, often flanked by lateral lines similar to I. riparia

sensu Simonsen et al. (1999). Because of being sub-mature, these animals could not be

discriminated clearly by shape of claws, which is the most important character for morphological

discrimination between I. viridis and I. riparia. DNA sequencing showed that their nucleotide

composition is much more similar to the sequences of I. viridis s. s. than to those of I. riparia.

Thus, ”I. vir-MDL” is considered to be a differently pigmented phenotype of I. viridis.

Analysing the COII gene with restriction enzymes and subsequently testing them revealed RFLP to

be a much less time-consuming and expensive alternative to direct sequencing (Table 3): Nine

different working steps can be reduced to only three. However, RFLP data have to be critically

analysed: the sensitivity of RFLP to point mutations requires a thorough concept as a basis for

using RFLP in routine analyses. We propose that at least two, better three 'species-discriminating'

restriction sites per species have to be present in the COII sequence of each species. Our results

show that this will hardly be the case for a single enzyme, so that a combination of several

endonucleases has to be designed in order to fulfil the above requirements. For the I. viridis

complex, Vsp I and Bsp 143 I appear to be an appropriate choice.

Table 3: Working steps in techniques for molecular identification of Collembola
    Present technique     Future technique: easy and quick identification
1. Field collection 1. Field collection
2. Microscopic identification
3. Establishment of laboratory cultures
4. Separation of taxonomical structures � (2.)
5. DNA extraction, amplification, purification 5. DNA extraction, amplification, purification
6. Sequencing
7. Identification of haplotype-specific restriction

sites
8. Design /choice of specific restriction sites
9. Specific fragment length polymorphism

(RFLP) on agarose gels
9. Specific fragment length polymorphism

(RFLP) on agarose gels

Still, the procedure used by us is based on both morphological work and direct sequencing, and

thus on maximum effort. For future applications one should directly test a combination of

restriction endonucleases, as it has been done for other insect taxa (Clark et al. 2001, Faten et al.

2002). The advantage of this technique over the frequently used RAPD analysis (e. g., Landry &

Lapointe 1996, Wang et al. 1996, Bachmann 1997) is the fact that the often scolded random factor

when using arbitrary primers does not apply anymore. Van der Wurff et al. (2000) used an

interesting alternative to our technique for Orchesella cincta (Insecta: Collembola) and tomato

strains (Lycopersicum sp.), namely TE-AFLP. In contrast to our technique, they used restriction
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enzymes before amplification - which, considering the very small amount of DNA in Collembola,

bears a higher risk of amplifying the "wrong" products, e.g. from contamination. In order to

estimate this risk, both techniques should be applied simultaneously.

Our next step will be to test the set of COII-specific restriction enzymes that we successfully

applied within the I. viridis group for another problematic group of Collembola, namely the

Protaphorura armata complex, which belongs to the systematically remote Poduromorpha.

In conclusion, having combined sequencing of the COII gene with the RFLP technique, we hope to

have developed a promising and comparably cheap molecular method for quickly separating

"difficult" Collembola species, and we encourage other researchers to test it for alternative taxa. As

a last remark, we want to point out that we do not intend to "push" molecular analyses for any

taxon: still, for the majority of (known) species, with some experience morphological characters

are sufficient for identifying them to species, and the microscopic work is by far the quickest and

cheapest method to analyse the diversity of Collembola. We have to keep in mind that single

genes, like the study of the COII sequence alone, bear a considerable risk for phylogenetic

analyses: that is the reconstruction of the gene rather than of the species tree. Other genes may

have evolved much more rapidly (or slowly, sometimes even mutating backwards: e.g. Cantatore

et al. 1994, Simon et al. 1996, Friedrich and Tautz 1997), but the analysis of the whole genome is

far too expensive. Therefore, the holistic approach of the "traditional" morphological analysis is of

still unmatched value, yet molecular markers are important additional "traits" for morphologically

variable and cryptic species.
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Abstract

For identification of single species within the Isotoma viridis group, we present PCR-RFLP as a

fast and efficient DNA-based molecular method. We used five PCR primers amplifying the COII

region (760 bp) of the mitochondrial DNA. The sequences clearly separated four species (Isotoma

viridis, I. riparia, I. anglicana and I. caerulea) out of samples from Norway, Sweden, Germany

and Switzerland. Examination of genetic variation and phylogenetic relationship did not support

the separation of two colour pattern forms of I. viridis into distinct species. For RFLP, several

restriction enzymes were tested for their ability to produce not only species-specific restriction

fragment patterns but to discriminate more than one species per enzyme used with as few cleavage

sites as possible. Such a design should render a clear fragment pattern when performing a double

digest. These demands appear to be fulfilled best by the combination of the restriction enzymes

Mfe I, Nci I and one of Aci I, Bst EII, Nde I or Sfc I. From the enzymes tested in a study before, Ase

I proved to be reliable, whereas MboI can no longer be recommended.

Keywords

COII gene, Collembola, Isotoma anglicana, I. caerulea, Isotoma viridis group, molecular methods,

RFLP, identification

Introduction

Collembola, as important functional constituents of terrestrial ecosystems, gain increasing interest

for studies dealing with questions of soil ecology (e.g. Petersen 2002). However, systematics and

taxonomy of some groups are still unclear. A synopsis on Palearctic species lists 14 species

belonging to the genus Isotoma, leaving aside another nine varieties or forms whose species status

is doubted (Potapov 2001). Potapov considers most of Isotoma s. str. to consist of ‚colour pattern

species‘, and assumes that many species described in the last 200 years are synonyms of I. viridis.
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This ubiquitous species is quite common in central and northern Europe and has undergone several

assessments concerning its systematic status, as most of its morphological characters used for

discrimination are highly variable.

Division into different species based on morphological differences was doubted (e.g. Heimann-

Detlefsen 1991), but different characters of morphology, ecology, isozymes and DNA have

supported the distinction of I. viridis sensu lato into three species Isotoma anglicana Lubbock

1862, I. riparia Nicolet 1841, and I. viridis Bourlet 1839 (Simonsen et al. 1999, Burkhardt &

Filser 2004). These three species are frequently recorded in papers dealing with soil-related topics

such as dynamics in soil communities, soil restoration, influences of pesticide application,

recolonisation or decomposition (e.g. Alvarez et al. 2000, Bilde et al. 2000, Filser & Krogh 2002,

Heupel 2002, Shaw 2003). Some authors distinguished between the species, some lumped them

together as Isotoma viridis group (e.g. Marcussen et al. 1999, Filser et al. 2002), mostly due to lack

of reliable discrimination characters in juvenile specimens. Because different species usually differ

in their requirements and reactions on environmental conditions (e.g. abundance differences

between I. viridis and I. anglicana in cadmium-rich soils, Cole et al. 2001), it would be necessary

to establish less variable characters for the discrimination of this abundant species group.

Furthermore, a set of robust taxonomic tools would be essential especially for separating sibling

species that may hide behind some of the colour varieties of the I. viridis group that were reported

to be present at specific habitat types (e.g. Agrell 1941).

Genetic markers and molecular based taxonomy of Collembola have gained increasing importance

over the last decades and were successfully used to resolve cryptic species groups in collembolan

genera (e.g. Carapelli 1995b, Frati et al. 2000), for species diagnosis (Carapelli 1995a) or in

population genetics (e.g. van der Wurff 2003). In some collembolan species variation in colour

pattern forms was found to be concordant with well-differentiated genetic lineages (Carapelli et al.

1995a, Frati et al. 2000, Soto-Adames 2002). In Isotomurus, sympatric species could be segregated

by regarding their microhabitat preference (Carapelli et al. 1995b).

After establishing a molecular based technique for quick discrimination of single individuals of the

I. viridis group (Burkhardt & Filser 2004), the aims of this study were 1) to determine the

reliability of the COII molecular markers we had introduced when comparing specimens from

additional populations and countries and 2) to determine whether the COII marker chosen would

split colour varieties of I. viridis into separate clusters, thus indicating the presence of cryptic

species. Furthermore, Fjellberg (2003) had proposed the existence of a cryptic species, I. caerulea,

that would have to be separated from I. anglicana by molecular markers as well. To test this
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hypothesis, we used his newly introduced morphological characters to discriminate both

phenotypes before trying to separate them by DNA-based methods.

Materials and methods

Sampling and preparation
We sampled specimens of the Isotoma viridis group from Bremen (northern Germany), Neuweiler

(Southern Germany), Sils/Engadin (Switzerland), Tjøme (Norway) and Eriksöre (Sweden: Öland).

At Bremen, samples were collected from different types of habitat (canal embankment, damp wood

and arable land). A description of sampling sites is given in Table 1.

Table 1: Sampling sites
Locality
&
abbrevia-
tion code

Bremen,
northern
Germany
(NGc)

Bremen,
northern
Germany
(NGa)

Bremen,
northern
Germany
(NGf)

Tjøme,
Norway (N)

Tjøme,
Norway
(N)

Neuweiler,
southern
Germany
(SG)

Sils/E.,
Switzer
land
(CH)

Eriksöre,
Sweden:
Öland
(S)

Site
descrip-
tion

Canal
embank-
ment

Arable
land near
a canal

Forest:
shady,
humous
canal
embank-
ment

I. anglicana:
dry, sandy
meadow
I. caerulea:
humid,
humus-rich
grass lawn

Salt
meadow
along
seashore

Damp
meadow

Stream
embank
ment

Dry
meadow

Site
number

01 04 08 14 15 17 21 30

The specimens were identified according to Gisin (1960), Fjellberg (1980) and Simonsen et al.

(1999) Specimens that showed intermediate character imprinting were allocated to the species they

likely belonged to according to the majority of their characters, and were named slightly

differently. Specimens that showed a faint middorsal line or even flanking bands on both sides of

the abdomen, as described for I. riparia, but in their other distinctive characters were closer to I.

viridis than to I. riparia, were named ‘I. viridis-M’ (I. viridis with a middorsal line). Also a

specimen resembling I. viridis but with a double and a single pair of manubrial thickenings, thus

standing between I. anglicana and I. viridis, was named ‘I.viridis-MT’ 0427. For discrimination of

I. anglicana and I. caerulea, we used the newly introduced character of relative length and position

of four macrochaeta A – D on the dorsal manubrium (Fjellberg 2003). Before DNA extraction, the

whole individual was photographed under a binocular. Furca and legs were dissected and mounted

on slides for later verification.
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DNA analysis
DNA was extracted from the remaining torso. We used the technique described by Sunnucks  &

Hales (1996) except for washed DNA, which was resuspended in 40 µl of a modified 0.5x TE

buffer containing 5 mM Tris-Cl pH 8.0 but only 0.05 mM EDTA. A 760 bp fragment of the

cytochrome oxidase II (COII) region of the mitochondrial DNA (mtDNA) was amplified with the

primers listed in Table 2.

Table 2: Primers used for PCR (1-5) and sequencing (1-3) of the mt COII gene region. Primer
names are according to Simon et al. (1994). An m indicates that the primer was modified from
universal type for better matching to collembolan DNA (Frati & Carapelli 1999).
No. Primer Sequence Location

1 TL2-J-3033 m 5-AATATGGCAGATTAGTGCA-3 Flanking

2 C2-N-3668 m 5-GCTCCACAAATTTCTGAACA-3 Internal

3 TK-N-3785 m 5-GTTTAAGAGACCAGTACTT-3 Flanking

4 TD-N-3862 m 5-CGTCTGACAAACTAATGTTAT -3 Flanking

5 C3-N-5460 5-TCAACAAAGTGTCAGTATCA-3 Internal CO3

A 100 µl mixture for PCR reaction contained 5 µl of DNA solution, 15 pmoles of each primer, 10

µl of 10x polymerase buffer (Eppendorf Hamburg), MgCl2 to a total of 2 mM, 0.1 mM dNTP mix

and 2 U of Taq polymerase (Eppendorf). DNA amplification was performed using the following

temperature programme: 94 °C 3min; (94°C 45 sec., 42 °C 45 sec., 70 °C 70 sec.) for 10 cycles;

another 25 cycles as before with annealing temperature increased to 46 °C, and a final extension at

72 °C for 5 min. If DNA extraction, e.g. from samples stored in alcohol for several years, gave

only poor DNA yield, a semi-nested PCR step was performed to amplify a sequence region around

the target gene. For this, we used the modified primer COIIa and the standard primer CO3b (Table

2) for amplification of a 2.4 kb sequence with the following temperature programme: 94 °C 3min;

(94 °C 60 sec., 43 °C 60 sec., 68 °C 180 sec.) for 12 cycles, followed by another 23 cycles (94 °C

45 sec., 48 °C 60 sec., 70 °C 180 sec.), and a final extension at 72 °C for 7 min. After this step,

amplification of the COII gene was performed as described above except for running eight pre-

amplification cycles and 27 amplification cycles and 0.3-10 µl of nested PCR-product, depending

on amplification success, as the template for the PCR reaction.

Amplification products were transferred in a fresh tube, precipitated by adding 300 µl ethanol p.a.

and 10 µl of 10M ammonium acetate, kept overnight at –20 °C, centrifuged at 10 000 g for 30 min,

washed in 300 µl of 70% ethanol, resuspended in 20 µl of modified TE buffer and checked on an

1.5% agarose gel. If showing more than one band or impurities, the whole amount of amplification
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product was separated on a 2% agarose gel in 1x TAE buffer, the target fragment cut out under

ultraviolet light and extracted from the gel slice using the Montage Gel Extraction Kit (Millipore,

Schwalbach, Germany). About 200 ng of each purified DNA was sent to SeqLab (Göttingen,

Germany) for sequencing.

DNA sequences were aligned using ClustalX v1.81 (Thompson et al. 1997) and controlled by eye.

To overcome potential inconsistencies of a single method, we calculated our topologies based on

different approaches. As recommended by Buckley et al. (2001), we performed the phylogenetic

analyses under a range of substitution models to test different effects of model assumptions on

estimates of bootstrap support and, especially, on topology. We used the Kimura 2-parameter

model and calculated topologies with Minimum Evolution, using the programme MEGA v.2.1

(Kumar et al. 2001). For Maximum-likelihood (ML) analysis a K3P+I+G model of DNA

substitution was identified by ModelTest v.3.5 (Posada & Crandall 1998) as best fitting the data.

ML analysis was performed with the programme DNAML from PHYLIP package v.3.61

(Felsenstein 2004). Here, parameters obtained from the ModelTest analysis included a proportion

of invariable sites (I) = 33.9%, a coefficient of variation (CV) = 1.0601 and base composition

(ACGT) = 31.2, 20.1, 13.0, 35.7%. MrBayes v.3.0b4 (Huelsenbeck & Ronquist 2001) was used to

construct a topology based on an alternative ML approach. We applied a GTR+I+G model with

four Markov chains. From 1.5 x 106 generations, we sampled every 100th generation. The first 300

trees were excluded from the analysis. A Maximum Parsimony (MP) analysis was conducted with

the PAUP* software, v.4.0b10 for 32bit Windows (Swofford 2002) with heuristic search, closest

addition sequence and TBR branch swapping.

RFLP analyses
With sequences aligned, we used the programme GeneDoc v2.6.002 (Nicholas & Nicholas 1997)

to search for haplotype-specific restriction sites for the restriction enzymes listed in the REBASE

data file v.303 (Roberts et al. 2003). The amplified mtDNA section – the COII gene and parts of

tRNA genes tLeu and tLys - was cut with the restriction enzymes listed in Table 3.

For restriction digestion, a mixture was used containing 8 – 12 µl of PCR product according to

DNA concentration, 2.5 µl of 10x digestion buffer provided by the manufacturer (MBI Fermentas,

St. Leon-Rot, Germany or New England Biolabs, Frankfurt/M., Germany), 1 U of restriction

enzyme, and made up to 25 µl with double-distilled water. The digestion mix was kept on a

heating block at 37 °C for 4 hours. When testing double digests, Y+Tango buffer for double digest

(MBI Fermentas) was used and two enzymes were added simultaneously to the same digestion mix

according to manufacturer’s instructions (http://www.fermentas.com/doubledigest/index.html).
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Digestion products were separated on 1.6% agarose gels, stained with ethidium bromide and

photographed under ultraviolet light. The obtained fragment patterns were checked for robustness

within haplotypes. For phylogenetic analyses, additional data from Burkhardt & Filser (2004) were

included in the present study. Nucleotide sequences reported in this paper have been deposited in

EMBL under accession numbers AJ888166 to AJ 888201.

Table 3: Restriction enzymes found to be suitable for separation of DNA-based haplotypes (mt
COII sequence) within the Isotoma viridis group. Because the primers listed in Table 1 will
produce a fragment of about 760 bp length including the COII gene and parts of some tRNA, this
total length is used for description of resulting fragment lengths. Enzyme names are given
according to REBASE nomenclature. [A] refers to Fig. 3.

COII restriction fragment length pattern forEnzyme
name

Restriction
sequence

I. anglicana I. caerulea I. viridis I. riparia
[A] Aci I [c!cgc] 760 315 - 445 760 760
[A] Bst EII [g!gtnacc] 760 270 - 490 760 760
[A] Nde I [ca!tatg] 760 360 - 400 760 760
[A] Sfc I [c!tryag] 760 220 - 540 760 760
Mfe I [c!aattg] 160 - 180 - 420 760 240 - 520 240 - 520
Ase Ia [at!taat] 110 - 650 110 - 650 105 - 165 - 230 - 260 105 - 165 - 230 - 260
Msl I [caynn!nnrtg] 760 760 120 - 600 120 - 600
Nci I [cc!sgg] 150 - 610 760 760 190 - 570
Bst NIb [cc!wgg] 185 - 575 40 - 145 - 575 40 - 145 - 575 145 - 615

Results

In total, 68 individuals of the I. viridis group were examined. The complete nucleotide sequence of

the COII gene was obtained from a 760 bp fragment including parts of tRNA flanking. No

insertions occurred during aligning except a single base insertion on position 653 in one

individual. For construction of the cladogram, this position and all non-coding sites were removed

and thus the phylogenetic analysis based on a 690 bp sequence. Nucleotide composition was

homogenous between ingroup taxa at all codon positions, confirmed by a �² test. For basal analysis

of the data set the Kimura 2-parameter distance was chosen according to guidelines given in

Kumar et al. (1993). In the COII gene, 275 positions out of 690 remaining were found variable

(39.8%) and 242 (35.1%) were parsimony informative, most of them located at the third codon

position (Table 4). This number of variable positions is remarkably low compared with other

collembolan species (Frati et al. 1997). The proportion of G at third codon positions was 6.9%, the

A+T content was 70.6%, a higher value than reported from other collembolan groups (Frati &

Carapelli 1999), whereas the anti-guanine bias corresponded to the mean value reported there, and

                                                          
a tested in Burkhardt & Filser (2004) as isoschizomer Vsp I
b tested in Burkhardt & Filser (2004) as isoschizomer Mva I
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in comparison with these data, we found less variation at first and more at third codon positions.

The distribution of compositional bias was different with respect for codon positions (Table 4).

Table 4: Distribution of variable and informative sites for each codon position and compositional
bias within the COII gene (690 bp) of the Isotoma viridis group (n=68).
Codon position % of variable sites % of informative sites Compositional bias

(according to Irwin et al. 1991)
First 19.8 18.1 0.085
Second 11.9 8.3 0.178
Third 68.3 73.6 0.421
Overall 0.225

It was lowest in first, twice as high in second and almost five times as high in third codon

positions. The percentage of transitions for all ingroup taxa was 57.2%. Percentages varied

between taxa (Table 5) but in no case reached the level of saturated divergence between 35 and

45% (Simon et al. 1994). The genetic divergence within and between groups is shown in Table 5.

Intraspecific variation ranged from 1 to 4%. Distance levels between I. riparia and I. viridis were

below 9%, between the other species they ranged from 20 to 24%. Distances to the outgroup

exceeded 29% in all ingroup species. For I. viridis, enough specimens (27) were available to

estimate genetic distances between two sampling sites NGc and NGa, representing different

microhabitats, and between the two types of colour pattern forms observed, ‘I. viridis s. str.’ and ‘I.

viridis-M’. However, the genetic distances (0.013 – 0.017) did not support the separation of two

colour pattern forms of I. viridis into distinct species nor a division according to sampling sites.

Table 5: Genetic distances within and between groups of taxa and percentage of transitions within
groups, based on all three codon positions of the COII gene (690 bp, n=68). Kimura 2-parameter
method, transitions and transversions equally weighted. The standard error (in parentheses) was
estimated from 500 bootstrap replicates. Overall distance of ingroup 0.150.

I .anglicana I. caerulea I. riparia I. viridis outgroup
Percentage of
transitions

Number of
individuals 17 13 7 31 3

I. anglicana 0.033 (0.005) 0.77
I. caerulea 0.243 (0.020) 0.044 (0.006) 0.81
I. riparia 0.223 (0.021) 0.208 (0.019) 0.010 (0.002) 0.46
I. viridis 0.239 (0.022) 0.200 (0.018) 0.087 (0.012) 0.020 (0.002) 0.56
Outgroup 0.311 (0.023) 0.318 (0.022) 0.302 (0.022) 0.298 (0.021) 0.240 (0.019) 0.62

The phylogenetic relationships based on ML analysis are shown in Fig. 1. All analytical strategies

used resulted in the same tree topology, placing the specimens examined in four distinct groups

that each collected all the haplotypes of Isotoma viridis s. str., I. riparia, I. caerulea and I

anglicana from different sampling sites and countries. All basal groupings were well supported by

bootstrap values, and most species were represented by more than one haplotype group.
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 Isotomurus  hadriaticus  AJ009821
 Isotomurus  palustris  X95789
 Isotomurus  maculatus  AJ272595
 0105 I. viridis NGc
 AJ586585 I. viridis NGc
0147 I. viridis -M NGc

 AJ586590 I. viridis NGa
 0126 I. viridis -M NGc
 AJ586588 I. viridis -M NGa
AJ586587 I. viridis NGa

 AJ586593 I. viridis NGa
 0427 I. viridis -MT NGa
 0149 I. viridis -M NGc
 1706 I. viridis  SG
 1705 I. viridis  SG
 AJ586609 I. viridis  SG
 AJ586581 I. viridis NGc
 AJ586586 I. viridis -M NGc
 AJ586582 I. viridis NGc
 0114 I. viridis NGc
 0112 I. viridis NGc
 0403 I. viridis -M NGa
 0155 I. viridis -M NGc
 0124 I. viridis -M NGc
 AJ586591 I. viridis NGa
 AJ586580 I. viridis -M NGc
 0429 I. viridis NGa
 AJ586589 I. viridis NGa
 0107 I. viridis -M NGc
 AJ586595 I. viridis -M NGa
 AJ586599 I. viridis NGf
 AJ586594 I. viridis -M NGa
 AJ586592 I. viridis NGa
 AJ586584 I. viridis NGc

I. viridis

AJ586607 I. riparia N
 AJ586605 I. riparia N
 AJ586596 I.riparia  NGa
 AJ586606 I. riparia N
 AJ586604 I. riparia N
 AJ586579 I.riparia  NGc
 AJ586608 I. riparia N

I. riparia

 AJ586578 I. caerulea  NGc
 AJ586583 I. caerulea  NGc
 3006 I. caerulea S
 3004 I. caerulea S
 3005 I. caerulea S
 0123 I. caerulea  NGc
1405 I. caerulea N

 1406 I. caerulea N
 1403 I. caerulea N
 1402 I. caerulea N

1404 I. caerulea N

I. caerulea

 1709 I. caerulea SG
 2104 I.  anglicana  CH
 2101 I.  anglicana  CH
 2105 I.  anglicana  CH
 1702 I.  anglicana  SG
 2103 I.  anglicana  CH
 1411 I.  anglicana  N
 1410 I.  anglicana  N
 2102 I.  anglicana  CH
 1409 I.  anglicana  N

I. anglicana

 AJ586598 I.  anglicana NGf
 AJ586602 I.  anglicana NGf
 AJ586597 I.  anglicana NGf
 AJ586601 I.  anglicana NGf
AJ586603 I. anglicana NGf

 AJ586600 I.  anglicana NGf
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Fig. 1 Consensus tree of the Isotoma viridis group (n = 68) derived from the COII sequence (690 bp), based on
Maximum-likelihood (ML) analysis (K3P+I+G model, coding positions weighted equally, -ln likelihood =
4913.553, I = 0.339, G = 0.889. Bootstrap values above 50% for 1000 replicates (ML: 100 replicates) are
shown near nodes (from top to bottom): Maximum-parsimony (MP) estimates (equally weighted, l = 831, CI =
0.57, RI = 0.92), ML estimates, posterior probabilities from Bayesian inference, and Minimum Evolution (ME).
A dash (--) indicates missing values as the method did not support a furcation at this position. Sequences that
were previously published (Burkhardt & Filser 2004) are given with accession numbers. Three Isotomurus
species were used as the outgroup. ‘I.viridis-M’ indicates phenotypes of I. viridis with a middorsal line,
‘I.viridis-MT’ indicates a specimen with aberrant manubrial teeth. Species names are followed by codes
containing country, sampling locality (first two numbers) and voucher number (numbers 3-4) or accession
number, e. g. the first ingroup specimen, I.viridis NGc 0105, is an Isotoma viridis without middorsal line from
northern Germany, sampling site 01, and site type: canal embankment, with the specimen voucher number
0105. Further abbreviations and site numbers are listed in Table 1.
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From 10 haplotype groups, derived from robust grouping independent of the inference method

used, I. viridis and I. riparia contained two groups each and I. caerulea and I. anglicana three

groups each. Considering the different analytical strategies used, no differences were found in the

grouping of haplotypes but in the calculated degrees of relation towards each other group. The I.

anglicana groups were placed as the most ancestral, splitting first from the I. viridis species group,

followed by the I. caerulea haplotypes, which were placed separate too, while I. riparia and I.

viridis formed a close relationship.

The specimen with three manubrial thickenings (‘I. viridis-MT’) was not placed as a separate

haplotype but within the I. viridis groups. Two out of three specimens from southern Germany

were placed in a slightly separate cluster, but this was not supported in the MP analysis, and the

third specimen was found amidst the specimens from northern Germany. All specimens of I.

riparia were placed in two groups, with specimens from northern Germany and Norway mixed. I.

caerulea and I. anglicana were split into two separate groups, both of them collecting all

specimens of both taxa from northern and southern Germany, Sweden and Norway, or from

Switzerland, northern and southern Germany. Regarding the I. caerulea haplotypes, the specimen

from southern Germany was placed most basal, whereas the specimens from northern Germany

were placed closer to those of Sweden than to those of Norway. In the I. anglicana group, the

Swiss specimens were clearly split into two distinct haplotypes, whereas those of northern

Germany were placed together, as with the Norwegian specimens.

From a list of 172 commercially available restriction enzymes from the REBASE catalogue v.303,

we chose enzymes in a rank to fulfil the criteria of intraspecific robustness, separation of more than

one species per enzyme used and as few cleavage sites as possible, as more cleavage sites mean

less DNA per band, which will lead to lesser visible bands in the gel. In addition, enzymes that

would produce fragments smaller than 80bp were rejected as we noticed that below this length

short fragments tended to ‘vanish’ from the fragment pattern, either by  migrating much faster than

the longer bands or by giving weak staining signal. The only exception was Mbo I, where a loss of

a 10 bp fragment in I. caerulea had little effect on the resulting pattern. An example of RFLP

pattern, Mfe I separating both I. caerulea and I. anglicana from each other and from I. viridis and

I. riparia, is given in Fig. 2. The enzymes listed in Table 3 proved to be stable in practical tests and

gave identical fragment patterns for individuals of the same species but from different sampling

localities or countries. However, Mbo I, which was tested in Burkhardt & Filser (2004) as

isoschizomer Bsp 143I, gave an alternative fragment pattern in one of the two Swiss haplotypes of

I. anglicana, thus resembling the I. riparia pattern.
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Discussion

Conclusions in systematics based on a single gene sequence should be handled with care unless

they can be confirmed by results from characters that have evolved independently, such as nuclear

(versus mitochondrial) genes or proteins. However, our results are in agreement with results from

isozyme analysis of the I. viridis group, where the variation in some enzyme loci gave hint that

there might be two groups of I. anglicana (Simonsen et al. 1999). In that study, methods of

morphology, ecology and molecular biology were combined in order to obtain a sound, reliable

taxonomic separation. Our results clearly support the separation into three species suggested there,

and they support the proposed division of I. anglicana into two species. From this point of view,

we conclude that, first, a combination of different techniques will probably lead to a robust

systematic differentiation and succeed in generating a taxonomic toolbox from where the best

characters for efficient discrimination can be chosen. Second, our species discrimination based on

COII sequence data is in accordance with earlier findings and thus may serve as a tool for

molecular based discrimination at the species level.

Neither different methods nor models of substitution used led to distinct changes in topology or

support at the basal nodes, but in all cases produced four main clades identical in haplotype content

M 1 2 3 4 5 6 7 8 9 10 M 11 12 13 14 15 16 17 18 19 M 20 21 22 23 24 25

Fig. 2 Restriction fragment pattern of the COII sequence (partial, 640bp) of the Isotoma
viridis group after digestion with endonuclease Mfe I. Species are I. caerulea (1-10), I.
anglicana (11-19), I. riparia (20, 25) and I. viridis (21-24). Collection localities are southern
Germany (1-3, 23), Sweden (4-6), northern Germany (7-8, 11-12, 20-22, 24), Norway (9-10,
13-16, 25) and Switzerland (17-19). M: molecular marker 1.5 – 0.2 kb.
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that appear to represent natural groups. Differences mainly occurred in the placement and support

of haplotypes within these main clades. The ‘I. viridis-M’ phenotypes formed no separate cluster

within I. viridis but in the phylogenetic analyses they were placed amidst the I. viridis specimens

that are uniformly coloured and have no middorsal line (‘I. viridis s. str.’). Therefore we regard this

phenotype as a mere colour variation of I. viridis.

The specimens from three different sampling localities around Bremen (damp forest, canal

embankment and arable land) were not separated according to those sampling sites but were almost

homogenous within the I. viridis cluster, as were the I. riparia specimens from northern Germany

and Norway within their cluster. The relative homogeneity of the I. viridis cluster compared with

the other groups may result from the fact that no individuals from other countries were tested here.

However, the comparison of genetic distances (Table 5) showed no especially high intraspecies

variation for I. viridis that would hint at the existence of a cryptic species. Genetic variation and

phylogenetic analysis did not support a separation of distinct colour forms in I. viridis into distinct

species.

The groups of I. caerulea and I. anglicana from more diverse sampling sites appeared to reveal

more haplotypes, but the number of specimens was too low to draw conclusions from this. Isotoma

anglicana was most probably the earliest species to separate from a common ancestor. However,

its high heterogeneity may be partially influenced by a higher degree of variation in the genome

due to environmental conditions at the Swiss sampling site (1800 m above sea level near a pool

site of the Inn River), where members of different populations might have been drifted together

from upstream regions. On the other hand, some of these divisions may be simple artefacts

resulting from the small number of individuals in haplotype groups. An attempt to solve this issue

would require more samples (Graybeal 1998) and independent genes (Mitchell et al. 2000), as

recommended for resolving phylogenetic problems, as effects such as lineage sorting, gene

introgression or hybridisation may influence mtDNA variation in sexual reproducing species and

lead to erroneous gene trees (e.g. Moore 1995, Maddison 1997). For Collembola, none of these

effects has yet been reported, except hybridisation (Deharveng et al. 1998, Skarzynski 2004). They

have, however, been detected in other arthropod taxa (e.g. Sota 2002, Baudry et al. 2003, Pesson et

al. 2004, Donnelly et al. 2004).

Performing a restriction analysis without prior DNA sequencing also will result in mitotypes that

can be used for population genetics or systematic studies (e.g. Franck et al. 2001). We aimed at

finding reliable RFLP patterns and, therefore, marker systems based on species-specific sequence

regions that could be used for all populations of the I. viridis group that had so far been
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investigated for molecular characters within a central and northern European transect (I.

mackenziana and I. arctica have not yet been investigated for molecular characters at all).

As the sequencing results are in good agreement with morphological and enzyme data – as far as

they are known – we consider the restriction enzymes listed in Table 3 to be suitable for a quick

and efficient discrimination.

Because the RFLP-based markers presented here are based on DNA sequence information that was

obtained before selecting convenient restriction enzymes, they represent no additional systematic

information. No COII sequences of other Isotoma species, except I. klovstadi (Frati & Carapelli

1999), have been published. Therefore, it is hardly possible to compare and estimate sequence

divergence within species in the genus Isotoma in order to test whether newly detected species

show genetic differences that are at least as large as between those of species universally accepted.

We are planning to test fragment patterns of some species closely related or sympatric to the I.

viridis group in order to estimate the degree of different and identical patterns.

As the geographical distribution of some members of the I. viridis group is still partially unknown

and species‘ first discoveries for certain countries are still being published (e.g. Shaw 2003), it is

hardly possible to estimate how many Isotoma sp. in fact exist in central Europe. If further types

within the I. viridis group are raised to species level, or if the investigation of more populations of

these four species increases their genetic diversity, some additional enzymes may have to be found

to discriminate all members of the group, while at the same time some of the enzymes listed above

may become misleading. For example, we recently reported that Bsp 143I, an isoschizomer of Mbo

I, produced no stable fragment pattern for I. anglicana (Burkhardt & Filser 2004). Because I.

anglicana obviously splits into two different taxa, Mbo I in this new light produces stable patterns

for I. caerulea. In I. anglicana, however, it shows an aberrant pattern for some specimens from

Switzerland that will result in a fragment pattern similar to I. riparia. Therefore, Bsp 143 I, Mbo I

and all other isoschizomers that recognize the cleavage site [attaat] can no longer be recommended

as a reliable discriminating tool for the I. viridis group.

Because of occasionally occurring point mutations it is generally hazardous to rely on a single

restriction enzyme for species discrimination. Out of the enzymes listed in Table 3, we would

recommend a combination of enzymes Mfe I and Nci I for discrimination of the I. viridis group

(Fig. 3). This combination will produce a low number of fragments for clear discrimination and

each enzyme will independently discriminate three of the group’s four species. Thus, both enzymes

can serve as each other’s safeguard for most cases of identification. Only the discrimination of I.

caerulea vs. I. viridis and I. viridis vs. I. riparia will not be two-fold secured in this combination.
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The former could be achieved by adding one out of four enzymes (Aci I, Bst EII, Nde I or Sfc I,

Table 3).

The molecular based identification techniques described here should be used as an additional tool

to support established and reliable methods in species discrimination, especially for resolving

cryptic species groups or stages that cannot resolved by traditional methods, such as morphology,

alone. As arthropod species identification using a microscope and a robust morphology-based

identification key can hardly be undercut considering rapidity and costs, in our opinion the use of

genetic markers would make most sense: 1) as one tool among others when establishing a real

sound basis in systematics, and 2) as a fast and efficient high throughput identification technique

especially for field studies that require collection and identification of huge numbers of samples

(e.g. Shufran 2003) including juvenile forms, which in Collembola often lack morphological

characters for species identification (e.g. Gisin 1960). The combination of DNA sequencing data

followed by RFLP analysis has proven its suitability for species identification in different taxa (e.g.

Lindeque et al. 1999, Barsotti et al. 2002, Herke & Foltz 2002, Reutter et al. 2002, Bomberg et al.

2003, Burkhardt & Filser 2004), but mostly for resolving ‘problematic’ species groups. The

potential of molecular markers as a general standard system for taxonomy will not become

accessible unless an extensive database collection is established that includes molecular markers

and allows scrutinization and verification of reliability of all marker sets used there (e.g. Godfray

2002, Tautz 2002, Hebert et al. 2003).
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Mfe I

I. anglicana
I.
caerulea I. riparia

I. viridis

Nci I

I. caerulea
I.viridis
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anglicana I. riparia

1 out of  [A]

I.
caerulea I. anglicana,

I.riparia,
I.viridis

Fig. 3: Discrimination scheme for the Isotoma viridis group by use of restriction enzymes that will
cut the mt COII gene. Shown is how Mfe I and Nci I produce different patterns of separation that,
in combination, discriminate the four species with high reliability. [A] symbolises one out of four
enzymes (Table 3) that provides a second pattern for the discrimination of I. caerulea and I.
viridis.
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Abstract

Within the family Onychiuridae, the systematics of the subgenus Protaphorura are among the

most problematic ones in Collembola, due to the high variability of the characters that are used for

identification, in particular pseudocelli. The first species described was Onychiurus armatus

(Tullberg 1869). From 1947 on, Gisin split it into subgenera with many different species. Recent

systematics list more than 40 European species within the group.

Purpose of our study was to bring more light in the cryptic systematics of this group. The historical

development and present use of Protaphorura systematics were reviewed. Representatives of the

group were sampled in a number of sites in Germany and Scandinavia and identified using

morphological and molecular traits. Morphological identification according to Gisin (1960),

Pomorski (1990) and Fjellberg (1998) revealed the following species: P. armata, P. boedvarssoni,

P. campata, P. fimata, P. glebata, P. macfadyeni, P. pannonica, P. procampata, P.

pseudovanderdrifti, P. quadriocellata, P. subarmata, P. subuliginata and P. tricampata.

We used the mitochondrial cytochrome oxidase subunits I and II (COI and COII) and the nuclear

internal transcribed spacer 1 (ITS1) genes to analyse the relationship among taxa within this group.

Concordant patterns for nuclear and mitochondrial markers suggest the existence of distinct species,

especially P. fimata, but also differences between the nuclear tree and the mitochondrial trees were

found. Some of these hint at the presence of alien DNA in the mitochondrial DNA of

Protaphorura. In addition, low concentrated DNA templates are susceptible of co-amplifying

DNA contaminations and thus producing ambiguous sequence data. We conclude that samples

about 1 mm of body size or smaller tend to yield insufficient amounts of DNA for PCR

amplification and bear a higher risk to amplify traces of DNA contaminations rather than the

desired target sequence. This risk may be even higher when it becomes necessary to perform a

nested PCR step without using species-specific primers in the second amplification. We could

confirm earlier findings that the mere number of pseudocelli per body segment may lead to erroneous
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discrimination, whereas the localisation of pseudocelli, as proposed by Pomorski (1986, 1990), seems to

be of high importance in order to detect morphological aberrations in the pseudocellar pattern. Clearly, the

systematics of the P. armata group have to be thoroughly revised, and besides more DNA

information from different genes and sampling sites, morphological characters and ecological

information should be included in order to support the molecular findings.

Keywords

Collembola, Protaphorura armata group, molecular methods, species identification, COI, COII,

ITS1

Introduction

Recent systematics of Collembola are mainly based on morphological characters. Once

established, however, some of those characters have turned out to be highly variable as soon as

more populations of the same taxon are studied, so that the species status becomes uncertain.

Thereupon scientists started to introduce subspecies, forms, tribus and other fine-scaled taxon

descriptions or they simply lumped all such ‘species’ together in a species group. Unfortunately, in

the second case it is no longer possible to detect ecological parameters that could be associated to

single species and thus could justify the division of group members into separate species. In recent

years, molecular approaches have been increasingly used to clarify systematics in cryptic

collembolan taxa, first based on enzyme patterns (Carapelli et al. 1995a, b, Frati et al. 1997,

Simonsen et al. 1999), nowadays rather on DNA patterns (Soto-Adames 2002, D’Haese 2002, van

der Wurff et al. 2003).

As Lawrence (1979) pointed out, ”ecologists need a stable nomenclature. Taxonomists need long

series of perfect specimens on which to base it. Both ecologists and taxonomists need biological

information in order to better interpret the results of their own findings”. In the Protaphorura

armata group, such series of perfect specimens are a longing yet to be fulfilled.

On higher taxonomic levels, Onychiuridae can clearly be distinguished from other Collembola, as

they all have pseudocelli on head and body, and the subfamilies Tullbergiinae and Onychiurinae

are distinguished by their different shape of the sensory organ on antennal segment III. But below

this level, systematics are a subject of ongoing debate (Weiner 1996, Pomorski 1996, 1998).

Among the Onychiurinae, the genus Protaphorura can be distinguished by shape, number and

arrangement of vesicles in the postantennal organ, reduction of the furca to a integumentary fold

and the presence of anal spines.
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Up to now, for members of the group both genus names, Onychiurus and Protaphorura are used as

synonyms for each other, depending on the author. In accordance with this confusion, studies

dealing with the P. armata group refer to different taxon levels: ”Protaphorura armata (Tullberg)”

(Salamon et al. 2004), P. armata ”sensu lato” (Jorgensen et al. 2003), ”Onychiurus armatus”

(Sabatini & Innocenti 2001), distinct members of the group (Eckert & Palissa 1999) and so on.

This mess has clearly hampered detailed ecological studies that might have enlightened the species

status within the P. armata group.

Since Gisin (1947) started to split Onychiurus armatus (Tullberg, 1869) into more than 40

narrowly-separated species, based on pseudocellar formula and patterns of chaetotaxy, a debate

goes on how many real species are hidden in the so-called P. armata group. A Collembola

database (Bellinger et al. 1996-2005) actually lists more than 115 species of Protaphorura as valid

worldwide (February 2005). Lawrence (1979) showed that based on Gisin’s characters alone, more

than 110,000 unique combinations of types could be described as own species. And in fact, new

species are still described based on Gisin’s patterns (e.g. Weiner 1990, Rusek 1995, Lucic et al.

2003). But soon after Gisin’s splitting some scientists considered most of his characters raised to

be only insignificant ecological or local modifications (Stach 1954, Choudhuri 1964, Hale 1968,

Böhle 1991). Bödvarsson (1959, 1970) even concluded the P. armata group to collect merely

several forms of one real species. These authors stated that quite often individuals can be found

that show either a completely new composition of character patterns or an intermediate pattern

standing between two species already described. Furthermore, even in one individual character,

aberrations can be found, i.e. differences in pattern between left and right side of the body (Pitkin

1980, Pomorski 1986, Filser 1992). Thus, in most of such cases species discrimination is

impossible and besides, the value of these characters as robust tools for discrimination becomes

questionable.

Following Gisin, several authors tried to recognise and to eliminate such highly variable characters

or to replace them with more consistent ones (Choudhuri 1964, Hale 1968, Lawrence 1979,

Pomorski 1986, 1993). Pitkin (1980) tried to estimate the degree of variation in 20 morphometric

characters in order to reveal morphologically distinct groups and thus could discriminate character

sub-sets. However, he could not determine whether these four character sub-sets would represent

distinct species or merely infra-specific forms.

Pomorski (1986, 1990) studied character variation in laboratory rearings and emphasised not the

number of pseudocelli but their localisation to be of high taxonomic value. Based on his results he

proposed 49 ‚species‘ and ‚subspecies‘ of the P. armata group studied to contain 13 real species,

and recommended five morphological characters to be of diagnostic value.
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Only once an attempt was made to use biochemical characters to investigate the taxonomic status

within the Genus Onychiurus. Hale & Rowland (1977) used protein electrophoresis and

chromatograms of free amino acids and found consistent differences in the profiles between eleven

species of Onychiurus tested, including members of the P. armata group, whose differences were

found to be as great as those occurring between universally accepted species. On the other hand, no

concordant patterns for all those members of the P. armata group could be found as revealed for

other sub-genera in the same study. Furthermore, the authors had to use ‚single species‘

populations (Hale 1964), because they could not use the same individual for both microscopic

identification and experimentation, so that some certain taxonomic uncertainty had to remain.

Meanwhile methods are available that provide the extraction and subsequent amplification of small

amounts of genetic material from single individuals to allow phylogenetic and taxonomic

investigation. The present study aims to combine a morphological and molecular based

investigation of members of the P. armata group. We prepared single individuals for microscopic

identification without destroying their DNA and, after identification, extracted and amplified gene

sequences that might provide molecular markers for species identification. The extraction from

single individuals should prevent the mixing of distinct genotypes, and the information obtained

hereby should be checked for congruence or differences compared to the current systematics of the

P. armata group based on morphological characters. We present a first screening of several

commonly used gene regions for their suitability to resolve the phylogenetic relationships within

the P. armata group.

Materials and Methods
Sampling of specimens
Live samples of Protaphorura sp. were collected around Bremen (Germany), Femmøller,

Helgenæs (Denmark) and Eriksöre (Sweden) and kept for rearing. Additional material was

obtained from collections from Dortmund, Darmstadt and Scheyern (Germany). Arne Fjellberg

provided alcohol material from Greenland, Norway, Sweden, Finland, Denmark and Tasmania.

Ethanol samples had been stored between 2 months and 9 years before DNA extraction. A

description of sampling sites is given in Table 1.

To achieve microscopic identification without destruction of DNA, individuals were heated in

90% ethanol and placed in a drop of ethylene glycol on a glass slide. A cover glass was placed

nearby and the specimen was moved towards its edge. A second cover glass was placed above the

drop and the edge of the first cover glass. Thus, the specimen was gently flattened and the

characters on tergites became visible for microscopic observation. By moving the cover glasses,
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the specimen could be rotated for making visible additional characters located more lateral such as

the pseudocellus d (Pomorski 1986) on the fourth abdominal segment. This character and the

posterior capital pseudocelli (PCP) are sometimes difficult to check without completely squeezing

the individual. In such cases, the head and the abdominal segments were dissected, cleared in lactic

acid and mounted on slides permanently. DNA was then extracted from the remaining parts of

thorax and abdomen, which, in most cases, yielded sufficient amounts of DNA. All character

details important for species identification were photographed for later verification. Specimens

were identified according to Gisin (1960), Pomorski (1990) and Fjellberg (1998). Specimens that

showed an intermediate character pattern were allocated to the species they likely belonged to

according to the majority of their other characters as proposed by Bödvarsson (1970), and were

named [Genus] cf [species].

Table 1: Sampling localities
Site number Site description
06 Germany: Bremen. Canal embankment.
08 Germany: Bremen. Humous canal embankment.
13 Germany: Bremen. Compost heap.
18 Germany: Dortmund. Laboratory rearing.
19 Denmark: Helgenæs. Debris in sand on sea shore.
20 Denmark: Helgenæs. Among stones/sand and rotten seaweeds.
23 Germany: Scheyern. Laboratory rearing.
24 Germany: Bremen. Hornbeam grove.
25 Denmark: Femmøller. Litter, forest and meadows.
26 Greenland: Fiskenæsset. Dry slope, under Alchemilla alpina mat.
27 Norway: Vestfold, Mågerö. Garden soil.
28 Greenland: Fiskenæsset. Beach meadow.
30 Sweden: Öland, Eriksöre. Garden soil.
31 Norway: Vestfold, Tjøme, Mostranda. Seashore, wrack bed.
32 Tasmania: Launceston. Soil in poppy farm.
37 Germany: Solling. Litter in beech forest.
40 Denmark: Bornholm, Ringe bakker, Jons Kapell. Grass fields.
41 Sweden: Öland, S.Kvinneby, Stora Ören. Old wrack, seashore.
42 Finland: Lillmalö, S of Parainen. Litter in pine forest at beach.

Extraction of DNA
DNA Extraction from fresh samples followed the protocol of Landry et al. (1993) Purified DNA

was resuspended in 40 µl of a modified 0.5x TE buffer containing 5 mM Tris-Cl pH 8.0 but only

0.05 mM EDTA. If only parts of an individual or old ethanol samples were available, we used the

DNeasy Tissue Kit from Qiagen (QiaGen, Hilden, Germany) and dissolved the DNA in only 50 µl

of buffer. In a few of these samples DNA was isolated according to the alterations recommended

by Cruickshank et al. (2001) in order to determine if this method provided any advantage over the

standard protocol for DNA extraction.
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PCR reaction
We amplified DNA fragments of two sub-units of the mitochondrial cytochrome oxidase (COI and

COII) and the internal transcribed spacer region (ITS1) of the nuclear DNA. A list of primers used

is given in Table 2.

Table 2: Gene regions studied and Primers used for PCR and sequencing.
Primer name citation sequence used for
COI
C1-J-1718 Simon et al.

(1994)
5’-GGA GGA TTT GGA AAT TGA TTA GTT CC-3’ nested PCR

C1-J-2195 Roehrdanz
(1993)

5’-TTG ATT TTT TGG TCA TCC AGA AGT-3’ PCR and sequencing

TL2-N-3014 Simon et al.
(1994)

5’-TCC AAT GCA CTA ATC TGC CAT ATT A-3’ PCR and sequencing

COII
TL2-J-3034 Frati &

Carapelli (1999)
5’-AAT ATG GCA GAT TAG TGC A-3’ PCR and sequencing

TK-N-3785 Frati &
Carapelli (1999)

5’-GTT TAA GAG ACC AGT ACT T-3’ nested PCR, PCR
and sequencing

ITS-1
NS7 White et al.

(1990)
5’-GAG GCA ATA ACA GGT CTG TGA TGC-3’ nested PCR

ITS1 White et al.
(1990)

5’-TCC GTA GGT GAA CCT GCG G-3’ PCR and sequencing

ITS2 White et al.
(1990)

5’-GCT GCG TTC TTC ATC GAT GC-3’ PCR and sequencing

ITS4 White et al.
(1990)

5’-TCC TCC GCT TAT TGA TAT GC-3’ nested PCR

A 100-µl mixture for PCR reaction contained 5 µl of DNA solution, 15 pmoles of each primer, 10

µl of 10x polymerase buffer (Eppendorf Hamburg, Germany), additional MgCl2 to a total of 2 mM,

0.1 mM dNTP mix and 2 units of Taq polymerase (Eppendorf, Hamburg, Germany). DNA

amplification was performed using the temperature programmes shown in Table 3.

Table 3: PCR cycling conditions for amplification of the three gene regions used
COI COII
94°C 2 min (1x) 94°C 2 min (1x)
94°C 45 sec., 50°C 45 sec., 70°C 70 sec. (9x) 94°C 45 sec., 44°C 45 sec., 70°C 60 sec. (9x)
94°C 45 sec., 53°C 45 sec., 70°C 70 sec. (26x) 94°C 45 sec., 47°C 45 sec., 70°C 60 sec. (26x)
72°C 5 min (1x) 72°C 5 min (1x)

ITS1
94°C 2 min (1x)
94°C 60 sec., 47°C 60 sec., 70°C 60 sec. (12x)
94°C 45 sec., 52°C 60 sec., 70°C 80 sec. (23x)
72°C 5 min (1x)

nested PCR for mitochondrial DNA nested PCR for nuclear DNA
94°C 3 min (1x) 94°C 3 min (1x)
94°C 45 sec., 46°C 60 sec., 68°C 120 sec. (12x) 94°C 40 sec., 62°C 30 sec., 72°C 40 sec. (6x)
94°C 45 sec., 50°C 60 sec., 70°C 120 sec. (24x) 94°C 45 sec., 59°C 30 sec., 72°C 40 sec. (34x)
72°C 7 min (1x) 72°C 10 min (1x)
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If DNA extraction, e.g. from samples stored in alcohol for several years, gave only poor DNA

yield, a nested or semi-nested PCR step was performed to amplify a sequence region around the

target gene. For the mitochondrial sequences, we used the primers C1-J-1718 and TK-N-3785 M

and for ITS1, we used NS7 and ITS4 (Table 2). After this step, amplification was performed as

described above except for using fewer template, 0.3 to 10 µl of nested PCR-product, depending

on amplification success, for subsequent PCR reaction. Amplification products were purified using

the MinElute Kit (QiaGen, Hilden, Germany) and checked on an 1.5% agarose gel. If showing

more than one band or impurities, the whole amount of amplification product was separated on a

2% agarose gel in 1x TAE buffer, the target fragment was cut out under ultraviolet light and

extracted from the gel slice using the Montáge Gel Extraction Kit (Millipore, Schwalbach,

Germany). About 200 ng of each purified DNA were sent to SeqLab, Göttingen or AGOWA,

Berlin, for sequencing.

DNA sequences were aligned using ClustalX v1.81 (Thompson et al. 1997) and controlled by eye

for positions with weak support. All sequences were checked with the discontiguous Mega BLAST

algorithm (http://www.ncbi.nlm.nih.gov/) to detect potential contamination with alien DNA. For

phylogenetic analyses we chose the Kimura 2-parameter model according to the recommendations

given in Kumar et al. (1993) and calculated topologies with Minimum Evolution, using the

programme MEGA v.2.1 (Kumar et al. 2001). Confidence of branches was assessed using 1000

bootstrap replications. DNA of other onychiurid species and of Orchesella villosa as a distant

collembolan species was taken as outgroup sequences. As additional outgroups, mitochondrial

DNA sequences of Tetrodontophora bielanensis and Onychiurus orientalis were obtained from

EMBL. Since no collembolan ITS1 sequence was available, we amplified them from T. bielanensis

and Onychiurus folsomi with the same primer sets as used for Protaphorura. The obtained DNA

sequences are deposited at the EMBL database.

Results

Of our material tested, 34% showed morphological variability, mostly variation in chaetotaxy

patterns, but also aberrations in number or localisation of pseudocelli. Some individuals failed to

give a sufficient amplification product due to the small amount of tissue that could be used for

extraction or because of their storage in ethanol for several years. Therefore not all specimens

could be tested for all three gene regions. Aberrant specimens are listed in Table 4.

No differences could be observed in resulting template quality according to the different DNA

extraction methods used. The DNA extracted with the QiaGen kits was diluted in 50 µl buffer

instead of 40µl in the other methods, but this higher dilution did not affect subsequent
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amplifications adversely. However, some samples failed to amplify with all primer combinations

tested.

Table 4: Morphological aberrations of Protaphorura species tested in this study. E.g., 3+4 PsOc
means the number of pseudocelli on both sides of the same tergite. Naming of PsOc 4 d and setae
s’, s’’ as in Pomorski (1986).
presumed species voucher

number
Morphological aberration compared to Gisin’s (1960) description.

P. armata x tricampata 4009 on abdomen 5 seta s’ present on one side only
P. cf armata 2002 PCP 3+4 PsOc; 3+4 PsOc. on abdomen 5.
P. cf armata 2414 additional pseudocellus on right PCP, near median line of head.
P. cf armata 2305 On abdomen 2+3 seta s‘ present.
P. cf armata 2308 On abdomen 2 seta s‘ present on one side.
P. cf armata 2403 PCP 3+4 PsOc.
P. cf armata 2414 PCP 4+3 PsOc.
P. cf boedvarssoni 3001 3+3 pseudocelli on abdomen 5.
P. cf caledonica 1902 PCP 3+4 PsOc.
P. cf fimata 2418 ACP 4+4, but in aberrant position compared to the P. quadriocellata pattern.
P. cf fimata 2509 2+3 pseudocelli on thoracal tergite 3.
P. cf fimata 2510 PCP 4+4, but in aberrant position compared to the normal 4+4 pattern.
P. cf pseudovanderdrifti 2508 setae s’ on abdominal tergite 2 only; PCP 4 d in aberrant position.
P. cf pseudovanderdrifti 2806 pseudocellar pattern 3(3+4) / 023 / (3+4)3(1+3)43.
P. cf pseudovanderdrifti 2807 pseudocellar pattern 3(5+4) / 023 / 333(5+6)3.
P. cf mediovanderdrifti 2821 PCP 4+5 PsOc
P. cf tricampata 0809 on abdomen 5 seta s‘‘ present on one side only

All sequences were checked with the discontiguous Mega-BLAST algorithm for high similarity to

other collembolan DNA sequences. For all three gene regions tested, some aberrant sequence data

were obtained. Out of 56 COII sequences, 31 were closely related to the onychiurid species

Tetrodontophora or Onychiurus sp., which are available for both COI and COII genes on EMBL

and GenBank. However, the remaining 25 sequences were almost identical to COII data of

Isotoma anglicana, a very distantly related collembolan species. These 25 COII sequences

included all Protaphorura procampata, P. campata, P. subarmata, P. subuliginata, P. macfadyeni,

P. vontoernei, and some of P. armata, P. pannonica and P. pseudovanderdrifti. These specimens

were split into only two haplotypes and showed a mean genetic distance of only 0.013. In order to

scrutinise both the low genetic diversity within this group (from here onwards called ‘armata sensu

lato’) and their placing compared to outgroup taxa considered to be more distant, all sequences of

the COII gene of collembolan taxa that were available from nucleotide databases were added to the

data set of Protaphorura and a phylogenetic tree was calculated using the Minimum Evolution

method, Kimura 2-parameter model and including transversional changes only. Here, all members

of the group armata sensu lato were placed in the Entomobryomorpha clade, whereas all other

Protaphorura were correctly placed in the Poduromorpha clade (data not shown).

From the 23 COI sequences obtained, 18 were most similar to Tetrodontophora and Onychiurus

sp. The remaining five (P. campata, P. pannonica, P. macfadyeni P. cf. mediovanderdrifti and P.
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pseudovanderdrifti) were most similar to COI sequences of the entomobryid collembolan

Pseudosinella.

The ITS1 sequence was obtained from 42 individuals. Again all sequences were checked with the

discontiguous Mega-BLAST algorithm. However, since no previous study of Collembola using the

ITS1 sequence is available in the databases, it was only possible to search for high similarities with

alien DNA sequences. For 36 sequences, no closely related sequences were found, and E values

ranged from 1.6 to 10-12. For the remaining six sequences high identity (E values between 10-115

and 10-179) with ITS1 sequences of yeast DNA (mostly Cryptococcus) was found. These six

sequences also were the only ITS1 sequences whose amplification required a nested PCR step. We

checked for a possible amplification of pseudogenes according to Zhang & Hewitt (1996): in our

PCR amplifications, no more than one PCR band was detected and in control runs without

template DNA, no band was found. In the sequence alignment of mtDNA, no insertions, deletions

or stop codons were found (however, in the alignment of ITS1 indels were present, see below).

Possible reasons for these sequence aberrations in all three gene regions tested are discussed

below. However, since the status of these aberrant sequence data requires further investigation,

they were removed from the present data set before phylogenetic analysis.

From the COII gene, a 699 bp sequence was obtained. The phylogenetic tree based on sequence

data of 31 samples is shown in Fig. 1. All P. fimata from sampling sites in Germany, Denmark and

Tasmania were collected in three haplotype groups with high bootstrap support, but the division

into both groups did not seem to depend on the different sampling localities. The morphologically

aberrant samples (P. cf fimata) were also included in this group. P. cf caledonica and P.

quadriocellata were placed apart from other clusters, whereas P. boedvarssoni and P. bicampata

formed a closer relationship, as did P. pannonica, P. tricampata and P. cf pseudovanderdrifti.

Another haplotype group collected P. cf tricampata, P. armata and P. glebata. Orchesella villosa,

Tetrodontophora bielanensis and Onychiurus orientalis were placed in the outgroup.

The COI gene was obtained from 18 Protaphorura samples. The phylogenetic analysis based on a

815 bp sequence, representing the 3’-end of the COI gene. Three outgroup species were taken from

the EMBL database (Fig. 2). As in the COII tree, all individuals of P. fimata were placed in one

cluster, here consisting of two haplotype groups. Again, P. pannonica, P. tricampata and P. cf

pseudovanderdrifti formed a closer relationship, as did P. boedvarssoni and P. bicampata.

However, the latter haplotype group included a P. cf subuliginata. All P. armata were placed in

one distinct group, including the morphological intermediate form P. tricampata x armata.
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Fig.1: Molecular phylogeny of Protaphorura species based on COII sequence data (699bp) with
Minimum Evolution analysis, using the K2P model and equal weighting. Numbers near nodes
indicate support from 1000 bootstrap replications. Outgroup sequences of Orchesella villosa
(X95782), Onychiurus orientalis (AY639938) and Tetrodontophora bielanensis (X95791) were
taken from EMBL database.
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The ITS1 sequence was obtained from 36 individuals, including two outgroup species Onychiurus

folsomi and Tetrodontophora bielanensis. ITS1 sequences were between 598 and 390 bp long, and

high sequence diversity and several insertions were found. The resulting tree is shown in Fig. 3.

All Onychiurus folsomi and Tetrodontophora bielanensis were placed at the root of the tree. All P.

fimata specimens from different sampling sites were collected in a single, well supported group. In

a similar way all P. armata were placed in a single group, or at least nearby. P. subarmata and P.

glebata were placed between the clusters of P. fimata and P. armata in weak polytomies. Both

specimens of P. cf pseudovanderdrifti were in a third separate group. Apart from these, P.

boedvarssoni, P. procampata and P. campata were placed as sister groups with P. bicampata and

all three specimens of P. quadriocellata as closely related species. Again, the P. cf armata and P.

cf fimata specimens were not placed apart in separate clusters. The groupings derived from ITS1

alone appear to be in good accordance with the pseudocellar pattern of certain tergites as shown

near the phylogram.
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Fig.2: Molecular phylogeny of Protaphorura species based on COI sequence data (815bp) with
Minimum Evolution analysis, using the K2P model and equal weighting. Numbers near nodes
indicate support from 1000 bootstrap replications. Outgroup sequences of Orchesella villosa
(AJ272253), Onychiurus orientalis (AY639938) and Tetrodontophora bielanensis (AF272824) were
taken from EMBL database.
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Discussion

The aim of this study was to define DNA based methods which would allow sensitive and specific

detection of Protaphorura species. Therefore we tried to obtain genetic information from single

specimens in order to avoid mixing up of potential distinct species. If the amount of DNA yielded

was too low to allow for PCR and subsequent sequencing, we tried to enrich this amount by use of

a nested PCR step.

Fig. 3: Molecular phylogeny of Protaphorura species based on ITS1 sequence data (415 bp) with
Minimum Evolution analysis, K2P model and equal weighting. Indel gaps were removed before
analysis. Numbers near nodes indicate support from 1000 bootstrap replications. On the right side
names of groups and their differences in pseudocellar pattern are shown.
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Most probably this nested PCR step was responsible for the aberrant genetic data obtained in some

cases, since all sequence data that show unexpected similarities in BLAST research came from low

concentrated DNA templates that had to be amplified with an additional nested PCR step. In all

cases of these presumably aberrant data, the comparisons with the BLAST programme indicate

that the right gene sequence was amplified, but from a wrong locus in the genome or a wrong

organism at all. Some templates gave an aberrant sequence only for one out of our three gene

regions tested, but when tested for another gene, they did not. This indicates that the aberration

occurred during PCR more likely than during DNA extraction. The aberrant sequences were as

clean and easily readable as the non-aberrant ones, suggesting that the amplification of a wrong

template occurred during early cycles of the PCR. Most probably these aberrations resulted from

occasional contamination of templates with alien DNA, either from traces in the laboratory or from

the sample itself, e.g. from its gut. This might be especially true for the contaminated ITS1

sequences, since Protaphorura is known to feed on Cryptococcus and other yeasts (McMillan

1976). Collembola are also known to feed on dead animals, including other Collembola (Hopkin

1997), so a contamination with alien collembolan DNA could also result from gut content.

However, such contamination would require both species groups to be in contact, e.g. in the same

rearing box, but most Protaphorura samples that gave aberrant sequences had no contact to our

North German rearings of I. anglicana since they were stored in ethanol before they came to our

lab. Furthermore, in only one of our rearings (no. 08) Isotoma and Protaphorura sp. were kept

together alive, and both Protaphorura individuals investigated that came from that rearing showed

no contamination at all.

However, these samples had been collected in the field, and here they might have fed, e.g., on eggs

or dead bodies of other Collembola which could have caused the contamination. We had worked

with Isotoma anglicana before in the same laboratory, therefore traces of its DNA might have

remained there. On the other hand, at the same time we had worked with other species belonging

to the Isotoma viridis group, yet we could not find any contaminations from their DNA in

Protaphorura sequence data.

Besides, assuming a contamination with traces of DNA of Isotoma anglicana, one would expect

the same phenomenon to happen in the COI sequences. However, when performing BLAST

comparisons for the COI gene, sequence data that were found most similar came from

Pseudosinella violeta, a collembolan species that has never been studied in our lab. If we assume

the contamination with DNA having happened in our laboratory, we would expect COI sequence

data of I. anglicana , which are available at GenBank, to show highest similarities with the COI

sequences of our Protaphorura samples, but this is not the case. It may be possible that animals
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have fed on Pseudosinella sp. tissue in the field. Pseudosinella violeta is found in the Caribbean

only, but members of the genus Pseudosinella are also common in northern Europe (Bellinger et

al. 1996-2005). Up to now there are only three American species of Pseudosinella whose COI

sequences are deposited in the molecular data bases, so these might have been found being most

similar during the BLAST search due to the lack of European Pseudosinella species.

Regarding the partial genetic similarity found in I. anglicana and P. armata sensu lato, it is the

latter that seems to be placed in a ‘wrong’ taxon group. The phylogenetic relationships within the I.

viridis group have been confirmed by characters of morphology, ecology, isozymes (Simonsen et

al. 1999, Fjellberg 2003), DNA (Burkhardt & Filser 2005) and AFLP data (Burkhardt, in

preparation). Such an unexpected phylogenetic placement may also hint at the presence of

pseudogenes (Collura & Stewart 1995), however, no indels or stop codons were found in sequence

data which would indicate a pseudogene contamination, and further study will be required to

answer this question.

As other possible reasons we could exclude an influence of certain sampling sites, of DNA

extraction methods, PCR or sequencing. The storage of samples seems to play a minor role, too,

despite the fact that samples that had been stored for longer than six months in ethanol gave poorer

yields or completely failed to amplify.

The sampling sites least affected by sequence aberrations were numbers 06, 13, 18, 23, 30 and 37.

Specimens sampled from these sites had an average body length of more than 2 (2.1 – 2.5) mm and

thus were clearly bigger than samples from sites 24 (1,1 mm) or 25 (1,3 mm), where most

aberrations occurred. The samples taken from sampling sites 26, 27, 28, 40, 41 and 42 usually had

to be prepared prior to identification, i.e. parts of the body had to be dissected and mounted on

slides in order to verify species identification. We conclude that samples about 1 mm of body size

or smaller tend to yield insufficient amounts of DNA for PCR amplification and bear a higher risk

to amplify traces of DNA contaminations rather than the desired target sequence. This risk may be

even higher when a nested PCR step is performed without using species-specific primers in the

second amplification step (e.g. Sorenson & Quinn 1998). The primers we used for COI and COII

had been modified from universal types for better matching mt sequences of Entomobryomorpha

(Table 2). Perhaps for Poduromorpha another modification will have to be designed to achieve a

robust primer matching.

On the other hand, we used about 1/20 of template volume only for each PCR reaction, since we

tried to compare several methodical approaches for their usefulness for molecular identification

based on identical templates. According to this, the risk of amplifying undesired DNA
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contaminations may be reduced by designing species-specific primers or by using a template with

higher concentration of target DNA, but this latter approach yet may fail when a previous storage

of samples in ethanol has further decreased the DNA content (e.g. Leutbecher 2000), a problem

that will especially hamper the investigation of small samples out of collection material that are

either dried or stored in ethanol (Kilpatrick 2002). In order to achieve maximum DNA yield, the

most suitable extraction method seems to be the protocol described by Cruickshank et al. (2001),

where an elongated lysis step optimised DNA yield from single lice without affecting the cuticular

structure. We adapted this method successfully for Collembola, the body fluid was dissolved in the

extraction buffer and the clarified exuvia could be removed and mounted. Details of integument,

pseudocelli, setae etc. remained clearly visible except the lobes of the postantennal organ, which

tended to shrink during long-time incubation. This problem can be overcome by cutting off the

head prior to extraction.

It could be expected that looking at different gene regions of such a complex species group would

lead to ambiguities. However, it would make no sense to over-estimate minor differences in

species relationships as shown in the three different trees as long as some of these groupings base

on few or even single individuals. As the grouping of P. fimata indicates, separation of distinct

clusters become the clearer the more individuals are tested, including the elimination of weak

polytomies due to sparse data as shown for some of the other species. P. fimata is clearly separated

in all three data sets and thus we consider it to represent a good species. Considering COI and

ITS1, also P. armata and P. boedvarssoni seem to represent distinct species, as well as P.

quadriocellata, according to ITS1 data. For P. bicampata and P. boedvarssoni, a closer

relationship of species can be assumed, since these two species have been placed as sister taxa in

all three gene trees. These findings indicate that the P. armata group consists of more than one

species. On the other hand, the unsatisfactory placing of species like P. glebata or P. tricampata,

that are separated on the base of differences of the chaetotactic pattern alone, must be questioned,

as well as P. campata and P. procampata, that are distinguished at present by the relative length of

setae on abdominal tergite 5, whereas their separation in the ITS1 gene tree is weakly supported.

The strength of both mitochondrial genes tested is weakened by the obvious presence of alien

DNA in some samples. The grouping of P. pannonica, P. tricampata and P. cf pseudovanderdrifti

together in one haplotype group (figs. 1, 2), here called ”group X”, in both mitochondrial genes

indicates a closer relationship of these species, but is to be verified by investigation of more

samples and some independent gene loci, all the more as this grouping is hardly to explain when

compared to the unequal pseudocellar pattern of these three species.
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We expected the ITS1 locus to produce a finer taxonomic resolution than the mitochondrial genes

used, but the resulting ITS1 tree rather confirms than refines the resolution given by both

mitochondrial trees. As an independent marker, ITS1 is valuable for scrutinisation of the findings

based on mitochondrial data, e.g. the clustering of P. fimata and P. armata specimens, or the close

relationship of P. boedvarssoni and P. bicampata. However, its difficulties in aligning make the

ITS1 locus less suitable for discrimination on the species level in the P. armata group than COI

and COII.

The interpretation of mitochondrial genes may be hampered by events of polymorphisms in the

ancestor DNA or horizontal gene transfer, thus leading to a gene tree with differences compared to

its species’ evolutionary history. On the other hand, a highly variable sequence such as ITS1 will

not only complicate the alignment of outgroup taxa but even of haplotypes within the species

group itself, thus rising the question whether the removal of individual indel sequences will

increase or weaken the phylogenetic information.

Unfortunately the standard primers used for amplification of ITS1 sequences failed in cases when

poor yields of collembolan DNA came together with contaminations. These primers had been

developed for the amplification of fungal DNA (White et al. 1990) and probably preferred to

amplify such fungal DNA out of low-concentrated templates, despite the fact that they have been

successfully used to amplify insect DNA (e.g. Düring 2004). When studying samples stored in

ethanol, e.g., from collection material, it will not be possible to remove such contaminations. For

further research, we would recommend to use live material kept on a water surface until the gut is

emptied (Hale & Rowland 1977) or to use a combination of universal primers and genus- or

species-specific primers for amplification of the target sequence (e.g. D’Haese 2002, Renker et al.

2003).

Looking at the ITS1 tree, the placing of haplotypes and haplotype groups appears to be in

accordance with the presence or absence of certain pseudocelli that have been reported to be of

high taxonomic value. Here, as proposed by Pomorski (1986, 1990), the pseudocelli of the head

and especially those of thorax 3 and abdomen 4 seem to be important.

In the ITS1 region, high variation in length and sequence even on an intraspecific level of has been

found in several insect groups (Hoogendorn & Heimpel 2001) and other arthropod taxa (Wesson et

al. 1993, Ben-Ali et al. 2000) as well as low genetic diversity (Navajas et al. 1998, Szalanski &

Owens 2003). Despite of this high variability, ITS1 has successfully been used for species

discrimination (Powers et al. 2001, Otranto et al. 2003, Cetre-Sossah et al. 2004) in the sense of

alpha taxonomy, i.e. to define species boundaries. We chose the ITS-1 locus expecting to detect a
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fast evolving nucleotide sequence that would allow for discrimination of taxa whose species

divergence probably took place very recently. Unfortunately, high nucleotide divergence appeared

to come along with a high rate of indels, and the resulting length polymorphism delimits the use of

ITS-1 for a fast species discrimination by PCR-RFLP (Gomes et al. 2002). The high sequence

polymorphism makes an aligning difficult and thus it also becomes difficult to recognise species

within the P. armata group on the basis of these sequences. Therefore we recommend further

studies of the P. armata group to include other nuclear loci as molecular marker sets.

When allocating aberrant individuals to species, we followed Pomorski’s (1990) recommendations

for weighting the localisation of pseudocelli in order to detect aberrant patterns. It could be

confirmed that the localisation of pseudocelli is more important for taxonomy than their mere

number, especially for the recognition of aberrant, doubled or lost pseudocelli that might lead to a

wrong species discrimination. Since these aberrant individuals included in our study showed no

intermediate sequences nor were placed apart from their non-aberrant relatives, such aberrations in

localisation, duplications or deletions of pseudocelli most probably are not a result of speciation

but of individual mutations during development (Pomorski 1993). However, in our material tested,

such aberrations could be found for almost all normal positions of pseudocelli, the least affected

tergites seeming to be the thoracal tergites and abdominal tergites 1 to 4. The pseudocelli at the

bases of antennae and at the rear edge of the head showed a higher degree of variability, and if

these two patterns are used in an early stage of most determination keys (Gisin 1960, Palissa 1964,

Fjellberg 1998), they may lead to an irritant discrimination. As an example, our specimen 2418 has

four pseudocelli each at the bases of antennae and according to Gisin’s criteria (1960) would be P.

quadriocellata. But on both sides, the fourth pseudocellus stands in an abnormal position and

according to Pomorski (1990), can be identified as a duplication of the third pseudocellus. This

result is confirmed by the placing of P. cf fimata 2418 amidst the P. fimata cluster both in

mitochondrial and nuclear sequences. In a similar way molecular markers allow to assign

specimens that show an morphological intermediate pattern. E.g., in this study the specimen 4009

had the seta s’ on abdomen 5 on one side only, thus standing intermediate between descriptions of

P. armata and P. tricampata. Its positioning amidst the P. armata cluster indicates the single seta

s’ to be an aberration, a finding that confirms Pomorski’s (1990) appraisal of this character as a

diagnostically unstable tool.

However, we conclude that molecular markers can be obtained from small single individuals, too,

and therefore molecular based tools may serve as an additional tool for species identification and

taxonomy in the P. armata group, if precautions are taken to avoid sample contamination,
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especially sterile working conditions, removal of gut contents and the use of specific primers, at

least for nested PCR steps.

List of abbreviations

ACP = Anterior Capital Pseudocelli (pseudocelli at the base of antennae); AFLP = Amplified

Fragment Length Polymorphism; COI, COII = cytochrome oxidase subunit I, II; ITS1 = nuclear

internal transcribed spacer region; ME = Minimum Evolution Method; PCP = Posterior Capital

Pseudocelli (at the rear edge of the head); PsOc = pseudocelli.
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Abstract

Different methods of DNA fingerprinting were investigated in regard to their potential to provide

robust fragment patterns that might be used for species discrimination in two cryptic species

groups of Collembola. From the Isotoma viridis group, specimens belonging to four species were

collected from Norway, Sweden, Germany and Switzerland. Representatives of the Protaphorura

armata group were sampled in a number of sites in Germany, Scandinavia and Tasmania.

Morphological identification revealed 12 species belonging to the P. armata group. Additionally,

Folsomia candida from a laboratory strain was used for the evaluation of fingerprinting

repeatability. The influence of several DNA extraction methods was investigated, sample storage

times and variation in PCR cycling conditions on the resulting amplification success and fragment

pattern variation. RAPD and AP-PCR produced no reproducible banding patterns and TE-AFLP

produced no visible bands, most probably due to low concentrations of template DNA obtained

from individual specimens, suggesting the necessity to increase the number of potential

amplification sites in low molecule templates. AFLP was successful in generating reproducible

diagnostic fragments for species samples from different countries in both species groups and thus

may become a valuable tool for estimation of genetic diversity and for screening the genome for

taxon-specific probes.

Keywords

Collembola, Isotoma viridis group, Protaphorura armata group, DNA fingerprinting, RAPD, AP-

PCR, AFLP, TE-AFLP

Introduction

One of the largest problems in collembolan taxonomy concerns the definition of species

boundaries. In some groups these boundaries are based on very subtle or even highly variable

morphological characteristics, a prominent example being the ‚small species‘ (Rusek 2002) of the

Protaphorura armata group since their division in dozens of species by Gisin (1960). Such lack of

diagnostic characters will inevitably lead to confusion in studies dealing with ecological

requirements of such species or species groups and hamper a possible revelation of differences that
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might enlighten the validity of their division. Rusek (2002) recommended not only to utilise

ecological characteristics in species taxonomy but also to use molecular methods in order to

overcome some of these problems.

Biochemical parameters, especially differences in enzyme patterns and nucleotide sequences have

been successfully used to resolve some cryptic species groups or sibling species in Collembola

(Hale & Rowland 1977, Carapelli et al. 1995, Frati et al. 1997, Simonsen et al. 1999, Burkhardt &

Filser 2004). An absence of interbreeding should lead to at least some genetic differences fixed in

closely related taxa that might be useful for discrimination (Avise & Ball 1990). Here, DNA

fingerprinting techniques should be promising, since they can be applied without detailed

knowledge of the target organism. Usually they are applied for the investigation of genetic

diversity on the level of individuals, clones, populations or species. For taxonomic issues, they

have been chosen for resolving relationships in cryptic species groups (e.g. Parsons & Shaw 2001,

Després 2003) but also for detecting markers for species discrimination, because they provide a

large amount of characters, some of them identical in different species, some unambiguously

restricted to single taxa, the latter being suitable for the determination of species boundaries or

species discrimination (Welsh & McClelland 1991a, b, Lopez 1999, Janssen et al. 1997, Warnke et

al. 2000, Brückner 2001).

Furthermore, this set of characters will represent information that comes from the whole genome

and thus will minimise the risk of drawing erroneous conclusions taken from a single gene locus

alone. Here, impacts like pseudogenes, ancestral polymorphisms or hybridisation events may

influence the data set and lead to ambiguous gene trees that differ from their species’ evolutionary

history (Moore 1995, Zhang & Hewitt 1996, Maddison 1997).

There are also some disadvantages: AFLP is a time-consuming method that produces a highly

complex banding pattern with lots of identical fragments. Faster methods such as RAPD or AP-

PCR suffer from variation in reproducibility. The reproducibility of banding patterns once obtained

often depends on keeping the laboratory conditions strictly constant. Results may vary with the

concentration of primers and template DNA, origin of primer and polymerase or even with the type

of thermocyler used and its technique of heating and cooling (Black 1993, Ellsworth et al. 1993,

Neilan 1995).

Sometimes these methods that use arbitrary primers for fingerprinting prove to be robust marker

methods regardless of changing template purity (Wang et al. 1996). However, genotyping patterns

of individuals requests to use only individual specimens free of contamination with alien DNA.

Especially the investigation of small taxa requires an amplification of DNA to get suitable amounts
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for pattern detection, but when performing a DNA fingerprint, PCR will amplify whatever pure or

impure DNA is given as template regardless of its taxonomic origin, thus sometimes favouring

unwanted gene loci and providing misleading data (Zhang & Hewitt 1996). But if these individuals

are very small, the yield of molecular material for subsequent investigations is limited, making

some methods ineffective (Weeks et al. 2001).

Methods of DNA fingerprinting have rarely been used for investigating collembolan species. Van

der Wurff et al. (2003) used a variation of the AFLP method, TE-AFLP, to reveal population

substructures in Orchesella cincta. RAPD methods were used, with variable success, for

differentiation of clones within a single species (Chenon et al. 2000, Simonsen & Christensen

2001), for evaluation of species (Zimdars & Dunger 2000) and of differences between populations

(Niklasson et al. 2000, Ravel et al. 2001). Microsatellite markers were developed for O. cincta and

used for study of population substructures (van der Wurff et al. 2001, 2003) and paternity analysis

(Gols et al. 2004). This study aims to answer whether methods of DNA fingerprinting could be

used for species diagnosis of individual collembolan specimens, using RAPD, AP-PCR and AFLP

techniques.

Before working with the species groups of interest, Protaphorura armata s.l. and Isotoma viridis

s.l., I tried to estimate the degree of variability and reproducibility of the RAPD method. For this, I

chose the method described in Simonsen & Christensen (2001), mainly because these authors had

worked with single specimens and their species investigated, Folsomia candida, was available as a

laboratory rearing and resembles the genus Protaphorura in size. I aimed to repeat their methods

as far as possible in order to get comparable results. If the same banding patterns would be

obtained, I planned to use the most promising primers for studying the I. viridis group and the P.

armata group.

Materials and methods

Sampling and preparation
Samples of Folsomia candida were taken from laboratory rearings of the University of Bremen.

Specimens of the Isotoma viridis group and Protaphorura sp. (i. e. the P. armata group sensu

Gisin 1960) were sampled in Germany (Bremen, Darmstadt, Dortmund,) Denmark, Sweden,

Norway, Greenland, Spitsbergen, Switzerland and Tasmania. Samples were kept alive in rearing

boxes or stored in 70% ethanol until identification. The specimens were identified according to

Gisin (1960), Palissa (1964), Pomorski (1990) and Fjellberg (1998) and photographed before

extracting their DNA.
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Out of the P. armata group, I analysed individuals representing 15 taxa sensu Gisin (1960): P.

armata, P. cf armata, P. bicampata, P. boedvarssoni, P. cf boedvarssoni P. cf caledonica, P.

campata, P. cancellata, P. fimata, P. glebata, P. pannonica, P. pseudovanderdrifti, P.

quadriocellata, P. subarmata and P. subuliginata. For P. armata and P. fimata, samples from

several sites were available, so I used these species to evaluate the differences in fragment pattern

within and between sampling sites. I also used the AFLP methods to reveal diagnostic patterns

between Isotoma viridis, I. riparia, I. anglicana and I. caerulea. For the I. viridis group, details of

sampling localities, treatment for identification, DNA extraction and naming of specimens that

showed intermediate character imprintings are given in Burkhardt & Filser (2005).

Table 1: Sampling localities of Protaphorura specimens
Site number Site description
06 Germany: Bremen. Canal embankment
08 Germany: Bremen. Humous canal embankment
13 Germany: Bremen. Compost heap
18 Germany: Dortmund. Laboratory rearing
19 Denmark: Helgenæs. Debris in sand on sea shore
20 Denmark: Helgenæs. Among stones/sand and rotten seaweeds
23 Germany: Scheyern. Laboratory rearing
24 Germany: Bremen. Hornbeam grove
25 Denmark: Femmøller. Litter, forest and meadows
26 Greenland: Fiskenæsset. Dry slope, under Alchemilla alpina mat
27 Norway: Vestfold, Mågerö. Garden soil
28 Greenland: Fiskenæsset. Beach meadow
30 Sweden: Öland, Eriksöre. Garden soil
32 Tasmania: Launceston. Soil in poppy farm
37 Germany: Solling. Litter in beech forest
41 Sweden: Öland, S.Kvinneby, Stora Ören. Old wrack, seashore
42 Finland: Lillmalö, S of Parainen. Litter in pine forest at beach

Additionally, I investigated specimens that were sampled at the Siedenburg landfill site in 1984

and since then had been stored in 70% ethanol at room temperature (site number 36). Table 1 lists

the sampling localities for the Protaphorura armata group. All PCR reactions were performed on

a gradient thermocycler (iCycler, BioRad, Munich) with even temperature distribution

RAPD
DNA was extracted from 79 F. candida specimens. In most cases I followed the protocol of

Landry et al. (1993). In order to estimate the influence of different extraction methods, I also

extracted some individuals according to protocols of Sunnucks & Hales (1996), Estoup et al.

(1996) or with two extraction kits, Perfect gDNA Blood Mini Kit (Eppendorf, Hamburg) and

DNeasy Tissue Kit (QiaGen, Hilden). For resuspending the extracted DNA, I used the suspension

buffers provided with the commercial kits, otherwise I used a modified TE buffer (10 mM Tris-

Base, pH8, and 50 µM EDTA). Of the primers listed in Simonsen & Christensen (2001), I chose
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A03, A16, C15 and C19. These primers were obtained from Biometra (Göttingen, Germany).

Ingredients and concentrations of the reaction mixture also followed Simonsen & Christensen

(2001), except for the origin of chemicals: dNTP mix and Tris-HCl, KCl and MgCl2 came from

Eppendorf (Hamburg, Germany). Cycling conditions were as in Simonsen & Christensen (2001).

PCR products were analysed on an 1.4% agarose gel.

As it became necessary to vary the PCR conditions during the study, I tested the influence of

changes in the protocol. For this purpose, PCR runs were performed with concentrations of

magnesium varying between 1.5 and 4.0 mM, annealing temperature varying between 39 and 45

°C and concentration of primers from 0.04 to 2.0 µM.

Additionally, I tested the influence of different RAPD protocols of Neilan (1995), Williams et al.

(1990), and Landry et al. (1993) with reaction conditions as reported there. For the protocol of

Neilan (1995), I used the primers Cra 22 and Cra 23, obtained from Biometra (Göttingen).

For estimating potential influences of template storage time on banding pattern, I divided the DNA

templates of F. candida in aliquots. One of these was stored at 4°C and used for repeating runs one

day later, another was frozen at -20°C for 16 months before the PCR run was repeated under

identical conditions.

AP-PCR
The AP-PCR method was used for investigation of 42 specimens of the Protaphorura armata

group, identified as P. armata, P. cf armata, P. boedvarssoni, P. cf boedvarssoni, P. cf caledonica,

P. campata, P. fimata, P. glebata, P. cf mediovanderdrifti, P. pannonica, P. pseudovanderdrifti, P.

quadriocellata and P. subuliginata. I used the primers KA5, KB5, KM5, KR5, KX5 (Welsh &

McClelland 1991b) and additionally chose one primer from my lab that had been designed for

other purposes, named C2A-034 (TCA TGT TGC GAT TTC TAA AG). Primers were obtained

from Biometra (Göttingen). The protocol of reaction mixture and PCR was performed as in Welsh

& McClelland (1991b) except for the PCR buffer, MgCl2, dNTPs and Taq, which were obtained

from Eppendorf (Hamburg).

I used 3 µl of DNA template for each tube and overlaid the reaction with 10 µl of mineral oil.

Amplification products were analysed on horizontal 1.5% agarose gels and stained with ethidium

bromide. As in RAPD experiments, I investigated potential influences of long time storage of

DNA templates on banding pattern by doing a repeat run under identical conditions but with a

template aliquot that had been stored at -20°C for 9 months.
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TE-AFLP
TE-AFLP was used for DNA fingerprinting of 21 specimens the Protaphorura armata group

belonging to the following taxa: P. armata, P. cf armata, P. cf boedvarssoni, P. fimata, P. glebata,

P. pseudovanderdrifti and P. cf tricampata. Apart from DNA extraction, TE-AFLP was performed

as described by van der Wurff et al. (2000). I used between 10 and 20 µl of DNA template for

digestion-ligation and 0.5 µl of the resulting mixture for each PCR reaction. Adapters and primers

were obtained from Biometra (Göttingen), TTP, DTT, T4-DNA ligase and restriction enzymes

XbaI, BamHI and RsaI from Fermentas (St. Leon-Rot, Germany). For amplification, I used the

primers XbaI-CC and BamHI-C (van der Wurff et al. 2000).

Electrophoresis was performed with native PAGE using CleanGel 48S precast gels (Amersham,

Freiburg) or with vertical PAGE and self-cast gels of 16 cm length (Hoefer SE600). To achieve

optimal resolution of desired fragment regions, I used of 6% polyacrylamide gels and both native

and denaturing gels. Silver staining was performed according to Bassam et al. (1991).

AFLP
For AFLP-PCR, I investigated specimens of the Protaphorura armata group and the Isotoma

viridis group. Specimens of the P. armata group (n = 81) belonged to the following taxa: P.

armata, P. cf armata P. bicampata, P. boedvarssoni, P. campata, P. cf caledonica, P. cancellata, P.

fimata, P. cf fimata, P. glebata, P. macfadyeni, P. cf mediovanderdrifti, P. pannonica, P.

pseudovanderdrifti, P. quadriocellata, P. subarmata, P. subuliginata and P. tricampata.

From the I. viridis group, I investigated I. viridis (n = 4), I. anglicana (n = 5), I. caerulea (n = 3)

and I. riparia (n = 3). Procedures of AFLP-PCR were performed according to Vos et al. (1995)

with slight modifications due to small amounts of template DNA. I used 10 µl of undiluted

template DNA for digestion. The ligation mix was diluted to 100 µl only, and 5 µl of this were

used for pre-amplification. After this step, 5 µl of the pre-amplification mixture were used without

further dilution for the selective amplification reaction. In this paper, I indicate primers with a

capital (E for EcoRI and M for MseI), each followed by the selective extension sequence. For

example, E-a stands for an pre-amplification primer EcoRI with a single adenine at the 3‘-end as

selective base. I used the primers E-a and M-c for pre-amplification. For amplification reactions I

tested the primers E-aac, E-aag, E-aca, E-acc, E-acg, E-act, E-agc and E-agg, M-caa, M-cac, M-

cag, M-cat, M-cta, M-ctc, M-ctg and M-ctt. Primers were purchased from MWG-Biotech

(Ebersberg, Germany) and Sigma-Genosys (Steinheim, Germany). Amplification products were

analysed as described for TE-AFLP.
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The length of fragments was calculated by comparison with DNA standard markers pBR 328I

(Roth) and O’Range rulers SM 0613 and 0623 (Fermentas), using the TotalLab software

(NonLinear Dynamics, Newcastle, UK). I calculated the bandsharing rate b = 0.5(Fpq/np + Fpq/nq).

Here, np is the number of fragments of taxon p, nq is the number of fragments of taxon q and Fpq is

the number of shared fragments. Based on the bandsharing rate, a value of genetic distance DV =

1-b was calculated and the resulting distance matrix used for performing a cluster analysis with the

MEGA software v2.1 (Kumar et al. 2001).

Results

The first analyses of F. candida specimens using the RAPD method followed the protocol of

Simonsen & Christensen (2001). However, no visible bands could be produced, and thus reaction

conditions were varied in order to improve results. Changes in concentration of magnesium or

primers did not reveal any

visible bands, nor did a change

of annealing temperature. I then

applied two different protocols,

the original RAPD protocol

Williams et al. (1990) and a

combination of primers and

increase of annealing tem-

perature as suggested by Neilan

(1995), including the

application of different Primers

Cra22 and Cra23. Again both

protocols did not produce any

bands. Finally the application of

a RAPD protocol including a

temperature ramping (Landry

1993) successfully revealed

banding patterns similar for all

F. candida tested, including

some polymorphic bands (Fig.

1). These patterns could be

obtained regardless of the

Figure 1: RAPD with 4 to 5 Folsomia candida specimens
(A - E). Banding patterns from three PCR repeats are
shown, obtained with DNA from the same template lot and
identical chemicals, concentrations, primers, Taq, cycling
machine and cycling conditions according to Landry et al.
(1993). M = DNA marker pBR 328 I (Roth).

RAPD no.1 no. 2: one day later no. 3: 16 months later
A B C D A B M C D E B C D A
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method used for DNA extraction. However, the banding patterns obtained differed from those

found by Simonsen & Christensen (2001). Runs with single primers instead of primer pairs in no

case produced visible banding patterns (data not shown). Furthermore, a replication run on the

following day with identical conditions revealed an alternate pattern and a second replication 16

months later again produced a different banding pattern. Within each of these repeat runs, the

resulting banding patterns were similar to each other. But when comparing between repeats,

changes occurred in a synchronised manner: both the intensity and number of bands changed, and

every repeat resulted in a symmetrical but different banding pattern.

A similar result was found in AP-PCR analyses with representatives of the P. armata group. Here,

fragment sizes ranged from 1.6 to 0.5 kb. Resolution of fragments was low on polyacrylamide gels

and much better on long-distance agarose gels (18 cm) with agarose concentrations being 2% or

higher. Few bands were present in all repeats, and most bands proved to be variable between

different repeats. Figure 2 shows an example of banding patterns of P. fimata specimens from

different sampling sites. Within each AP-PCR run, banding patterns of specimens of the same

sampling site were more comparable than those of the same taxon but from different sampling

sites.

TE-AFLP was used to investigate Protaphorura sp. following the protocol of van der Wurff et al.

(2000) which had been developed for Orchesella cincta. Since no visible bands could be produced,

I varied reaction conditions and increased the amount of initial DNA given for digestion-ligation

from 10 to 30 µl. As all attempts to produce visible bands failed, I ceased further attempts to

optimise the protocol.

The AFLP analysis of specimens of the I. viridis group and the P. armata group produced banding

patterns between 3000 and 50 bp in size. Several combinations of selective primers were tested.

M
1812 P. fimata
2318 P. fimata
2320 P. fimata
2321 P. fimata
2322 P. fimata
2320 P. fimata
2321 P. fimata

3203 P. fimata
M

A

B

Figure 2: Reproducibility of AP-PCR profiles obtained with primer C2A-034 for single specimens
of Protaphorura fimata from Tasmania (3203) and Germany (other voucher numbers). (A): first
PCR run. (B): repeat run under identical conditions, 9 months later. M = DNA marker 1 kb ladder
(New England Biolabs).
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These included the use of one primer and enzyme only in order to increase intensity and

reproducibility of bands (Lopez et al. 1999). Here, the number of bands decreased but no species-

specific pattern could be detected. All primer combinations tested yielded bands, their number

ranging from 5 up to 31. Between replicate runs, the intensity of bands varied, some faint bands

were not reproducible and some reactions failed to amplify, showing a smear of amplification

products (data not shown).

The I. viridis specimens from site 36 had been

stored for 19 years in ethanol prior to DNA

extraction. From 17 specimens investigated,

seven failed to yield DNA completely, in another

six the DNA yield was too poor to be amplified.

The remaining four gave reproducible fragment

patterns.

The resulting patterns of the Protaphorura

species showed variation in intensity and number

of bands per lane. As in the other methods

studied, some templates failed to amplify and the

number of fragments was found to increase with

template concentration. However, some

fragments proved to show up in all repeats and

for specimens from different sampling sites, and

thus were regarded suitable for diagnosis. Out of

34 primer combinations tested, such diagnostic

products were found for P. fimata with primers

E-aag+M-caa, E-aac+M-cag and E-agg+M-cac

and for P. armata with E-aag+M-caa. Fig. 3

shows an example for the combination of

selective primers E-aag and M-caa in diagnosis

of P. fimata and P. armata.

For the larger species of the Isotoma viridis

group, the AFLP primer combination E-aac+M-

caa gave reproducible fragment patterns suitable

for species discrimination. A phenogram was

Figure 3: example for species specific
bands in Protaphorura fimata and P.
armata, obtained with AFLP
fingerprinting, using the selective
primers EcoRI-aag and MseI-caa.
Samples are grouped by species, and
voucher numbers indicate the origin of
samples: Germany (first two numbers
18xx, 24xx), Tasmania (3203) and
Norway (2705). Species specific bands
for P. fimata are indicated by black
arrows, those for P. armata by white
arrows. For these bands the basepair
lengths are given. M = DNA marker
pBR 328 I (Roth).
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constructed based on 66 characters obtained from this primer combination (Fig. 4). All four

species were placed in separate clusters except I. anglicana, which was separated in two

subclusters collecting the specimens of Switzerland and the specimens of North Germany and

Norway.

Discussion

When using fingerprinting methods that include arbitrarily primed PCR cycling and low

temperature annealing (i. e. RAPD and, to a certain extent, AP-PCR), I yielded similar fragment

patterns for the same species. However, these patterns changed whenever a new repeat run was

performed, and in no case a pattern could be obtained that would resemble those reported by

Simonsen & Christensen (2001) when studying the same taxon with primers of identical nucleotide

composition. I conclude the RAPD fragment patterns found – if reproducible at all - not to be valid

on the level of species discrimination.

Looking at the principle of arbitrarily primed PCR methods, one would expect that reaction

conditions should be standardised as far as possible in order to get reproducible results.

Nevertheless a lot of different protocols for fingerprinting different species has been published,

suggesting that very often the reaction conditions had to be optimised in order to get reproducible

patterns or patterns at all (e.g. Cusick & O'Sullivan 2000, Schaffer & Arnholdt-Schmitt 2001).

Figure 4: Phenogram of the Isotoma viridis group based on AFLP fragment distances from
individuals sampled in Switzerland, Germany, Sweden and Norway. Fragment number is 66;
selective primers used are EcoRI-aac + MseI-caa). Minimum Evolution method.
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Ellsworth et al. (1993) reported the number of amplification products to decrease with increasing

template concentration, probably as a result of availability of binding sites on genomic DNA,

whether well-matching or mismatching. Most fingerprinting techniques were developed in order to

assess genetic diversity and to make it easier to get information out of complex genomes by

simplifying or fastening the steps to obtain this information. However, it seems that the

reproducibility of these methods requires a certain minimum amount of template DNA that will

provide a sufficient number of best-matching recognition sites for primers. Then, in the

competition for amplification between matching sites taking place during the early PCR cycles,

these should be preferred in amplification to the disadvantage of minor-matching sites which

otherwise would lead to variable fragment patterns regardless of the fingerprinting technique used

(Weising et al. 1995, Mori et al. 1999, Gaudeul et al. 2000). If the number of template DNA

molecules is low, the error rate in amplification of target sequences will increase (Hofreiter et al.

2001, Wang et al. 2004) and minor differences in reaction conditions between assays will gain

influence on the resulting banding pattern such as the type of cycling machine used or different

manufacturers of primers (Black 1993, Chen et al. 1997, Saunders et al. 2001) as well as severe

changes such as variation in concentration of magnesium and primers and in annealing temperature

(Ellsworth et al. 1993, Boleda et al. 1996). In AFLP runs, the number of fragments was found to

increase with template concentration, and a similar effect probably influenced the changes in the

fragment patterns of different runs when using RAPD or AP-PCR. In papers where these methods

are used, it is often recommended to standardise the concentration of templates prior to PCR, but

such procedure may become difficult if the total amount of DNA per sample is marginal from the

beginning (Black 1993).

Whereas RAPD is run with 30 or more cycles of low stringency, in AP-PCR two cycles of low

stringency conditions are followed by about 40 cycles of high stringency. As a result, AP-PCR

should favour the amplification of sites that well match the primer sequence and thus yield at least

some reproducible bands in its resulting pattern. I found AP-PCR to produce such reproducible

bands, but they were too few to construct robust markers for discrimination. Both RAPD and AP-

PCR revealed similar fragment patterns between closely related taxa out of minute amounts of

DNA, but these patterns were poorly reproducible. Therefore both methods may be used for a

preliminary screening of genetic diversity but cannot be recommended for establishing species-

specific markers.

Introducing the TE-AFLP method, van der Wurff et al. (2000) described several alterations of the

original protocol to study the influence of buffer components and reaction conditions on the

banding pattern. Here only an excess of magnesium and adapters would decrease the robustness of
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the method, whereas changes in concentration of DNA or in time and temperature of incubation

had no effect on the fingerprints. Nevertheless, in this study I was unable to produce fragment

patterns with the TE-AFLP method when using a different collembolan taxon and a more

simplified albeit sensitive method of fragment detection, i.e. a 16 cm PAGE and silver staining.

There are two main differences between TE-AFLP and the original AFLP technique: first, TE-

AFLP uses a third recognition enzyme, which, in theory, should reduce the number of amplified

fragments fourfold (van der Wurff et al. 2000). Second, TE-AFLP omits the pre-amplification step

instead of directly using the digestion-ligation mix for PCR with primers that include three

selective nucleotides. The aim of these alterations is to reduce the number of potentially

amplifiable fragments in fingerprinting complex genomes. On the other hand, they make this

technique better suited for large genome organisms such as Liliaceae (van der Wurff, pers.

comm.).

DNA was successfully extracted from single collembolan specimens (e.g. Frati et al. 1997,

Carapelli et al. 2000, Soto-Adames 2000, van der Wurff 2000, Burkhardt & Filser 2004), but all

these were larger Collembola. When studying smaller species, it was sometimes necessary to pool

several specimens in order to increase the DNA yield for PCR reactions (Christensen 1996,

Chenon et al. 2000, Zimdars & Dunger 2000). On the other hand, protein profiles were

successfully obtained from single Onychiurus (Hale & Rowland 1977), a genus of 1 to 2 mm of

body length. Besides, it is possible to extract DNA from specimens as small as 1 mm or less and

yet to yield enough DNA for reproducible RAPD experiments (Landry et al. 1993, Weeks et al.

2001). These authors emphasise the extraction procedure to be the most crucial factor for

repeatable fingerprints, followed by the conditions of storage prior to extraction. This may become

a problem for studies dealing with some edaphic Collembola such as Protaphorura, since their

cuticle is tough and it is not easy to grind them thoroughly, thus making enough DNA material

accessible for subsequent extraction. I tried to obtain genetic information from single specimens in

order to avoid mixing up of potential distinct species, which limits the amount of DNA yield that

can be obtained from small specimens, and severely hampers the subsequent use of those DNA

fingerprinting methods whose reproducibility is affected by such low yields. Besides, the high

number of failed attempts to extract DNA even from large Collembola if these had been stored in

ethanol for several years indicates that a longer storage of samples in ethanol will decrease the

DNA yield (Dean & Ballard 2001).

From all methods tested, the AFLP method yielded the most reproducible and polymorphic

patterns. It is also the only technique that implements an additional step for accumulation of

potential annealing sites before amplification of diagnostic fragment patterns, indicating that a low
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amount of target DNA is in fact the main drawback for variable or absent fragment patterns in

small samples. Herein it resembles a nested PCR, a method often used to accumulate target sites of

single-locus markers out of low molecule templates or contaminated DNA (e.g. Lee et al. 1999,

Bomberg et al. 2003). I conclude that from all methods tested, AFLP analysis is superior in terms

of efficiency for studying small taxa. There are also some disadvantages: AFLP is a time-

consuming method that produces a highly complex banding pattern with lots of identical

fragments. Out of these, the fragments of interest - those that show polymorphisms between taxa -

have to be identified. Here, tools for automation are available (Besse et al. 1998, DeHaan et al.

2002, Kingsley et al. 2002, May 2002), but require further expensive equipment. Besides,

statistical comparison of gel-based fingerprints is complex and not standardised. If two fragments

show up at equal positions but different lanes in a gel, their homology can merely be assumed as

long as their origin within the genome is unknown (Black 1993, van de Zande & Bijlsma 1995).

As in so many fingerprinting methods, a protocol once established for investigation of a distinct

taxon in the following has to be modified whenever it is applied to study a different taxon. Even

AFLP, a technique usually considered to produce robust patterns, had to be modified to become

suitable for genetic characterisation of plants (Ranamukhaarachchi et al. 2000) or animals (Lopez

et al. 1999). Here, a reduction of primer and enzymes led to a lower numbers of bands with

increased specificity of amplified bands in a similar way as Neilan (1995) modified the RAPD

protocol, creating the Multiplex RAPD, in order to get fewer but more reproducible bands. This

seems to be a more convenient way in enhancing AFLP reproducibility than to apply band

exclusion criteria as proposed by Bagley et al. (2001). Besides, the former method would also

shorten the time needed for fragment screening.

These studies indicate that AFLP may be utilised in two directions: first, for screening of genetic

diversity between organisms and second, for estimation of species boundaries. Under ideal

conditions, the second application would follow from the first, providing robust marker systems

for both issues. In this broad range of possible applications, AFLP resembles the marker systems

based on microsatellites.

Out of the methods not investigated in this study, microsatellite markers may also be suitable for

studying small scaled taxa, since they provide many informative fragments, good resolution of

genetic differences and usually are highly reproducible (Sunnucks 2000). However, the method

sometimes exhibits lower sensitivity than AFLP patterns (e.g. Mignouna et al. 2003), is not free of

mismatch amplifications (Weising 1995) and due to its hypervariability is more suitable for the

detection of population subdivision than species diagnosis (Yue et al. 2002, van der Wurff et al.

2003). Its greatest drawback is the development of marker systems, which requires both
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considerable effort and time (Mueller & Wolfenbarger 1999), but some of its modified protocols

might be utilised for successful amplification of fragments out of low quantities of DNA (Kittler et

al. 2002, Sefc et al. 2003). However, such estimation of species boundaries may be difficult if

species complexes are to be investigated, where some marker systems used for discrimination are

highly variable, or in their result of species discrimination disagree with other methods used.

Since the genome regions that are amplified by DNA fingerprinting are unknown and the

homology of fragments showing the same size in a gel remains a mere assumption, additional

independent marker systems should be included for scrutinising and verification of the systematic

assumptions drawn from the individual methods. Fingerprinting methods yield a mere fragment

pattern that has to be interpreted not only for reproducibility but also for DNA contamination or

the level of information it provides, whether being of importance for differences between

individuals, populations or species. Castiglioni et al. (1999) indicated that most target sites of

EcoRI, a restriction enzyme commonly used for AFLP, are around the centromeric regions. Using

other restriction enzymes that will amplify more evenly throughout the genome might provide

patterns more suitable to answer taxonomic issues, but this point requires further investigations.

AFLP offers high resolution in describing the genetic relations between individuals (van der Wurff

et al. 2003), but most variability found in the banding pattern results from differences on a

subspecific level. Using AFLP, few bands could be detected that may be used as characters for

identification of two taxa within the Protaphorura armata group that are presumed to represent

good species (Burkhardt & Filser, submitted). Most studies that applied the AFLP technique

received a large number of bands and thus could use them not only for studies of population

genetics but also infer phylogenetic relationships (e.g. Janssen et al. 1996, Giannasi et al. 2001,

Parsons & Shaw 2001). However, to reveal such a large number requires an extensive technical

apparatus, large sequencing gel chambers and primer labelling for autoradiography or fluorescence

detection (DeHaan et al. 2002, Hill et al. 2004).

Conclusions

The aim of this study was to develop a robust molecular based method for identification of

individual Collembola based on DNA amplification, RFLP or fingerprinting. This method should

request neither huge amounts of time, skill or technical equipment. However, at least one of the

latter will have to be included in order to obtain reproducible fingerprints that might allow for

species diagnosis of specimens smaller than 1 mm, especially of those with a tough cuticle. A

second task will be to apply more subtle methods for error-free amplification, especially of low

amounts of template DNA (e.g. Kittler et al. 2002, Nakano et al. 2003). The DNA fingerprinting
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methods tested here either produce poorly reproducible data or tend to reveal genetic differences

on the level of populations or sampling sites rather than on the level of species. Therefore

sequencing of distinct gene regions and subsequent RFLP appears to be a more promising method

to resolve cryptic species groups and to provide markers for species identification. As shown for

the Isotoma viridis group (Burkhardt & Filser 2004, 2005), once the status of species is confirmed

by several independent methods, also methods such as AFLP can be applied. These yield complex,

highly variable patterns and are suitable for estimating genetic diversity among populations rather

than for determining species boundaries. But when used as a first attempt to resolve cryptic groups

consisting of small-sized taxa, fingerprinting methods may merely increase confusion.

List of abbreviations

AFLP = Amplified Fragment Length Polymorphism; AP-PCR = Arbitrarily Primed PCR; RAPD =

Randomly Amplified Polymorphic DNA; RFLP = Restriction Fragment Length Polymorphism;

TE-AFLP = Three Enzyme AFLP.

Acknowledgements

I wish to thank all persons who provided collembolan material: Arne Fjellberg (material from

Denmark, Fennoscandia and Tasmania), Michael Folger (Dortmund, Germany), Stefan Scheu

(Darmstadt, Germany) and Vibeke Simonsen (Denmark); N. Kamer (Bremen) for cooperation in

AFLP methodology and further members of the Centre for Environmental Research and

Technology Bremen (UFT) for fruitful comments on this manuscript.

References

Avise, J. C. & Ball, R. M. (1990). Principles of genealogical concordance in species concepts and
biological taxonomy. Oxford surveys in evolutionary biology, 7, 45-67.

Bagley, M. J., Anderson, S. L. & May, B. (2001). Choice of methodology for assessing genetic
impacts of environmental stressors: Polymorphism and reproducibility of RAPD and AFLP
fingerprints. Ecotoxicology, 10, 239-244.

Bassam, B. J., Caetano-Anolles, G. & Gresshoff, P. M. (1991). Fast and sensitive silver staining of
DNA in polyacrylamide gels. Analytical Biochemistry, 196, 80-83.

Besse, P., Taylor, G., Carroll, B., Berding, N., Burner, D. & McIntyre, C. L. (1998). Assessing
genetic diversity in a sugarcane germplasm collection using an automated AFLP analysis.
Genetica, 104, 143-153.

Black, W. C. (1993). PCR with arbitrary primers: approach with care. Insect Molecular Biology, 2,
1-6.

Boleda, M. D., Briones, P., Farres, J., Tyfield, L. & Pi, R. (1996). Experimental design: a useful
tool for PCR optimization. Biotechniques, 21, 134-140.



                                                            6   Species identification of Collembola by use of DNA fingerprinting

100

Bomberg, M., Jurgens, G., Saano, A., Sen, R. & Timonen, S. (2003). Nested PCR detection of
Archaea in defined compartments of pine mycorrhizospheres developed in boreal forest humus
microcosms. FEMS Microbiology Ecology, 43, 163-171.

Brückner, M. (2001). Inter- and intrapopulation differentiation in Percus strictus and Percus
grandicollis - RAPD-analysis in two closely related carabid species. Mitteilungen der Deutschen
Gesellschaft für Allgemeine und Angewandte Entomologie, 13, 95-100.

Burkhardt, U. & Filser, J. (2004). Fast and efficient discrimination of the Isotoma viridis group
(Insecta: Collembola) by PCR-RFLP. Pedobiologia , 48, 435-443.

Burkhardt, U. & Filser, J. (2005). Molecular evidence for a fourth species within the Isotoma
viridis group (Insecta, Collembola). Zoologica Scripta, 34, 177-185.

Burkhardt, U. & Filser, J.  Systematics of the Protaphorura armata group – a DNA-based
approach.  Pedobiologia, submitted.

Carapelli, A., Fanciulli, P. P., Frati, F. & Dallai, R. (1995). The use of genetic-markers for the
diagnosis of sibling species in the genus Isotomurus (Insecta, Collembola). Bollettino di
Zoologia, 62, 71-76.

Carapelli, A., Frati, F., Nardi, F., Dallai, R. & Simon, C. (2000). Molecular phylogeny of the
apterygotan insects based on nuclear and mitochondrial genes. Pedobiologia, 44, 361-373.

Castiglioni, P., Ajmone-Marsan, P., van Wijk, R. & Motto, M. (1999). AFLP markers in a
molecular linkage map of maize: codominant scoring and linkage group distribution. Theoretical
and Applied Genetics, 99, 425-431.

Chen, L. F. O., Kuo, H. Y., Chen, M. H., Lai, K. N. & Chen, S. C. G. (1997). Reproducibility of
the differential amplification between leaf and root DNAs in soybean revealed by RAPD
markers. Theoretical and Applied Genetics, 95, 1033-1043.

Chenon, P., Rousset, A. & Crouau, Y. (2000). Genetic polymorphism in nine clones of a
parthenogenetic collembolan used in ecotoxicological testing. Applied Soil Ecology, 14, 103-
110.

Christensen, P. G. (1996).Udvikling af RAPD metodologien til analyse af populationsstrukturer
hos Folsomia candida.  Pp 1-67. Diploma thesis, Odense Universitet, Molekylaerbiologisk
Institut.

Cusick, S. M. & O'Sullivan, D. J. (2000). Use of a single, triplicate arbitrarily primed-PCR
procedure for molecular fingerprinting of lactic acid bacteria. Applied and Environmental
Microbiology, 66, 2227-2231.

Dean, M. D. & Ballard, J. W. O. (2001). Factors affecting mitochondrial DNA quality from
museum preserved Drosophila simulans. Entomologia Experimentalis et Applicata, 98, 279-
283.

DeHaan, L. R., Antonides, R., Belina, K. & Ehlke, N. J. (2002). Peakmatcher: Software for semi-
automated fluorescence-based AFLP . Crop Science, 42, 1361-1364.

Després, L., Gielly, L., Redoutet, B. & Taberlet, P. (2003). Using AFLP to resolve phylogenetic
relationships in a morphologically diversified plant species complex when nuclear and
chloroplast sequences fail to reveal variability. Molecular Phylogenetics and Evolution, 27, 185-
196.

Ellsworth, D. L., Rittenhouse, K. D. & Honeycutt, R. L. (1993). Artificial variation in randomly
amplified polymorphic DNA banding patterns. Biotechniques, 14, 214-217.



                                                            6   Species identification of Collembola by use of DNA fingerprinting

101

Estoup, A., Largiader, C. R., Perrot, E. & Chourrot, D. (1996). Rapid one-tube DNA extraction for
reliable PCR detection of fish polymorphic markers and transgenes. Molecular Marine Biology
and Biotechnology, 5, 295-298.

Fjellberg, A. (1998). The Collembola of Fennoscandia and Denmark.  Part 1: Poduromorpha.
Leiden, Boston, Köln: Brill.

Frati, F., Simon, C., Sullivan, J. & Swofford, D. L. (1997). Evolution of the mitochondrial
Cytochrome Oxidase II gene in Collembola. Journal of Molecular Evolution, 44, 145-158.

Gaudeul, M., Taberlet, P. & Till-Bottraud, I. (2000). Genetic diversity in an endangered alpine
plant, Eryngium alpinum L. (Apiaceae), inferred from amplified fragment length polymorphism
markers. Molecular Ecology, 9, 1625-1637.

Giannasi, N., Thorpe, R. S. & Malthora, A. (2001). The use of amplified fragment length
polymorphism in determining species trees at fine taxonomic levels: Analysis of a medically
important snake, Trimeresurus albolabris. Molecular Ecology, 10, 419-426.

Gisin, H. (1960). Collembolenfauna Europas. Genf: Musée D'Histoire Naturelle.

Gols, R., Ernsting, G. & van Straalen, N. M. (2004). Paternity analysis in a hexapod (Orchesella
cincta; Collembola) with indirect sperm transfer. Journal of Insect Behavior, 17, 317-328.

Hale, W. G. & Rowland, J. P. C. (1977). Biochemical 'fingerprints' as indicators of taxonomic
status within the genus Onychiurus. Revue d'Ecologie et de Biologie du Sol, 14, 535-562.

Hill, K. K., Ticknor, L. O., Okinaka, R. T., Asay, M., Blair, H., Bliss, K. A., Laker, M.,
Pardington, P. E., Richardson, A. P., Tonks, M., Beecher, D. J., Kemp, J. D., Kolsto, A. B.,
Wong, A. C. L., Keim, P. & Jackson, P. J. (2004). Fluorescent amplified fragment length
polymorphism analysis of Bacillus anthracis, Bacillus cereus, and Bacillus  thuringiensis
isolates. Applied and Environmental Microbiology, 70, 1068-1080.

Hofreiter, M., Jaenicke, V., Serre, D., von Haeseler, A. & Paabo, S. (2001). DNA sequences from
multiple amplifications reveal artifacts induced by cytosine deamination in ancient DNA.
Nucleic Acids Research, 29, 4793-4799.

Janssen, P., Coopman, R., Huys, G., Swings, J., Bleeker, M., Vos, P., Zabeau, M. & Kersters, K.
(1996). Evaluation of the DNA fingerprinting method AFLP as a new tool in bacterial
taxonomy. Microbiology, 142, 1881-1893.

Janssen, P., Maquelin, K., Coopman, R., Tjernberg, I., Bouvet, P., Kersters, K. & Dijkshorn, L.
(1997). Discrimination of Acinetobacter genomic species by AFLP fingerprinting. International
Journal of Systematic Bacteriology, 47, 1179-1187.

Kingsley, M. T., Straub, T. M., Call, D. R., Daly, D. S., Wunschel, S. C. & Chandler, D. P. (2002).
Fingerprinting closely related Xanthomonas pathovars with random nonamer oligonucleotide
microarrays. Applied and Environmental Microbiology, 68, 6361-6370.

Kittler, R., Stoneking, M. & Kayser, M. (2002). A whole genome amplification method to generate
long fragments from low quantities of genomic DNA. Analytical Biochemistry, 300, 237-244.

Kumar, S., Tamura, K., Jakobsen, I. B. & Nei, M. (2001). MEGA2: Molecular Evolutionary
Genetics Analysis software. Bioinformatics, 17, 1244-1245.

Landry, B. S., Dextraze, L. & Boivin, G. (1993). Random amplified polymorphic DNA markers
for DNA fingerprinting and genetic variability assessment of minute parasitic wasp species
(Hymenoptera: Mymaridae and Trichogrammatidae) used in biological control programmes of
phytophagous insects. Genome, 36, 580-587.



                                                            6   Species identification of Collembola by use of DNA fingerprinting

102

Lee, J. Y., Bang, Y. B., Rhee, J. H. & Choi, S. H. (1999). Two-stage nested PCR effectiveness for
direct detection of Vibrio vulnificus in natural samples. Journal of Food Science, 64, 158-162.

Lopez, J. V., Kersanach, R., Rehner, S. A. & Knowlton, N. (1999). Molecular determination of
species boundaries in corals: Genetic analysis of the Montastraea annularis complex using
amplified fragment length polymorphisms and a microsatellite marker. Biological Bulletin, 196,
80-93.

Maddison, W. P. (1997). Gene trees in species trees. Systematic Biology, 46, 523-536.

May, S. (2002). Strategies for medium-throughput automated genotyping methods. Psychiatric
Genetics, 12, 127-132.

Mignouna, H. D., Abang, M. M. & Fagbemi, S. A. (2003). A comparative assessment of molecular
marker assays (AFLP, RAPD and SSR) for white yam (Dioscorea rotundata) germplasm
characterisation. Annals of Applied Biology, 142, 269-276.

Moore, W. S. (1995). Inferring phylogenies from mtDNA variation: mitochondrial-gene trees
versus nuclear-gene trees. Evolution, 49, 718-726.

Mori, E., Lio, P., Daly, S., Damiani, G., Perito, B. & Fani, R. (1999). Molecular nature of RAPD
markers from Haemophilus influenzae Rd genome. Research in Microbiology, 150, 83-93.

Mueller, U. G. & Wolfenbarger, L. L. (1999). AFLP genotyping and fingerprinting. Trends in
Ecology and Evolution, 14, 389-394.

Nakano, M., Komatsu, J., Matsuura, S., Takashima, K., Katsura, S. & Mizuno, A. (2003). Single-
molecule PCR using water-in-oil emulsion. Journal of Biotechnology, 102, 117-124.

Neilan, B. A. (1995). Identification and phylogenetic analysis of toxigenic Cyanobacteria by
multiplex Randomly Amplified Polymorphic DNA PCR. Applied and Environmental
Microbiology, 61, 2286-2291.

Niklasson, M., Petersen, H. & Parker, E. D. (2000). Environmental stress and reproductive mode
in Mesaphorura macrochaeta (Tullbergiinae, Collembola). Pedobiologia, 44, 476-488.

Palissa, A. (1964). Apterygota. In Brohmer, P., Ehrmann, P. & Ulmer, G. (Eds) Die Tierwelt
Mitteleuropas, vol. 4, pp 1-299. Quelle und Meyer, Leipzig

Parsons, Y. M. & Shaw, K. L. (2001). Species boundaries and genetic diversity among Hawaiian
crickets of the genus Laupala identified using Amplified Fragment Length Polymorphism.
Molecular Ecology, 10, 1765-1772.

Pomorski, R. J. (1990). Morphological-systematic studies on the variability of pseudocelli and
some morphological characters in Onychiurus of the "armatus-group" (Collembola,
Onychiuridae) Part II. On synonyms within the "armatus-group", with special reference to
diagnostic characters. Annales Zoologici, 43, 535-575.

Ranamukhaarachchi, D. G., Kane, M. E., Guy, C. L. & Li, Q. B. (2000). Modified AFLP technique
for rapid genetic characterization in plants. Biotechniques, 29, 858-866.

Ravel, S., Monteny, N., Olmos, D. V., Verdugo, J. E. & Cuny, G. (2001). A preliminary study of
the population genetics of Aedes aegypti (Diptera : Culicidae) from Mexico using microsatellite
and AFLP markers. Acta Tropica, 78, 241-250.

Rusek, J. (2002). Taxonomy of Collembola at the beginning of the new millennium. Pedobiologia,
46, 215-224.



                                                            6   Species identification of Collembola by use of DNA fingerprinting

103

Saunders, G. C., Dukes, J., Parkes, H. C. & Cornett, J. H. (2001). Interlaboratory study on thermal
cycler performance in controlled PCR and random amplified polymorphic DNA analyses.
Clinical Chemistry,  47, 47-55.

Schaffer, S. & Arnholdt-Schmitt, B. (2001). Characterization of genome variation in tissue cultures
by RAPD fingerprinting - a methodological comment. Plant Biosystems, 135, 115-120.

Sefc, K. M., Payne, R. B. & Sorenson, M. D. (2003). Microsatellite amplification from museum
feather samples: Effects of fragment size and template concentration on genotyping errors. The
Auk, 120, 982-989.

Simonsen, V., Filser, J., Krogh, P. H. & Fjellberg, A. (1999). Three species of Isotoma
(Collembola, Isotomidae) based on morphology, isozymes and ecology. Zoologica Scripta, 28,
281-287.

Simonsen, V. & Christensen, P. G. (2001). Clonal and genetic variation in three collembolan
species revealed by isozymes and randomly amplified polymorphic DNA. Pedobiologia, 45,
161-173.

Soto-Adames, F. N. (2000). Phylogeny of Neotropical Lepidocyrtus (Collembola: Entomobryidae):
first assessment of patterns of speciation in Puerto Rico and phylogenetic relevance of some
subgeneric diagnostic characters. Systematic Entomology, 25, 485-502.

Sunnucks, P. & Hales, D. F. (1996). Numerous transposed sequences of mitochondrial cytochrome
oxidase I-II in aphids of the genus Sitobion (Hemiptera: Aphididae). Molecular Biology and
Evolution, 13, 510-524.

Sunnucks, P. (2000). Efficient genetic markers for population biology. Trends in Ecology and
Evolution, 15, 199-203.

van de Zande, L. & Bijlsma, R. (1995). Limitations of the RAPD technique in phylogeny
reconstruction in Drosophila. Journal of Evolutionary Biology, 8,  645-656.

van der Wurff, A. W. G., Chan, Y. L., van Straalen, N. M. & Schouten, J. (2000). TE-AFLP:
combining rapidity and robustness in DNA fingerprinting. Nucleic Acids Research, 28, e105.

van der Wurff, A. W. G., Gols, R., Ernsting, G. & van Straalen, N. M. (2001). Microsatellite loci
in the soil-dwelling collembolan, Orchesella cincta. Molecular Ecology Notes, 1, 182-184.

van der Wurff, A. W. G., Isaaks, J. A., Ernsting, G. & van Straalen, N. M. (2003). Population
substructures in the soil invertebrate Orchesella cincta, as revealed by microsatellite and TE-
AFLP markers. Molecular Ecology, 12, 1349-1359.

Vos, P., Hogers, R., Bleeker, M., Reijans, M., Lee, T. v. d., Hornes, M., Frijters, A., Pot, J.,
Peleman, J., Kuiper, M. & Zabeau, M. (1995). AFLP: a new technique for DNA fingerprinting.
Nucleic Acids Research, 23, 4407-4414.

Wang, G. H., Lu, J. H., Lei, X. L., Li, H. K., Li, M. Q., Chen, R. S., Fang, H. P. & Hu, J. (2004).
Error rate in single molecule PCR.  Progress in Biochemistry and Biophysics, 31, 159-162.

Wang, X. Q. Z. Y. I., Zhang, D. M., Zhang, Z. X. & Hong, D. Y. (1996). Problems in the use of
RAPD to the study of genetic diversity and systematics. Acta Botanica Sinica, 38, 954-962.

Warnke, K., Söller, R., Blohm, D. & Saint-Paul, U. (2000). Rapid differentiation between Octopus
vulgaris Cuvier (1797) and Octopus mimus Gould (1852), using randomly amplified
polymorphic DNA. Journal of Zoological Systematics and Evolutionary Research, 38, 119-122.

Weeks, A. R., van Opijnen, T. & Breeuwer, J. A. J. (2001). AFLP fingerprinting for assessing
intraspecific variation and genome mapping in mites. Experimental and Applied Acarology, 24,
775-793.



                                                            6   Species identification of Collembola by use of DNA fingerprinting

104

Weising, K., Atkinson, R. G. & Gardner, R. C. (1995). Genomic fingerprinting by microsatellite-
primed PCR - a critical evaluation. PCR-Methods and Applications, 4, 249-255.

Welsh, J. & McClelland, M. (1991a). Genomic Fingerprinting using arbitrarily primed PCR and a
matrix of pairwise combinations of primers. Nucleic Acids Research, 19, 5275-5279.

Welsh, J., Petersen, C. & McClelland, M. (1991b). Polymorphisms generated by arbitrarily primed
PCR in the mouse application to strain identification and genetic mapping. Nucleic Acids
Research, 19, 303-306.

Williams, J. G. K., Kubelik, A. R., Livak, K. J., Rafalski, J. A. & Tingey, S. V. (1990). DNA
polymorphisms amplified by arbitrary primers are useful as genetic markers. Nucleic Acids
Research, 18, 6531-6536.

Yue, G. H., Li, Y., Chen, F., Cho, S., Lim, L. C. & Orban, L. (2002). Comparison of three DNA
marker systems for assessing genetic diversity in Asian arowana (Scleropages formosus).
Electrophoresis, 23, 1025-1032.

Zhang, D. X. & Hewitt, G. M. (1996). Nuclear integrations: challenges for mitochondrial DNA
markers. Trends in Ecology and Evolution, 11, 247-251.

Zimdars, B. & Dunger, W. (2000). Different methods for the evaluation of species of the genus
Mesaphorura (Collembola, Tullbergiinae). Pedobiologia, 44, 240-247.



                                                                                                                                         7   General discussion

105

General discussion

Difficulties in providing systematics and identification tools are surely human-made to a certain

extent, since the traditional taxonomist studying collection materials with a microscope is prone to

errors. But it is to state that they are also nature-made: there is a point where morphological based

characters become unable to reliably discriminate taxa. So when dealing with small scaled

organisms, morphological based identification has its limitations, all the more if most characters

tend to be variable. But can molecular based identification do a better job? The answer is yes – and

no, since obviously, it suffers from several drawbacks when standing alone. In the following, I will

focus on some of these and discuss possibilities and limitations of a DNA-based taxonomy that

occurred during this investigation of two collembolan cryptic species groups.

In the genus Protaphorura, a certain amount of individuals, between 24% and 37%, often remains

undistinguishable due to morphological aberrations (Pitkin 1980, Pomorski 1990, Burkhardt &

Filser, submitted). If juvenile stages are taken into account, this part of morphologically

indistinguishable individuals may increase to 45 or even 80% (Ulber 1978, Mebes 1999). On the

other hand, populations of Protaphorura have been investigated that showed no or low character

variability in pseudocellar pattern as well as in chaetotaxy (e.g. Hale 1968). Variability has been

found to be quite normal in certain species (Pomorski 1993, 1998, Fjellberg 1998), and

symmetrical reductions or the appearance of additional pseudocelli easily may lead to erroneous

identifications. It has been stated that such variation of Gisin’s characters might result from

agrochemicals (Hale 1968) or have genetic or teratological background (Pomorski 1998), but

despite anomalies are quite frequent in Collembola (Najt & Massoud 1976), few attempts have

been made to investigate character variability along with independent marker sets. Obviously the

pseudocelli are an autapomorphic character of the Onychiuridae and it is justified to use them for

systematics and identification. On the other hand, since Gisin, some taxonomists have treated these

pseudocelli as they never would show any pattern variability, although Hale (1968) and Lawrence

(1979) found higher degrees of pseudocellar aberrations in habitats influenced by pesticides or

fertilisers. However, the pseudocellar positions do not seem to be under comparable genetic

control (Hopkin 1997) but appear to be free to vary to a greater or lesser extent. Therefore it has

become impossible to create reliable systematics of this group based on the established

morphological character set alone, let alone to separate good species hiding within the

Protaphorura armata group on morphological grounds. E.g. Hopkin (2004-2005), regarding the

British Protaphorura species, comes to the conclusion that ”...the pseudocelli formula, presence or

absence of seta s' on abdomen 5, and the degree of convergence of lines drawn through the two
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pairs of setae anterior to the anal spines are too variable... The morphological characters that are

currently used to separate them are not reliable.” As a result, he recommends only three species of

Protaphorura to be found in Britain, since the other ‘species’ found there cannot be identified

reliably. As a first step out of this mess, it seems necessary, as stated by Pomorski (1986, 1990), to

include not only presence or absence but also the exact localisation of each pseudocellus on the

cuticle in order to recognise aberrations. After this, a second step would be to find an agreement

which of these positions are of real taxonomic value. Here again, unfortunately, conclusions tend

to vary according to the researcher and the sampling sites from where he took his specimens. After

discerning completely aberrant forms that cannot be distinguished at all, there will be intermediate

forms, showing an asymmetrical arrangement of pseudocelli that makes it difficult to assign a

definitive species identification. Usually such intermediate forms were assigned to the P. armata

'group'. These intermediates, standing in the middle between two species descriptions, will remain

a problem that cannot be solved without including additional, independent markers. Molecular

markers could provide such a marker set. There are yet some drawbacks resulting from differences

between populations, the small size of the samples and from DNA contamination via gut content

etc., but after investigation of both mitochondrial and nuclear DNA sequence data, haplotypes

were found that can be assigned to the pseudocellar pattern of the tergites of head, thorax and

abdomen 4, whereas chaetotactic characters of abdomen 5 and 6 seem to be of minor importance

(Burkhardt & Filser, submitted). Also some intermediate forms were checked with molecular

methods, e.g. P. armata x tricampata. These intermediates were not found to represent a distinct

haplotype that could claim species status, whereas concordant molecular traits, especially for P.

fimata and P. armata, suggest that the P. armata group contains more than one distinct species.

If molecular based characters in fact prove to be the solution of the P. armata ‘group‘ problem, it

may be possible to derive new morphological characters that are in accordance with both

ecological and molecular findings, but easier to recognise and thus might be used to compile a new

determination key.

Whereas in the Protaphorura armata group differences in cuticular structure and chaetotaxy often

are too variable to be reliable for taxonomy, the members of the Isotoma viridis group are

characterised by their highly variable pigmentation pattern. In the closely related genus Isotomurus

pigmentation patterns proved to be species-specific (Carapelli et al. 2001), but in the Isotoma

viridis group this is not the case. For I. viridis colour patterns were found ranging from light green

to dark blue, the latter resembling I. anglicana, and a more or less differentiated middorsal line

similar to the one typical of I. riparia. All the more intermediate forms exist also for distinctive

characters such as specimens with three manubrial thickenings, thus standing between I. anglicana
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and I. viridis. Up to now, I. anglicana is almost inseparable from I. viridis by morphological

characters except the bispinose manubrial teeth (Fjellberg 2003). On the other hand, I. caerulea

differs from I. anglicana by several characters (Fjellberg 2003), but until recently has remained a

cryptic species. The only morphological characters to distinguish between I. viridis and I. riparia,

except for the (variable) colour pattern, are differences in shape of claws (Simonsen et al. 1999).

Therefore in the I. viridis group, morphologically intermediate forms occur that make species

identification a tedious task.

The main obstacle for discriminating small-scaled species goes along with their small size itself, it

is the sparse number of diagnostic characters that hampers a robust species identification, or at

least the reproducible identification of operationally distinct taxa whose species status might be

verified subsequently (e.g. Sweijd et al. 2000). If a given taxon cannot be resolved by use of

morphological characters alone, the taxonomist may either try to exclude factors of variability that

may influence the morphological pattern, or look for additional but independent character sets. If

he decides for the first method, he will have to study large numbers of specimens he assumes to

belong to the same species, from different sampling sites, in order to discern between more

variable or more constant characters, and to define the level where this variability occurs -

individual, subspecific, specific or higher. To reveal the status of his species in the sense of the

biological species concept, he will have to establish single species rearings and to perform

hybridisation experiments. Here, the production of fertile offspring as evidence for parental species

identity also allows to study the degree of variability of inherited characters in the following

generations. Such rearings may either be collected from one single sampling site and regarded as

‘single species rearing’ as long as no further species are detected during ongoing investigation of

test samples (e.g. Hale 1964). Another way would be to isolate juvenile specimens and to establish

separated rearings based on two parent individuals each (e.g. Pomorski 1986, 1990). However, the

latter method may suffer from a founder effect (Nei et al. 1975), i.e. certain character aberrations of

the parents may become manifest in their offspring and thus pretend a wrong degree of character

variability. In ‘single species rearings’, morphological varieties of one species may remain stable

that in natural populations would interbreed with other such varieties and thus lose their unique

character pattern which is considered to be ‘specific’ by the researcher (Lawrence 1979).

But once a character set established for discrimination within a given taxon group turns out to be

variable, a vicious circle may be initiated: the absence of reliable characters for identification

prevents the detection of biological differences between taxa that otherwise would reveal their

species distinctness. To break up this mess, an independent character set would be required. For

such independent marker sets, characters would be best suited that are linked to the organism itself
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as do the characters derived from morphology. Biochemical and molecular markers, e.g. protein or

DNA sequences, are linked with their organismal carrier and thus provide the possibility to

discover heritable taxon-specific characters suitable for phylogenetic reconstruction as well as for

identification purposes. Among such markers, DNA seems most promising due to its chemical

stability as well as its possibility to be easily amplified via PCR reaction. Proteins have proven to

be suitable for revealing systematics (e.g. Carapelli et al. 2005), and some of them are far more

stable than is generally assumed (Dessauer et al. 1996), but DNA in most cases provides a richer

source of information. Protein patterns are often less complex and yield fewer taxon-specific bands

(Symondson 2002), whereas in DNA the region of interest can easily be amplified, an important

advantage when dealing with small animals. However, a minimum quantity of material is

necessary to achieve a visualisation of genetic information, for electrophoresis as well as for DNA

sequencing. As shown by Hale & Rowland (1977), biochemical patterns can be obtained from

minute individuals, but these might lack the complexity necessary to resolve especially large

species groups consisting of numerous taxa. Besides, to avoid a mixing of genetic information

from different species forces to extract information from individual specimens and to multiply this

information by nucleotide amplification. Although it is possible to get this information out of

single small organisms, I also found some obstacles linked: the quantity of DNA template

depending on initial sample size, the template quality depending on storage conditions and the

pattern reproducibility depending on template concentration.

DNA extraction from small individuals

During this study, I tested different methods for their suitability to extract DNA from small

organisms, including protocols using NaCl precipitation (Sunnucks & Hales 1996), chelex resin

(Estoup et al. 1996), sodium lauryl sulfate (Landry et al. 1993), CTAB and chloroform-isoamyl

alcohol (Boyce et al. 1990, Doyle & Doyle 1987), simple raw suspensions of cell debris (e.g.

Araujo et al. 2004) and commercial extraction kits of Qiagen (Hilden, Germany) and Eppendorf

(Hamburg, Germany). In all these methods tested, the yielded template DNA sometimes failed to

amplify regardless whether a specific or arbitrary primer sequence was used, an effect that may

occur regardless of the origin of template DNA (e.g. Soto-Adames 2002, Gaudeul et al. 2000,

Medina et al. 1999). This happened more often in protocols that required several washing steps,

whereas the methods where the whole extraction procedure is carried out in one tube usually

yielded enough template DNA for PCR amplification. On the other hand, methods that do not

separate cellular debris, such as the chelex protocol, bear a certain risk of shearing forces occurring

during the extraction that may break the DNA into fragments too small for subsequent
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amplification of longer fragments (e.g. Gomez et al. 1998). In this regard, the most promising

approach tested was the non-destructive protocol of Cruickshank et al. (2001). In this method

based on the Dneasy tissue kit (Qiagen, Hilden), an elongated lysis step optimised DNA yield

without affecting the cuticular structure. I successfully adapted this method for Collembola

(Burkhardt & Filser, submitted), keeping details of integument structures and setae intact for

subsequent morphological investigation.

Another refinement could be to perform a multiple tubes approach (Taberlet et al. 1996) or to

increase the concentration of the DNA template and to use about a quarter of the whole template

yield per amplification (e.g. Faten & Mohamed 2002, Leutbecher 2000), but this would allow no

more than three or four reactions per organism to be performed. If extracted from a type specimen,

such a sparse amount of DNA would become as precious as the type itself, and the question would

occur which gene locus to be amplified out of several loci proposed for arthropod taxonomy

(Caterino et al. 2000), let alone a partitioning of this DNA template into several subsets for

distribution as proposed by Tautz et al. (2003). Besides, approaches to concentrate template DNA

may fail when a longer storage of samples in ethanol has further decreased the DNA content (e.g.

Leutbecher 2000), a problem that might hamper the investigation of small samples out of

collection material that are either dried or stored in ethanol. From our investigations of

Protaphorura (Burkhardt & Filser, submitted), I conclude that the method of DNA extraction

influences DNA yield, but storage conditions have a more important influence on subsequent

amplification success, most probably due to degradation and shearing of DNA (Dean & Ballard

2001). Whenever subsequent amplification completely failed, the template came never from

freshly killed animals but from specimens stored for several months in ethanol or other preserving

fluids. This indicates an influence of storage conditions and time (Dean & Ballard 2001) on PCR

success being higher than the influence of extraction conditions (Kilpatrick 2002), that is to say the

sooner after sampling the extraction of DNA happens, the higher the DNA yield will be. If it

becomes necessary to mount specimens on slides, to treat them with chemicals or to dissect body

parts to ensure identification, this will inevitably lead to loss of tissue and body fluid and thus

decrease DNA yield, but non-destructive methods such as the method proposed by Cruickshank et

al. (2001) should help to minimise such losses.

Template quantities

Van der Wurff et al. (2000) extracted approximately 250 ng of DNA from each Orchesella cincta.

Protaphorura has about 1/10 of body volume compared to O. cincta and thus will yield about 25

ng of DNA per specimen. Since even microvolume cells for photospectrometry require at least
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several microlitres of volume, measuring the concentration of the DNA would consume a large

part of the total DNA yield. On the other hand, an even DNA content in all samples to be tested is

desirable, especially when fingerprinting methods are used whose fragment pattern is, amongst

other factors, sensitive to variable template concentrations (e.g. Welsh & McClelland 1990,

Ellsworth et al. 1993). In studies where these methods are used, usually the concentration of

templates is standardised prior to PCR, but this may become difficult if the total amount of DNA

per sample is marginal from the beginning (Black 1993). However, DNA fingerprinting techniques

have been performed within a definite range of template concentrations. RAPD usually uses 20 to

25 ng of DNA per reaction (e.g. Williams et al. 1990, Yu & Pauls 1992, but also 2 to 3 ng have

successfully been amplified (e.g. Leutbecher 2000, Araujo et al. 2004). For AFLP, 50 to 500 ng are

recommended (Vos et al. 1995, Mueller & Wolfenbarger 1999), but also 1 ng samples can be

investigated (Rosendahl & Taylor 1997), whereas Gaudeul et al. (2000) recommended 6 ng per

microlitre as the threshold of template quantity that will guarantee for reproducible patterning

without artefacts. No definite minimum amount seems to exist that will guarantee for reproducible

results in whatever taxon studied. I used about 1/20 of template volume only for each PCR

reaction, since I tried to compare several methodical approaches for their usefulness for molecular

identification based on identical templates, and this may have influenced the reproducibility of the

more sensitive fingerprinting methods due to low template concentration.

DNA can be extracted and amplified even from dried museum specimens (Phillips & Simon 1995)

and it is possible to extract DNA from specimens as small as 1 mm or less and yet to yield enough

DNA for reproducible PCR (Landry et al. 1993, Weeks et al. 2001, Paquin & Hedin 2004). But

drying samples or storing in preservation fluids will lead to losses of DNA or complete failure of

DNA extraction (e.g. Hardig et al. 2000, Leutbecher 2000), all the more when using nonspecific

standard extraction protocols (Schizas et al. 1997), and the smaller the sample, the sooner a point

will be reached where the remaining DNA in stored samples will become too little for successful

amplification. Our experiments with small-sized Collembola such as Protaphorura indicate that

below about 1 mm of body size there is a certain risk to yield insufficient amounts of DNA.

Certainly this ‘frontier’ can be pushed towards even smaller sizes by using highly sensitive, e.g.

forensic, extraction methods (Leclair et al. 2003) or by concentrating the DNA template. But once

stored, all specimens bear also a certain risk to contain contaminations with alien DNA.

DNA contaminations

A sample may contain alien DNA that cannot be removed by washing the sample, as gut content,

by endosymbionts or endoparasites (e.g. Zhu et al. 2000). As an example, when extracting small
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soil animals in the lab, using a Berlese funnel or a similar apparatus, it is possible to keep the

samples alive for a while, separated or on a water surface, until their gut is emptied, and to perform

DNA extraction afterwards. But when using pitfall traps in the field or when investigating

collection material which is usually dried, preserved in ethanol or even formalin, the DNA yield of

the target organism is lowered and amounts of DNA contamination may gain influence on

subsequent PCR amplification. PCR will amplify whatever pure or impure DNA is given as

template regardless of its taxonomic origin, thus sometimes favouring unwanted gene loci and

providing misleading data (Zhang & Hewitt 1996). If the target organism is very small, the yield of

molecular material for subsequent investigations will be limited, making some methods ineffective

(Weeks et al. 2001) and the ability of the chosen primers to favour the DNA of the target organism

over DNA contaminations will become crucial. Along with the investigation of predator-prey

interactions, DNA has been found to withstand processes of digestion for several hours up to

several days (Boakye et al. 1999, Agusti et al. 2003). Therefore an organism caught in the field and

preserved at once may contain non-degraded alien DNA that may interfere with subsequent

molecular based identification. Certainly amplification out of a mix of target DNA and alien DNA

has been performed successfully, but usually with species-specific primers (e.g. Rokas 2001,

Hoogendorn & Heimpel 2001, Salotra et al. 2001, Destefano et al. 2004, Frati et al. 2004) and with

template DNA and alien DNA belonging to distantly related taxa, so that there was low risk of the

species-specific primers to match also alien priming sites and thus producing erroneous sequence

data. But if the contaminated DNA comes from a closely related taxon, this will lead to a mixture

of DNA templates that both have a similar matching affinity for the primers used and the resulting

DNA sequence may be either a mixture or an arbitrary choice of one DNA of both organisms. In

such cases, a species-specific primer will have to be designed (Fettene & Temu 2003, Cetre-Sossah

et al. 2004) to ensure an accurate identification, whereas the use of universal primers, as proposed

by (Tautz et al. 2003, Hebert et al. 2003), designed to match a wide range of taxa, may not have the

potential to discriminate between such mixed templates (e.g. Yli-Mattila et al. 2000). This problem

may become a severe challenge when a molecular taxonomy as proposed e.g. by Tautz et al. (2003)

is to be applied to minute organisms. Therefore at least one combination of factors bears a high

risk for erroneous taxonomy: the use of universal primers to investigate small taxa that fed on

tissue of closely related taxa. While live samples can be kept until their gut is emptied, stored

specimens may be contaminated inseparably and thus their molecular based identification may

require to design taxon-specific primers for every new taxon to be investigated (e.g. D’Haese

2002).
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Applicability of DNA-based taxon markers: distinct gene loci and fingerprinting

However, even such taxon-specific primers usually will be taken from gene regions that have

proven to be suitable for phylogenetic inference as well as for identification purposes. If the marker

sets used, whether molecular or morphological, are congruent, molecular marker sets will rather

serve to provide tools for faster discrimination, whereas in cases of incongruity, additional marker

sets will be employed in order to resolve ambiguities.

In the Isotoma viridis group molecular markers could be established suitable for fast routine

identification (Burkhardt & Filser 2004, 2005), whereas in the Protaphorura armata group, the

molecular markers tested represent a first approach to include molecular traits to a combined

definition of species boundaries. As for the morphological characters used up to now, they fail to

resolve this species group, whereas the molecular markers employed in this study provided a

comparable yet not completely congruent phylogeny. This may be due to an individual history of

genes used, leading to differences between phylogenies of organism and gene (Avise & Ball 1990).

As I could show for the I. viridis group, investigation of single gene loci as well as fingerprinting

methods indicated genetic diversity being present even in populations where several members

lived in sympatry, thus confirming their status as distinct species (Burkhardt & Filser 2004, 2005).

Once the status of species is confirmed by several independent methods, also methods such as

AFLP can be applied that yield complex, highly variable patterns. These may be used rather to

estimate genetic diversity among populations than to determine species boundaries, but could as

well be screened for taxon-specific markers for the latter purpose (Burkhardt, in preparation). On

the other hand, except for AFLP most DNA fingerprinting methods tested in the P. armata group

either produced poorly reproducible data or tended to reveal genetic differences on the level of

populations or sampling sites rather than on the level of species. Therefore if no prior molecular

information is available, as a first approach sequencing of distinct gene regions and subsequent

RFLP appears to be a more promising method to resolve cryptic species groups and to provide

markers for species identification.

These ambiguities found between different molecular marker sets indicate that more individuals

and more sampling sites will have to be investigated, according to the large number of assumed

species in the P. armata group. In Central Europe, four different species of the I. viridis group are

known to occur, and therefore the investigation of a single gene locus was sufficient to provide a

molecular based differentiation system. Besides, the genetic diversity within and between Isotoma

species from different populations could be estimated based in nucleotide divergence, and thus it

was possible to introduce a system of RFLP enzymes that will provide a discrimination by PCR-

RFLP, which allows for a faster and cheaper species discrimination. In contrast, the P. armata



                                                                                                                                         7   General discussion

113

group consists of one highly variable or more than 40 distinct species, according to particular

authors (see Burkhardt & Filser, submitted, for references). Obviously, far more samples (and

some independent genes, see below) will have to be investigated to yield an adequate number of

specimens per ‘species’ that will allow to determine and to verify genetic differences within

species as well as between species. From the latter, species-specific markers then can be derived in

a second step, including discrimination methods faster than DNA sequencing, such as PCR-RFLP

or taxon-specific single-locus probes derived from AFLP fragment patterns. Up to now, from P.

fimata and P. armata enough samples were investigated to separate them from other members of

the P. armata group by means of phylogenetic inference and to assume them to represent distinct

species, whereas the relationships among other members of the group could not yet be resolved

due to small sample numbers. Nevertheless, the first results indicate some relationships that

contradict conclusions of morphological taxonomy. Especially the taxonomic value of chaetotaxy

of abdominal tergites 5 and 6 is weakly supported by molecular data, whereas the localisation of

pseudocelli on thoracal tergites 2 and 3 as well as on abdominal tergite 4 seems to be congruent

with molecular data.

Another reason for the incongruent data might be that speciation in the P. armata group took place

recently so that not all molecular markers chosen had comparable power to resolve the divergence

of species (e.g. Lopez et al. 1999, Fukami et al. 2004). Besides, an accumulation of genetic

differences up to a level that allows for species discrimination requires reproductive isolation.

However, hybridisation is known to occur within Collembola (Skarzynski 2004 a, b), and within

Protaphorura ‘species’ similar events may occur (Hale 1964, Filser 1992, Hopkin 1997), thus

blurring genetic differences in some gene loci. To reveal and overcome such pitfalls, as well as

effects of pseudogenes (Zhang & Hewitt 1996), gene duplications (Page & Cotton 2002) or

methodological errors (Slowinski 2001, Smith et al. 2003) will require to investigate and to

increase the number of independent marker sets rather than the number of samples (Mitchell et al.

2000), at least in cryptic species groups that contain a large number of taxa.

The value of data from mitochondrial gene loci may be decreased by the presence of pseudogenes,

which sometimes are very similar to the original loci and thus difficult to detect (Sunnucks &

Hales 1996, Mounsey et al. 2002), all the more if target sequences are present at low

concentrations and nonspecific primers match to nuclear pseudogene sites better than to the desired

target sequences in mitochondrial DNA, making the purification of molecular information

impossible (Collura & Stewart 1995). Although I did not detect pseudogenes in my data sets, they

remain a problem especially for low concentrated DNA templates and thus require verification by

independent loci. As such an independent marker set, I chose the nuclear ITS1 gene region for the
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P. armata group. Here, ITS1 yielded a resolution on taxonomic level similar to both mitochondrial

genes investigated and confirmed their results. However, indels of different length were found in

the data set. The correct treatment of indels in phylogenetic studies is controversial and therefore

they are often removed from the data set prior to analysis (e.g. Frati & Carapelli 1999). Their

removal did not interfere with phylogenetic resolution, but their presence makes the ITS1 region

inefficient for a fast taxon discrimination via PCR-RFLP. Since up to now no other ITS

collembolan sequence data are available on nucleotide sequence databases, I would recommend to

concentrate on other highly variable ribosomal DNA such as the D2 region of the 28S rDNA gene,

for which collembolan sequences are already available for comparison (e.g. D’Haese 2002). If no

prior sequence knowledge exists, the possibility to perform a fast identification via PCR-RFLP and

their high copy numbers make the mitochondrial indel-free genes most appropriate for molecular

based identification of small-scaled organisms.

Regarding the results of DNA fingerprinting methods, at least the AFLP method was found

capable to provide reproducible species-specific patterns within samples from different

populations. The next step would be to check by cloning whether these fragments of identical

length in fact come from comparable primer binding sites and to design taxon-specific primers

based on sequence data (e.g. Soleimani et al. 2002). The AFLP fingerprints of the P. armata group

showed highest resolution on the level of populations rather than on species level, whereas AP-

PCR and RAPD suffered from weak reproducibility, making the latter methods more suitable for a

preliminary screening of genetic diversity than for the detection of species boundaries.

Implications for a molecular taxonomy

Tautz et al. (2003) introduced an approach for establishing molecular taxonomy on a broad scale.

The authors proposed to use several DNA sequences to serve as a reference sample and as a

standard for future reference, together with the type specimen. This DNA sequence collection

would be intended primarily to provide identification rather than phylogeny, and later comparison

with other sequences should reveal whether sequence is known or unknown and eventually lead to

descriptions of new species. Besides, cryptic species are more likely to be detected by molecular

analysis since often there is no motivation to subject species to a detailed analysis until a DNA

analysis reveals differences, which then may help to detect morphological characters that verify the

distinction of species (Hebert et al. 2003, Zietara & Lumme 2003).

Among all possible nucleotide regions, some loci have been proven to be notably suitable for a

wide range of taxa (Caterino et al. 2000, Giribet et al. 2001). But different loci studied may

provide different phylogenies (Ball et al. 1990), and if so – which of them should be chosen as the
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right one? Tautz et al. (2003) recommend to use more than one sequence region. Most of new

species yet to be described are expected to occur among small-sized organism groups, making

molecular taxonomy a more and more valuable tool to deal with this flood of biological

information. But the smaller the organism, the more difficult it will be to investigate several loci.

An arbitrary determination of sequence divergence below which all organisms studied are to be

regarded as conspecific (e.g. Floyd et al. 2002) remains a mere stopgap, the more if derived from a

single gene locus, and should be verified by additional differentiating characters, e.g. derived from

morphology behaviour, habitat preferences or protein patterns. Similar to a museum specimen that

lacks detailed labelling, also a DNA sequence is of limited value as long as it lacks registered

information such as sampling locality and date or is not linked to a morphological description.

Aspects of classical taxonomy should not be substituted but supported by modern molecular

methods. (Zietara & Lumme 2003). A balanced approach to taxonomy should take into account

phenotypical characteristics and molecular genotypical information, as far as possible from

different genes, in order to establish more robust characters (e.g. Giribet et al. 2001, Edgecombe et

al. 2002, Castro-Longoria et al. 2003, Uilenberg et al. 2004).

Conclusions: how to do molecular taxonomy on small organisms?

The question arises under what circumstances such DNA taxonomy will do the step from an exotic

tool for resolving cryptic species towards a central reference tool for species comparisons. Most

current taxonomy is performed using low-cost technology (Seberg et al. 2003), so a molecular

taxonomy will not become affordable nor desirable unless it has proven to be comparable in costs,

to be essential for discrimination of problematic taxa or to provide faster identification than the

established methods used so far. And molecular taxonomy is able to fulfil these tasks. All the

problems mentioned to occur when investigating small-sized organisms - minor quantity and

quality of DNA, limited pattern reproducibility and potential contamination - can be overcome

more or less easily, e.g. by decontaminating animals prior to extraction, using a specialised

extraction procedure as recommended, resuspending the obtained DNA in high concentration and

designing species-specific primers.

Most species yet to be described are assumed to belong to smaller taxa with body sizes between

0.5 and 10 mm (Blaxter 2003). This reduced size goes along with a reduced set of morphological

markers adaptable for identification. Apart from the sheer number of new taxa to be described

which seems not feasible by traditional taxonomy methods alone, also concepts of defining

‘species’ will fail in many cases (Blaxter 2004). To avoid both restraints, defining molecular

operational taxonomic units (MOTUs) might be an adequate solution.
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The molecular taxonomist, intending to investigate his small-sized taxon of interest with DNA-

based methods, will have to deal with low extraction yields that may be further minimised due to

degradation in samples stored for a longer time. Most small taxa are either stored in ethanol or

mounted on slides, therefore the taxonomist will have to focus on fresh collection material or live

samples, if possible taken from the type locality. These efforts at best should be done in

cooperation with the morphological taxonomists that can decide whether the specimens to be

investigated in fact belong to the taxon of interest, represent something yet unknown or are

impossible to discriminate due to character variability. Such a multidisciplinary approach should

also minimise the risk of wrong identifications due to sample contamination or gene tree effects.

And it will allow to estimate the degree of genetic diversity within given taxa. All the more, a

DNA sequence will be much more valuable if linked to a voucher specimen that is identified,

described and accessible in an institutional repository. Therefore, in its own interest molecular

taxonomy should facilitate and supplement existing taxonomic methods, not replace them. The

more complex the species group to be resolved, the more markers are to be put together in order to

obtain a precise and robust discrimination system. In such a cooperation, it does not matter who

provides the samples as long as sources of contamination such as the gut content are removed

before killing and DNA extraction. Since the storage of samples in ethanol for a few weeks seems

not to deteriorate the DNA yield significantly, samples could then be given to the colleague

taxonomist even if he works at a different laboratory. Storage and extraction of DNA then should

follow the recommendations e.g. given in Dessauer et al. (1996), Cruickshank et al. (2001) and

Kilpatrick (2002) in order to maximise DNA yield and to minimise DNA degradation during

extraction procedure.

DNA can be extracted nondestructively at least from organisms of 1 mm or more of body size

(Burkhardt & Filser, submitted) while preserving important parts of the body or the whole cuticle

for morphological verification. A body size of about 1.5 or 1 mm as in Protaphorura is not the

lower limit for successful DNA extraction. As shown for even smaller organisms (e.g. Leutbecher

2000, Castro-Longoria et al. 2003), it is possible to extract DNA from organisms as small as 0.1-

0.5 mm. However, this size requires to destroy the whole specimen for extraction, so that for

reference, at least a picture should be taken as recommended by Tautz et al. (2003), whereas when

dealing with larger organisms, it is possible (and advisable) to save parts of the body or the cuticle

for later reference.

Now the molecular taxonomist will have to decide which method to start with. In principle, if he

can choose in general, he should carry on where his predecessors stopped. It will allow not only for

comparisons between related species and populations but also to scrutinise the reliability of the
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chosen method for a given taxon. It seems better to enlarge existing data sets than starting with

new gene loci whose information content and discriminatory power for the taxon of interest is yet

unknown.

Usually the molecular taxonomist will begin with DNA sequencing, since its content of

information is copious and its results are easier to compare homologously than those of DNA

fingerprinting. So if he chooses to do sequencing, he should start with mitochondrial protein

coding genes that are present in high copy numbers and easy to align. Besides, nuclear sequences

evolve more slowly, and fixed differences suitable for discriminating closely related taxa are more

likely to be found in mitochondrial genes. Then a fast detectable pattern, e.g. by RFLP, can be

derived from DNA sequence data that will allow taxon identification without sequencing when

investigating further samples, thus reducing costs and time required. Ribosomal DNA might be too

variable in length to allow for discrimination method faster and cheaper than sequencing. However

ribosomal DNA regions have also been used for RFLP-based discrimination (e.g. Destefano et al.

2004, Borecka 2004, Aranishi 2005). The regions most frequently used in insects are COI, COII,

16S, 18S, ITS and the variable subunits of 28S rDNA (Caterino et al. 2000, Giribet et al. 2001).

Additional nuclear single copy genes (e.g. Giribet et al. 2001) may be used as independent markers

if the molecular data are suspected to be affected by contaminations, hybridisation or similar

events that may falsify the results and produce incongruencies.

If he chooses to do DNA fingerprinting, he should again continue with earlier results, but if these

are methods known to be influenced easily by reaction conditions, like RAPD and AP-PCR, he

should first verify that those earlier results are reproducible, especially when working with low

DNA yields. Whenever possible he should start with AFLP, which is not only the most

reproducible method but also should yield the most complex information pattern. Furthermore, the

expenditure of time necessary to obtain this pattern as well as its complexity can be reduced to a

level suitable for faster taxon identification: the number of obtained fragments by varying the

number of selective nucleotides (Vos et al. 1995), more restriction enzymes (van der Wurff et al.

2000) or one enzyme only (Ranamukhaarachchi et al. 2000) or by using a simpler electrophoresis

set-up (e.g. Lopez et al. 1999, Burkhardt, in prep.).

Which character set out of a balanced approach to taxonomy will finally be used for daily

discrimination procedures certainly will depend on its robustness, costs and time required. But

molecular taxonomy has overcome its children’s diseases and as tool for species discrimination, it

is no longer to be rejected for reasons of expenses, skill and time. A taxonomist will be able to

identify about 50 specimens per day using slides and a microscope, whereas an automated

genotyping machine will be able to handle several hundred samples per day, that can then be
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identified via electrophoresis or microarray technology. Today molecular based taxonomy is

already used to provide non-invasive sampling of endangered or elusive species (Piggott & Taylor

2003), detection of commercially interesting species, e.g. pest species (Navajas et al. 1999), or

disease vectors (Testa et al. 2002, Sanchez-Seco et al. 2003). Since the number of taxonomy

specialists is restricted, especially in groups that gain minor commercial interest, it is time to use

the potential of molecular taxonomy on a broader level.
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Summary

Identification of collembolan species is generally based on specific morphological characters such

as chaetotaxy and pigmentation pattern. The MOLART project on which this PhD thesis bases

deals with the development and standardisation of molecular methods for safe and efficient

identification of species which can not - or only with great effort and expertise - be distinguished

by morphological analysis. These aims were exemplified by two problematic species groups within

the Collembola as examples of taxa that combine ecological importance and controversial species

status, the Protaphorura armata group (Onychiuridae, Poduromorpha) and the Isotoma viridis

group (Isotomidae, Entomobryomorpha). For this purpose, as different molecular techniques DNA

sequencing, PCR-RFLP, RAPD, AP-PCR and AFLP were applied and evaluated according to their

diagnostic power, their efficiency for different taxa according to the universality of the genetic

code, the necessary effort of time and the required experience. It was aimed to extract information

from individual specimens to avoid mixing of genetic information.

It was shown in this study that DNA can be extracted successfully from single specimens. Based

on identification by morphological keys, molecular markers were tested for their accordance with

morphological taxonomy and molecular identification tools were designed based on the results.

For the I. viridis group, the mitochondrial COII sequence was used to infer a molecular phylogeny

that is in accordance with morphological findings. Molecular traits were found suitable to provide

a fast and more robust discrimination compared to morphological characters. A fourth member of

this group recently proposed by morphological hints, I. caerulea, could be confirmed to represent a

distinct species. Genetic differences were used to establish a set of restriction enzymes that will

provide a fast and efficient identification system for I. viridis group from different European

countries.

For the P. armata group, sequences were obtained from three gene loci, mitochondrial COI, COII

and nuclear ITS1, in order to resolve the systematics of this group. Concordant patterns for nuclear

and mitochondrial markers suggest that the P. armata group consists of more than one species.

Especially P. fimata and P. armata seem to represent distinct species. Differences were found between

phylogenies derived from the three gene loci, most of them due to the small number of individuals

tested in some species. In the phylogenetic trees, morphologically intermediate forms were not

found to represent distinct species. The ITS1 sequence confirmed the findings of both

mitochondrial genes but did not provide a more detailed taxonomic resolution. Whereas a single

mitochondrial sequence was found sufficient to resolve the I. viridis group which consists of only

four species, obviously a detailed resolution of a species group consisting of about 40 species will
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require a larger molecular marker set, about 10 to 20 specimens per ‘species’ from different

sampling sites and several independent marker sets to check for possible inconsistencies. Possibly

the morphological characters on which the present differentiation of the P. armata group is based

(pseudocelli and chaetotaxy) are partially inappropriate and will have to be revised. The

localisation of pseudocelli could be confirmed to be important for discrimination, but the overall

pseudocellar formula and the chaetotaxy of abdominal tergites 5 and 6 seem to be of minor use.

Both RAPD and AP-PCR methods did not reveal reproducible results and yielded fragment

patterns rather on the level of populations than of species. Whereas TE-AFLP failed to produce

visible bands, AFLP yielded reproducible fragment patterns in both species groups as the only

method that includes two amplification steps, indicating a low template concentration to be the

reason for failure of amplification or reproducibility.

Contamination by alien DNA, especially from gut content, was found to be a severe problem when

investigating small-sized taxa by molecular methods, and a long-time storage in ethanol further

decreases the extraction yield due to DNA degradation.

Based on these investigations, standardised methods are proposed to be used in future molecular

taxonomy, especially in cooperation with traditional morphological taxonomy, for optimising

DNA yield and purity for better characterisation of small-sized specimens and for establishing

reference collections and future identification keys. As implications for future molecular

taxonomy, it is recommended to use live specimens that can be cleaned from alien DNA prior to

extraction and to use species-specific primers that bear a lower risk than universal primers to

amplify unwanted contaminations. When sequencing single gene loci, mitochondrial protein-

coding genes seem to be most appropriate since they are present in high copy numbers and fixed

differences suitable for discriminating closely related taxa are more likely to be found in faster

evolving mitochondrial genes than in nuclear sequences. Methods known to be influenced easily

by reaction conditions, like RAPD and AP-PCR, should be tested for their reproducibility prior to

use. Among fingerprinting methods, AFLP seems to be the best choice, since it produces a

reproducible and complex information pattern that, if desired, can be reduced to a level suitable for

faster taxon identification.


