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Abstract 

The damaging effect of formalin on DNA and the inhibition of PCR are serious problems in 

molecular studies. The aims of the project were to investigate the possibility of using 

formalin-fixed, Steedman's preserved museum specimens in molecular investigations, 

especially organisms with unstudied genomes. A number of DNA extraction protocols and 
different pre-washing/drying regimes were tested. These gave different levels of success, but 

a guanidinium-based protocol developed in this study gave the best results. RAPD-PCR 

methodology was employed to test its applicability on preserved specimens, and it was used 

as a test of the efficiency of DNA extraction/amplifications and for developing species- 

specific PCR primers. Attempts to amplify mitochondrial DNA sequences with the six 

mitochondrial genes were mostly unsuccessful. Sporadic amplifications were obtained with 

primers of 16S and COIII genes. 

This study provided the first molecular data on deep-sea fish (Nezumia aequalis and N. 

micronychodon) exclusively using formalin-fixed, Steedman's preserved museum specimens. 
Two genomic sequences of these fishes were determined and submitted to the GenBank 

database under accession numbers AY826774 - AY826792. Three specific primer sets 
(RAPD-derived) for Nezumia aequalis and N. micronychodon were designed to amplify PCR 

product sizes 300 bp -- 350 bp. This study has demonstrated that an appropriate strategy and 

molecular approach could lead to the successful use of museum and other formalin-fixed 

archival collections even on organisms with unstudied genomes 

Supplementary evidence, related to the method of preservation, the usage of particular DNA 

extraction protocol and PCR marker system, was obtained from ten differently preserved 
mackerel (Scomber scombrus) specimens. 

This study confirmed that the DNA extracted from preserved specimens possesses unique 

characteristics that make molecular investigations very difficult. Because of this, it is 

proposed that DNA extracted from preserved specimens should be referred to as "archival 

DNA (arDNA) ". 
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Chapter 1. GENERAL INTRODUCTION 

Molecular studies open up the possibility to study rare and extinct species, or those that 

come from inaccessible or difficult-to-sample localities, sub-fossils and preserved 

specimens from museum and other archival collections. In most cases, molecular techniques 

have high resolving power and give accurate and reliable results even in the cases of a very 
limited number of samples or amount of sampled material (Wandeler et al. 2007). Also, it is 

possible to revise previously obtained results (primarily species identification and 

relationships amongst taxa) carried out by traditional morphological methods and 
techniques, which is a great advantage for resolving problems in "difficult" groups or taxa 

of organisms. 

In this molecular genetic study, the possibility of analysing formalin-fixed, Steedman- 

preserved museum specimens will be discussed, and the first molecular genetic data from 

the deep-sea fishes Nezumia aequalis (Gunther, 1878) and N. micronychodon Iwamoto, 

1970, obtained exclusively from the collection of the Natural History Museum in London, 

presented. The data produced could be used as a basis for further studies in developing a 
field where preserved archival specimens could be extensively used in molecular 
investigations for different biological applications. Retrieved genetic information from 

Nezumia (which was used as the test material) could be further used in studies of these and 

related taxa from different geographic areas. There is no significant published work in 

which formalin-fixed samples have been used for study because of the associated 
degradation of DNA and, as yet, methodologies for DNA retrieval from preserved 

specimens to obtain reliable molecular information are undeveloped and unvalidated (Tang 
2006; Gilbert et al. 2007b; Skage and Schander 2007; Wandeler et al. 2007). 

Greater use of such specimens could add a valuable temporal and spatial dimension to 
biological studies (Boyle et al. 2004; Zardus et al. 2006). Species that are, for various 
reasons, difficult to sample because of low population density and inaccessibility can be 

studied, since specimens accumulated from a specific location over a period of years can be 

analysed and a large enough body of data assembled for significant conclusions to be drawn 
(Schander and Halanych 2003; Austin and Melville 2006; Wandeler et al. 2007). Some 
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collections may include specimens taken 100 or more years ago or species that do not 
inhabit particular areas any longer, including endangered or even extinct species (Goldstein 

and DeSalle 2003). Analysis of these compared with more recent (or remaining) specimens 

may lead to conclusions concerning long term population shifts, changes in gene flow and 

other time and space related aspects of population and ecological genetics which cannot be 

made in any other way. Exploring the possibility of the molecular genetic characterisation 

of museum type specimens (primary: holotypes, lectotypes, neotypes, syntypes; or 

paratypes, paralectotypes, topotypes, chirotypes, hypotypes, homeotypes, etc. ) is of 

significant scientific interest, and it would add valuable data from existing museum 

collections which then could be used broadly by researchers around the world (Schander 

and Willassen 2005; Wandeler et al. 2007). 

It is worthwhile exploring the possibility and viability of obtaining data by molecular 

analysis from museum and other collections that contain samples preserved in different 

ways (formalin-fixed, in ethanol, in DMSO-NaC1, dried, etc. ). Information collected by this 

type of research could be applicable not only in biological science, but also in forensics, 

medicine, agriculture and so on. This kind of research is time-consuming and labour- 

intensive, but the discovery of effective and reliable techniques could contribute to a better 

understanding of population shifts, evolution and speciation (Wandeler et at 2007). As 

more research is done, we will become more aware of the problems and how to overcome 
them (Tang 2006). 

1.1. Molecular techniques in the development of taxonomy and systematics 

Over time, definitions of taxonomy, systematics, species, populations and speciation have 
become more "open" and flexible. Various authors present different definitions of these 
terms (compare: Abercrombie et al. 1973; Maclean 1987; Lawrence 1995; Martin and Hine 
2000; Baquero 2005; Rundle and Nosil 2005), but more flexibility is noticeable in the 
definitions presented over the last decade (e. g. Mayr 1996; Hillis et al. 1996; Baum 1998; 
Martin and Hine 2000; Mallet and Willmott 2003; Fitzhugh 2005). Lately, new terms have 
been introduced or suggested to be introduced, such as a taxospecies, biochemical 

taxonomy, DNA taxonomy, "reverse taxonomy" (Markmann and Tautz 2005), phylogenetic 
taxonomy with its nomenclature (e. g. the PhyloCode; Cantino and de Queiroz 2004), or 
even novel biological disciplines such as "molecular systematics", "archaeological 

systematics", molecular barcoding, etc. 
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Generally, the most difficult to define is the difference between systematics and taxonomy, 

and also the terms species, subspecies and population which have been problematic since 

the 1970s, as well as at the beginning of the 21" Century. Actually, systematics and 

taxonomy overlap so much that it is very difficult to draw a clear line between them. It is 

possible to notice that some authors use these terms almost as synonyms (e. g. Maclean 

1987; Lawrence 1995). Basically, taxonomy is the science of naming and classifying 

organisms (Mallet and Willmott 2003) and systematics is the biological discipline that 
describes and explains diversity in the biological world (Hillis et al. 1996). 

The question: "What is a species and what is a subspecies? " will, in my opinion, still stay 

open for long time, if it could ever be answered with an exact definition. According to Hey 

et al. (2003), Sites and Marshall (2004) and many other authors (e. g. Baum 1998; Benton 

2000; Sereno 2005; Fitzhugh 2005), the main problem in defining the term "species" is a 

conflict between two ideas - species as "categories" that are created by the biologists who 

study them by using particular methods of analyses, and species as real observable entities 
in nature. The majority of researchers accept the term species as a real natural entity and as 

a fundamental unit in taxonomy and in biological studies. The recent initiative for the global 
barcode project, to identify and classify nearly all animal life by using short DNA sequences 

of cytochrome c oxidase I (COI; Hebert et al. 2003) and 16S ribosomal DNA (16S; Blaxter 

2004), is probably the best reflection of the scientific community in this regard (see also the 

website of the Consortium for the Barcode of Life (CBOL); http: //bareoding. si. edu/). After 

much scientific debate and discussion in the last three years, researchers generally supports 
DNA barcoding as one of the elements in integrative taxonomy which uses a large number 

of characters, including DNA and many other types of data, to delimit, discover and identify 

natural species and taxa at all levels (e. g. Lipscomb et al. 2003; Mallet and Willmott 2003; 

Proudlove and Wood 2003; Bond 2004; Lee 2004; De Ley et al. 2005; DeSalle et al. 2005; 
Page et al. 2005; Will et al. 2005; Dasmahapatra and Mallet 2006). Molecular data using 
"DNA barcode" gene fragments have been effective in discovering cryptic taxa and the 

recognition of species of many different groups of organisms (e. g. Janzen et al. (2005) on 
Lepidoptera; Monaghan et al. (2005) on tropical beetles; Page et al. (2005) on cryptic 
Australian freshwater shrimps Caridina; Saunders (2005) on red macroalgae; Ivanova et al. 
(2007) on fishes; Moura et al. (2008) on marine hydroids, and so on). Some problems are 

expected for application of DNA barcoding to all animal groups (Moritz and Cicero 2004), 
but there are already suggestions for its general improvements (e. g. developing nuclear 
barcodes as a supplement to the mtDNA-based barcodes; Dasmahapatra and Mallet 2006). 
The "DNA barcode" project is challenging and scientifically interesting from many aspects. 
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It might bring much more information than just its application for species identification and 
biodiversity assessment. 

The Barcode project intends to include preserved museum specimens (Hajibabaei et al. 

2005; Janzen et al. 2005; De Ley et al. 2005; Schander and Willassen 2005), but the 

analysis of archival collections is currently challenging due to the problem of DNA 

degradation (Hajibabaei et al. 2005; Tang 2006). However, previous research and methods 

that were used and developed to retrieve DNA from archival preserved specimens (e. g. Su 

et al. 1999; Junqueira et al. 2002; Rohland et al. 2004) have been useful for barcode 

purposes, as well as PCR cocktails that combine polymerases with repair enzymes (Skage 

and Schander 2007). Recently, the use of mini-barcodes (-'100 bp) was suggested for 

museum specimens, have already proved to be successful for some oven-dried (age 2-21 

years) and ethanol-preserved (age 1-14 years) insect specimens/species (Hajibabaei et al. 

2006). 

Reliable species identification and "good" taxonomy are of crucial scientific importance for 

conducting different types of biological studies (Beattle and Oliver 1994; Brower 1995; 

Campbell 1995; Payne and Sorenson 2002). Correct identification is problematic for non- 

taxonomists (especially for molecular biologists), as well as for taxonomists if difficult taxa 

are in question (Schander and Willassen 2005) and especially if taxonomists are not experts 
in particular groups of organisms (e. g. for non-taxonomists, and even for ichthyologists, 

macrourid deep-sea fishes are a difficult group for morphological identification; Iwamoto et 

al. 1999). It can be of great benefit to isolate molecular markers and retrieve species- 

specific DNA sequences for such groups of organisms. 

1.1.1. The usefulness of molecular-genetic methods for species delimitation 
and solving other biological problems 

Contemporary biological science strives to answer a number of questions concerning 
biodiversity and the identification of new species, population structuring, genetics, 

speciation, migration patterns of different groups of organisms, systematic and phylogenetic 

relationships, evolution, and so on. Most researchers are of the opinion that multiple sources 

of data (morphology, genetics, behaviour, ecology) help best to describe the diversity of 
life; that is it is best first to collect morphological data, then molecular tools can provide a 

valuable a posteriori classification of differentiation at other biological levels, providing 
data on the correspondence between genotypic and phenotypic divergence (Lipscomb et al. 
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2003; Mallet and Willmott 2003; Bond 2004; Lee 2004; Page et al. 2005). Molecular 

methods undoubtedly provide very powerful tools in identifying taxa, assessing 
biodiversity, and elucidating evolutionary and ecological relationships (Schander and 

Willassen 2005; Wandeler et al. 2007). There are studies where: 

" morphological and molecular data are in concordance (McCafferty et al. 2002), 

" discrepancy between these two strands of data are evident (Wiens and Penkrot 

2002), 

" traditional morphological approaches could not help in resolving particular 
biological problem(s) because of insufficient resolving power of applied 

methodologies and analysis, but molecular approaches were successful (Finnerty 

and Block 1995; Rodriguez-Grana et al. 2004), 

" neither molecular or morphological analysis could resolve a particular problem 

in full (Cano et al. 2005). 

Different molecular markers reveal information from different parts of the genome and they 

might have a different "resolving power", because of different organisation and different 

rates of evolution (e. g. on average, genes of mtDNA are evolving about four times faster 

than most of nuclear coding regions; from: Wiens and Penkrot 2002). Each study requires a 

specific approach and an appropriate strategy in order to solve adequately a particular 

problem (i. e. to answer a specific question). 

1.2. Mitochondrial and nuclear DNA 

Some molecular studies prefer to apply investigations on mitochondrial and/or nuclear DNA 

- sometimes it is a personal preference of a researcher, but often it is related to the type of 

study (which biological question/s need to be answered) and/or the nature of biological 

material used in a particular study. For example fresh/frozen, preserved material, forensic 

samples, sub-fossils, i. e. whether tissue samples contain well preserved high-molecular- 

weight DNA of good yield, or degraded and damaged DNA with a poor yield. 

The mitochondrial and nuclear genomes possess some specific characteristics that might 
influence their selection for a particular study as being more appropriate and/or informative, 

but a combination of mitochondrial and nuclear markers is recommended for most studies in 

order to obtain comprehensive and informative results (Medina et al. 1999; Ross et al. 1999; 

Hoarau et al. 2004; Gaines et al. 2005; Azeredo-Espin and Lessinger 2006). The results 
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derived from mitochondrial and nuclear genomes might be in concordance (Peijnenburg et 

al. 2005), but not necessarily so and often they are not (Medina et al. 1999; Sanetra and 
Crozier 2003). This is because of differences in the structural organisation of organellar and 

nuclear genomes, differences in their modes of inheritance, differences in rates of evolution 

of mitochondrial and nuclear DNA, as well as differences in the functions and rates of 

evolution of particular regions of genomes and loci (Lynch et al. 2006). 

1.2.1. Mitochondrial genome 

Mitochondrial DNA (mtDNA) is a small, closed, double-stranded, circular molecule located 

within the mitochondria of eukaryotes, usually present with 1000-10000 copies in a cell 
(Machugh et al. 2000; Brown 2002). Because of the characteristic that mtDNA occurs in a 
higher copy number in comparison with nuclear DNA, mitochondrial DNA is preferably 

used in molecular research with specimens that contain degraded and therefore a small 

amount of DNA. It is more likely that mtDNA will be retrieved from samples of preserved 

specimens (France and Kocher 1996; Boyle et al. 2004; Zardus et al. 2006), archaeological 
biological material and sub-fossils (Hanni et al. 1990; Cooper et al. 1997; Sorenson et al. 
1999a; Sica et al. 2002), post mortem, histopathology and forensic samples (Budowle et al. 
2003; Alonso et al. 2005), and other "difficult" samples, such as: faeces and hair (Taberlet 

and Bouvet 1994; Lucchini et al. 2002), fish scales and otoliths (Durand et al. 1999). 

Mitochondrial DNA varies extraordinarily in size, gene content and genome organisation 
between different groups of organisms. Animal mtDNAs are typically small molecules - 14 

to 20 kb (Brown 1985; Boore 1999; Lynch et al. 2006), but much larger animal 

mitochondrial genomes (from 20 kb and up to 42 kb) have been found in some molluscs 
(Snyder et al. 1987; Gjetvaj et al. 1992; Rigaa et al. 1995), nematodes (Beck and Hyman 

1988), insects (Boyce et al. 1989), and other invertebrates. Vertebrates generally show a 

smaller and less variable size range of the mitochondrial genome (Lynch et al. 2006). It falls 

in the range of 16 to 18 kb (Meyer 1993; Lynch et al. 2006), but there are vertebrates with 

significant size variations and mitochondrial genomes larger than 20 kb, especially amongst 
the lower vertebrates (for instance, in snakes: Kumazawa and Nishida (1995); in lizards and 
frogs: Macey et al. (1997); in fish: Gach and Brown (1997), Nesbo et al. (1998)). Fungi and 

plants generally have much larger and hugely different mtDNA sizes than animals. Fungi 

mitochondrial genome sizes range from - 19 to 95 kb, whereas plant mitochondrial genome 
size falls in the range from - 180 to 600 kb (from: Lynch et al. 2006). 
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The traditional view of the animal mitochondrial genome has been as haploid and non- 

recombining (Hayashi et al. 1985), strictly maternally or clonally inherited, conserved in 

genome size, gene content and gene order (Rand 1993,1994), and rapidly evolving (Meyer 

1993; Hellberg 2006; Lynch et al. 2006). However, recent comparative studies on animal 

mtDNA provided new insights into mitochondrial genome which started to change/modify 

some of these "traditional" views on mtDNA and animal mitochondrial genomes (Macey et 

al. 1997; Burger et al. 2003a, b; Endo et al. 2005). 

Generally, animal mitochondrial genomes are highly streamlined with a compact and 

efficient organisation (Meyer 1993; Lynch et al. 2006). With few exceptions (e. g., the 

brachiopod Lingula anatina; Endo et al. 2005), all animal mitochondrial genomes contain 

the same 37 genes (13 encoding for proteins, 22 for transfer RNAs and two for ribosomal 

RNAs) and one major non-coding region termed as the displacement-loop (D-loop) which 

contains a control region (Cantatore and Saccone 1987; Meyer 1993; Boore 1999; Dowton 

2004; Lynch et al. 2006). Genes are separated by very few nucleotides (and overlap in 

places) and, generally, there are no introns (Moritz et al. 1987; Meyer 1993; Gray et al. 
1998; Burger et al. 2003a, b). It was suggested that the compactness of the mitochondrial 

genome is partly responsible for the stability of gene order in vertebrates, since the lack of 
introns and large intergenic spacers makes the mitochondrial genome less likely to rearrange 
(from: Meyer 1993). However, comparative analysis carried out in the last decade revealed 
that size variations of mtDNA (size variant heteroplasmy) might affect gene order; that is, it 

might cause gene rearrangements (Macey et al. 1997; Miya and Nishida 1999; Inoue et al. 
2003; Mueller and Boore 2005). 

Animal mtDNA, including human, is thought to be strictly maternally inherited (Giles et al. 
1980; Birky 1995) and that its inheritance is clonal because of active degradation of paternal 

mitochondria during fertilization (Vaughn et al. 1980), or its "outreplication" shortly 
thereafter (Meland et al. 1991). However, a growing literature now indicates transmission of 

the paternal mtDNA into the egg and its survival in the adult organism (usually in very 

small amounts) in a number of species (e. g., Kondo et al. (1990) in Drosophila; Gyllensten 

et al. (1991) in mice; Zouros et al. (1992) in the marine mussel; Magoulas and Zouros 

(1993) in anchovy; Kvist et al. (2003) in birds), including humans (Schwartz and Vissing 

2002), although nuclear-encoded proteins exist which target sperm mitochondria in oocytes 
for their destruction (Cummins et al. 1998; Shitara et al. 1998,2000). This suggests that 

genetic recombination may occur in animal mtDNA in variety of taxa (Thyagarajan et al. 
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1996; Lunt and Hyman 1997; Kajander et al. 2001; Ladoukakis and Zouros 2001; Hoarau et 

al. 2002; Rokas et al. 2003; Kraytsberg et al. 2004; Endo et al. 2005; Tsaousis et al. 2005; 

Guo et al. 2006). Besides proved biparental mitochondrial inheritance in many animal 

organisms, there is growing evidence that genetic recombination (between different 

haplotypes) in mtDNA within and between populations, subspecies and species might occur 
(Piganeau et al. 2004; Tsaousis et al. 2005). 

From an evolutionary aspect, animal mitochondrial and nuclear genomes have evolved in 

different directions (Lynch et al. 2006). The evolution of the nuclear genome has included 

expansion in size, number of introns, and increased lengths of intergenic regions, whereas 

animal mitochondrial genomes have evolved in opposite directions scaling down in size and 

reducing the number and size of non-coding regions (Gray et al. 1998; de Grey 2005; Lynch 

et al. 2006). Different genomic architecture and evolution have produced mitochondrial and 
nuclear DNA-specific genetic systems that differ in a number ways (Lynch et al. 2006). 

In many organisms, the mtDNA accumulates mutations more rapidly than do single-copy 

nuclear genes (Brown et al. 1979; Meyer 1993; Gissi et al. 2000; Wan et al. 2004; Hellberg 

2006; Lynch et al. 2006). In other words, mtDNA provides markers with greater variability 

and sensitivity to drift and other factors than nDNA, and is therefore more likely to show 
differences between populations/species, i. e. indicate a population/species subdivision 
(Nyakaana et al. 2002). This makes the mitochondrial genome attractive for systematic 
(Shedlock et al. 1992; Banks et al. 1993; Moran et al. 1994; Munasinghe et al. 2003; Harris 

et al. 2005) and population genetic studies (Avise et al. 1986; Reeb and Avise 1990; 
Zwanenburg 1992; Geller et al. 1993; Hauser et al. 1998; Hurwood et al. 2003; Aboim et al. 
2005), as well as for investigating historically contingent questions and phylogenetic 

relationships (Kreitman and Wayne 1994; Scoles et al. 1998; Helfenbein et al. 2004; Simon 

et al. 1994,2006). However, selective sweeps (Maruyama and Birky 1991), stochastic 
lineage extinction (Avise et al. 1984), and founder events (DeSalle and Templeton 1988; 

Gamache et al. 2003) may reduce mitochondrial DNA variability but have little effect on 

nuclear variability (Medina et al. 1999; Hellberg 2006). 

One of the proposed reasons for higher rates of nucleotide substitutions in mtDNA vs. 

nDNA is the much smaller effective population size of mitochondrial genes than for nuclear 

genes (Birky et al. 1989; Sanetra and Crozier 2003). Recently, it was suggested that three 
factors may promote elevated DNA mutation rates in animal mitochondria (from: Lynch et 

al. 2006): 

8 



1. Mitochondria generate free oxygen radicals producing an internal environment with 

an exceptionally high mutagenic potential (Balaban et al. 2005); 
2. In contrast to nuclear DNA, mitochondrial DNA is continuously replicated within 

non-dividing cells, and the base-misincorporation rate (before proof-reading) is - 
103 -104 times higher than in the nuclear genome (Johnson and Johnson 2001); 

3. Mitochondrial nucleotide-excision repair may have been entirely lost (Mason and 
Lightowlers 2003). 

It is assumed that mtDNA might be more vulnerable than nDNA (in vivo and in vitro) to 
hydrolytic and oxidative damage because of the lack of wound histone proteins which 
presumably absorb some of the surrounding damage (Lindahl 1993b; Mecocci et al. 1994; 
Poinar 2002). It was proven that mtDNA is a critical cellular target for reactive oxygen 
species (ROS); that is, 3-fold more damage to the mitochondrial genome has been observed 
in comparison to nuclear DNA if treated with hydrogen peroxide (H202) for 15 and 60 

minutes (Yakes and van Houten 1997). They also found that, following 60-min treatment, 
damage to the nuclear DNA was completely repaired within 1.5 hours, whereas no DNA 

repair in the mitochondrion was observed. This might be of the significance in mtDNA 
preservation and the integrity of the mtDNA molecule after the organism dies (natural 
decay), i. e. there may be a differential preservation of mtDNA and nDNA (see Berger et al. 
2001). Furthermore, these might be important and related to mtDNA preservation in 

archival collections; that is, the integrity, accessibility and extractability of mtDNA from 

chemically-preserved organisms deposited in the museums and other archival collections. 

1.2.1.1. Mitochondrial mutational and damage hotspots 

Some recent publications on ancient mtDNA (Gilbert 2003a, b; Gilbert et al. 2005b) suggest 
possible correlations between the distribution of mtDNA post-mortem damage ("damage 
hotspots"), on the one hand, and the regions (sites) of modem mtDNA known to have high 
in vivo mutation rates, on the other hand. Further investigations with regard to the 

correlation between "in vivo mutation and post-mortem damage hotspots" might provide 
interesting information not only on ancient DNA, but also on the nature and distribution of 
damage in DNA extracted from preserved and other "difficult" samples. 
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What causes particular regions of mtDNA to be more susceptible to in vivo mutations and 

which cellular/genetic mechanisms regulate this? Are these presumably "highly mutational" 

regions of mtDNA also equally more vulnerable and susceptible to DNA damage (base 

modifications, strand breakages, cross-links) induced by death of organisms (decay) and 

other factors (chemicals used in preservation of tissue/organisms, exposure to: UV, heat, 

acidic or alkali pH, etc. )? These are extremely interesting questions and relate to the 

fundamentals of genetics and biological science. Hypotheses about the existence of in vivo 

mutation hotspots and a hotspot of gene order rearrangements in mtDNA is already 

supported by some evidence and models (e. g. Galtier et al. (2006) on mutation hotspots in 

mammalian mitochondrial coding regions; San Mauro et al. (2006) on a hotspot of gene 

order rearrangement in the vertebrate mitochondrial genome). The advents of emulsion- 
based clonal amplification (emPCR) and sequencing-by-syntheses technology have also 

provided new insights into aDNA miscoding lesions and their distribution, supporting the 

hypothesis suggesting the existence of damage hotspots in aDNA (Gilbert et al. 2007a). 

Banerjee and Brown (2004) have reported on non-random artifactual sequence changes in a 
181 bp segment of the mitochondrial atpA gene (adenine to guanine change in particular) 
induced by heat treatment (wheat DNA was heated at 95°C for 2-21 days). Brandstatter et 

al. (2005) has reported the existence of DNA sequencing error hotspots in mtDNA in 

clinical, anthropological and forensic samples which are mainly related to laboratory- 

specific factors (the sort of automated sequencer and sequencing chemistry employed, and 

other laboratory-specific factors, such as post-PCR treatments). 

Inevitably, there is an immediate set of questions to be asked considering a broader issue 

related to in vivo DNA, ancient and otherwise degraded and damaged DNA: "Do these in 

vivo "mutational and gene rearrangements hotspots" found in mtDNA also exist in the 

nDNA? If these hotspots exist in the nDNA, is the "hotspot hypotheses" established for 

mtDNA also partly, or equally, applicable to nDNA - i. e. are the regions of nDNA prone to 

mutation also more vulnerable to damage induced by a death of organism and/or other 
factors (chemical preservation, exposure to the UV, high temperature, radiation, etc. )? 
Which genetic mechanisms and factors could be involved? " Some of these issues related to 

nuclear aDNA have already started to be explored (Binladen et al. 2006). 
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1.2.1.2. Approaches in studyinj mtDNA 

Although mitochondrial genomics - mitogenomics (sequencing and comparative analysis of 

complete mitochondrial genome sequences of different organisms) and genomics in general 
(sequencing and comparative analysis of whole genomes) are nowadays technically possible 

and are important approaches for solving complex biological problems (Curole and Kocher 

1999; Cooper et al. 2001; Lan et al. 2003; Boore et al. 2005; Wilson et al. 2005), the study 

of single mitochondrial genes (i. e. fragments of genes) is still a broadly applied approach in 

contemporary molecular research (including DNA barcoding). This "traditional" molecular 

approach is valuable and applicable for addressing many different biological questions (see: 

Johns and Avise 1998; Sunnucks 2000, and previous pages). 

Mitochondrial genes can easily be amplified by the polymerase chain reaction (PCR) in 

almost every organism by using universal mitochondrial primers for targeting highly 

conserved regions of mtDNA (Kocher et al. 1989; DeSalle et al. 1993b; Sorenson et al. 
1999b), or mitochondrial primers specifically developed for a particular group of organisms 

and/or taxa. The extraction of mtDNA from fresh, frozen and short-term ethanol preserved 
tissue/specimens is now a routine procedure for many organisms, but the extraction of 

mtDNA might be difficult if extracted from biological material other than fresh/frozen 

tissue (France and Kocher 1996; Junqueira et al. 2002; Chakraborty et al. 2006). Even 

frozen material might cause a reduced yield of mtDNA (Gjetvaj et al. 1992; Berger et al. 
2001). Berger et al. (2001) reported preferential harm to mtDNA in comparison to nDNA. 

1.2.1.2.1. Formalin-fixed specimens in studying mtDNA 

Formalin fixation of specimens/tissue samples usually causes considerable problems in 

studying mtDNA (Li et al. 2000; Collins et al. 2002; Diaz-Viloria et al. 2005; Boore et al. 
2005; Chakraborty et al. 2006). There are published papers on successful extractions and 
investigations of mtDNA using formalin-fixed (but ethanol-preserved) tissue samples (for 
instance: France and Kocher (1996) on crustaceans with 16S and CO I genes; Shedlock et 

al. (1997) on fish with 16S and cyt b genes; Chase et al. (1998a, b) and Boyle et al. (2004) 

on molluscs with 16S, COI and cyt b), but there is also information on unsuccessful 

attempts to extract mtDNA from formal in-fixed specimens stored for prolonged periods (or 

even for a few weeks) in formalin and/or ethanol including Finnerty and Block (1995), 
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Diaz-Viloria et al. (2005) and Chakraborty et al. (2006) on fish. Because mtDNA occurs in 

many copies per cell, successful mtDNA extractions and molecular investigations might be 

expected using preserved specimens, but the issue seems to be much more complex and not 

completely understood. It might be related to a differential preservation of nDNA and 

mtDNA in fluid preserved specimens, difficulties in releasing mtDNA from cross-linked 

mitochondria and protein-DNA complexes, as well as faster degradation of mtDNA in 

general (Berger et al. 2001). Possible differential preservation of nuclear and organellar 

DNA has already been suggested for bioarchaeological samples and plant material (nuclear 

and chloroplast DNA in 2000-year-old plant remains and dry plant leaves up to 289 days 

old; Banerjee and Brown 2002). 

Difficulties in extracting mtDNA from formalin-fixed tissue samples might also be related 
to the functions of mitochondria and mitochondrial involvement in cell death. Disruptions in 

mitochondrial functions and death of cells create a highly "reactive" environment with high 

levels of free radicals in the mitochondria (peroxide radicals ['02], hydrogen peroxide 
[H202], and hydroxy radicals ['OH]) that can cause oxidation of DNA ("oxidative attacks on 

mtDNA") and lead to endogenous DNA damage, such as: DNA-protein cross-links, strand 
breaks, possible chemical alterations in DNA sequence, and so on (Cadet et al. 1997; 

Johansen et al. 2005). Any disruption in the transport of electrons, ions and chemicals in 

mitochondria might result in a release of proteins in the cytoplasm and in the inter- 

membrane space of mitochondria, as well as in cytoplasmic acidification (Desagher and 
Martinou 2000; Newmeyer and Ferguson-Miller 2003). By death of cells, the concentration 

of proteins, including enzymes inside mitochondria and in its outer membrane, is increased 

(Newmeyer and Ferguson-Miller 2003; Huang et al. 2004). These increased amounts of 

proteins in and around the mitochondria (especially in its membranes) might create grounds 
for the increase of DNA-protein and protein-protein complexes during chemical interactions 

with formalin (used for fixation/preservation of tissue/specimens) which potentially, can 

make the release of mtDNA (mtDNA extractability) very difficult. The formation of cross- 
links induced by formalin (in vivo and in vitro) has been experimentally proved and 
demonstrated by many researchers, including the specificity of proteins that become 

crosslinked to DNA (e. g., Solomon and Varshavsky 1985; Orlando et al. 1997; Kaufman et 

al. 2000; Barker et al. 2005b; Dai et al. 2005; Yamashita 2007; Bogenhagen et al. 2008). 

For example, Kaufman et al. (2000) experimentally demonstrated in organello 
formaldehyde cross-linking of proteins to mtDNA by using 1% formaldehyde at 4°C for 16 
hours. They also demonstrated that shorter exposures of mitochondria to formaldehyde 
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result in a lower level of protein-mtDNA cross-linking. Furthermore, Kaufman et al. (2000) 

proved the possibility of reversing some protein-mtDNA cross-links (e. g. Abf2 protein- 

mtDNA cross-links) by treating them with 1% sarkosyl in Tris buffer at 95°C for 30 

minutes, but not by treating them with 1% SDS or 1% SDS plus 30 seconds of heating 

treatment. This supports the suggestion that the exposure of mitochondria to formalin 

influences the degree of cross-linking, i. e. the reversibility of the process. Their experiments 

might also indicate the importance of every step in mtDNA extraction procedures for 

archival preserved specimens (choice of chemicals and their concentrations, the order of 

their use, etc. ) in order to succeed in releasing mtDNA from the "cross-linked 

mitochondria" and crosslink complexes in formalin-treated tissues. 

1.2.2. Nuclear genome 

Genome size varies enormously among organisms ranging from 1.2 x 107 bp (the yeast 
Saccharomyces cerevisiae) to >6 x 1011 bp (Amoeba dubia) (from NCBI genome database). 

In teleost fish, the smallest genomes are in "fugu" and pufferfish (385-400 Mb) and among 
the largest ones are salmonid fishes (2600-3000 Mb). Nuclear DNA (nDNA) contains 

coding and non-coding DNA regions. It is estimated that only 1%-3% of nucleotides in the 

mammalian genome regulates or codes for essential proteins (Clay et al. 2003). Whereas 

coding regions can exhibit high degrees of sequence homology in the same gene between 

distantly related organisms, non-coding sequences are often more variable (from: Park and 
Moran 1995). Some parts of the genome are more conserved than others and they have 

different rates of change through time and under specific conditions (see review of Volff 

(2005) for genome evolution and biodiversity in teleost fish). 

It is possible to distinguish repetitive and non-repetitive DNA (also called a single-copy 
nuclear DNA; scnDNA). Non-repetitive nDNA is present only once in the haploid genome, 
whereas repetitive DNA can be repeated from a few to a few hundred times in the nuclear 
genome (Liu and Cordes 2004) and is usually non-coding, but not exclusively (for instance, 

ribosomal genes). Repetitive DNA can be divided into two classes: tandemly repeated 

sequences and interspersed repeats. One form of repetitive DNA is called satellite DNA 

with repeat units ranging in length from one to a few hundred nucleotides (base pairs), 

repeated many times in tandem arrays (Schlotterer 2004). Based on the sizes of the repeat 
units, it is possible to distinguish minisatellites and microsatellites. Minisatellites contain 
repeat units in length from ten to a hundred nucleotides (Jeffreys et al. 1985), whereas 
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microsatellites (called also "simple sequence repeats"; SSR) contain smaller repeat units - 

usually one to four nucleotides long, and are variable as well (Tautz 1989; Kimmel et al. 

1998; Harr and Schlotterer 2000; Schlotterer 2000). Satellite DNA can be located anywhere 

in the genome although new evidence suggests that the genomic distribution of 

microsatellites is not completely random as was originally thought (Li et al. 2004). In terms 

of function, satellite DNA is considered to be non-coding (Britten and Kohne 1968; Stephan 

and Cho 1994), but many recent studies have found that a large number of microsatellites 

are located in transcribed regions of genomes (i. e. in open reading frames - ORFs), 

including protein-coding genes and expressed sequence tags (Edwards et al. 1998; Tompa 

2003; Li et al. 2002,2004; Woodhead et al. 2005). 

Transposable elements (TE) are another type of repetitive DNA. They are repetitive mobile 

sequences that are dispersed throughout the genome, but, repeated copies are not tandemly 

repeated (Singer 1982; Smit 1999; Prak and Kazazian 2000; Comeron 2001). There are two 

classes of transposable elements: DNA transposons and retrotransposons (Prak and 
Kazazian 2000). Transposable elements can also be classified according to their degree of 

mechanic self-sufficiency: autonomous, such as long interspersed nuclear elements (LINE-1 

or LI retrotransposons), and non-autonomous, such as short interspersed nuclear elements 
(SINEs) (Prak and Kazazian 2000). Autonomous TEs encode essentially all of the 

machinery that they require to move because they contain open reading frames (ORFs), 

whereas non-autonomous TEs are entirely dependent on other transposable elements for 

their mobility because they lack an ORF (Prak and Kazazian 2000). Autonomous TEs seem 
to insert preferentially into A+T-rich regions, whereas non-autonomous TEs accumulate in 

G+C-rich (gene-rich) DNA regions (Smit 1999; Prak and Kazazian 2000). 

Repetitive nDNA is also the ribosomal DNA multigene family (18S, 5S and 28S ribosomal 

genes in animals) together with its spacers: two internal transcribed spacers (ITS-1 and ITS- 

2), an external transcribed spacer (ETS), and a nontranscribed spacer (NTS). This cluster 

can be tandemly repeated in several hundred copies in a eukaryote nuclear genome (Long 

and Dawid 1980; Hillis and Dixon 1991). From a functional aspect, Long and Dawid (1980) 

consider this gene repetition as "dosage repetition" because the cell requires a large amount 

of the particular product which a single copy could not produce in the appropriate time. As a 

molecular marker, this cluster is potentially a suitable candidate for different types of 
investigations because different regions of the rDNA repeat unit evolve at different rates 
(Hillis and Dixon 1991; Medina et al. 1999; Ran et al. 2001; Ji et al. 2003). 
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1.2.2.1. The possibility of studying nuclear cenomes by the use of specimens with 
degraded DNA 

Nuclear single/low copy genes are rarely used for molecular investigations of specimens 

with degraded and damaged DNA (sub-fossils, preserved specimens, non-invasive samples, 

etc. ) because of difficulties of their recovery from such samples (Wandeler et al. 2007). 

However, ribosomal genes with their spacers can be potentially useful in molecular work 

with "difficult" samples and unstudied genomes because of the higher possibility of their 

recovery - occurrence in many copies in the nuclear genome, and the possibility to apply 

universal PCR primers for particular ribosomal DNA (rDNA) regions (Rocco et al. 2005). 

Some researchers have already investigated their application to preserved and other difficult 

specimens (Li et al. 2000; Boyle et al. 2004; Roeder et al. 2004; Bhadury et al. 2005, 

2006a, b; Mtambo et al. 2006; Karaiskou et al. 2007; Skage and Schander 2007). The 

amplifications were of variable success according to their published results. For preserved 

specimens, it depended on the type of preservation and length of storage, species (group of 

organisms), region of the ribosomal cluster used for investigations and size of amplification 

product, on the one hand, and DNA extraction protocol and pre-extraction treatment of 

preserved tissue, on the other hand. Overall, their results suggest that it is worthwhile to 

explore the applicability of this genome region and associated markers to archival 

specimens and other difficult samples. 

There is potential for using microsatellites for investigating preserved and other difficult 

specimens if repetitive regions are known and if PCR primers are already developed for 

particular taxa (Austin and Melville 2006; Wan et al. 2006; Watts et al. 2007). However, 

problems, such as incorrect genotyping and "allelic dropouts", are expected (or even an 
inability to use them for some specimens) due to DNA damage and DNA degradation - see 
Taberlet et al. (1999); Morin et al. (2001); Siwoski et al. (2002); Boyle et al. (2004); 

Buchan et al. (2005); Hoffman and Amos (2005); Dewoody et al. (2006). 

Transposon display (Waugh et al. 1997) and "anchored polymerase chain reaction" 
(Ayyadevara et al. 2000), i. e. sequence-specific amplification polymorphism (S-SAP), are 

novel techniques and marker systems associated with repetitive DNA transposon elements 

which it might be possible to use on degraded DNA if conserved regions of transposons are 
known for investigated taxa (see Patton et al. 2001; Porceddu et al. 2002; Behura et al. 
2004), or for unstudied genomes if other techniques and methodologies (such as RAPD) are 
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initially employed for detecting transposable elements (see Abe et al. 2000). Their use has 

still not been assessed on preserved samples. 

The application of multiple arbitrary amplicon profiling (MAAP) techniques, such as RAPD 

(random amplified polymorphic DNA; Williams et al. 1990), is possible to use on preserved 

specimens, but problems related to the correctness of profiling (non-reproducibility and 
inconsistency of RAPD results) are expected (see Eckerman and Walsh 1997; Carvalho and 

Vieira 2000; Oliveira et al. 2002; Siwoski et al. 2002; Boyle et al. 2004). 

1.3. Molecular techniques and molecular markers 

Molecular techniques made it possible to carry out scientific investigations and obtain 

genetic information on different organisms and biological materials that are not accessible 
by "traditional" methods and techniques (Wandeler et al. 2007). This also enables revision 

and re-validation of existing conclusions previously made by morphological and less 

sensitive molecular analyses that may lead to correction in the classification (Payne and 
Sorenson 2002; Malhotra and Thrope 2004; Rodriguez-Grana et al. 2004) and/or in the 

evolutionary pattern of some groups of organisms and taxa (DeSalle 1994; Huynen et al. 
2003). 

The molecular revolution has come in waves. The first wave started with the widespread use 

of protein analysis, the next started with the development of recombinant DNA technology 

and centred on the use of restriction fragment length polymorphism (RFLPs) and 

sequencing of DNAs cloned in bacteria. The present wave of technology is based on the 

amplification of DNA sequences enzymatically via the Polymerase Chain Reaction (PCR) 

and sequencing of whole genomes. 

The purpose of all developed molecular methods is to detect variation, differences and 
similarities in DNA sequences between individuals, populations, species and higher taxa. In 

general, they are based on one of three different classes of markers: protein variants, DNA 

sequence polymorphism and DNA repeat variation (Schlotterer 2004). 
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1.3.1. Restriction Fra! ment Length Polymorphism (RFLP) 

The discovery and isolation of restriction endonucleases in the 1960s set the grounds for 

developing direct, DNA-based markers which can survey DNA variation itself, rather than 

rely on indirect, enzyme-based markers. In the late 1970s, the application of restriction 
enzymes was first applied to the analysis of mitochondrial DNA (Avise 1978; Avise et al. 
1979). This was the beginning of the development of a new class of genetic marker - 
restriction fragment length polymorphism (RFLP) and restriction site analysis, which 
became widely accepted in fundamental molecular research and applied science (Nei and 
Tajima 1981; Berg and Ferris 1984; Wirgin et al. 1997; Branco et al. 2000; Sanjuan and 
Comesana 2002; Fajardo et al. 2006). Restriction fragment length polymorphism is due to a 

mutation that results in a change in the pattern of restriction fragments generated when a 
DNA molecule is treated with a restriction enzyme (Hale et al. 1995). 

Development of the referent fragments for RFLP analysis and its application on degraded 

and damaged DNA might be difficult and not fully reliable because of fragmented DNA and 

possible artificial base (nucleotide) modifications induced by post-mortem effects and/or 

some chemicals (see Karaiskou et al. (2007) for application of RFLP to formalin preserved 
fish eggs). Furthermore, the application of the RFLP on samples with degraded DNA might 
be difficult because of difficulties in finding restriction sites in small DNA fragments and in 

visualising (detecting) very small RFLP fragments on the gel. 

1.3.2. Polymerase Chain Reaction (PCR) 

The invention of the polymerase chain reaction (PCR) in the 1980s (Saiki et al. 1985,1988; 
Mullis and Faloona 1987) was the main breakthrough for developing PCR-based 

methodologies and DNA molecular markers. The polymerase chain reaction makes it 

possible to analyse the tiny amounts of DNA that are preserved in some sub-fossils and 
bioarchaeological material (e. g. Paabo et al. (1988) - 7000-year old brain; Brown et al. 
(1994) - 700-2000-years old wheat seeds; Loreille et al. (2001) - 20,000-130,000 years old 
bear bones), as well as other specimens with degraded and damaged DNA, such as: 

" museum and other archival collections (e. g. Ellegren (1991) on dry museum birds; 

Shedlock et al. (1997) on formalin-fixed, ethanol-preserved museum fish specimens 
up to 85 years old; Townson et al. (1999) on dry entomology museum collections 
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ranging in age from 15 to 93 years; Moran and Baker (2002) - fish scales stored in 

mounting cards; Boyle et al. (2004) - formalin-fixed specimens of bivalves up to a 

few decades old), 

" herbarium fungal and plant material (Savolainen et al. 1995; Ristaino 1998; Ristaino 

et al. 2000; Cozzolino et al. 2006); 

" processed food (e. g. Mackie et al. (1995) for identification of canned fish species); 

" forensic, post-mortem and histopathological medical specimens (e. g., Ludes et al. 
1993; Romero et al. 1997; Jovanovic et. al. 2003; Edson et al. 2004); 

" excreta of animals and humans (e. g., Gerloff et al. 1995; Vu et al. 1999; Valiere and 
Taberlet 2000). 

The usefulness of PCR technology is also evident in genetic studies of very small organisms 

and their individual identification (e. g. harpacticoid copepods; Schizas et al. 1997), or 
individual identification of insects, marine larva and fish eggs (Silberman and Walsh 1992; 

Bilodeau et al. 1999; van Bortel et al. 2000; Kirby and Reid 2001; Perez et al. 2005; 

Aranishi 2006), as well as in forensic-agricultural applications (e. g. Congiu et al. (2000) for 

identifying strawberry varieties). 

The simplest definition of the PCR is an in vitro method for producing large amounts of a 

specific, targeted DNA fragment of defined length from small amounts of DNA template 

(from: White 1996). The DNA piece is usually specified by two short DNA fragments 

(primers) which are chemically synthesized to match the base sequences flanking the 

sequence of interest. However, some PCRs, such as RAPD-PCRs, require only one PCR 

primer for generating a set of DNA fragments from anonymous regions of the genome 
(Williams et al. 1990). Or, multiplex PCRs require more than two PCR primers for 

generating two or more specific DNA fragments (PCR products) (see Gilbert et al. 2007c). 

PCR technology has become irreplaceable in many areas of fundamental and applied 
biology. 

1.3.2.1. Problems with PCR technology, especially in conjunction with degraded and 
damaged DNA-PCR templates 

PCR technology is very sensitive and some problems might be expected in this regard 
(Palumbi 1996a, Wilson 1997), especially if applied to impure and degraded DNA samples 

such as ancient DNA (Hansen et al. 2001; Hofreiter et aL 2001a, b) or DNA extracted from 

preserved specimens (Vachot and Monnerot 1996; Faulkner and Leigh 1998; Akbari et al. 
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2005). The fidelity of PCR might be problematic in some investigations. The possible 
causes are of different nature (age and post mortem changes, chemical preservation), but 

one of them is the fidelity of the thermostable DNA polymerase itself. According to 
Goodman and Tippin (2000) and Goodman (2002), the Y-family bypass DNA polymerases 
insert non-template bases across damaged templates (translesional synthesis), exhibit low 

replication fidelity and lack 3' exonuclease activity ("proofreading"). The A-family of DNA 

polymerases, to which Taq DNA polymerase belongs (commonly used for PCR), exhibits 

translesional synthesis with damaged DNA templates (Smith et al. 1998; Duarte et al. 2000; 

Patel et al. 2001). Novel thermostable Y-family polymerases (Dpo4-like enzymes), able to 

bypass DNA lesions and preferentially incorporate the correct nucleotides opposite each 
lesion, are developed specifically for application to damaged DNA (McDonald et al. 2006). 

At the moment, the recommendation of these authors is to blend a conventional Taq 

polymerase with a newly developed Dpo4-like thermostable Y-family polymerase in order 
to improve the PCR fidelity with difficult DNA templates. 

The error rate of thermostable DNA polymerase is usually between 2.1 x 10-4 to 1.6 x 10-6 

per nucleotide per cycle (Keohavong and Thilly 1989; Eckert and Kunkel 1990,1991). The 

highest fidelity was reported for the thermostable DNA polymerase derived from 

Pyrococcusfuriosus (Pfu) with an error rate 1.6 x 10-6 per base (Lundberg et al. 1991), 2x 

10"6 (Flaman et al. 1994), or 6.5 x 10"7 mutations per base pair duplication (Andre et al. 
1997). The error rate of the most commonly used Taq polymerase (derived from Thermus 

aquaticus) is a little higher than with Pfu and it is usually between -2 x 10-4 to <1 x 10"5 per 
base duplication per cycle (Keohavong and Thilly 1989; Eckert and Kunkel 1990,1991). 
Each DNA polymerase possesses specific characteristics that could be useful for particular 

molecular investigations, but could be problematic in other applications. For example, high 
fidelity polymerases ("proofreading" DNA polymerases, such as Vent and Pfu) are good for 
increasing the fidelity of PCR product and correct incorporation of the bases during PCR, 
but they might halt PCR amplification if the PCR-DNA template is damaged and/or 
modified (Greagg et al. 1999). 

The choice of which polymerase to use in PCR is important, not only for the fidelity of 
enzymatic DNA amplifications, but also for the amplification efficiency (Abu Al-Soud and 
Radstrom 1998; Sharma et al. 2002; Arezi et al. 2003; Quach et al. 2004; Bhadury et al. 
2005). There are many factors and in vitro conditions of DNA synthesis that increase, or 
decrease, PCR yield and base errors in amplicons (DNA-PCR copies). For example, lower 

concentrations of MgC12 and dNTPs, short synthesis time with a higher annealing 
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temperature should increase the PCR fidelity (Wilson 1997). Jones et al. (1997) suggest that 

Mg2+ concentration and annealing temperature are particularly important because high Mg2+ 

concentration and low annealing temperature might produce "non-specific" (spurious) 

bands. 

These are some of the experimental approaches for controlling the fidelity of PCR 

amplifications, but the quantity, purity and quality of DNA template are of significant 
importance for the accuracy of the PCR amplifications, that is, PCR fidelity (see Golenberg 

et al. 1996; Quach et al. 2004). Akbari et al. (2005) demonstrated that low DNA template 

input in PCR can generate false mutations by incorrect base incorporation, mainly guanine 

to adenine transitions. They argue that this phenomenon is not only related and exclusively 

caused by microheterogeneity of the used sample material (DNA samples that contain a 

mixture of differently damaged/altered DNA sequences) because the same artifacts were 

seen after amplification of a homogenous sample material that was highly diluted ("good" 

DNA, but of a very low concentration). Akbari et al. (2005) performed tests on formalin- 

fixed, paraffin-embedded gastric tumour tissue as microheterogenic samples, and diluted 

plasmid as a homogenous sample material. Mahony et al. (2000) and Akbari et al. (2005) 

demonstrated that a low amount of DNA template (i. e. a low number of DNA molecules 

available at the beginning of the PCR amplification) decreases reproducibility and the 

fidelity of PCR amplifications regardless of the quality of a PCR template. Impure and 
damaged DNA-PCR templates could only further decrease the fidelity of PCR 

amplifications (Taberlet et al. 1999; Quach et al. 2004). 

There are reports about formalin-induced infidelity in PCR-amplified DNA 

fragments/sequences (e. g. De Giorgi et al. 1994; Williams et al. 1999; Quach et al. 2004) 

and artificial mutations (misincorporations) induced by post-mortem effects and age in 

ancient DNA (Hansen et al. 2001; Hofreiter et al. 2001a, b; Gilbert 2003a; Threadgold and 
Brown 2003; Pusch and Bachmann 2004; Mitchell et al. 2005; Gilbert et al. 2005a, 2007a; 

Stiller et al. 2006). For specimens from natural history collections, estimates so far range 
from 17% to 21% of sequences that show one or more errors, but for formalin-preserved 

specimens, the frequency of sequence alterations is presumed to be even higher (Wandeler 

et al. 2007). The number of sequence alterations induced by formalin and by Taq 

polymerase infidelity was reported by Williams et al. (1999) as being approximately one 

mutation artifact per 500 bases. Quach et al. (2004) recorded 3 to 4 times more mutations 

with DNA from formalin-preserved clinical specimens than with DNA extracted from a 
fresh tissue. Hofreiter et al. (2001b) suggest that DNA sequence errors induced by damage 
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in ancient DNA (aDNA) are unlikely to be more frequent than 0.1%, even under the 

unlikely scenario where amplification starts from a single template molecule. Improvements 

have been made in reducing PCR errors and increasing the PCR fidelity (Di Bernardo et al. 

2002; Kaur and Makrigiorgos 2003; Pruvost et al. 2005), but PCR-based molecular 

investigations with samples that contain degraded and damaged DNA are still problematic 

and challenging (Cooper 2006; Tang 2006; Gilbert et al. 2007b; Skage and Schander 2007). 

The power and sensitivity of the PCR technology, such as in detection and amplification of 

targeted nucleotide sequences from only a few (or even single) copy of targeted DNA in a 
DNA-PCR template (Cooper 2006), are advantages of the technology, but, at the same time, 

the source of problems and complications (Yang and Watt 2005). One of PCR phenomena 

related to aDNA (and, probably, to other "kinds" of low-yield and degraded DNA) is the 

formation of chimeric amplification molecules (Paabo et al. 1990). Contaminating DNA 

could be mixed with ancient DNA, which by "jumping PCR" (Paabo et al. 1990) might 

produce chimeric amplification sequences (DeSalle et al. 1993a; Gilbert 2003a). Chimeric 

molecules are formed when damaged ancient DNA templates are incompletely copied 
during a PCR cycle, allowing the incomplete extension product itself to act as a primer in 

the next round of PCR (Wayne et al. 1999); that is, when DNA polymerase jump from one 

short template to another to form longer but inaccurate copies of the original templates 

(Rogers et al. 2000). Generally, damaged and degraded DNA causes much more problems 
during PCR than a high-molecular-weight DNA of a good yield. Degraded DNA often 

causes erroneous insertion of bases (nucleotides), inaccurate amplification of repetitive 

motifs, and other artifacts of a different nature (Wayne et al. 1999). 

Extraneous contaminant DNA can come from clothes, reagents, pipettors, plastic-ware, 
DNA from previous experiments or the atmosphere in genetic laboratories (Wilson 1997; 

Hebsgaard et al. 2005), as well as from bacteria, viruses, fungi or parasites that an 
investigated sample might contain (Paabo 1993; Prendini et al. 2002). Contaminant DNA 

and cross contamination could generate numerous copies of irrelevant DNA and results will 
be worthless, or, sometimes, can lead to erroneous conclusions (see Walden and Robertson 

1997; Audic and Beraud-Colomb 1997; Austin et al. 1997; Hassanin 2002). The problem 
increases if genetically uncharacterised species are the subject of molecular investigation. 

Contaminating sequences might not be so relevant in cases where taxon-specific PCR 

primers are applied (primers that only match sequence of the species under investigation), 

but extremely complicated if universal primers for random priming (e. g. RAPD primers), or 

evolutionary conserved sets of specific PCR primers are applied. 
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PCR product carryover, which occurs when PCR products from one reaction contaminate 
those of another (Wilson 1997), might be serious problem in PCR experiments with any 
DNA, but with degraded and damaged DNA in particular (Hebsgaard et al. 2005; Willerslev 

and Cooper 2005; Wandeler et al. 2007). This often happens if all precautions against 
contamination are not respected during experimental work. In molecular work with ancient 

DNA, bioarchaeological and forensic samples, high standards are already set up in order to 

safeguard the authenticity of results, including having separate and dedicated areas for: 

DNA extractions, PCR set up experiments, and a room for analyses of PCR products 
(Brown et al. 1998; Cooper and Poinar 2000; Poinar 2003). With preserved specimens, this 

has just started to become a practice in laboratory set-ups (see Bhadury et al. 2006a; 

Wandeler et al. 2007). 

1.3.2.1.1. PCR inhibition 

Problems with PCR inhibitors are likely to occur in PCR amplifications that use DNA 

extracted from archival collections (O'Leary et al. 1994; Dorns 1999; Schander and 
Halanych 2003; Bucklin and Allen 2004; Diaz-Viloria et al. 2005; Mulligan 2005; Tang 

2006; Karaiskou et al. 2007; Skage and Schander 2007). PCR inhibition is manifested as the 

absence of PCR amplification (false negative), or as PCR of poor efficiency producing an 

extremely low quantity of the PCR product - on the gel visualised as a very faint band 

(Wilson 1997). PCR might be susceptible to PCR inhibition by compounds present naturally 
in the particular biological samples (e. g. haemoglobin and urea; Makowski et al. 1997), by 

chemicals used in fixation and preservation of organisms (Diaz-Viloria et al. 2005; 

Mulligan 2005), chemicals and compounds absorbed from the environment, and even from 

chemicals applied in a DNA extraction procedure (Wilson 1997). For instance, SDS, EDTA, 

phenol and other chemicals used in DNA extraction procedures are known as PCR 
inhibitors. According to the data of Qiagen (2002), strong PCR inhibitors are: 

" Phenol; significant inhibitory effects on PCR at a final concentration of 0.2%. At 
0.5% of phenol, PCR amplifications were completely inhibited and no PCR product 
was detectable in their research. 

" SDS (sodium dodecyl sulphate); the yield of PCR product was decreased 

dramatically at a concentration of 0.005% (w/v), and it caused complete PCR 

inhibition at a final concentration of 0.01%. In the research of Jackson et al. (1990), 
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the negative effects of SDS were reported both on DNA extraction and PCR 

amplifications in molecular investigation of formalin-preserved clinical samples. 

" Sodium acetate (NaAc) decreased the yield of PCR products at a final 

concentration of 5 mM, while 15 mM concentration of NaAc completely inhibited 

PCR. 

9 EDTA (ethylenediaminetetraacetic acid) showed an inhibitory effect on PCR and 

reduced the yield of PCR products at >0.5 mM, and at a final concentration of 1 mM 

EDTA - PCR products were not visible. 

Traditionally, phenol-chloroform protocols include all, or almost all, of the above- 

mentioned chemicals. McNevin et al. (2005) reported the inhibition of PCR caused by the 

lysis buffer components, SDS and NaCl, when not sufficiently removed from DNA extracts. 
Weissensteiner and Lanchbury (1996) provided compelling evidence that as little as 10 mM 
NaCI inhibits the PCR of GC-rich amplicons. 

Organisms that lived in a particular area might absorb specific chemicals during their 

lifetime (Kress et al. 1998; Mormede and Davies 2001; Sole et al. 2001). These substances 

might co-purify with extracted DNA and have significant effects on the success of PCRs. 

The experiments with bio-archaeological material are probably the best demonstration of the 

possible sample-surrounding effect on PCR inhibition. For example, Latham (2003) had 

difficulties with PCR experiments using skeletal DNA (bone remains from 19`h and early 
200' century) - DNA was degraded with evident post-mortem DNA damage, but PCR 

inhibition was also caused with substances from soil known as being PCR inhibitors (such 

as humic acid; Tuross 1994). Latham (2003) classified PCR inhibitors into two groups: (1) 

non-diffusible and (2) diffusible inhibitors. According to Latham (2003): 

(1) "Non-diffusible inhibitors are chemical modifiers of the DNA molecule, including 

strand damage and molecules attached to the DNA. These modifications occur as the 

DNA begins to degrade after the individual's death. " 

(2) "Diffusible inhibitors are contaminating molecules not attached to DNA that leach 

into bone during degradation and co-purify with the skeletal DNA. These 

contaminating molecules come from a variety of sources and may vary among 

samples. The inhibitory substances leach into the bone during diagenesis and may 

not be removed with conventional methods used to extract skeletal DNA. Iron, 

tannins, and humic acid are known PCR inhibitors present in organic plant material 
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and soil. The presence of these substances in the immediate environment of the 

degrading bone may lead to their incorporation into the bone. " 

In order to detect the causes of PCR inhibition, Latham (2003) used bacteriophage lambda 

DNA as a detector of diffusible PCR inhibitors. Latham (2003) mixed lambda DNA with a 

small amount of extracted bone DNA, and then performed PCR amplification with lambda 

bacteriophage specific primers. If diffusible inhibitors are present in the bone DNA, they 

inhibit amplification of the lambda DNA. If that was the case, Latham (2003) applied 

additional purification steps in order to eliminate PCR diffusible inhibitors from a DNA 

sample. If a skeletal DNA sample failed to yield PCR product after the confirmed absence 

of diffusible PCR inhibitors (confirmed by lambda PCR-DNA experiments), Latham (2003) 

would presume that failure to amplify was due to non-diffusible inhibitors (DNA damage) 

and/or insufficient amount of DNA for PCR application. 

The above explains the importance of distinguishing diffusible (contaminating 

molecules/compounds that co-purified with DNA) and non-diffusible (actual 

damage/alterations of a DNA molecule/ DNA sequence) PCR inhibitors. The described 

example is related to skeletal DNA, but investigating the presence of diffusible and non- 
diffusible inhibitors in DNA samples extracted from preserved and other difficult specimens 
is also crucial, although the sources of diffusible inhibitors and the nature of DNA damage 

(non-diffusible inhibitors) might be different (Wilson 1997; Wandeler et al. 2007). Mixing 

"good" and degraded DNA (i. e. "spiking" DNA) is often applied in molecular work with 

ancient and forensic DNA in order to investigate the quality of DNA extracts, i. e. the 

presence of diffusible PCR inhibitors (Tuross 1994; Arroyo-Pardo et al. 2002; Gilbert 

2003a; Pusch and Bachmann 2004; Serre et al. 2004; von Wurmb-Schwark et al. 2004; 

Willerslev et al. 2004). 

If chemicals that cause PCR inhibition are known to be present, the problem usually can be 

solved by applying procedures for their removal during DNA extractions and/or as 

additional purification steps after extraction (Wilson 1997). However, DNA extracts of 

preserved archival (Tang 2006; Wandeler et al. 2007) and bioarchaeological specimens 
(Kalmar et al. 2000; Arroyo-Pardo et al. 2002) contain mostly unknown coextracted 

chemicals, chemical mixtures and other substances that might act as PCR inhibitors because 

of variations in preservation methods, the compounds present in particular animals/plants, or 

variations between burial sites. Valasek and Repa (2005) suggest that the use of alternative 
DNA polymerases (e. g., Tfl, Pwo, Tth, etc. ) might help in solving this problem, because 

24 



different thermostable DNA polymerases are resistant to particular inhibitors. 

1.3.2.2. Real-time PCR technolo'y (RT-PCR) 

In recent years, real-time PCR (Higuchi et al. 1992,1993) has emerged as a technological 

leap forward based on the revolutionary method of PCR. The advantage of real-time PCR 

(RT-PCR), in comparison with conventional PCR technology, is that it allows better 

determination of the starting amount of DNA in the sample (before the amplification 

started) and "real-time" monitoring of PCR products as they are generated (Valasek and 

Repa 2005). Real-time PCR is also called "quantitative PCR" because of the ability to 

measure and quantify specific targeted nucleic acid sequences in the sample at the beginning 

of PCR, then monitor and record the amplification progress using fluorescent technology, 

and quantifying the amount of PCR product at the completion of the PCR (Valasek and 

Repa 2005). RT-PCR also helps in monitoring the specificity of produced PCR product, 

contamination and PCR inhibition (Willerslev et al. 2004). Since real-time PCR machines 

became commercially available in 1996, more and more researchers have started to use this 

advanced PCR technology (e. g. Yue and Orban (2001) on fresh and preserved fish scales; 

Zsikla et al. (2004) on formalin preserved clinical samples; Swango et al. (2006) for the 

assessment of DNA degradation in forensic samples; Gilbert et al. (2007b) for assessing the 

quality of formalin-arDNA, and so on). It provides much more information about samples 

and PCRs, and allows easier interpretation of confusing results than with the "traditional" 

PCR technique (Valasek and Repa 2005; Gilbert et al. 2007b). 

1.3.3. DNA sequencini! 

The genetic material of each living organism possesses sequences of its nucleotide building 

blocks that are uniquely and specifically present only in its own species. These distinctive 

variations in a given genomic region make it possible to identify with precision what species 
(Floyd et al. 2002; Hajibabaei et al. 2006; Karaiskou et al. 2007) and often which group or 

particular member of that species it is (Gibson and Muse 2002). DNA sequencing is 

considered as the molecular technique with the highest level of resolution in comparison to 

other molecular techniques (Schlotterer 2004). It also provides results with easy cross-study 

comparisons and with already existing data repositories (e. g. database of the National 

Centre for Biotechnology Information; NCBI). This method was initially time-consuming 
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and expensive, but recent advances in sequencing technology permit automated, high- 

throughput sequencing and fast sequence analysis of many DNA fragments and for many 
individuals at once (Gibson and Muse 2002; Schlotterer 2004). Consequently, in the last few 

years, there have been more and more genome-scale sequencing projects that study the 

whole genome of organisms (Clark et al. 2004; Boore et al. 2005; Peck et al. 2005). 

The amplified DNA can be sequenced either by direct sequencing of PCR products 
(preferably) or by sequencing of cloned PCR fragments (Brown 2001). Clones might not 

always faithfully represent the sequence of the original template DNA molecule because of 

errors occasionally introduced by Taq polymerase during the amplification (see section 
1.3.2.1; p 18). If an erroneous PCR-DNA copy is cloned and sequenced, it will produce an 
incorrect sequence of the template because a clone is the exact multiplication of only one 
PCR-DNA copy which can carry a correct or incorrect sequence (Brown 2001). However, 

this characteristic has found its application for the verification of the authenticity of 

sequences extracted from samples with degraded and damaged DNA by cloning of PCR 

products and sequencing of multiple clones derived from more than one independent 

amplification (Hebsgaard et al. 2005; Wandeler et al. 2007). 

Direct sequencing of a PCR product and the correct sequence of the template will usually 

not be affected by the errors introduced by Taq polymerase because of the errors that are, in 

the majority, distributed randomly (Brown 2001). For every molecule that has an error at a 

particular nucleotide position, there will be many other molecules with the correct sequence 

and, in this case, the error rate is usually insignificant. The exception could be only in cases 
if PCR amplification begins with only one, or very few DNA molecules, and if Taq 

polymerase introduced errors that occurred in the first cycle of the PCR (Hofreiter et al. 
2001 b). Although direct sequencing is faster, involves less labour and is more reliable, there 

are experiments where sequencing of cloned PCR products is unavoidable (for instance, 

sequencing of amplified RAPD fragments). 

Finding species-specific DNA sequences for species identification ("signature sequences" 

and/or DNA "barcodes") is important for molecular taxonomy and in assessing biodiversity 

(Schander and Willassen 2005), but accumulation of DNA sequences from different regions 
of different species and comparison of sequences between species is important in 

establishing homology of DNA sequences and finding highly conserved genome regions 
and loci (Gibson and Muse 2002). The correct sequence and correct sequence alignment are 
of crucial importance to comparative molecular biology and genome science. Sequence 
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alignment is basically a procedure by which it is possible to recognise and describe a 

potential homology among nucleotide, or amino acid positions (Wheeler 1994; Gibson and 
Muse 2002). Software now exists automatically to align, edit and compare sequences (e. g. 
SEQUENCHER - Gene Codes Corporation; CLUSTAL - Higgins and Sharp (1988); 

MALIGN - Wheeler and Gladstein (1993); GeneJockey II - Taylor (1993); etc. ), which is a 

great help in speed and accuracy of sequence analyses. Aligning and comparing sequences 

of investigated organisms, looking for sequences that are similar to those already identified 

in other genomes by using comparison algorithms such as BLAST (Basic Local Alignment 

Search Tool), and applying gene-finding software that recognises DNA features that are 

associated with genes, such as open reading frames (ORFs), as well as searching for 

homologous proteins in other species, are steps towards the development of genome science 

that studies the structure, content and evolution of genomes (Gibson and Muse 2002). 

Assessing and retrieving sequence information from genetically uncharacterised species are 

of special importance for building up a "full picture" of a particular group of organisms and 

their relationships with other species and groups of organisms (Boyle et al. 2004; Schander 

and Willassen 2005; Wandeler et al. 2007). Single-nucleotide polymorphisms (SNPs), i. e. 
SNP variations, along with variation in repetitive sequences (such as microsatellites) are 
important in characterising DNA sequence diversity and for inferring relationship between 

individuals, populations, species, and in evolutionary studies of the history of a species 
(Schlotterer 2004; Gilbert et al. 2007c; Wandeler et al. 2007). 

1.3.4. Molecular methods based on a difference in electrophoretic mobility 

Many methods have been developed to assay variation in DNA sequences. The majority of 
them rely on differences in the DNA sequences being reflected in differences in the 

chemical properties of the molecule (Schlotterer 2004). Some of methods that detect these 

changes and detect sequence variation through a difference in electrophoretic mobility are 
(from: Schlotterer 2004): denaturing gradient gel electrophoresis (DGGE), temperature 

gradient gel electrophoresis, single-strand confirmation analysis (SSCA), heteroduplex 

analysis, single cell gel electrophoresis (SCGE). Mentioned methods might be potentially 
useful to adapt and apply in detecting DNA damage and changes (e. g. cross-linking, 
fragmentation) caused and induced by chemicals used for the preservation of archival 
specimens (see Carter (2003) for the use of DGGE and heteroduplex analysis for estimating 
DNA damage introduced by different preservation treatments of museum specimens). 
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1.3.5. Molecular markers 

The existing marker systems and molecular methods can be categorised depending on what 

they can reveal and which part of the genome or kinds of loci are under investigation (Liu 

and Cordes 2004; Schlotterer 2004). Genetic markers can be distinguished as nuclear and 

organellar (mitochondrial and plastid), depending on the part of the genome under 

investigation. Single locus and multiple loci marker systems can be recognised on the basis 

of genome coverage, i. e. number of loci detected. Also, it is possible to divide molecular 

genetic marker systems on the basis of the requirement for prior DNA sequence 

information. Molecular markers could be derived from known regions of genome, or they 

could be anonymous from unknown parts of genome. It is possible to make different 

categorisations and classifications of molecular marker systems, but the basic principle of 

all molecular genetic methods is to employ inherited, discrete and stable markers for 

identifying genotypes that characterise individuals, populations or species (Schlotterer 

2004). 

1.3.5.1. RAPD-PCR markers 

Randomly amplified polymorphic DNA markers consist of relatively short DNA fragments 

(about 200-3000 base pairs long), amplified via PCR by small arbitrary primers (usually 10 

bases in length) (Williams et al. 1990). Because RAPD-PCR primers are not designed to 

amplify a specific target sequence, the amplified loci could be in any part of genome 

(Williams et al. 1990; Clark and Lanigan 1993). RAPDs are dominant markers, shown by 

the presence or absence of a band on a gel, enabling genotypic data to be obtained 

simultaneously at many loci (Hill and Weir 2004). RAPD loci carry the advantage that there 

is no need for prior nucleotide sequence data for the taxa under study. This makes RAPD- 

PCR methodology suitable for investigations of genetically uncharacterised species where 

specific sequence information is lacking. 

The technical simplicity, cost-effectiveness, and speed in producing RAPD profiles are also 

advantages of the RAPD-PCR methodology. In many taxa RAPD-PCR can easily generate 
hundreds of independent markers (Yang et al. 2006). Many of the RAPD markers may 

exhibit substantial variation in evolutionary rates because different loci (genomic regions) 

may have different mutation and recombination rates through evolutionary history and 

events (Grosberg et al. 1996; Isabel et al. 1999). They are also useful for genome mapping 
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(Krutovskii et al. 1998) and detecting transposable elements (Dioh et al. 2000). Generated 

RAPDs give the opportunity of detecting population-, species-, genus- or family specific 

markers and can be applied for the rapid identification of organisms at different levels and 

to ascertain genetic diversity (Hadrys et al. 1992; Bielawski and Pumo 1997; Sommerfeldt 

and Bishop 1999; Bardakci 2001; Chiari and Sodre 2001; Pearson et al. 2002; Almeida et 

al. 2003; Birmeta et al. 2004; Wan and Fang 2003; DeLaat et al. 2005). Generally, RAPD 

markers provide high resolution of genotype distribution in natural populations (Jacobson et 

al. 1993; Baratti et al. 1999,2003; Prioli et al. 2002). 

RAPD markers can vary in several ways. The most common is the presence of a band in 

some individuals and its absence in others (Hill and Weir 2004). The usual cause of band 

absence is a mutation in one or both of the primer sites, resulting in the inability of the 

primer to hybridise (Hunt and Page 1992). Length variation can also occur if, in some 
individuals, a primer site is present between two original primer sites (Routman and 
Cheverud 1994). RAPD amplification products can be broadly classified into two groups: 

variable (polymorphic) or constant (non-polymorphic) (Hadrys et al. 1992). 

Application of RAPD technology for obtaining taxon-specific information and developing 

taxon-specific PCR primers is demonstrated in many studies. For instance, Miyata et al. 
(1996) revealed and sequenced species-specific RAPD fragments for bacterial strains 
known to cause disease in salmonid fishes. Kambhapati et al. (1992) successfully applied 
RAPD-PCR technology for species identification and differentiation of conspecific 
populations of Aedes mosquito. Similarly, its use has been demonstrated in studies on 
Paramecium (Skotarczak et al. 2004), a crustacean - Gammarus species (Costa et al. 2004), 

tilapia fishes (Ahmed et al. 2004), and so on. In the Garcia et al. (1994) study, the RAPD- 
PCR methodology proved to be useful in isolating microsatellites, estimating genetic 
diversity within and between populations, identifying family-specific markers, and mapping 
loci responsible for economically important traits in penaeid shrimp. 

It is possible to convert a RAPD multilocus genetic marker into a more informative single- 
locus marker system (Hadrys et al. 1992). Single-locus RAPD markers can be subcloned 

and then used as specific probes for conventional RFLP analysis (Hadrys et al. 1992; Fani et 

al. 1993), or for developing taxon-specific primers, STS (Sequence Tagged Site) and SCAR 

(Sequence Characterised Amplified Region) markers as sequence-specific markers (e. g. 
Hadrys et al. 1992; Paran and Michelmore 1993; Barret et al. 1998; Agusti et al. 2000; 
Scheef et al. 2003; Bailey et al. 2004; Das et al. 2005; Hughes et al. 2006). These 
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approaches can circumvent the major limitation in the application of RAPD methodology 

and is possible to produce more specific and reproducible results, i. e. results that are less 

sensitive to changes in PCR reaction conditions (Scheef et al. 2003; Yue et al. 2003). 

Converted, they can be used as a multiplex PCR assay for fast detection and discrimination 

of species (Fernandez et al. 2003). 

1.3.5.1.1. Disadvantages and problems with the RAPD-PCR methodology 

There are many advantages of RAPD-PCR methodology, but there are also some serious 
limitations and problems related to its application. First, the inconsistency and non- 

reproducibility of RAPD-PCR profiles (RAPD-PCR fragments) put the reliability of this 

methodology in question (Skroch and Nienhuis 1995; Jones et al. 1997; Rajput et al. 2006). 

Some other problems related to the practical use of RAPD (and MAAP techniques in 

general) are: 

(a) Amplification fragments of apparently the same molecular weight, generated with single 

arbitrary primers, can result from the targeting of different genetic loci (van de Zande 

and Bijlsma 1995), 

(b) Different amplification products can result from the targeting of the same genetic locus. 

In other words, parts of the same sequences could be represented in more than one 
fragment in RAPD patterns (Smith and Williams 1994). 

These complicate interpretation and cross-gel comparisons. In order to reduce these 

problems, Southern blotting, or cloning and sequencing of corresponding RAPD fragments, 

should be applied (Hadrys et al. 1992; Clark and Lanigan 1993; Rabouam et al. 1999). 
Sometimes RFLP analysis of RAPD-PCR fragments could be a fast way to investigate 
homology of comigrating RAPD fragments (Rieseberg 1996), but this application has 
limitations. It might be successful for large fragments if sites for applied restriction enzymes 
are present, but RFLP is not suitable for RAPD-PCR fragments smaller in size. The reasons 
are: (1) small fragments are less likely to carry restriction sites, and (2) the gel resolution 
becomes critical for the correct classification of very small fragments. 

Another disadvantage of the RAPD technique is the production of multi-banded profiles 

with bands that encompass a variety of intensities (ranging from strong to faint). This makes 

repeatability and comparison of RAPD-PCR experiments difficult (Foissner et al. 2001; 

Skotarczak et al. 2004). There are many factors that can affect reproducibility of RAPD- 
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PCR fragments and the intensity of bands, such as: quality and quantity of a PCR-DNA 

template, commercial brand of thermostable DNA polymerase, type of PCR thermal cycler 

and PCR conditions applied, and so on (see Schierwater and Ender 1993; Jones et al. 1997). 

Hallden et al. (1996) are of the opinion that competition in the amplification of RAPD 

fragments (competitive priming) is a major source of genotyping errors in RAPD analysis. 

A serious disadvantage of RAPDs is the possibility of generating artifactual RAPD-PCR 

fragments (Ellsworth et al. 1993; Rabouam et al. 1999). Rabouam et al. (1999) suggest that 

the sources of RAPD artifacts might be: (1) the presence of commensal organisms (such as 

viruses, bacteria, mycoplasma or protozoa), i. e. contaminating DNA, and (2) fragment 

rearrangements during PCR amplification (Fig. 1). 

Rabouam et al. (1999) suggested that there are probably three types of interactions 

responsible for the synthesis of artifactual RAPD fragments (Fig. 1): 

(1) intrastrand interactions, 

(2) interstrand interactions, and 
(3) nested primer annealing. 

Intrastrand interactions are due to short inverted repeats within the RAPD fragments 

leading to the formation of dyadic intrastrand interactions. Interstrand interactions may 

involve the annealing of similar termini between RAPD fragments. They may also involve 

the annealing of short repeated and similar sequences between RAPD fragments. The last 

type is the nested primer site binding that generates shorter and larger fragments. 

Rabouam et al. (1999) investigated the formation and the frequency of the artifactual RAPD 

bands (fragments) by applying Southern blotting for detecting erroneous, i. e. genuine 

RAPD-PCR fragments (bands). They reported 50-75% RAPD-PCR fragments as being 

artifactual. In their opinion, it was, therefore, impossible to estimate the degree of DNA 

polymorphism by RAPD analysis. Rabouam et al. (1999) are of the opinion that the number 

of these artifactual RAPD fragments probably differs greatly between genomic DNA 

sources and depends on the RAPD primers applied; that is, that their study and findings on 

Calonectris diomedea (Cory's shearwater, Aves) and Haemonchus contortus (Nematode) 

may not, therefore, establish general rules for RAPD studies for all taxa under investigation. 
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Fig. I- Rearrangements of fragments in the RAPD-PCR products as a possible source for production of 
artifactual RAPD fragments (from: Rabouam el al. (1999) modified model of Caetano-Anolles er 
al. (1992)) 

Other serious problems are related to the gel reading and scoring of RAPD fragments 

(hands), their statistical analyses and correct interpretation of results (Hadrys el al. 1992; 

Garcia et al. 1994; Hadrys and Siva-Jothy 1994; Isabel et al. 1999; Nybom 2004). Many 

researchers count only strong bands that are reproducible in most RAPT)-PC'R 

amplifications in independent runs (Cook et a1.1998; Gouin et a1.2001; Collins et al. 2003; 

Grazziotin and Echeverrigaray 2005; Guerra-Garcia et a!. 2006), but this criterion is not 

always applicable and/or adequate (see 
. 
tones et al. 1997). 
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Issues discussed above put RAPD methodology in the centre of a long-lasting debate about 
its reliability and the use of RAPDs as informative molecular markers. Some researchers 

claim high reproducibility and reliability of results (Penner et al. 1993; Gomes et al. 1998; 

Lougheed et al. 2000; Klinbunga et al. 2001; Segarra-Moragues and Catalan 2003; Guerra- 

Garcia et al. 2006), whereas others doubt the reproducibility of RAPD-PCR amplified 
fragments and patterns across experiments in the same and different laboratories (e. g. Paran 

and Michelmore 1993; Ellsworth et al. 1993; Jones et al. 1997). 

There are interesting observations and a comprehensive statement produced by Schlotterer 

and Pemberton (1994) about the use of PCR-RAPD methodology: "Anyone with a PCR 

machine is able to use this technique and after a few attempts, will be able to produce a 

polymorphic pattern from the genomic DNA of most organisms. More experienced PCR 

users doubt the simplicity of RAPDs, as it is well-known that every PCR amplification is 

extremely dependent on the purity and concentration of the DNA as well as on the reaction 

conditions. Even if the researcher is able to control the above parameters, another drawback 

of RAPDs will remain: Due to dominance the difference between homozygotes and 
heteroyzgotes is not visible. Discrimination between homozygotes and heteroyzgotes cannot 
be neglected for population analysis. Especially critical for paternity testing with RAPDs, it 
is the occurrence of non-paternal bands that can lead to false conclusions (Scott et al. 1992). 
Last, but not least, there are no data on the mutation rate for RAPDs. " 

1.3.5.1.2. The usefulness of the RAPD-PCR methodology - why still use it? 

Despite the many disadvantages of RAPD-PCR methodology and numerous reservations 
regarding the reproducibility, homology, and statistical analyses of data (see for a review 
Grosberg et al. 1996), several highly attractive features (such as: a sensitivity, applicability 
in cases when sequence data or any other molecular data are absent for the taxon under 
investigation, theoretically limitless number of genetic markers, tool for developing other 
classes of molecular markers, etc. ) make RAPD methodology still highly desirable for 

molecular investigations (Hadrys and Siva-Jothy 1994; Beebee et al. 1999; Collins et al. 
2003; Ali et al. 2004; Yang et al. 2006). 

In experiments with some organisms and biological materials, the mentioned problems are 
not so expressed and RAPD methodology is still being successfully used for traditional 
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measurement of polymorphism and differences in genetic structure of populations 
(Lougheed et al. 2000; Theodorakis et al. 2006), subspecies (Echeverrigaray et al. 2001) 

and species (Isoda et al. 2000; Collins et al. 2003; Grazziotin and Echeverrigaray 2005), or 

establishing kinship (Cao and Card 1997; Edwards et al. 2002; Shikano and Taniguchi 

2003; Wallace 2006). Some researchers are of the opinion that if it is used carefully, its 

results are reliable (Collins et al. 2003; Pearson et al. 2002; Vilatersana et al. 2005). The 

reliability of RAPD-PCR technology, including a technique of scoring bands and an 

application of statistical analysis for the measurement of polymorphism was tried to be 

improved by some researchers (Hansen et al. 1998; Collins et al. 2003; Ritland 2005), but 

more researchers are now inclined to explore new applications of this methodology (for 

instance, Abe et al. (1998a, b, 2000,2005) in detecting retrotransposable elements; Cook et 

al. (1998) in detecting polyploidy; Adams et al. (1999) and Tayutivutikul et al. (2003) in 

testing the quality of DNA extracts and PCR usability for difficult biological samples; Guha 

and Kashyap (2006) in identification of unknown samples in legal medicine using so-called 

exclusion approach) and to develop other classes of molecular markers by using RAPDs as 

an initial approach (see Behura et al. 1999; de Kloet 2001; Scheef et al. 2003; Yang et al. 
2006). 

RAPDs might be useful in conservation and environmental research through screening 
archival collections for revealing the genetic structure of populations that lived in a 
particular space and time (Koh et al. 1997; De Wolf et al. 2004). RAPD fingerprint analyses 
based on band numbers (gain/loss of bands) and RAPD band intensity might yield 
diagnostic genetic information (De Wolf et al. 2004; Enan 2006). There are reports that 
RAPD methodology can facilitate these applications on fresh/frozen and short period 
ethanol-preserved material (De Wolf et al. 2004; Wu et al. 2005; Enan 2006; Theodorakis et 
al. 2006), but only further research on differently preserved specimens can demonstrate if 
the same approach (with adequate modifications) is also applicable to archival collections 
with specimens stored for longer periods and subjected to different fixation/preservation 
treatments. 

Similarly, RAPDs have also found application in biomedical science in the evaluation of 
general rearrangements of the genome associated with tumorigenesis, i. e. in detecting DNA 

alterations shown by "band gain" or "band loss", decreased/increased intensity of RAPD 
bands, or banding shifts (Ong et al. 1998; Maeda et al. 1999; Luceri et al. 2000; Luo et al. 
2003). 
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Evidently, the potential of the RAPD method is not only in its application for polymorphism 

analysis, but also in applying a RAPD-based strategy as an initial approach for developing 

other classes of molecular markers and/or as a diagnostic approach for detecting the changes 

in genetic structure. 

1.3.5.13. RAPD application to preserved specimens 

It is expected that the use of degraded/damaged DNA for RAPD polymorphism profiling 

multiplies the mentioned problems and is much more complicated than its application on 
"good" DNA (see Eckerman and Walsh 1997; Carvalho and Vieira 2000; Oliveira et al. 
2002; Siwoski et al. 2002; Boyle et al. 2004). However, damage to the DNA may not 
interfere with analysis, raising the possibility of using this methodology on specimens that 

have not been sampled or preserved under conditions ideal for DNA integrity (see A'Hara et 

al. 1998; Anami et al. 2000; Wang et al. 2005). In experiments where other molecular 

methodologies and molecular markers are not applicable for different reasons, RAPD-PCR 

methodology might be the only molecular approach available for initial molecular 
investigations (see the results of this study). 

1.3.5.2. DNA microsatellite markers 

Microsatellite markers have found application in many molecular investigations and proved 

to be useful for addressing different biological questions (Schlotterer 2000; Liu et al. 2006; 

Selkoe and Toonen 2006). It is possible that primers designed for one species might be 

applicable to another, usually closely related species (see Hogan and May 2002; Pandey et 

al. 2004), but this depends on the stability of the repeat loci over evolutionary time and the 

rates of evolution of the sequences flanking the repeats (Ashley and Dow 1994; Brohede 

and Ellegren 1999). Generally, new microsatellite primers need to be developed for almost 

every species which may be problematic for non-model organisms and taxa with unstudied 

genomes (Schlotterer 2004), especially if available only/mostly as samples with 
degraded/damaged DNA. This is because of a requirement for substantial sequence 
information on the investigated taxon - for screening genomic libraries, or to have a large 

amount of a high-molecular-weight DNA for probes that can be used for developing 

informative microsatellite markers. But, there are alternative ways of isolating 
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microsatellites by analysing sequences of anonymous nDNA regions (for example, using 
RAPD-PCR fragments which are known to be enriched in microsatellites; Ender et al. 
1996). 

1.3.5.2.1. Isolation of microsatellites and its possible application on samples with 
degraded DNA 

The possibility of detecting microsatellites by sequencing RAPD-PCR fragments and then 

screening them for tandem repeats (Garcia et al. 1994; Adcock et al. 2000; Liu et al. 2006) 

and/or applying microsatellite probes on RAPD-PCR fragments (Ender et al. 1996; Lunt et 

al. 1999; Iyengar et al. 2000; Seyoum et al. 2007) give an opportunity of isolating 

microsatellites and applying this marker on genetically uncharacterised species (lacking 

sequence information), including samples with degraded/damaged DNA (Jakobsdottir et al. 
2006). This approach is usually more efficient for a large RAPD-PCR fragment, because 

there is a higher chance that larger DNA fragments contain microsatellite regions (with its 

flanking sequences) than smaller RAPD-DNA fragments (Ender et al. 1996), but smaller 
fragments can also reveal microsatellites (Jakobsdottir et al. 2006). The possibility of 
finding microsatellites and other repetitive elements in RAPDs (DNA RAPD-PCR 

fragments) might lie in the fact that RAPDs most likely reflect the repetitive sequences of 
large genomic blocks; that is, consist of repetitive sequences (Ghany and Zaki 2003; Ribeiro 

et al. 2004; Yang et al. 2006). 

Application of microsatellites to museum specimens and other samples with 
degraded/damaged DNA is possible, although degraded DNA might cause errors in PCRs 

and allelic dropout, that can lead to erroneous genotyping (see Taberlet et al. 1999; Gill 
2001; Lucchini et al. 2002; Jovanovic et al. (2003); Piggott and Taylor 2003; Sefc et al. 
2003; Rohland et al. 2004; Wisely et al. 2004; Tie et al. 2005; Watts et al. 2007). 
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1.4. The importance ofmuseum collections in bioloj ical studies 

Natural history museum collections have been assembled and maintained over the course of 
more than 200 years (Lane 1996). Historically, all these collections were established in 

order to preserve morphological features of organisms and to be used for morphological 

analysis. The traditional view of a museum as just being a specimen repository changed a 
long time ago. Collections have been actively used in different aspects of research (Huber 

1998), but for the purpose of systematic research in particular (Rainbow 2001). Information 
from natural history collections about the diversity, taxonomy, systematics, historical 
distributions of species worldwide and their phylogenetic relationship are becoming 

increasingly important as a heritage which needs to be maintained, understood and 
protected, especially in a period with evident decline and extinction of present species 
(Thomas 1994; Wirgin et al. 1997; Dayton 2003; Goldstein and DeSalle 2003; Austin and 
Melville 2006; Fong et al. 2007), as well as in an era of finding and identifying many new 
species (Hebert et al. 2004). This means that museum collections begin to have a new 
dimension where the genetic material of different organisms might be stored and be used for 
different purposes (see Baker 1994; Pettitt 1994; Winker 2004; Austin and Melville 2006). 
Natural history collections are an irreplaceable database of information and a historical 

record of changes in populations and biodiversity during the past century or more (Thomas 

et al. 1990; Wayne and Jenks 1991; Krajewski et al. 1992; Roy et al. 1994; Thomas 1994; 
Wirgin et al. 1997; Bouzat et al. 1998; Shaffer et al. 1998; Doukakis et al. 2000; Pergams et 
al. 2003; Graham et al. 2004; Parham et al. 2004; Harper et al. 2006). For some groups of 
organisms and parts of the world, museum collections might soon represent the only record 
of biodiversity. 

Another fact is that collecting samples for a particular project can be expensive and difficult 

to achieve - for instance, in the case of deep-sea studies, or Antarctic research. The use of 
already collected and stored samples makes such research projects more feasible to conduct. 
For example, Rex et al. (2005b) and Zardus et al. (2006) point out the importance of the 

existence of faunal deep-sea archival collections (below 200 m) for studying spatial and 
temporal aspects of population differentiation and deep-sea biodiversity. There are many 
reasons to use museum specimens in a study rather than going out and collecting anew. 
These mostly fall under the headings of temporal, spatial, political and financial reasons, 
and combinations of these (Thomas 1994; Schander and Halanych 2003; Suarez and Tsutsui 
2004). The use of archival world collections prevents unnecessary destruction of many 
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individuals of different species used for study by various research teams, although extensive 
destruction of museum specimens (for molecular and other "destructive methodologies") 

should be also prevented (Wisley et al. 2004; Gilbert 2007d). This is possible to achieve by 

placing all data on voucher specimens and a list of related publications on the web page of 
the relevant museum and/or into dedicated database repositories (Graham et al. 2004). 

Thomas (1994) made suggestions about using museum collections for molecular studies and 

sharing obtained information on samples from collections of natural history museums: 

" to make available material from museum collections for scientific investigations, but 

research laboratories should make written proposals and a brief outline of the study 

plan before sampling is permitted; 

" when sampling, the smallest possible amount of material should be removed, and 

this should be taken, where possible, from tissues that contain few characters of 

morphological interest; 

" aliquots of DNA extracts and PCR products remaining from a study of museum 

materials to be returned to the museum for permanent storage, but these are not 

available to others until the researcher has published on them, or indicated that 

publication will not be forthcoming; sequence data or database accession numbers 

should be provided - the intention being to minimise the need for repeated sampling, 

except for the purpose of result re-examination and re-validation; 
" museum and curators must be properly acknowledged in all publications derived 

from museum specimens, so that it will be possible to demonstrate the productivity 

of museums and scientific institutions. 

Many of these recommendations have already been adopted by the majority of museums. 
Integration of data on museum specimens around the world and their easier access is 

currently in progress (Graham et al. 2004). Molecular data from museum specimens aid in 

understanding of past and present, and should help in predicting the future of many 

processes related to flora and fauna across the globe (Wandeler et al. 2007). 

Until recently, morphological analysis was the only approach that scientists applied in their 

research on museum specimens, but now, molecular biology is seen as further enhancing the 

value of collections and offers the potential for exploring a huge amount of genetic 
information stored in museum collections (Rivers and Ardren 1998; Rogers 2001; Bhadury 

et al. 2006a). There are a few possible limitations to conducting research projects solely on 
museum specimens such as: the number of individuals (especially of big animals) is not 
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always sufficient for particular investigations (e. g. population studies), difficulties in 

obtaining museums' permission for tissue sampling of museum specimens, difficulties in 

extracting sufficient DNA in quantity and quality required for molecular investigations 

(Schander and Halanych 2003; Austin and Melville 2006; Tang 2006). 

1.4.1. Preserved specimens in molecular investigations 

Technical advances in molecular biology are increasing the range of biological material 

amenable to molecular analysis, but this field still remains difficult and challenging 
(Hajibabaei et al. 2005; Wandeler et al. 2007). It is necessary to develop and standardise 

efficient techniques for DNA retrieval from preserved specimens, especially from fluid- 

preserved collections (Austin and Melville 2006; Tang 2006; Gilbert et al. 2007b, c; Skage 

and Schander 2007). There is a need to establish some guidelines, similar to what has been 

done in the field of ancient DNA and bioarchaeology (Yang et al. 1997a, b; Cooper and 
Poinar 2000; Machugh et al. 2000; O'Rourke et al. 2000; Gilbert 2003a; Paabo et al. 2004; 

Cipollaro et al. 2005; Gilbert et al. 2005a). Many biological, physical and chemical factors 

that affect ancient DNA quality are also relevant for specimens from natural history 

collections, such as endogenous nuclease activity and hydrolytic damage (Wandeler et al. 
2007). Also, many recommendations and approaches adopted in bioarchaeology are also 

applicable in molecular work with preserved specimens, but some specifics are related 
exclusively to preserved archival collections (see Austin and Melville 2006; Tang 2006; 
Gilbert 2007b; Karaiskou et al. 2007; Skage and Schander 2007; Wandeler et al. 2007). We 
have a general understanding about the (possible) damage of DNA extracted from preserved 
specimens, but we still lack the specific knowledge related to differently preserved 
specimens of the same and different collection age - the extent of the DNA damage induced 
by different fixatives and preservation solutions/chemicals, types of DNA damage and their 
distribution in DNA molecules/sequences, the possibilities of reversing and repairing some 
types of damage (Tang 2006; Skage and Schander 2007; Wandeler et al. 2007). 

The type of fixation and the conditions of preservation as extrinsic factors, as well as the 
type of tissue, species and size of an organism as intrinsic factors have an effect on the 
survival and extractability of DNA in preserved specimens (Cooper 1994; Thomas 1994; 
Tayutivutikul et al. 2003; Boore et al. 2005). The aim of fixation is to inhibit decay and to 
produce covalently bonded cross-linked macromolecules that have the effect of holding 
tissue together and retaining a resemblance of the organism's appearance in life (Criscuolo 
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1994; Thomas 1994; Martin 2004). Preservation has the function of keeping tissues and 

organisms in good morphological shape over long periods of time without degradation 

(Carter 2003; Martin 2004). Good morphological preservation of museum specimens does 

not mean that quantities of intact DNA are present for molecular studies (Thomas 1994; 

Carter 2003). While protein-protein, DNA-protein and DNA-interstrand cross-links are 
desirable for morphology, they are undesirable for molecular investigations because cross- 
links inhibit the polymerases used to replicate DNA in PCR, thereby preventing 

amplification (O'Leary et al. 1994; Thomas 1994; Dorris 1999; Karaiskou et al. 2007; 

Skage and Schander 2007). 

There are also many other factors (such as: specimen collection and handling of the 

samples, kinds and purity of chemicals used in preservation, storage temperature and 

maintaining collections) that are important and associated with the success of DNA 

investigations on preserved specimens (Prendini et al. 2002; Boyle et al. 2004; Tang 2006; 

Gilbert 2007d). 

1.4.1.1. The importance of sample collecting and fixation/preservation treatments 

Both collection of the organisms in the field and fixation/preservation treatments are 
important for later success in molecular investigations (Prendini et al. 2002). 

1.4.1.1.1. Sample collection 

The method of collecting specimens in the field is important for the quality and quantity of 
DNA in general, but it is significant for archival specimens in particular because chemical 
preservation and a prolonged storage periods cause further DNA degradation (Schander and 
Halanych 2003; Miething et al. 2006; Ferrer et al. 2007). As is well known, the processes of 
degradation and fragmentation of DNA start relatively soon after an organism dies because 

of DNase activity and autolytic decay (Lindahl 1993a, b; Brown 1999; Briggs 1999; Vass 
2001; Yoder et al. 2006). Some researchers suggest that the most DNA damage, DNA 
fragmentation and degradation occur in the first couple of hours after an organism dies 

(Perry et al. 1988; Paabo 1993). 

The environmental conditions (temperature, humidity, chemical surroundings, etc. ) under 
which a dead organism was kept before fixation (freezing or drying out) are also important 
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for DNA "survival" and its usability for molecular investigations (Schander and Halanych 

2003). Degradation and fragmentation of DNA might be accelerated if optimal conditions 
for nuclease activity and decay are present (Prendini et al. 2002). However, the collection of 

animals from particular habitats might be more difficult to carry out in a desirable way than 

others because of problems in controlling time between death of the organism and placing it 

into a fixative solution (or at subzero temperature). A good example of this is collecting 
deep-sea fish specimens. A length of time between when a fish dies and when dead fish are 
brought to the surface might vary very much - it could be from half an hour to a couple of 
hours. This timing cannot be controlled by the collector because it depends on the depth 

from which fish are caught, fishing equipment and technique applied, and on the sensitivity 

of a particular species to temperature changes and changes in hydrostatic pressure (Bailey et 

al. 2002). However, time when the dead animals are on the surface until they are placed into 

fixative can be controlled by a collector and it is important to do it as soon as possible. All 

together a record should be made of "total time" of death for deep-sea organisms (post- 

mortem delay in animal preservation). Another aspect, which might also need to be 

considered in collecting marine organisms in general, is whether the presence of sodium 

chloride (NaCl) and other compounds in the sea and in the marine organisms has any effect 
in accelerating the activity of enzymes and other natural processes in a dead animal that 
later might affect the quantity and quality of the DNA. 

All this information, together with information on applied fixation/preservation treatments, 
is important for the successful use of museum and other archival collections as valuable 
sources of DNA. For example, some collectors and curators applied fixative by boiling 

formalin in order to achieve better penetration of formalin into the organism (Waren 1983), 

a process which might have devastating consequences for DNA in the preserved organism. 
Often all this information is not available (especially not for earlier collections), or recorded 
data are inaccurate (see Austin et al. 2003; Stuart et al. 2006). The accurate recording of all 
these data (including any chemicals used as narcotics and for relaxing the organisms, and/or 

chemical treatments for retaining colour and unchanging dimensions of specimen) is 

important (see, for example, Dean and Ballard (2001) on the effects of insect killing 

methods on mtDNA yield and PCR success). This missing precise information is an 

additional problem that complicates attempts for DNA protocol standardisation (Tang 

2006). A molecular biologist often has no choice in selecting specimens that might be 

collected and preserved in a way that are more suitable for molecular work (i. e. with 

supposedly better DNA preservation). Bucklin and Allen (2004) suggest that checking the 

pH of storage/preservation solution might be helpful in this regard. In other words, low pH 
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(< 4) is likely to be an indicator of extensive DNA degradation and fragmentation, i. e. of 

specimens of a low suitability for molecular work. 

1.4.1.1.2. Fixation and preservation of archival specimens 

Fluid-preserved and dried samples are the most common types of preserved specimens in 

museum collections. Formalin fixation (usually 4%-10% of formalin) and then ethanol 

preservation (usually in 70%-80% of ethanol, i. e. IMS) are the norm in museum fluid 

collections, but other chemicals, such as methanol, isopropanol, acetone, chloroform, acetic 

acid, mercuric chloride, various arsenic- and lead-based compounds have been used for 

some organisms (Carter 2003). It seems that dried specimens (treated with chemicals or not) 

are easier to apply in molecular investigations than fluid-preserved ones (see Rohland et al. 
2004; Irestedt et al. 2006). Formalin is considered as the most damaging 

fixation/preservation procedure for molecular work (Silberman and Walsh 1992; Schander 

and Halanych 2003; Tang 2006). 

FORMALIN - Formaldehyde 

Formaldehyde (HCHO) is a gas, the aldehyde produced by partial oxidation of methanol 
(methyl alcohol) - Dioni (2002). As a gas it is used in many chemical industrial processes, 
but in biological applications it is used by dissolving it in water. Formaldehyde reacts with 

water to form an equilibrium mixture of water, formaldehyde, and formaldehyde hydrate 

(Dioni 2002). Formalin is an aqueous solution of formaldehyde (Kiernan 2000; Dioni 

2002). Commercial formalin contains 37-40% of formaldehyde and 60-63% of water (by 

weight) (Kiernan 2000; Dioni 2002). Formaldehyde is self-reactive, continuing to oxidize in 

aqueous solution producing formic acid, and in older solutions may even form a precipitate 

of paraformaldehyde (solid polymerized formaldehyde) (Kiernan 2000; Dioni 2002). It is 

common to add to formalin 10% or so of methanol as a stabilizer. Formalin solution thus 

really contains formaldehyde, paraformaldehyde, formic acid and methanol (Dioni 2002). 

So formalin has a target composition but only a detailed analysis can determine what the 
true concentration of any component is in a given batch of a given age. Another problem 
related to the use of formalin for preserving biological samples is the fact that formalin is 

almost certainly acidic and this could impair its performance as a fixative or preservative 
(pH is usually 2.8-4; Schander and Halanych 2003). Acidity and hydrolytic attacks on DNA 
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are well known as extremely damaging, causing strands breakage, nucleotide modifications 

and lack of bases at various sites in the DNA sequence (Koshiba et al. 1993; Lindahl 1993b; 

Douglas and Rogers 1998; Hoss et al. 1996; Poinar 2002; Bonin et al. 2003; Paabo et al. 
2004). The rates of depurination and strand cleavage are increased at acidic pH and at 

elevated temperatures (Poinar 2002). It is the general belief that by using neutral buffered 

formalin (made by adding some buffers to the 10% formalin solution - usually sodium 

phosphate for a pH 7.0-7.2, or sodium borate (borax) for a pH about 7.7), it is possible to 

improve the performance of formalin and balance the changes that could be occurring, i. e. to 

stabilise the behaviour of the fixative (see Carter 1997). 

There is also a lot of confusion in the use of the terms "formalin" and "formaldehyde" and 
their real meaning in published literature (Dioni 2002). Authors tend to use these terms 
interchangeably, as well as using interchangeably the terms formalin and formaldehyde 

solutions of concentrations 4% and 10%. Sometimes, it is very difficult exactly to 

understand which concentration, in real terms, they are referring to. Both words have their 

own and very different meanings of great importance for morphological fixation and 

preservation (Dioni 2002; Gershwin 2002), and for molecular work in particular. 

STEEDMAN'S SOLUTION 

Steedman's solution as a preservation/storage solution is mostly used for herpetological and 
ichthyological museum collections (Carter 2003; Martin 2004), but also for preservation of 

plankton (Steedman 1976; Bottger-Schnack et al. 2001), crustaceans and molluscs (Carter 

2003). This preservative solution, besides formalin, also contains other chemicals and 

additives, such as a propylene glycol and propylene phenoxetol, and in order to improve its 

preservation, anti-bacterial, fungicidal and anti-oxidant chemicals (Steedman 1976). There 

are no published molecular data on specimens preserved in Steedman's solution, but it is 

expected to show poor DNA preservation and potentially degradive effects on DNA because 

of the presence of unbuffered formalin and propylene phenoxetol (C6H1202) (Carter 2003). 

The negative effect of propylene phenoxetol on morphology of long-term preserved fish 

specimens was discussed and reported by Crimmen (1989). Nakanishi et al. (1969) also 

reported that proteins are more sensitive to denaturation in the presence of phenoxetol than 

without it at room temperature. The effect of phenoxetol on DNA is completely unknown, 
but it is assumed that it could only have negative effects on the integrity of DNA and PCR 

usability (Carter 2003). 
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This study is one of the first to explore the possibility of molecular work on museum 

specimens preserved/stored in Steedman's solution. Carter (2003) attempted to extract DNA 

from Steedman's preserved museum specimens, but applied a DNA extraction protocol 
(CTAB [hexadecyltrimethylammonium bromide] method) that did not yield PCR 

amplifiable DNA for the tested molecular markers (mitochondrial 16S and ribosomal 18S), 

and the DNA was also unsuitable for restriction endonuclease screening. 

The success in obtaining molecular data from fluid-preserved specimens varies from 

collection to collection (Wandeler et al. 2007). For example, France and Kocher (1996) 

recorded different amplifying success with 10% buffered formalin-fixed, ethanol-preserved 
(FFEP) deep-sea crustaceans that came from collections which claimed to be fixed and 

preserved in the same way as successful ones. Some of these collections were donated, 

some were collected by other researchers, and some specimens were collected from other 
localities than successful ones. France and Kocher (1996) also found problems in a yield of 
PCR products if DNA was extracted from specimens that were extensively manipulated 
following transfer to ethanol for sorting samples by sex under a microscope. They also were 

not able to produce PCR amplifiable DNA if it had been extracted from formalin-fixed, 

formalin-preserved (FFFP) samples stored for several months, or if specimens were 

preserved in glutaraldehyde. They successfully extracted DNA only if specimens were fixed 

in 10% buffered formalin (with 90% sea water) for at least 24 hours, transferred into 80% 

ethanol for at least 24 hours, and finally stored in a fresh solution of 80% ethanol. The DNA 

extracted from these specimens was successfully used for PCR amplifications of 

mitochondrial 16S and CO I genes. This is a well-described example indicating a collection 

effect (including possible differences between localities and the sample handling during 

collection), fixation of samples and post-fixation manipulation on the DNA extractability 
and PCR usability. 

Zardus et al. (2006) reported a similar situation about usability (i. e. non-usability) of 
formalin-fixed specimens of a deep-sea bivalve that came from different collections, i. e. 
different stations and localities. Organisms that lived in a particular area might absorb 

specific chemicals during their lifetime (see Forlin et al. (1996) and Sole et al. (2001) for 

fish) that might have different effects on DNA extractability and PCR usability. Researchers 

reported inconsistency in producing PCR amplifiable DNA not only from different 

collections and/or localities, but also between specimens from the same collection (e. g. 
Quattro et al. 2001). The differences between specimens of one particular collection could 
happen if individuals were not handled in the same way during collection, fixation and/or 
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preservation (Prendini et al. 2002). Small discrepancies in fixation and preservation process 

are not so important for morphological investigations, but in extracting PCR-amplifiable 

DNA, it seems that the smallest variation in collecting and preserving specimens might 

cause dramatic differences in the ability to use preserved specimens for DNA studies 
(Giannella et al. 1997; Schander and Halanych 2003; Miething et al. 2006). The importance 

of each step in the fixation procedure for DNA studies is clearly presented in the paper of 

Moore et al. (2002). 

Until recently, the only focus of museum curators was to find the best chemical treatments 
(often mixing different chemicals) to maintain good gross morphological preservation of 

specimens and to retain morphological features that are important as taxonomic characters 
for species identification (Treasurer 1992; Shields and Carlson 1996; Thibault-Botha and 
Bowen 2004). Even maintaining collections to preserve morphological features for long 

periods is not an easy task (see Tucker and Chester 1984; Stephenson and Riley 1995; Black 

and Dodson 2003; Hausseemann 2004; Gagliano et al. 2006). Adding different chemicals in 

order to retain authentic pigmentation and coloration, and/or to maintain other 

morphological and histological features of the preserved organism might significantly 
change the pH and other characteristics of the fixative/preservative solutions (Taylor 1981; 

Deveney and Whittington 2001), thereby affecting the possibility of DNA recovery from 

these archival collections (Prendini et al. 2002; Schander and Halanych 2003). 

Understanding the importance of maintaining gross morphology with recognisable 
taxonomic characters of specimens for morphological analyses (Paradis et at 2007), but 

also the difficulties (and, in particular cases, inability) in using chemically preserved 

museum specimens in molecular investigations, some researchers have suggested that two 
forms of sample storage should be applied for new acquisitions (Dessauer and Hafner 1984; 

Criscuolo 1994; Thomas 1994; Prendini et at 2002). One is a traditional, chemical 

preservation, and another is cryopreservation and/or pure ethanol preservation of 
tissue/specimens for maintaining DNA in good condition (see Corthals and DeSalle 2005). 

Cryopreservation is "a golden rule" for keeping DNA in good condition for a long time 
(Dessauer et at 1996; Ferrer et at 2007), but ethanol can also be used for a short-term 

storage (probably not longer than five years for the majority of organisms; Hajibabaei et al. 
2005). The potential problem with ethanol preservation is that ethanol might be unsuitable 
for DNA recovery from some species (see Reiss et al. (1995) for beetles; Dorris (1999) for 

nematodes), and another reason is that ethanol might oxidise and/or become acidic unless it 
is regularly replaced, diluted with water and/or buffered (Criscuolo 1994; Hajibabaei et al. 
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2005). Currently, effort is also directed towards fording a fixation/preservation solution that 

will be suitable for both, good morphological and good DNA preservation for longer 

periods (van Dam 2003; Rey et al. 2004; Delfour et al. 2006; Mandrioli et al. 2006; Molin 

and van Dam 2006; Yoder et al. 2006). 

1.4.1.1.2.1. DNA damage induced by Formalin 

The difficulties in using formalin-fixed material for molecular investigations were reported 
by many researchers in biological, forensic and medical science (e. g. Romero et al. 1997; 

Herniou et al. 1998; Whittier et al. 1999; Cawkwell and Quirke 2000; Legrand et al. 2002; 

Liborio et al. 2005; Chakraborty et al. 2006; Tang 2006; Skage and Schander 2007). 

Although there is still no agreed uniform view on the kinds and degree of DNA damage 

caused by formalin, most researchers are of the opinion that formalin degrades DNA, 

causing considerable DNA damage and also causes DNA inaccessibility from preserved 

specimens (Brown 1999; Legrand et al. 2002; Srinivasan et al. 2002; Bonin et al. 2003; 

Martin 2004; Melton et al. 2006; Zardus et al. 2006). Broadly speaking, there are four 

possible types of DNA damage: denaturation, cross-linking, strand breakage and chemical 

modification (Brown 1999). There are suggestions that deleterious effects on DNA are 

promoted by the first step in formalin-fixed tissue/specimen processing (e. g. Shiozawa et al. 
1992; France and Kocher 1996; Rait et al. 2006) and that prolonged storage only continues 
to cause further damage to DNA (Pavelic et al. 1996). Many investigators are of the opinion 
that preservation/storage in ethanol, after formalin fixation (24-48 hours), is much less 
damaging for DNA than preservation/storage in formalin (Diaz-Viloria et al. 2005). Further 
investigations and confirmation of the exact facts about formalin-induced DNA damages is 
important because most museums (and other collections) contain preserved specimens 
usually stored in alcohol, but originally fixed in formalin. 

Thus far, there have been suggestions that: 

" Formaldehyde causes rapid denaturation of DNA followed by strand breakage and also 

could cause chemical modifications of nucleotides (Vachot and Monnerot 1996). 

" Others suggest that the main interaction of DNA and formalin is the formation of cross- 
links between protein and DNA (Koshiba et al. 1993), which causes little if any 

substantial damage to the DNA polymers (Haselkorn and Doty 1961). Karlsen et al. 
(1994) suggests that the DNA itself remains non-fragmented, but possibly altered in 

structure. 
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" Furthermore, some researchers are of the opinion that the main problem is not the action 

of formaldehyde but the possibility that formaldehyde oxidizes to formic acid causing 

chemical modification to DNA (Taylor 1977). Koshiba et al. (1993) is of the opinion 
that if unbuffered formalin is kept at room temperature for long periods, the acidity of 
formalin will increase considerably, causing hydrolytic attacks on DNA and extensive 
DNA degradation. 

These are very different perceptions about possible DNA damage caused by formalin. Some 

of these views may be out of date, but are presented as historically evolving perceptions 
related to this issue. Contemporary knowledge has no doubt that formaldehyde produces 
inter- and intramolecular cross-links in proteins, DNA-interstrand cross-links and cross- 
links between proteins and nucleic acids (Chaw et al. 1980; Solomon and Varshavsky 1985; 

Chang and Loew 1994; Orlando et al. 1997; Douglas and Rogers 1998; Kiernan 2000; 
Quievryn and Zhitkovich 2000; Nitta et al. 2002; Liu et al. 2006; Rait et al. 2004,2006; 
Barker et al. 2005a, b; Yamashita and Okada 2005; Tang 2006; Yamashita 2007). Toth and 
Biggin (2000) even reported the specificity of protein-DNA formaldehyde crosslinking, i. e. 
that protein and DNA crosslink to discrete regions of the genes/DNA sequences under the 
influence of the formaldehyde, as well as that formaldehyde may not crosslink some 
proteins to DNA. This might be of significance in studying particular genes/genome regions 
of formalin-fixed specimens from archival collections. 

Beside the specificity of proteins that crosslink to DNA, Barker et al. (2005b) also reported 

about the differences in mechanisms of forming DNA-protein crosslinks (DPCs) and their 
different chemical stability (Fig. 2). According to Barker et al. (2005b), proteins can 
become crosslinked to DNA: 

- directly through oxidative free radical mechanism (mainly irreversible DPCs; these 
DPCs are generated within a short distances of each other in the DNA and are 

usually in association with "locally multiply damaged sites" and "clustered lesions" 

that involve DNA single strand breaks, double strand breaks, base damage or base 

loss, DNA-DNA crosslinks), or 

- they can be crosslinked indirectly through a chemical linker (the majority of 
aldehyde-induced DPCs are unstable and can be reversed), or 

- through coordination with a metal atom (can induce different chemical types of 
crosslinks - stable and unstable, covalent and non-covalent bounding of proteins to 
DNA, what depend on kind of metal ions involved in crosslinking). 
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Fig. 2- Crosslink structures. A schematic representation of two of the chemistries by which proteins may 
become crosslinked to DNA. (A) A formaldehyde induced crosslink between cytosine and lysine 
(B) A radiation-induced crosslink between thymine and tyrosine. (From: Barker et al. 2005b). 

Most probably, DNA extracted from formalin-fixed tissues/specimens contain a 
combination of different types of damage considering the possible effects of the death of 
organism (i. e. delay in tissue/organism fixation), effect of the formaldehyde (including the 

effects of the potential acidity of formalin solution used for fixation/preservation), the 

presence of metal ions and other chemicals in a body of a particular organism and type of 
tissue (as natural constituents of body/tissue and from surroundings in which the organism 
lived, including environmental pollutants at particular localities). 

Dorns (1999) observed and discussed reversing the effects of formalin fixation and ethanol 

preservation in nematodes from aspects of the suitability of extracted DNA for molecular 
investigations. Dorris (1999) suggests that formaldehyde causes some structural changes to 
DNA chains by denaturation and progressively destroying DNA by hydromethylation, or 
irreversibly cross-linking formaldehyde with proteins via thiols, phenolic groups and 
terminal amino groups. However, in Dorris's (1999) opinion, for material recently fixed in 
formalin, the process of fixation appears to be reversible at least for PCR products up to 
1000 bp. The inability to amplify greater sized products suggests that formaldehyde is 

affecting some mechanism of irreversible fixation. Dorris (1999) stated that his procedure 
and results provide strong evidence that formaldehyde fixation is reversible to some extent 
and does not reduce the fidelity of the DNA sequence to the degree previously assumed. 

Dubeau et al. (1986) (on pathology samples), France and Kocher (1996) (on formalin-fixed 
deep-sea crustaceans), Shedlock et al. (1997) (on fish specimens), Chase et al. (1998a), 
Quattro et al. (2001), Boyle et al. (2004) and Zardus et al. (2006) (on deep-sea molluscs) 
also did not find any, or no significant, alterations of PCR-DNA sequenced fragments 
derived from formalin-fixed archival samples (in comparison with fresh/frozen and/or 
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ethanol-preserved ones). But, Williams et al. (1999) and Quach et al. (2004) reported a high 

frequency of sequence alterations due to formalin fixation of archival specimens. De Giorgi 

et al. (1994) also found infidelity of PCR-amplified DNA fragments induced by formalin. 

Estimates so far suggest that more than 20% of sequences derived from formalin-preserved 

specimens show one or more errors (Wandeler et al. 2007). 

Many researchers are of the opinion that types of damage and the extent of damage to the 
DNA, as well as the degree of cross-linking and its reversibility, are related to the length of 
tissue exposure to the formalin and to the appropriateness of the formalin buffering (Dubeau 

et al. 1986; Crisan and Mattson 1993; Dorris 1999; Bucklin and Allen 2004). However, 

Douglas and Rogers (1998) reported that DNA of plant material treated with 10% formalin 

- acidic or neutral (pH 3.0, or pH 7.0) was so badly damaged in both cases that DNA could 

not be amplified. Silberman and Walsh (1992) suggested that the use of formalin as a 
preservative for plankton collections should be avoided, as this degrades DNA to the extent 
that it can no longer be PCR-amplified. In their studies, they did not have particular 
problems with extraction of DNA and PCR amplification from specimens of the same 

preservation age that were ethanol preserved. 

The majority of researchers consider ethanol to be a good medium for maintaining DNA in 

good condition (Simmons 1991; Post et al. 1993; O'Leary et al. 1994; Whittier et al. 1999; 

King and Porter 2004; Linville et al. 2004; Chakraborty et al. 2006). There are also 

suggestions that DMSO-NaCI (Dawson et al. 1998; Kilpatrick 2002), and 40% isopropyl 

alcohol (Shiozawa et al. 1992) are good preservatives for specimens intended to be used for 

molecular studies, but the best results are obtained from untreated dry specimens (Rohland 

et al. 2004) and frozen tissue (see the review of Prendini et al. (2002) about the most 

appropriate fixative/preservative solutions for molecular work). 

1.4.1.2. DNA extractions, improvements of protocols, and problems 

The general belief is that museum specimens contain a very small amount of amplifiable 
endogenous DNA and precautions must be taken at all stages during extraction and 
amplification processes to minimise opportunities for contamination with extraneous DNA 
(Thomas 1994; Bucklin and Allen 2004; Bhadury et al. 2006a; Wandeler et al. 2007). 
Museum specimens have been handled by humans and are often processed or stored in 

groups where individuals are in contact with one another, or even fixation/preservation fluid 
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has been exchanged between different containers (Wandeler et al. 2007). This might cause 

cross-contamination. For example, Chase et al. (1998a) and Schander and Halanych (2003) 

found human DNA contamination in some mollusc DNA extracts isolated from formalin- 

fixed, ethanol-stored museum specimens. 

Another problem in work with preserved specimens is that impurities in DNA extracts can 
inhibit or reduce the efficiency of PCR amplifications (An and Fleming 1991; Reiss and 
Rutz 1999; also see the section 1.3.2.1.1; p 22). The selection of an optimal DNA extraction 

method and purification steps are crucial if analysis of DNA extracted from archival 

specimens is to be successful (Herniou et al. 1998; Kullmann et al. 1998; Poljak et al. 2000; 

Yue and Orban 2001; Legrand et al. 2002). 

Several classes of DNA extraction protocols and purification procedures are in common 

use: 

1) Digestion with proteinase-K followed by phenol-chloroform extraction (e. g. 
Shiozawa et al. 1992; Shedlock et al. 1997; Mandrioli et al. 2006); 

2) Use of a chelating resin such as Chelex 100 (BioRad), which binds metal ions, 

combined with proteinase-K digestion (e. g., Walsh et al. 1991; Eckerman and Walsh 

1997; Coombs et al. 1999; Kirby and Reid 2001; Perez et al. 2005) and silica (Yue 

and Orban 2001); 

3) Guanidinium thiocyanate extraction (Hammond et al. 1996; Whittier et al. 1999); 

4) Selective binding of DNA to a matrix, such as glass, silica, or diatomaceous earth 
(e. g., Boom et al. 1990; Cano and Poinar 1993; Evison et al. 1997; Bertozzini et al. 
2005; Ivanova et al. 2006). 

5) A CTAB (hexadecyltrimethylammonium bromide) extraction method (Yang et al. 
1997a; Doukakis et al. 2000; Carter 2003; Fuchs et al. 2005). 

6) Commercially available DNA extraction kits such as: "Qiagen QIAamp DNA 

minikit" (Coombs et al. 1999; Bernstein et al. 2002; Karaiskou et al. 2007), "Qiagen 

DNase tissue extraction kit" (Beebee et al. 1998; Austin and Melville 2006; Irestedt 

et al. 2006), "Promega - The Wizard Genomic DNA Purification Kit" (DeLaat et al. 

2005); 

7) Combination of particular DNA extraction steps from developed protocols and 

commercial kits (e. g. Chase et al. 1998a; Coura et al. 2005; Bhadury et al. 2006a). 

For fluid-preserved specimens, it is necessary to apply appropriate pre-extraction treatments 

prior to DNA extraction in order to remove residual preservation solution from the tissues. 
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Some of commonly used treatments (mainly for formalin-fixed tissues) are listed below: 

- Tissue washing with TE buffer (Shiozawa et al. 1992; Wirgin et al. 1997; Li et al. 

2000; Klanten et al. 2003). 

- Tissue washing with glycine-based buffer (1xGTE washing buffer; Shedlock et al. 

1997), or a combination of 1 xGTE buffer, ethanol and water (Hasbun et al. 2005). 

- Wu et al. (2002) applied a 15 minute pre-incubation of the formalin-fixed tissue at 

98°C in Tris-based buffer. 

- Shi et al. (2002,2004) applied tissue heating at an alkaline pH: 100°C - 120°C at pH 

9-12, demonstrating a greater yield of DNA and reduced level of PCR inhibitors in 

DNA extracts. 

- Critical point drying using a series of 30%-100% ethanol washes for a gradual 

dehydration and removal formaldehyde from specimens (Fang et al. 2002). 

- Tissue washing in phosphate-buffered saline (PBS) buffer - recommended as a part of 

protocol for DNA extraction from preserved tissue by the "Qiagen" and "Promega" 

for the use with their commercially available kits. 

There are some studies that have investigated relationships between DNA 

extractability/DNA extraction protocols/PCR usability in conjunction with a particular 

preservative treatment (Dawson et al. 1998; Boyle et al. 2004; Chakraborty et al. 2006; 

Mandrioli et al. 2006; Gilbert et al. 2007b) and with the exposure lengths of a 

tissue/organism to a particular fixative/preservation treatment (Rey et al. 2004; Bhadury et 

al. 2005,2006a, b; Ferrer et al. 2007; Skage and Schander 2007). Literature available on the 

subject brought to light some discrepancies. For example, Shedlock et al. (1997) described 

successful amplifications of fish mtDNA (16S for 570 bp and cytochrome b for 470 bp) 

from formalin-fixed, ethanol-stored specimens of different storage periods (including one 

specimen preserved for 85 years), whereas Chakraborty et al. (2006) reported an inability to 

extract PCR amplifiable mtDNA (16S and 12S for fragments of about 600 bp and 400 bp) 

using the same DNA extraction protocol (and five other) for formalin-fixed fish specimens 

stored for 3-4 years in 70% ethanol and/or formalin. These suggest the need for much more 
investigations in order to better understand preserved specimens from the bimolecular 

aspect and the possibility of their applications to molecular-genetic studies. 

Recently, some more comprehensive results were published in this field (e. g. Vachot and 
Monnerot 1996; Brown 1999; Prendini et al. 2002; Carter 2003; Schander and Halanych 

2003; King and Porter 2004; Hajibabaei et al. 2005; Tang 2006; Mtambo et al. 2006; 

Gilbert et al. 2007b, c, d; Skage and Schander 2007; Wandeler et al. 2007), but this kind of 
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information is still well behind guidelines and overviews presented in forensic science (e. g. 
Haglund and Sorg 1997,2002; Hoff-Olsen et al. 1999; Rudin and Inman 2002; Edson et al. 
2004; Buckleton et al. 2005) and in research with ancient DNA (e. g. Herrmann and 
Hummel 1994; Wayne et al. 1999; Cooper and Poinar 2000; Brown 2001; Hummel 2003; 

Gilbert 2003a; Poinar 2003; Paabo et al. 2004; Cipollaro et al. 2005; Gilbert et al. 2005a; 

Willerslev and Cooper 2005; Binladen et al. 2006; Hansen et al. 2006; Poinar et al. 2006). 

Also, much more testing and recommendations are provided by researchers in biomedical 

science (Koshiba et al. 1993; Giannella et al. 1997; Coombs et al. 1999; Cawkwell and 
Quirke 2000; Sato et al. 2001; James et al. 2002; Shi et al. 2002,2004; Srinivasan et al. 
2002; Inadome and Noguchi 2003; DeVries et al. 2005; Miething et al. 2006; Ferrer et al. 
2007) than by researchers in fundamental biological science. 

Molecular investigations on preserved specimens require a multidisciplinary approach; it is 

time-consuming and requires laboratory-intensive work, with the outcome that much less 

genetic information is obtainable (at present) than with the same amount of time and 
laboratory work with DNA from good sources (fresh/frozen and short-term ethanol 

preserved material) (Wandeler et al. 2007). In addition, validation of results and analyses of 
data obtained from preserved specimens (and other specimens with degraded DNA) usually 
require a specific approach, which, again, is not fully developed and standardised (see 
Gilbert et al. 2007b; Wandeler et al. 2007). All these make molecular work with preserved 
specimens very difficult and unpredictable in comparison with "good" DNA. These are the 

probable reasons that molecular studies on preserved specimens were neglected for a long 

time and that researchers in biological science have tended to use good sources of DNA for 

their research. 

However, it seems that global barcoding project with its intention to include specimens from 

natural history collections activated and accelerated the development of this field of 
fundamental biological science. Very recently, more comprehensive reviews and research 

on preserved specimens with useful observations, recommendations and guide-points for the 
further research have been published (Tang 2006; Gilbert et al. 2007b, c, d; Skage and 
Schander 2007; Wandeler et al. 2007). Hopefully, the realisation of the possibility of 

extracting useful and reliable molecular data from archival specimens, and the scientific 

significance of these data (DNA sequences in particular) as valuable records from the past, 

will accelerate further progress in the field. 
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1.4.1.3. Some examples of molecular studies on preserved specimens 

Most studies have used high copy number sequences, such as nuclear ribosomal genes and 

mitochondrial genes that improve the chances of finding amplifiable DNA (e. g. Dawson et 

al. 1998; Doukakis et al. 2000; Bhadury et al. 2005,2006a; Zardus et al. 2006). The 

possibility of finding single copy nuclear genes that are amplifiable in a given volume of 

material is extremely difficult and unlikely with old and preserved specimens (Thomas 

1994; Greenwood 2001; Rogers 2001; Stuart et al. 2006). 

One example of studies that involved museum specimens is the study of Doukakis et al. 
(2000) who tried to re-examine the species identification of three museum sturgeon 

specimens (two alcohol preserved and one stuffed specimen) and to clarify the 
biogeography of two sturgeon species (Acipenser sturio and A. naccarii). Two specimens 

were originally described as Acipenser sturio L. on the basis of morphometric analyses, but 

later the same two specimens were identified as A. naccarii. Garrido-Ramos et al. (1997) 

suggest that the Adriatic sturgeon, A. naccarii, also existed historically in Spain, but only 
the proper identification of these sturgeon museum specimens would provide the necessary 

evidence, because A. naccaril is no longer found in Spain. Doukakis et al. (2000) applied 

molecular investigations on the mitochondrial genome: portions of the cytochrome b, 

NADH5, and 12S genes, and portions of the non-coding central region of mtDNA. Three 

separate laboratories investigated the same preserved fish specimens, but they were not able 

to identify species with absolute confidence because of the inability to obtain consistent 

results. This example indicates that preservation and long storage of museum specimens 

make reliable DNA extraction and PCR amplification difficult; that is, it caused difficulties 

to apply effectively molecular investigations in order to obtain unambiguous results. 
However, this example emphasises: 

(1) the importance of the existence of Acipenser museum specimens (with fishes of 

populations/species that are may be no longer present at the original habitat) available 
for retrospective studies from the collection, 

(2) the importance of further developments in molecular biology - development of DNA 

extraction protocols, molecular techniques, approaches and markers suitable for 

application to museum specimens and other difficult samples with degraded DNA. 
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Another example is that of confusing results related to differences in PCR usability (for 18S 

ribosomal gene) of different formalin-fixed collections of marine nematodes (collections 

aged from two weeks to up to 20 years) in association with different experimental 

procedures (Bhadury et al. 2005,2006a). The use of unbuffered formalin gave very poor 

amplification results for -400-bp size product after only 9 days of the specimens' storage - 
PCR yield became low and inconsistent (Bhadury et al. 2005). They were unable to 

generate amplification product after 11-15 days. The period of 11 or 15 days depended on 

the kind of thermostable DNA polymerase that was used in PCR experiments. Pfx DNA 

polymerase (Invitrogen) generated PCR products for specimens stored in formalin for up to 

15 days, whereas Taq DNA polymerase (Promega) generated PCR products only for 

specimens stored in formalin for up to 11 days. However, by using different collections, 
different extraction protocols (hot lysis protocol) and by designing an internal primer for 

amplifying the product size of -345 bp from the same region of the 18S gene, they 

successfully amplified targeted DNA of all tested nematodes (25 specimens) that were fixed 

and stored in formalin for up to 20 years (Bhadury et al. 2006a), even using Promega Taq 

DNA polymerase which did not exhibit such good PCR effectiveness in the previous 

experiments on DNA of nematodes that were preserved in formalin for less then two weeks 
(Bhadury et al. 2005). This is an example of very different results being obtained after the 

application of different extraction protocols and experimental strategy, and by using 
different formalin-fixed collections of different storage times. It will be useful to investigate 

if the successful laboratory procedure from the experiments in Bhadury et al. (2006a) will 
be also successful for the nematode collections investigated in Bhadury et al. (2005) in 

order to establish if the main reason for differences in the obtained results was different 

preservation effect (the use of different formalin collections associated with the different 

effects of collecting and preserving of organisms), or if it was DNA extraction 

protocol/experimental strategy that was the main reason for differences in results in these 

two experiments. 

Molecular data, especially sequence information, derived from museum specimens and 
other archival collections are very valuable and can be potentially applicable in different 
biological fields for many different studies (Thomas et al. 1997; Schander and Willassen 
2005; Wandeler et al. 2007). However, the understanding of preserved specimens from the 

aspect of their applicability in DNA studies is a field that needs much more clarification and 
information than is available at the present. 
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I. S. Problems with species with uncharacterised sequences 

The biological investigations that involve species with uncharacterised DNA sequences and 

genetically uncharacterised groups of organisms are exposed to the limitations of the use of 

available molecular tools and techniques, that is, it might be time-consuming until 

appropriate markers are found (Schander and Willassen 2005). The application of universal 
PCR specific primers (mitochondrial and nuclear), or developed specific primers for a 

particular group(s) of organisms (Kocher et al. 1989; Folmer et al. 1994), might be limited 

in studying new animal systems (species with unstudied genomes) because the flanking 

sequences and priming sites may differ so much in comparison with successfully tested 

groups of organisms as to cause inability of primers annealing (failure of PCR 

amplifications). 

If good sources of DNA are available, testing the applicability of already existing PCR 

primers and/or isolation of molecular markers from unstudied genomes should not be so 

problematic (Liu et al. 2006). But, if genetically uncharacterised species are studied only as 

samples with degraded DNA (archival preserved specimens, bioarchaeological material, 
non-invasive samples, etc. ), finding appropriate markers for their study might be extremely 
difficult (Wandeler et al. 2007). Inability to apply universal and other specific PCR primers 

might not be only related to inability of primer annealing due to inadequate priming sites 
(differences in base composition of flanking sequences), but also due to DNA damage of 
relevant DNA regions (missing and/or chemically altered parts of the targeted sequences, 
cross-linking) and/or the presence of PCR inhibitors in DNA extracts, producing false 

negative and/or confusing PCR results (Tang 2006; Gilbert et al. 2007d). Some researchers 
have reported successful development of taxon-specific primers from preserved organisms 
with unstudied genomes by using DNA region-specific universal primers as an initial 

approach (Boyle et al. 2004), indicating that this strategy might be applicable if universal 
primers generate PCR products of sufficient yield and quality for sequencing. However, if 

universal and other specific PCR do not produce successful PCR amplifications, employing 
random priming methodologies is probably the best approach in conducting the research on 
such species. This approach proved to be useful in many studies (see the section 1.3.5.1; p 
28), including this study on Nezumia. 
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1.6. Problems with populations and species from remote areas 

Investigations that consider remote populations/species have, often, a very difficult 

assignment. Species from remote populations are usually genetically uncharacterised, that 

is, without available information on their DNA sequences (Koenemann et aL 2006). Even 

basic information about distribution and population structuring, speciation and evolution are 

often insufficient - if they exist at all (Gage 2004; Madurell et al. 2004; Brandt 2005). If 

species/populations from remote localities are of a low density (as usually they are), if they 

have low abundance and/or are endemic for a particular area(s), a study often has to be 

performed on a small number of individuals because of difficulties in collecting specimens 
in the field (Kearney and Stuart 2004). 

One solution is the use of museum and other archival collections as part of a particular study 
in order to increase the number of individuals from a particular location (see Collins et al. 
(2002) in studying swamp eels; Kearney and Stuart (2004) in studying worm lizards). In 

some studies, archival collections and preserved specimens are the only source of samples 
for molecular and other investigations for organisms that come from remote areas (e. g., 
Boyle et al. (2004) and Zardus et al. (2006) in studying population structuring of a deep-sea 
bivalve). The deep sea, the poles, caves and deserts are typical examples of remote and 
difficult-to-sample localities where individuals of many species are difficult to collect fresh 
in sufficient number. The existence of archival collections is important and can significantly 
improve knowledge about organisms that live in such areas (Schander and Willassen 2005; 
Skage and Schander 2007). 

1.7. Introduction to the marine environment including the deep sea 

Two-thirds of the earth's surface is covered by water, with the majority being ocean of more 
than 500 m depth (Creasey and Rogers 1999; Angel 2003). The deep sea is, therefore, 
important and the world's largest ecosystem with a mean depth of -3800 m (Tyler 2003). 

The remoteness of the deep sea and the difficulties in its exploration has resulted in it being 

one of the least understood environments on Earth and with shortage of information on all 
kinds of organisms (see: Marshall 1979; Merrett and Haedrich 1997; Chase et al. 1998b; 

Creasey and Rogers 1999; Tyler 2003; Gage 2004; Etter et al. 2005; Rex et al. 2005b). 
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1.7.1. The marine environment 

The sea is not a large "pond" which has a flat bottom and the same surroundings. The world 

ocean and the deep-sea floor have their own configuration and topography. The general 

pattern is one in which the rather uniformly shallow continental shelf (depth 0-200 m; 

proportion of total world ocean area: 7.5 %) gives way to a sea floor which inclines more 

steeply at the shelf break and down the continental slope (depth 200-2000 m; proportion of 

total world ocean area: 8.8 %) to a 'gently sloping area known as the continental rise with 
depth 1,500-5,000 m (Merrett and Haedrich 1997). At the foot of the continental rise lie the 

large areas of almost flat bottom, known as the abyssal plain (depth >4,000 m; proportion of 

total world ocean area: -54 %, which covers most of the deep sea-floor; Merrett and 
Haedrich 1997). However, these generalised topographic regions have specific submarine 
landscapes that are variable and can be compared to terrestrial landscapes. Thus submarine 

canyons, hills and seamounts may punctuate the topography of the slope, rise or abyssal 

plain (in: Merrett and Haedrich 1997; Etter et al. 2005). Some of these physical oceanic 
"constructions" may go from very deep water up to the surface and range in width from a 
few hundred metres to several kilometres, or even several thousands of kilometres if mid- 

ocean ridges are included (from: Merrett and Haedrich 1997; Creasey and Rogers 1999). 

Within the sea there are ecological islands of geographically restricted and physically 
distinct habitats isolated from each other by varying distances on scales of metres to 

thousands of kilometres. Such habitats include hydrothermal vents, hydrocarbon seeps, 

seamounts and cold-water coral reefs with specific flora and fauna compared to their 

surroundings (Probert 1999; Rogers 2000; Diekmann et al. 2006). Some of them are 

endemic species related to the particular region of the world ocean (Creasey and Rogers 

1999; de Forges et al. 2000). All these factors, as potential barriers for some marine 

organisms, play an important role in influencing gene flow and population divergence 
(Creasey and Rogers 1999). 

Studies of a number of different marine species have indicated that population genetic 

structuring can be high, despite apparently high dispersal capabilities and population mixing 
(e. g., Palumbi (1996b) on urchin; Miya and Nishida (1996) and Koslow et al. (1997) on 
fish; Benzie (1999) on starfish; Reusch et al. (2000) on marine plant). Knowlton et al. 
(1993) suspected that very rapid speciation may be occurring in widespread marine species, 
resulting in sibling taxa. The presence and number of marine cryptic species (deep sea in 
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particular) are issues that have been addressed (Quattro et al. 2001; Angel 2003; Etter et al. 
1999,2005; Moura et al. 2008). This can be reliably investigated primarily by the use of 

molecular methodologies, i. e. by combining molecular and morphological data, because 

morphological characters alone usually have insufficient resolving power for solving this 

problem in full (Colborn et al. 2001; Ward et al. 2005; Raupach and Wagele 2006). The 

introduction of molecular studies as a tool for population, systematic and taxonomic 

research has already provided better insight into biology, biography, ecology, 
interrelationships, gene flow and spatial boundaries of marine organisms (e. g. Creasey et al. 
1997; Creasey and Rogers 1999; Morita 1999; Quattro et al. 2001; Miya et al. 2003; Wilson 

and Attia 2003; Williams and Reid 2004; Aboim et al. 2005; Hofmann et al. 2005; Peck et 

al. 2005; Rogers et al. 2006; Roques et al. 2006). 

Distribution of larvae, juveniles and adults, and their migration patterns, could have an 

important impact in generating distinct subpopulations and discrete populations (Creasey 

and Rogers 1999; Cowen et al. 2000; Shaw et al 2004; Levin 2006) which subsequently 

may lead to the process of speciation. The relative importance to gene flow of passive egg 

or larval drift versus adult migration varies from species to species (Ward and Grewe 1995; 

Creasey and Rogers 1999; Cowen et al. 2000; Merrett 2003; Young 2003; Levin 2006). 

Species assemblages of larvae in particular regions of the sea could help in understanding 

this issue, but larval taxonomy is very difficult because of very few distinguishable 

morphological characters related to a particular stage of development, including juvenile 

stages (Merrett 2003; Sassa et al. 2004; Busby 2005). By developing species-specific 

molecular markers, the identification of eggs, larvae and juveniles should be much easier 
(Aranishi 2006; Karaiskou et al. 2007) and help in resolving issues about larval dispersal, 

distribution patterns and population structuring. Screening available archival collections of 
larvae/juveniles caught from different parts of the world can considerably facilitate in this 

regard (Karaiskou et al. 2007). 

Generally, in the marine environment, it is possible to distinguish two patterns of diversity 

(Zardus et al. 2006): (1) geographical, that is, isolation by geographical distance; and 
(2) bathymetric, depth-related divergence. 

Zardus et al. (2006) suggest that genetic divergence in the deep-sea (for transect below 200 

m and up to 3000 m in depth) is much greater among populations at different depths within 
the same basin than among those at similar depths but separated by long geographical 
distances (thousands of kilometres). 
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1.7.1.1. Deep-sea environments 

The division between shallow and deep water is defined as depth of 200 m because this 

transition represents a topographical and biogeographical transition that separates the two 

habitats (Gage and Tyler 1991; McClain et ad. 2006). Exact definitions and boundaries of 

the bathyal and abyssal faunal provinces have, over the years, been subject to a number of 

approaches and interpretations (Menzies et al. 1973; Gage and Tyler 1991; Vinogradova 

1997; Zezina 1997; Rex et al. 2005a). According to the bathymetric definition given by 

Gage and Tyler (1991), the bathyal zone refers to depths of 200-2000 m, whereas the 

abyssal zone is at depths of more than 2000 m below sea level. Zezina (1997) proposed that 

the bathyal faunal province ranged from 200 to 3000 m, whilst the abyssal environment 

comprised depths of 3000-6000 m, with the ultra-abyssal region occurring at depths of 6000 

m or greater. Rex et al. (2005a) refers to - 4000 m in depth and 300 km from land as being 

the gradual transition between "bathyal" and "abyssal" habitats (source and sink habitats). 

Bathyal and abyssal environments are characterised by relatively stable physical parameters: 

salinity, temperature, hydrostatic pressure and oxygen concentration (Menzies 1965; Tyler 
1995; Creasey and Rogers 1999; Angel 2003; Etter et al. 2005). Of these four variables, 
temperature and salinity are relatively constant at any given location in the deep sea; at 
depths of 2000 m or greater, temperature varies from -1 to +4°C (on average being -. 2°C; 
Thistle 2003) and salinity from 34.6% to 34.8% (Menzies 1965; Tyler 1995). 

The special adaptations of species that inhabit different marine and deep-sea habitats are due 

to physical parameters and biotic conditions present in this kind of environment, which are 
likely to influence the behaviour and genetics of species that inhabit the particular niche 
(Palumbi 1994; Creasey and Rogers 1999; Peek et al. 2000; Thistle 2003; Etter et al. 2005). 

Within the deep-sea environment, vertical distributions of organisms may be limited in part 
by enzyme stability and biochemical adaptation to temperature and high pressure (Torres et 

al. 1979; Siebenaller and Somero 1989; Treberg et al. 2003). High pressure can result in 

modification of enzyme structure and changes in the volume of the protein (Somero 1982; 

Pennec et al. 1988; Cossins and Macdonald 1989; Siebenaller and Somero 1989; Morita 

2003; Siebenaller 2003). This often includes molecular-level adaptations, such as 

modifications to the amino-acid sequence of an enzyme (Thistle 2003). Therefore, lack of 

appropriate adaptation of some species to specific conditions in deep-sea water could be the 
limiting factors in their bathymetric distribution. 
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We still know little about the number of fish species (Mason 2003) and other organisms that 

live in particular areas of the sea, especially in the deep sea (Koslow et al. 1997). For 

example, in cruises that took place in the New Caledonian region (Southwest Pacific Ocean) 

in the second half of 1990s, Iwamoto and Merrett found 63 species of grenadier fishes of 

which 19 were new species (Iwamoto and Merrett 1997; Merrett and Iwamoto 2000). This is 

a high proportion of new species found in a little-sampled area. The grenadier families 

(Macrouridae and Bathygadidae) are important constituents of the deep-sea demersal 

ichthyofauna (particularly on the mid and lower slope) and this represents around 15% of 

the species known to occur in the world ocean (Merrett and Haedrich 1997; Chiou et al. 
2004a). New species of macrourid fishes (grenadiers) continue to be described (Iwamoto et 

al. 1999; McMillan 1999; Wilson 2001; Chiou et al. 2004a, b), as well as new species of 

other groups of fishes (e. g. Biscoito et al. 2001; Merrett and Moore 2005) and other 

organisms (e. g. Brenke et al. (2005) - new deep-sea isopod species). 

It is clear that the deep sea contains many more species than previously thought, but our 
knowledge about the diversity and species richness in the deep sea, i. e. historical events and 

processes of speciation, is still very limited (Etter and Mullineaux 2001; Levin et al. 2001; 
Snelgrove and Smith 2002; Rex et al. 2005a, b; Kendall and Haedrich 2006). Gage (2004) 

and McClain et al. (2006) are of the opinion that much of the deep sea fauna died out in the 

mid-Cenozoic Era (due to significant changes in the temperature of the sea and a 
disoxyia/anoxia event) and were then replaced by shallow-water and coastal immigrants. 

Recent evidence suggests that the most heterogeneous community of the deep sea is at 
bathyal depths between 200 to 4000 m and then gradually declines from 4000 to 6000 m 
(Etter et al. 2005; Olabarria 2005; Rex et al. 2005a). This might be related to oxygen- 

minimum zones (Rogers 2000; Angel 2003; Helly and Levin 2004), availability of food, 

dispersal capability of adults and larvae, selective gradients, various barriers to gene flow 

and historical events that have affected population differentiations and speciation (Etter et 

al. 2005). Rex et al. (2005a) proposed a source-sink hypothesis suggesting that many 
abyssal populations are maintained by immigration from the bathyal zone, and because of 
that, the abyssal plain is considered to have little potential for evolutionary divergence (see 

also Holt et al. 2003; Etter et al. 2005; Rex et al. 2005b). A low density of many abyssal 

populations suggests that they could not be reproductively viable and are vulnerable to local 

extinction (Etter et al. 2005; Rex et al. 2005a, b). McClain et al. (2006), who proposed body- 

size evolution in the deep sea, are of the opinion that abyssal organisms represent a unique 
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case in which source-sink dynamics lead to sink populations dominated by smaller 
individuals (see also Rex et al. 2005a). 

Currently, small-scale regional and local studies of biodiversity, biogeography and 

population structuring of different species provide understanding of biodiversity, speciation 

and history of the deep sea as a whole, but limitation in sampling methodology, deficiencies 

in taxonomic knowledge and uneven geographic coverage are still serious obstacles in 

achieving comprehensive, global-scale knowledge about the deep sea and ocean (Gage 

2004). A better use of museum and other archival collections provides the opportunity of 

expanding research from local to regional and global-scale investigations, including 

temporal aspects. There are few studies which included archival specimens for molecular 
investigation of genetic differentiation and population structuring of deep-sea organisms 
(France and Kocher 1996; Chase et al. 1998b; Quattro et al. 2001; Boyle et al. 2004; 
Bhadury et al. 2005,2006a, b; Perez et al. 2005; Zardus et al. 2006), but the use of museum 
and other archival collections for deep-sea research is still rare although it offers an 
immense potential for different kinds of investigations. 

Generally, in order to conduct molecular research on deep-sea organisms, there are two 

ways to obtain samples for a study: 
(a) use samples from existing archival collections, and/or 
(b) collect samples in the field. 

Special requirements and pre-conditions apply for either way of securing samples for such 

projects. Because of the extreme rarity of having frozen archival collections of a range of 
deep-sea organisms available for molecular investigations (Schander and Halanych 2003), it 

is more feasible to conduct research on preserved specimens from museum and other 

archival collections. The majority of these collections contain specimens that are fixed in 

formalin (Schander and Willassen 2005; Skage and Schander 2007). This means investment 

of substantial time and laboratory work in developing molecular approaches for obtaining 
molecular information from such specimens (Schander and Willassen 2005; Tang 2006). On 

the other hand, collecting samples in the field requires research teams that possess specially 
equipped boats with a crew trained for deep-sea fishing and collecting samples for 

molecular research (Schauder and Halanych 2003; Gage 2004). Deep-sea equipment is very 

expensive and not many research/academic institutions around the world have the necessary 

equipment and trained teams. Thus, in order to expand research and broaden knowledge 

about deep-sea organisms, it is more advisable to use already existing and well-documented 

archival collections with reliable identification of species, than to wait for the rare 
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opportunity to go on a deep-sea exploration boat as a part of not frequently organised and 

very expensive expedition. 

A serious threat to achieving comprehensive knowledge about the ocean is also the human 

destructive activity by using the sea as a resource for humans (exploitation of living and 

non-living resources) and as a dumping place for all kinds of wastes, as well as the 

introduction of alien and non-native species (see Probert et al. 1997; Haedrich and Barnes 

1997; Jennings and Kaiser 1998; Creasey and Rogers 1999; Koslow et al. 2000; Beznosov 

and Suzdaleva 2001; Monteiro et al. 2001; Thrush and Dayton 2002; Allain et al. 2003; 

Morley et al. 2004). These have direct impact on the life in the sea locally, but extensive 

and continuous anthropogenetic influence of this sort might severely affect the existence 

and population structure of species in the ocean, including the deep sea (see Grassle 1977; 

Mortensen et al. 1995; Merrett and Haedrich 1997; Rogers 1999; Gordon 2001; Thiel 2003; 

Kropp 2004). Increasing human impacts on marine habitats might have a severe effect on 
deep-sea organisms with the consequence that many of them become endangered or even 

extinct before we know about them (Haedrich et al. 2001; Key 2002). The bathyal zone of 

the deep sea and its species diversity might be also impacted by global climatic and 

oceanographic changes (Cronin and Raymo 1997; Rex 1997; Key 2002; Genner et al. 2004; 

Nunes and Norris 2006), although the exact impact and all possible consequences for deep- 

sea communities are still unknown (Glover and Smith 2003; Schiermeier 2006). 

1.8. Introduction to Nezumia and its relevance in marine biolojiy 

The Nezumia is a species-rich genus (including about 60 species; www. fishbase. org) and an 
important constituent of the deep sea (Coggan et al. 1999). However, species of this genus 

are genetically uncharacterised and only basic morphological, ecological and population 
structure data are available (Marshall and Iwamoto 1973; Cohen et al. 1990; Coggan et al. 
1999; Ross et al. 2001; Madurell et al. 2004; Merrett, personal communication). Little is 

known about their reproduction and early life history, the migratory capability of adults and 
dispersal capacities of larvae and young fish (Merrett 1986,1989; Merrett and Barnes 1996; 

Merrett 2003). Patterns of evolution and phylogenetic relationships within this genus and 

macrourid fish are in general also unclear (Iwamoto and Merrett 1997, personal 

communication; Fig. 3). It is surprising that such a big constituent of the deep sea has so 
little information and no genetic information available. 
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Iwamoto scheme (Jan 1997) of 7(8) branchiosteqal raved macrourine 

Pseudocetonurus 

Ventrifossa Nezumia 

Lucigadus Kumba 

Malacocephalus 
Kuronezumia 

Unre vedl Pseudonezumia 
tric nomy 

Mataeocephalus 

Sphagemacrurus 

Trachonurus 

Cetonurus 

Cetonurichthys 

Optonurus 

6 branchiostegal rayed 
Macrourines 

Hymenocephalus 

- Spicomacrurus 

Hymenogadus 

Fig. 3- Iwamoto's (data) and Merrett's (tree) view on phylogenetic relationships of macrourid fish based on 
morphological characters (number of branchiostegal ray). The particular groups, i. e. their 
interrelationships are currently not be able to be completely resolved (Iwamoto and Merrett 1997, 
personal communication). Regarding phylogenetic relationship of the genus Ne: umia, it probably 
belongs in a Glade that includes Kumba and Kurone: umia, which in turn is most closely related to the 
Glade that includes Ma/acocepha/us, Lucigadus and Ventrifossa; and Pseudonezumia may be a sister 
group of all these (Iwamoto and Merrett 1997, personal communication). 

The genus Nezumia is an example of taxon that comes from a remote area (the deep sea) and 

is available mostly as archival specimens. But, Nezumia specimens with full and reliable 

identification at the level of species (or even genus) are rare in collections (preserved and 

frozen) because specimens in collections are often with a partial and/or uncertain 

identification if experts for these groups of fishes have not been involved in their 

identification (see Iwamoto et al. 1999). This causes problems for their broader usage for 

different biological studies (including molecular investigations). For example, for non- 

experts on macrourid fish, the relatively large genus Coryphaenoides has a morphological 

appearance very similar to Nezumia fishes (Figure 4), especially as alevins (young fishes) or 
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larvae. All these indicate the urgent need for developing appropriate molecular markers tor 

their DNA identifications and molecular investigations (accumulating sequence data in 

particular) in order to include these species in broader biological studies that will help in a 

better understanding of this genus and relationships with other macrourid I fishes. 
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Nezumia is not important from an economic point of view (in fisheries), but it is important 

from a fundamental biological aspect as being a significant constituent of the deep sea 
(Coggan et al. 1999). The genus Nezumia and two species investigated in this project, 

according to Marshall and Iwamoto (1973), have the following taxonomic order: 

Order: ANACANTHINI (GADIFORMES) 

Family: MACROURIDAE 
Subfamily: MACROURINAE 

Genus: Nezumia (Jordan, 1904) 

Species: aequalis (Gunther, 1878) 

micronychodon Iwamoto, 1970 

The geographical distribution of Nezumia aequalis (Figure 5 (a)) is as follows: widespread 
in North Atlantic, from Faroe Bank to northern Angola and Mediterranean Sea in the east, 

and Davis Straits to northern Brazil in the West (Cohen et al. 1990). This is a benthopelagic 
fish which lives in approximately 200 to 1000 m of depth with size to about 30 cm total 
length (Cohen et al. 1990). Cohen et al. (1990) stated: "Populations of this widespread 
North Atlantic species have been distinguished by Marshall and Iwamoto (1973). The Gulf 

of Guinea population is the most distinct of these and probably deserves subspecific 
recognition at the least. The population in the Gulf of Mexico, although less well defined, 

also deserves consideration at the subspecific level. " 

Another species that has been used for this study is Nezumia micronychodon Iwamoto 1970. 

This has a total length of the body up to 34 cm and a geographical distribution around West 

Africa (Figure 5 (b)), i. e. from Western Sahara (about 24°1) south to Angola (Cohen et al. 
1990). Adults live in 360 m to 1620 m depth, but are in greatest abundance around 500 m to 
600 m (Cohen et al. 1990). Cohen et al. (1990) remark: "Nezumia micronychodon is readily 
distinguished from all other members of the genus by its high gill-raker count and the 

relatively unrestricted gill openings. " 
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(a) Nezumia aequa/is geographical distribution (from: www. fishbase. org) 

(b) Nezurnia micronrchodon geographical distribution (from: www. fishbase. org) 

Figure 5- Geographical distributions of Ne_umin aequalis (widespread species) and N. micronvchodon 
(regional distribution) (from: www. fishbase. org) 

As already known, accumulation of genetic changes within and among populations may 

lead to the formation of new subspecies or even new species. These genetic changes 

(genotypes) might not be clearly visible in the changing of phenotypes, so measurement of 

morphological variation on its own is not always the best criterion to identify species and 

the diversity within and between populations (Liu and Cordes 2004, Schander and 

Willassen 2005). Cohen et al. (1990) already remarked on the necessity for additional 
investigations on Nezumia uequalis populations at the subspecific level, because the 

populations in the Gulf of Guinea and the Gulf of Mexico express more distinctive 

characteristics than other populations of this widespread species. 
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All mentioned characteristics make Nezumia an excellent model for studying species that 

are difficult to obtain as field material, but available as preserved material in the museums 
(and/or other archival collections), i. e. genetically uncharacterised species for which 

molecular investigations need to be employed in order to reveal sequences and basic genetic 

structure. 

1.9. Aims and objectives of the project 

This project involved molecular work on preserved museum specimens of deep-sea fish 

(Nezumia aequalis and N. micronychodon). 

The main objectives of this study are: 

(a) to develop appropriate molecular approaches for studying formalin-fixed, 

Steedman's preserved fish specimens using the collection from the Natural 

History Museum, London, and 

(b) to provide the first molecular data on two deep-sea fish species (Nezumia 

aequalis and N. micronychodon). 

Other aims of the project were: 

" To test whether DNA could be recovered from formalin-fixed museum samples, and 
whether it is in a condition suitable for PCR amplification and sequencing. Results 

obtained in this study should provide information on the feasibility of conducting a 

research project solely on museum specimens in order to evaluate and demonstrate the 

possibility to accumulate reliable molecular data. 

" To test the efficiency of different DNA extraction protocols using particular chemicals or 

reagents, types of tissue, and testing tissue pre-washing and drying regimes prior to 
DNA extractions in order to obtain DNA extracts of good yield and quality. The DNA 

extracts were tested in association with PCR effectiveness. 
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" To test different molecular techniques and marker systems for investigations of nuclear 

and mitochondrial genome using PCR technology, Southern blotting hybridisation, 

cloning and sequencing in order to estimate the reliability of the particular techniques 

and methodologies. 

9 To test the efficiency of DNA extractions/RAPD amplifications by using RAPD 

methodology approach. 

" To test the reliability and reproducibility of RAPD data extracted from formalin-fixed 

specimens of fish. 

9 To investigate the possibility of identifying species-specific, or genus-specific markers. 

9 To design specific primers that will allow sequence comparison between Nezumia 

aequalis and N. micronychodon, and other species. 

" To validate data obtained in different laboratories and on differently preserved 

specimens (DMSO and ethanol) that come from different cruises, locations and 

collections. 

9 To interpret and make valid comparisons of the different strands of the data. 

" To establish an initial molecular-genetic dataset for Nezumia aequalis and N. 

micronychodon that will be useful for the further studies of these species. 

One of the molecular objectives in this thesis is to explore the potential and the reliability of 
RAPD-PCR technology and RAPD markers in general, knowing that this methodology is 

the subject of over a decade of debate on its reliability and reproducibility. The special 
challenge was to investigate these issues applying RAPD-PCR technology in the research 
that was solely based on studying museum formalin-fixed specimens of fish. 

This study tried to put together and investigate two important aspects: (1) the use of 
preserved fish specimens in molecular investigations, and (2) to contribute in the genetic 
characterisation of deep-sea fish (genus Nezumia) toward our better understanding of the 

genetics of the investigated species. 
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Chapter 2. GENERAL MATERIALS AND METHODS 

2.1. Specimen collection, identification and preservation 

The formalin-fixed specimens of Nezumia aequalis and N. micronychodon (Family: 

Macrouridae) were used for the main study, but fresh/frozen, ethanol and DMSO preserved 

specimens of these and other fish species were included as controls for the validation of 

results. Ten differently preserved fish specimens of Atlantic mackerel (Scomber scombrus, 
Linnaeus, 1758) were used as supplementary material to investigate DNA extraction 

protocols and different preservation regimes. 

2.1.1. Main study 

Samples of formalin-fixed deep-sea fishes of Nezumia aequalis (Gunther, 1878) and 
Nezumia micronychodon Iwamoto, 1970 (Fig. 6) for this study were obtained from the well- 
documented collection of the Natural History Museum, London, U. K (NHM). Nezumia 

aequalis samples were collected in July 1979 (51°01.7'N, 14°12.1'W) from 700 m- Station 

50607#01 (Dr Nigel Merrett from the Natural History Museum, personal communication); 
Registration no.: BMNH 1998.8.9.378. Nezumia micronychodon samples were collected in 

July 1987 (20°41.1'N, 17°56.9' W- North-West Africa water) from 840-930 m- Station 

11542#01 (Dr Nigel Merrett, personal communication); Registration no.: BMNH 

2002.3.1.742-743. Samples were collected by trawling. Taxonomic identification based on 

morphological characters was carried out by Dr Nigel Merrett. 

Specimens of both species were fixed in unbuffered 10 % sea-water formalin for 24 hours, 

and then transferred to Steedman's preservative that contained 150 ml formalin, 1500 ml 

propylene glycol, 75 ml propylene phenoxetol and 13275 ml distilled water (Dr Nigel 

Merrett, personal communication). Samples of N. aequalis were stored in this solution at 
room temperature for almost 20 years, and Nezumia micronychodon for about 10 years. 
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Investigated fish specimens ranged in length from 95 mm to 330 mm for N. aequalis (for 19 

fish specimens), and from 160 mm to 300 mm for N. micronychodon (for 12 fish 

specimens). 

Neum/a 
aeu 4ua/Is f1 Nezumia micronychodon 

Figure 6- Formalin-fixed, Steedman's-preserved museum specimens of the two species used in this study 

2.1.2. Other specimens 

A small DMSO preserved muscle tissue sample of Nezumia cf. aequalis caught off 
Southeast Greenland in 1999 (62°88'N and 40034'W from a depth of about 900 m) was 

obtained from the collection of the Greenland Institute of Natural Resources through the 

Natural History Museum, London, U. K. 

A two and half year-old ethanol preserved (70% ethanol) muscle tissue sample of Nezumia 

aequalis was obtained from Dr Martin Collins from the British Antarctic Survey, 

Cambridge, UK through the Natural History Museum, London (fish samples were caught 
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49°43'N and 11°46'W from depth of about 1050 m), and 1-1.5 year-old ethanol preserved 

tissues of Nezumia aequalis and Nezumia cf. micronychodon obtained from Dr Reinhold 

Hanel from the Institute fur Meereskunde, Kiel, Germany (caught off the South Africa coast 

at a depth of 750 m for Nezumia aequalis, and 320-385 m for Nezumia cf. micronychodon; 

samples obtained through the Natural History Museum, London). 

Fresh/frozen cod (Gadus sp.; Family: Gadidae) and rainbow trout (Oncorhynchus mykiss 

(Walbaum, 1792); Family: Salmonidae) were included in these experiments as a control 

material (unpreserved tissue of fish) for testing extractions of DNA and PCR amplifications. 

Ethanol preserved tissue of Coryphaenoides armatus (Hector, 1875) and Coryphaenoides 

rupestris Gunnerus, 1765 (obtained through Dr Alex Rogers, from collections of the 

Oceanography Centre, Southampton University), as well as DNA of these two species 
(phenol extraction; provided by Dr Alex Rogers, Molecular Ecology Group, Oceanography 

Center, Southampton University) were used in some experiments as a control. Samples of 

Coryphaenoides armatus had been collected in April 1999 from the Porcupine Abyssal 

Plain in North-East Atlantic Ocean by trawl and immediately fixed and preserved in 95 % 

ethanol (Dr Alex Rogers, personal communication). 

2.1.2.1. Supplementary specimens 

Four-year-old collections of ten differently preserved mackerel (Scomber scombrus, 
Linnaeus, 1758) specimens from the Natural History Museum, London, U. K, were used as 

supplementary specimens to the main study (Fig. 7), for testing different preservation 

regimes in relation to DNA extractions and PCR amplifications, as well as for validation of 

some results from the main study. These fish were collected exclusively for molecular 

studies respecting all necessary rules of collecting specimens for this kind of study: the fish 

were preserved immediately upon collection, the specimens were handled with gloves and 

all data about catching and preserving fish specimens are recorded in detail. 

71 



0 100% ethanol, (Ref. no. 2003.9.30 
E 70% edmno4 (Ref. no. 2003.9.30.6) 
  95-100% indusfria1 meihylaied spirsts (IMS), (Ref. no. 2003.9.30.10) 
  70% IMS, (Ref. no. 2003.9.30.4) 
0 50% isopropano4 (Ref. no. 2003.9.30.3) 
" Steedman 's solution, (Ref. no. 2003.9.30.5) 
O 3% unbuffe d formalin, (Ref. no. 2003.9.2) 
0 3% buferedformalin (witk4% sodium tetrabomrte), (Ref. no. 2003.9.30.8) 
  10% unbu fered formalin, (Ref. no. 2003.9.30.1) 
0 10016 buffered fonnalin (with 4% sodium feinzborarte). (Ref. no. 2003.9.30.9) 

Figure 7- Ten differently preserved specimens of mackerel (4-year-old collections); supplementary specimens 

2.2. DNA extraction and molecular investijations 

A range of DNA extraction protocols, pre-extraction treatments of fixed tissue, molecular 

methods and techniques were applied in this study in order to test their applicability and 

usefulness in molecular investigations on preserved specimens, that is, in order to optimise 

and develop an adequate DNA extraction protocol and molecular approaches for studying 
formalin-fixed, Steedman's-preserved specimens of fish. Care was taken at all stages to 

avoid contamination by human and other external DNA present in a molecular laboratory. 
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2.2.1. Precautions undertaken in order to avoid contaminations with exterior 
sources of DNA and cross contaminations 

Disposable sterile plastic ware and pipette tips were used throughout the experiments, along 

with sterile mortar and pestle, aliquoted sterile reagents and solutions dedicated solely for 

the work on this project and DNA extracted from museum specimens. The bench surfaces, 

outsides of boxes with pipette tips, pipettors, outsides of bottles of reagents, or anything that 

was used in connection with DNA extraction of these samples but not disposable, were 

regularly cleaned by distilled water and 2% hycolin, or 5-10% bleach. Special care was 

taken so that none of these "aggressive" chemicals (hycolin and bleach) could get into direct 

contact with reagents and tissue samples used for DNA extraction. 

Blank control extractions (extractions performed with sdH2O instead of using tissue) were 

carried out in parallel with the DNA extractions of preserved tissue in order to monitor 

contamination which might come from reagents, laboratory glassware and plastic ware. 

Positive control extractions (containing frozen tissue of cod, fresh/frozen tissue of rainbow 

trout, or ethanol preserved Coryphaenoides) were never carried out simultaneously with 

DNA extractions from formalin preserved Nezumia specimens in order to prevent possible 

cross contamination between positive controls and experimental, preserved samples. PCR 

blanks - negative controls of PCR reactions (using sterile water as a template instead of 

DNA) were performed with each PCR experiment. 

All reagents used for DNA extraction of positive control tissues were separated from the 

reagents used solely for DNA extractions of Nezumia formalin-fixed tissues in order to 

prevent possible cross contamination between positive and experimental samples through 

the reagents. Also, lab coats used in the procedures for DNA extractions of positive and 

preserved tissues were kept separate. Any lab coat used for setting up PCR reactions was 

always kept away from any lab coat in the laboratory by keeping it in a plastic bag in a 

cupboard dedicated only for keeping pipettors and plastic ware used for PCRs. All these 

precautions were necessary to prevent cross contamination and contamination with 

exogenous sources of DNA. 

PCR experiments were carried out under strictly controlled conditions in a laboratory in 

order to prevent accidental contamination with foreign, extrinsic DNA and "PCR product 
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carry-over". Pipettors used for PCRs were separated from pipettors used for other associated 

procedures (DNA extractions, cloning, etc. ), and pipettors were not exchanged between 

researchers in the Laboratory. For PCR set up, only pre-sterilised filter tips (ordinary aerosol 

[Sigma], or Rainin shaft-guard aerosol pipette tips, [Anachem]) and y, UV pre-sterilised 

PCR tubes (Advanced Biotechnologies) were used. All these were kept and stored in a 

separate cupboard from those used in other molecular applications. Boxes with gloves that 

were used for PCR experiments were stored in the "PCR cupboard", and if powdered gloves 

were used, the gloves were washed prior to any PCR work. All racks and containers for ice 

were separate from others, kept in the "PCR cupboard" and used only for PCR experiments, 

washed each time after use and UV sterilised (5-10 minutes on transilluminator) before use. 
Before PCR experiments, or any work related to the PCR, the laboratory bench would be 

wiped with 5-10% bleach and/or 2-5% hycolin solution. 

Special, pre-sterilised water (18 Megohm Water, Sigma), divided into aliquots, was 

additionally UV-treated on UV-transilluminator for 5-10 min and used for all PCR 

experiments and steps related to PCR work (diluting reagents and preparing stock solutions 
for PCRs) in order to prevent contamination through the water. All reagents used for PCRs 

were aliquoted and, most of them, after being used once for PCR set up were discarded 

(magnesium, buffer, dNTPs, water, and so on). Only working stock solutions of primers and 
Taq were aliquoted in a way that could be used more than once (but not for more than three 

PCR set ups). Taq PCR kits were not exchanged between researchers in the laboratory. 

2.2.2. DNA extraction protocols and pre-extraction treatments of 
preserved tissues 

During the research, various DNA extraction protocols (commercial kits and protocols 
developed by other researchers) and different pre-washing/drying regimes for tissue samples 

prior to DNA extraction were tested. 

DNA extraction protocols used in this study and a newly developed protocol during this 

study are described below. For all protocols and in all laboratories, an Eppendorf 

microcentrifuge (model 5415C) was used. 
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A newly developed protocol in this study -protocol (A) 

Protocol (A) 

Guanidinium-based protocol. A newly developed protocol (A) was developed by 

combining and modifying two DNA extraction protocols: one of Hammond et al. (1996) - 

protocol (B), and another of Shedlock et al. (1997) - protocol (C). The protocol developed 

in this study is outlined in detail below: 

1. Tissue was cut into a small piece (ca. 0.5 cm3) with a sterile razor blade, and then 

interchangeably washed in distilled water and in freshly made filter sterilised pre- 

washing 1xGTE buffer (100 mM glycine, 10 mM Tris-HC1 pH 8.0,1 mm EDTA; 

Shedlock et al. 1997) for 72 hours at room temperature (using a suspension mixer for 

gentle shaking), frequently changing water and pre-washing buffer during tissue 

washing. 

2. The tissue was air-dried for -30 min at room temperature. Dried tissue was placed in a 

pestle and mortar with alumina powder for grinding. Traces of integument were 

completely removed with sterile forceps. Solid CO2 was added. When the sample had 

been ground to a fine powder, a small amount of alumina powder was again added for 

final grinding. When the solid CO2 had sublimed, 500 µl of extraction (incubation; 

digestion) buffer (1% SDS, 25 mM Tris-HC1 pH 7.5,100 mM EDTA; Shedlock et al. 
1997) was added and grinding was continued for a few more minutes. 

3. The mixture was transferred to a sterile 1.5 ml Eppendorf tube. 100 µl of proteinase K 

(10 mg/ml; Sigma, St. Louis, MO, USA) and 20 µ1 of 1M dithiothreitol (DTT; NBL 

Gene Sciences, Northumberland, UK) was added. The tube with this mixture was placed 

in a water bath overnight at 55°C. 

4. An additional 50 µl of Proteinase K (10 mg/ml; [Sigma] or [Gibco BRL, Life 

Technologies]) and 10 µl of DNase-free RNase A (10 mg/ml; Sigma) was added next 

day; that is, after at least 10-15 hours of incubation from the previous step. The digestion 

was continued further for about 10 hours, i. e. until the tissue was completely digested 

(pieces of tissue were not visible). 

5. After digestion was completed, 500 µl of the GES reagent (0.5 M guanidinium 
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thiocyanate and 0.1 M EDTA; Hammond et al. 1996) was added at room temperature. It 

was mixed for few minutes by gently inverting and flicking the tube. 

6. Then, 250 µl of 7.5 M ice-cold ammonium acetate was added, gently mixed by inverting 

the tube, and then immediately transferred to ice to stand for 10 min. 

7. Chloroform : Pentanol, 24 :1 (500 µl) was added at room temperature and gently mixed 

with the samples by inverting the tube. Then, centrifugation was applied at 13,000 rpm 
for 10 min. The upper, aqueous phase from the tube was transferred to a new sterile 1.5 

ml Eppendorf tube without disturbing the precipitated material at the interface. 

8. For DNA precipitation, 0.54 vol. of 100% isopropanol was added and left overnight at - 
20°C (or at 4°C). Then, the DNA precipitate was spun for 30 min in a microcentrifuge at 

13,000 rpm. 

9. The supernatant (SN) was removed and the pellet was rinsed three to five times with 
70% ethanol. After ethanol was carefully discarded, the DNA pellet was air dried at 

room temperature for 10-15 min (the tube was inverted on clean, UV-treated absorbent 

paper). The DNA pellet was re-suspended in 40-45 µl of 1xTE buffer (pH 7.6). 

The protocol described above is suited to obtain a volume of 40-45 µl of DNA suspension 

(extract) per one DNA extraction procedure, but in order to produce a larger amount of 

DNA suspension (extract) per one DNA extraction procedure (that would allow a higher 

number of PCR amplifications with the same DNA extract and eliminate possible 
differences between DNA extracts obtained with the same protocol, but in separate DNA 

extraction procedures), some adjustments in the described procedure were required: 

-A bigger piece of preserved tissue was used (usually 1-3 cm3). The incubation 

(digestion) buffer (Shedlock et al. 1997) was gradually added into a pestle with 

ground preserved tissue (continuing to grind tissue using a mortar) added until a 

relatively thick mixture was obtained. The mixture was transferred (using wide- 

open, 1 ml pipette tips) into a series of 1.5 ml Eppendorf tubes. The volume of 

mixture was about 500-700 µl in each tube. 

The rest of the procedure was carried out according to the above-described protocol, but 

with small adaptations. At step 7, aqueous phases from two or more tubes were collected in 

fresh tubes filling them up to 1000 µl. Then, 0.54 vol. of 100% isopropanol was added into 

each tube as described in the above protocol (Step 8). After completing step 9, DNA 
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suspensions from each tube were put together into one 1.5 ml Eppendorf tube, mixed and 

quantified. Afterwards, the DNA suspension was immediately aliquoted (usually 50 µl of 
DNA suspension in each tube). All aliquots made in this way (in one extraction procedure 

and from one piece of tissue) were considered as one extraction. 

Protocols used for develoninR a new protocol (A) - the protocols (B) and (C) 

Protocol (B) 

Guanidinium-based protocol. This protocol, described by Hammond et al. (1996), is based 

on the fine grinding of the tissue in a mortar using alumina powder and solid C02, and then 

DNA extraction by guanidinium thiocyanate with the aid of ammonium acetate. The 

original protocol (Hammond et al. 1996) is briefly outlined below: 

1. Skeletal muscle (2-3 mm cube) from a preserved fish was washed in 95% ethanol, and 
then the tissue was rinsed and soaked in sterile water. 

2. The tissue was ground in a pestle and mortar with solid CO2 and a small amount of 
alumina added for final grinding. 

3, After the solid CO2 had sublimed, but before the sample had thawed, 500 µl of extraction 
solution - the GES reagent (guanidinium thiocyanate 0.5 M; EDTA 0.1 M) was added. 

4. The sample suspension was transferred to a sterile 1.5-ml Eppendorf tube. Ice-cold 
ammonium acetate (250 µl; 7.5 M) was added and mixed with the suspension. 

5. Chloroform reagent (500 µl; chloroform: pentanol, 24: 1) was then added and mixed with 
the sample. 

6. Isopropanol (0.54 vol) was used for DNA precipitation and 70% ethanol for the pellet 
washing. 

For this study with Nezumia, the Hammond et al. (1996) protocol was used as described, or 

with modifications such as: 

- For pre-washing tissue samples, only sterile distilled water was used without prior ethanol; 

- Alumina powder (used for grinding tissue in a pestle and mortar) was added before and 

after adding dry ice; 

- The Promega Wizard DNA Clean-Up System (Promega, Madison, USA) was tested 

instead of using isopropanol for DNA precipitation; 

- The DNA pellet was washed five times instead of three times with 70% ethanol. 
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Protocol (C) 

Phenol-based protocol. Another protocol tested in this study, and partially used for 

developing the protocol (A), is the one described by Shedlock et al. (1997): 

1. Small pieces of formalin-fixed muscle tissue (ca. 0.5 cm3) were dissected with sterile 

razor blades. Traces of integument were completely removed, and then the pieces were 

washed for three successive 24-hour periods (rotary shaker at room temperature) in a 

fresh solution of 10 ml of lx GTE pre-washing buffer (100 mM glycine, 10 mM Tris- 

HCI, pH 8.0,1 mM EDTA) to act as a binding agent for excess formalin. 

2. Tissue was air-dried and completely digested in 500 µl of extraction buffer (1 % sodium 

dodecyl sulphate [SDS], 25 mM Tris-HCI, pH 7.5,100 mM EDTA) at 65°C for 24 h. 

Then, 20 µl of 1M dithiothreitol (DTT) and 100 µl of proteinase K (10 mg/ml) were 

added at the beginning of the digestion. An additional 50 µl of proteinase K (10 mg/ml) 

and 10 µl of DNase-free RNase (10 mg/ml) were added after the first 10 h of digestion. 

3. Phenol/chloroform extractions were performed as follows: 

(a) completed digestions were extracted in 500 µl of equilibrated phenol. Supernatants 

were saved and extracted two more times in 500 µl of equilibrated phenol; 
(b) supernatants were extracted twice with 500 pl of 25: 24: 1 solution of phenol : 

chloroform : isoamyl alcohol; and 
(c) supernatants were extracted twice with 500 µl of 24: 1 solution of chloroform : 

isoamyl alcohol. 

4. DNA in supernatants was precipitated by adding 2.5 vol of cold absolute ethanol (stored 

at -80°C) and samples were immediately placed at -20°C for 24 h. 

5. DNA precipitates were spun for 30 min in a microcentrifuge at 13,000 rpm. 

6. Absolute ethanol was removed. Pellets were rinsed twice with 50 µl of 70 % ethanol and 

thoroughly air-dried. 

7. Purified DNA was re-suspended in 40 µl of 1x TE (pH 8.0). 
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Major modifications applied to this protocol: 

- For step 1: different lengths of tissue pre-washing were tested (from 30 min to up to 72 

hours). Tissue pre-washing with only sterile water was tested instead of using 1xGTE 

buffer, or interchangeable washing with sterile water and 1xGTE buffer. 

- Step 2: after drying, the tissue was ground in a pestle and mortar with solid CO2 and a 

small amount of alumina powder; 

- Step 3 (a) was modified so that the phenol was used only once instead of three times, or 

complete step 3 (a) was omitted, 

- Step 3 (b) was modified in a way that phenol : chloroform : isoamyl alcohol was used only 

once instead of twice, or complete step 3 (b) was omitted, 

- Step 3 (c) was modified in a way that the chloroform : isoamyl alcohol was used only once 
instead of twice, 

- For the step 3, phenol was not used at all, i. e. steps 3 (a) and 3 (b) were omitted completely 

and only step 3 (c) was applied; 

or 

Complete step 3 was omitted; that is, GES reagent from protocol (B) and chloroform 

reagent, or the Promega Wizard DNA Clean-Up System Kit (Promega, Madison, USA) 

was used instead. 

- Step 4: DNA precipitation was tested with 2.5 vol of absolute ethanol + 1/10 vol of 2M 

NaCl, or with 0.54 vol of isopropanol. 

- Step 6: Extended pellet rinsing, 3,4 or 5 times with 50 µl of 70 % ethanol. Different 

amounts of 70% ethanol (50 -750 µl) were applied for testing for the pellet-washing step. 
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Commercially available reagents (kits) for DNA extraction tested at the NESCOT 

Laboratory - protocols (D) and (1) 

Protocol (D) 

Genomic DNA Purification Reagent - Genosys DNA Isolator (Genosys Biotechnologies, 

Inc., Cambridge, UK) was tested according to the manufacturer's protocol (unmodified) and 

with protocol modifications. The basic steps of this protocol (according to the 

manufacturer's protocol) are: 

1. HOMOGENIZATION: Lyse sample by adding 1 ml of DNA Isolator reagent (per 50 - 
100 mg) and incubate homogenate for 5 minutes at room temperature. 

2. PHASE SEPARATION: Add 0.2 ml chloroform, mix and incubate for 5 minutes at 4°C. 
Centrifuge for 2-5 min at 5,000-12,000 rpm. 

3. DNA PRECIPITATION: Transfer aqueous phase into a new tube and add 1-2 volumes 
of isopropanol (0.5-1.0 ml). Mix gently by inversion and incubate for 10 minutes at 4°C. 

4. DNA WASH: Centrifuge for 5 minutes at 5000 rpm. Remove supernatant and wash 
DNA pellet with 1.0 - 1.5 ml 70 % ethanol. Repeat ethanol washes two more times. 

5. RESUSPENDING DNA: Air dry the DNA pellet for 5- 10 minutes, then dissolve in 
50-200 µl of sterile water, or in 1x TE buffer. 

Applied modifications on the protocol were: 

- Prior to the DNA extraction the pieces of formalin-preserved tissue were washed in sterile 

water for 24 - 36 hours at room temperature (frequently changing the water). 

- After adding 1 ml of "DNA isolator" reagent, tissue was placed in tubes with glass beads 

to shake at medium speed for 5- 10 s in the Ribolyser machine (Hybaid). Afterwards, 

tissue was kept in "DNA isolator" for up to 1 hour at room temperature. 

or 

The tube containing 1 ml of "DNA isolator" reagent and macerated preserved tissue were 

placed on to a suspension mixer at room temperature for up to 1 hour (for a gentle 

agitation by inverting the tube at low speed). 

- DNA precipitation with 1 ml of isopropanol was extended from 10 min to overnight (in a 

fridge at 4°C) 

- Centrifugation speed was increased from 5,000 rpm to 12,000 rpm at step 4. 
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- DNA pellet was air dried at room temperature for up to 30 min, or at 37°C for 15 minutes. 

- The pellet was re-suspended in 50 µl of sterile water. 

Protocol (F) 

The Promega Wizard Genomic DNA Purification Kit (Promega, Madison, WI, USA) 

was another commercially available kit tested for DNA extractions from formalin fixed 

specimens. The protocol for animal tissue (mouse tail) with small modifications to the 

original protocol was applied. Modifications were related only to washing tissue with sterile 

water and grinding a tissue sample in a pestle and mortar. 

This protocol was tested only once with one Nezumia aequalis-preserved tissue piece. A 

tissue sample for this extraction was previously washed in sterile water and stored for a few 

months at -64°C. To extract DNA, a tissue sample was thawed and briefly air-dried at room 

temperature (for a few minutes), and then placed in a pestle and mortar with alumina 

powder for grinding. Traces of integument were removed with sterile forceps. Solid CO2 

was added and grinding continued. When the sample had been ground to a fine powder, a 

small amount of alumina powder was again added for a final grinding. Powdered tissue 

sample was transferred into 1.5 ml microcentrifuge tube with prepared ice-cold lysis 

solution (mixture of 120 µl of 0.5 M EDTA (pH 8) + 500 µl of Nuclei Lysis Solution from 

the Kit). The extraction then followed the manufacturer's instructions. 

The protocols and DNA extraction kits tested in the Molecular EcoloRy Group at the 

OceanoPranhy Centre of the Southampton University - protocols: (GI), (G2), and (G3) 

DNA extraction methods which have been used regularly by the Molecular Ecology Group 

at the Oceanography Centre, University of Southampton, for frozen and short period (few 

months) ethanol preserved samples of deep-sea organisms (Rogers 1999; personal 

communication) were tested on formalin-fixed samples of Nezumia. The methods tested are 

described below: 
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Protocol (G1) 

Organic (phenol/chloroform/isoamyl alcohol; PCI) extraction of DNA was tested with 

and without modifications. 

The original Southampton's PCI protocol: 

1. Aliquot 600 µ1 of extraction buffer (40 ti of 1M Tris-HC1(pH 8.0) + 20 µl of 25% SDS 

+ 350 µl H2O) into 1.5 ml an Eppendorf tube and add a small piece of tissue (about 0.5 

cm3) and macerate gently. Add 10 µl Proteinase K Solution of 15.6 mg/ml (Boehringer 

Mannheim) (or 5 pl of 20 mg/ml proteinase K). Incubate for 2-3 hrs at 55°C inverting 

tubes every 30 minutes. 

2. In a fume hood add 300 µl of phenol (Gibco BRL, Ultra Pure Buffer-Saturated Phenol, 

pH 7.49 - 7.79) and 300 µ1 of chloroform/isoamyl alcohol 24: 1 (Sigma). Rotate tubes for 

10 minutes. 

3. Centrifuge at 11,000 rpm on a microcentrifuge for 15 minutes. 

4. Transfer upper, aqueous layer to a new Eppendorf tube using wide ended pipette tips. 

5. Add 600 t1 of chloroform/isoamyl alcohol 24: 1 to each sample and rotate for 10 minutes. 

6. Centrifuge at 11,000 rpm on a microcentrifuge for 10 minutes. 

7. Transfer upper, aqueous layer to a new 1.5 ml Eppendorf tube using wide ended pipette 

tips. Add ice cold absolute ethanol - 2x volumes of transferred layer, mix, and then add 
3M sodium acetate (NaAc) - 1/10 of volume of transferred layer. Alternatively add 1 ml 

of ice-cold isopropanol. 

S. Place in freezer at -20°C overnight (or at least 40 minutes). 

9. Centrifuge for 25 minutes at 11,000 rpm. 

10. Gently pour off ethanol leaving DNA pellet behind. 

11. Add 400 µl of ice-cold 70% ethanol. Gently invert twice and then centrifuge at 11,000 
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rpm for 5 minutes. Gently pour off ethanol, or remove with a pipette. 

12. Repeat 11. 

13. Air dry pellet and add 50 µl of 1xTE buffer (or elution buffer from the Qiagen DNeasy 

Tissue Kit (Qiagen) to resuspend the DNA pellet. 

Applied alterations to the above-described protocol were: 

- At step 1, digestion with proteinase K was extended from 2-3 to 5 hours at 55°C, and then 

samples were left for further digestion at room temperature overnight. Next day, an 

additional 10 µl Proteinase K Solution of 15.6 mg/ml (Boehringer Mannheim) was added 

and digestion was carried out for further 8 hours at 55°C. 

- At step 2 and 5, the tubes were rotated for 15 minutes instead of 10 minutes. 

- At step 6, centrifugation was extended from 10 to 15 minutes. 

- The modifications applied at steps 7 and 8 were by adding only 2x volume of absolute 

ethanol and placing the samples in the freezer (-20°C) for 48 hours. Then, 1/10 volume of 

3M NaAc (Sigma, pH 5.5) was added and samples were placed in the freezer (-20°C) for 

only 10 minutes. 

- At step 13: An additional placing of DNA samples (DNA re-suspended in 50 pi of 1xTE 

buffer) in a water bath at 55°C and 70°C in order to aid dissolving the DNA pellets. 

Protocol (G2) 

The Qiagen DNeasy Tissue Kit (Qiagen, Crawley, West Sussex, UK). A very modified 

version of the manufacturer's protocol - Southampton's version of the protocol was tested 

on formalin-fixed Nezumia samples. Applied protocol is as follows: 

1. Small macerated pieces of tissue were placed into four 1.5-m1 microcentrifuge tubes. Into 

each tube different extraction buffers were added (in two tubes were added 250 µl of the 

buffer ATL from the Kit, in one was added 100 µ1 Buffer ATL + 100 µl of extraction 
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buffer from the previously described protocol (GI) (40 µl of 1M Tris-HC1 pH 8.0 + 20 

µ1 of 25% SDS + 350 µl H20), and in one was added only 250 t1 of extraction buffer 

from the previously described protocol (G1). 

2. Then, into each tube, was added 50 µl of Proteinase K solution from the Kit 

(concentration 20 mg/ml) and mixed by vortexing, after which the tubes were placed in 

a water bath for 2 hours at 55°C - occasionally vortexing during incubation. The samples 

were removed from the water bath and placed at room temperature overnight for 

continuation of proteinase K digestion. 

3. Next day, an additional 10 µl of Proteinase K (20 mg/ml) was added into each tube and 

placed into a water bath at 55°C for 10 hours with occasional vortexing of tubes. 

4.250 µl of AL Buffer from the Kit and 250 µl of ethanol were added, and then the samples 

were vigorously mixed by vortexing. 

5. The mixtures from step 4 were transferred into a DNeasy mini column in a 2-ml 

collection tube. It was centrifuged at 8,000 rpm for 1 min. Flow-through and collection 

tubes were discarded. 

6. The DNeasy mini column was transferred to a new 2-ml collection tube, and 500 µl of 
the Buffer AW1 (from the Kit) was added. After centrifugation at 8,000 rpm for 1 min, 
flow-through and collection tubes were discarded. 

7. The DNeasy mini column was placed in a new 2-ml collection tube, and 500 µl of the 

Buffer AW2 (from the Kit) was added. After centrifugation at 12,000 rpm for 3 min., 
flow-through and collection tubes were discarded. 

8. The DNeasy mini column was removed and placed in a clean 1.5-m1 microcentrifuge 

tube. First, 100 µl (the first elution) and then 130 µl (the second elution) of AE Buffer 

(Elution Buffer) from the Kit were added directly on to DNeasy membrane. Samples 

were incubated at room temperature for 1 min, and then centrifuged at 8,000 rpm to 

elute. 
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Protocol (G3) 

The microLYSIS Kit. A commercially available microLYSIS reagent (Microzone Ltd, 

West Sussex, UK), applying the manufacturer's original protocol, was also tested in the 

Southampton Laboratory for Nezumia formalin-DNA extractions. The microLYSIS method 
is a simple, "one step" protocol: a small macerated piece of tissue (previously only briefly 

washed in sterile water) was placed into a PCR tube to which was added 20 µl of 

microLYSIS reagent. Then, the tube was placed in a PCR thermal cycler applying one PCR 

cycle with the following cycling profile: 

Step 1: 65°C for 5 min, 
Step 2: 96°C for 2 min, 
Step 3: 65°C for 4 min, 
Step 4: 96°C for 1 min, 
Step 5: 65°C for 1 min, 
Step 6: 96°C for 30 s, 
Step 7: 20°C hold. 

A phenol based DNA extraction protocol used in the Molecular Laboratory of the Natural 
History Museum, London (applied only on Nezumia ethanol preserved tissue used for the 
sequence validation) - protocol (H) 

Protocol (H) 

Phenol-based protocol (PCI). In the DNA Laboratory of the Natural History Museum 

(NHM), London, a modified phenol-based protocol (Dr David Johnston, personal 

communication) was applied for DNA extractions from ethanol preserved tissue samples of 
Nezumia. The protocol is outlined below: 

1. Prior to DNA extraction, small pieces of tissue (15-20 mg) were washed in lx TE buffer 

(pH 8.0) for 3 hours and in sdH20 for a few minutes. 

2. Macerated tissue was placed into 2 ml sterile tubes. Then, 500 µ1 of extraction buffer (50 

mM Tris-HC1(pH 8.0), 50 mM EDTA, 100 mM NaCl, 1% SDS) and 10 µ1 of Proteinase 

K (20 mg/ml in water solution) were added. The proteinase K digestion was carried out 
in the Hybaid mini hybridisation oven at 55°C, with tubes rotating overnight. 
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3. Next day, an additional 10 µl of Proteinase K (20 mg/ml; Sigma) + 10 µl of RNase A 

(10 mg/ml; Sigma) were added into the tubes, and samples were then again placed at 
55°C for few hours in order to complete digestion. 

4. When proteinase K digestion was completed, phenol (500 µl; Sigma) was added into 

each tube. The tubes were gently inverted (at least 20 times) to mix the phenol with the 

digested tissue sample. 

5. Then, samples were centrifuged at 13,000 rpm for 5 minutes at room temperature. The 

supernatant (SN) with DNA was carefully removed and transferred into a new tube 

using wide-open pipette tips. 

6. A mixture of 250 µl of phenol + 250 µl chloroform/isoamyl alcohol (24: 1) was added to 

the SN, and the tubes were gently mixed by inversion. Centrifugation, 13,000 rpm for 5 

minutes at room temperature, was applied. 

7. The supernatant (SN) with DNA was transferred into new tubes and then, 500 µl of 

chloroform/isoamyl alcohol (24: 1) was added. After gentle mixing, samples were 

centrifuged at 13,000 rpm for 5 minutes. The SN was transferred into new tubes using 

wide-open tips. 

8. DNA was precipitated by adding 2 volumes of absolute ethanol and 1/10 volume of 3M 
NaAc (pH 5.2). DNA precipitation was carried out in a fridge at 4°C (for 45 minutes, or 

overnight). Then, the samples were centrifuged at 13,000 rpm for 5 minutes at room 

temperature. The supernatant was carefully decanted. 

9. The pellet was washed only once by adding 1 ml of 70% ethanol and applying short 

vortexing. Then, the samples were centrifuged at 13,000 rpm for 5 minutes at room 

temperature. The supernatant (ethanol with impurities) was carefully decanted. In order 

to remove any residues of ethanol, drops on the tube's sides were aspirated using a 

Pasteur pipette, or vacuum pump. 

10. The pellet was dried for a few minutes at 55°C, or for 20-30 min at 37°C and then 

dissolved in 100 µl of ultrapure (HPLC) sdH2O. In order to dissolve fully the DNA 

pellet, before storage at -20°C, the samples were kept at room temperature for 2 hours, 

or at 37°C for 30 min, or overnight at 4°C. 
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2.2.2.1. DNA extraction protocols tested on supplementary specimens - ten differently 

preserved specimens of mackerel 

Pre-extraction treatments: 

A- Tissue was washed overnight in 1 xTE buffer at room temperature prior to DNA 

extraction. 

B- Tissue was washed for a few minutes in sdH2O, and then dried for a few minutes at 

room temperature prior to DNA extraction. 

C- Tissue was washed twice for 5 minutes in PBS (phosphate-buffered saline) and twice 

in sdH2O for a couple of minutes, and then briefly dried for a few minutes at room 

temperature prior to DNA extraction. 

D- Tissue was washed in 1 xGTE buffer for 24 hours (gently rotating the samples) at room 

temperature and frequently changing the buffer, then washed in sdH2O for 10-15 

minutes, and then briefly dried for a few minutes at room temperature prior to DNA 

extraction. 

Protocols: 

- Protocol (A) developed in the study with Nezumia, but with a modification is that liquid 

nitrogen was used instead of dry ice. It was applied pre-extraction treatment D. 

- Promega Wizard Genomic DNA Purification Kit (Promega, Madison, USA) was 

applied following the manufacturers' instructions for isolation of genomic DNA from 

animal tissue (mouse tail) - protocol (F). It was applied pre-extraction treatment B. 

- Phenol-based protocol (H) as described in the previous section (precipitation with 

sodium acetate), or with the modification that DNA precipitation was performed with 

polyacrylamide instead with sodium acetate. It was applied pre-extraction treatment A. 

- "Amersham Biosciences" GenomicPrep Cells and Tissue DNA Isolation Kit (Protocol: 

Extraction of DNA from animal tissue; Amersham Biosciences UK Limited) was applied 
following the manufacturers' instructions. It was applied pre-extraction treatment B. 
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- Qiagen DNeasy Tissue Kit, (Protocol: Isolation of Genomic DNA from formalin-fixed 

tissue; Qiagen, Crawley, West Sussex, UK) was applied following the manufacturers' 
instructions. It was applied pre-extraction treatment C. 

2.2.2.2. Quantification of extracted DNA 

The Saran Wrap Method (Sambrook et al. 1989) was applied for ethidium bromide 

quantification of DNA samples extracted from different fish species, specimens and tissues. 

The adapted protocol is outlined below: 

1. Stretch a sheet of Saran Wrap over an ultraviolet transilluminator. 

2. Spot series of 3 µl volume of 1xTE buffer containing 2 pg/ml ethidium bromide. 

3. Add to each spot equal volumes (3 µl) of a series of DNA concentration standards (0,1, 

2.5,5,10 and 20 µg/m1) in an ordered array on the Saran Wrap and mix by pipetting up 

and down. The standard DNA solutions for this project contained DNA of salmon testes 

(Sigma). 

4. Then, add to each spot (containing TE buffer with 2 pg/m1 ethidium bromide) 3 pl of the 
DNA sample on to the Saran Wrap. 

5. Photograph the spots using short-wavelength ultraviolet illumination. Estimate the 

concentration of DNA by comparing the intensity of fluorescence in the sample with 
those of the standard DNA solutions. 

During the study, there were attempts to use spectrophotometric and gel molecular weight 

marker measurement of DNA concentration, but degraded DNA at low concentration made 
these attempts unsuccessful. 

A quantitative size gel marker measurement of DNA concentrations was applied for control, 

ethanol preserved specimens of Nezumia - HyperLadder I and HyperLadder IV (Bioline, 

London, UK). 
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2.2.3. PCR amplifications and molecular investigations 

Different kinds of molecular techniques and methods (PCR, RFLP, cloning, sequencing, 

Southern blotting, etc. ) were used in this study. 

2.2.3.1. PCR protocols and primers 

The study mainly used three PCR marker systems: 
(1) Random amplified polymorphic DNAs (RAPDs), 

(2) Universal mitochondrial PCR primers for targeted mitochondrial genes (mtDNA), 

(3) RAPD-derived, Nezumia-specific PCR primers developed and designed in this 

project. 

A technical preparation of PCR reactions and their handling were the same for all PCR 

markers. All reagents and PCR mastermix were kept on ice during PCR set ups. PCR 

reactions were loaded directly from ice into 94°C preheated PCR cycler block. PCR 

reactions were not loaded into the end of rows of a PCR thermocycler block due to possible 

unequal heating on the edges of the block during cycling. Negative controls of PCR 

reactions were carried out with each PCR experiment. 

Thermal cyclers used/tested in this research: 

- Hybaid Omn-E thermal cycler (0.2 ml tubes) (Hybaid Ltd., Middlesex, UK) - used 
as the main thermocycler during the study (Nescot Laboratory); 

- Hybaid Omn-E thermal cycler (0.5 ml tubes) - tested in the Nescot Laboratory; 

- Hybaid PCR Express thermal cycler with a cooling system (0.2 ml tubes) - tested in 

the Nescot and Southampton's laboratories; 

- Hybaid Omnigene thermal cycler without hot lid - tested in the Nescot Laboratory; 

- MWG-Biotech Primus thermal cycler with a cooling system (0.2 ml tubes) - tested 

in the Nescot Laboratory; 

- Perkin Elmer thermal cyclers with a cooling system (0.2 ml tubes) - Types: DNA 

Thermal Cycler 480 (Southampton's Laboratory) and GeneAmp PCR System 2400 

(NHM Laboratory); 

- GeneAmp PCR System 2700 (Applied Biosystems) - used in the NHM Laboratory. 
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TA polymerases used/tested in this research: 

- AGSGo1d DNA Polymerase (Hybaid Ltd., Middlesex, UK) - used as the main Taq 

polymerase during the study (Nescot Laboratory); 

- Promega Taq polymerase - tested in the Nescot Laboratory; 

- Red Hot DNA Polymerase (Advanced Biotechnologies Ltd., Surrey, UK) - tested in 

the Nescot Laboratory; 

- Pharmacia Taq polymerase (Pharmacia Biotech, USA) - tested in the Nescot 

Laboratory; 

- Perkin Elmer AmpliTaq polymerase - tested in the Southampton's Laboratory; 

- Qiagen Taq DNA Polymerase Kit - tested in the Southampton's Laboratory; 

- pureReTaq Ready-To-Go PCR Beads (Amersham Biosciences UK Ltd., 

Buckinghamshire, UK) - tested in the NHM Laboratory; 

- AB Thermoprime Plus DNA Polymerase; ABgene 2x PCR Master Mix (1.5mM 

MgCI2) - ready-to-use master mix (ABgene, Surrey, UK) - NHM Laboratory. 

Hybaid Omn-E thermocycler (for 0.2 ml tubes) and Haybaid-AGSGo1d DNA polymerase 

were used throughout the project as the main thermal cycler and Taq polymerase. Others 

were only tested in a few experiments in order to compare for differences in results, or if 

specific equipment/material was available in a particular laboratory. 

2.2.3.1.1. RAPD-PCR experiments 

RAPD-PCR amplifications were regularly carried out at three different PCR-DNA template 

concentrations of the same DNA extract. PCRs were performed in duplicate for each PCR- 

DNA template concentration. Relative PCR-DNA template concentrations: 

" lx PCR-DNA template concentration (0.5 µl of DNA suspension in 25 µl volume of 

PCR reaction) 

" 5x PCR-DNA template concentration (2.5 µl of DNA suspension in 25 µl volume of 

PCR reaction) 

"l Ox PCR-DNA template concentration (5 µl of DNA suspension in 25 µl volume of 

PCR reaction). 
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For RAPD-PCR amplifications, three kit sets were used: AB-0320-Kit2, AB-0320-Kit7 

and AB-0320-Kit8 (Advanced Biotechnologies, Surrey, UK). Each kit contains twenty 10- 

base oligonucleotide primers with randomly selected bases (see sequences of RAPD primers 
in Table 1). 

Table 1- Sequences of RAPD primers used in this study (Advanced Biotechnologies, Surrey, UK) 

# Primer 
name 

Sequence # Primer 
name 

Sequence 

Ku 2 

1. AB2-01 5'-CCCAAGGTCC-3' 11. AB2-11 5'-GAGTCTCAGG-3' 
2. AB2-02 5'-GGTGCGGGAA-3' 12. AB2-12 5'-TTATCGCCCC-3' 
3. AB2-03 5'-CCAGATGCAC-3' 13. AB2-13 5'-CCCGATTCGG-3' 
4. AB2-04 5'-GTGACATGCC-3' 14. AB2-14 5'-TGCGGCTGAG-3' 
5. AB2-05 5'-TCAGGGAGGT-3' 15. AB2-15 5'-ACGCACAACC-3' 
6. AB2-06 5'-AAGACCCCTC-3' 16. AB2-16 5'-GGTGACTGTG-3' 
7. AB2-07 5'-AGATGCAGCC-3' 17. AB2-17 5'-CTACTGCCGT-3' 
8. AB2-08 5'-TCACCACGGT-3' 18. AB2-18 5'-GGACTGCAGA-3' 
9. AB2-09 5'-CTTCACCCGA-3' 19. AB2-19 5'-ACGGCGTATG-3' 

10. AB2-10 5'-CACCAGGTGA-3' 20. AB2-20 5'-AACGGTGACC-3' 

Kit 7 

21. AB7-01 5'-CAAAGGGCGG-3' 31. AB7-11 5'-CAATCGGGTC-3' 
22. AB7-02 5'-CTGAACCGCT-3' 32. AB7-12 5'-AAGAGGGCGT-3' 
23. AB7-03 5'-TCTCGCCTAC-3' 33. AB7-13 5'-GGTTCCTCTG-3' 
24. AB7-04 5'-GTAGGCCTCA-3' 34. AB7-14 5'-GAACGAGGGT-3' 
25. AB7-05 5'-ACCGCATGGG-3' 35. AB7-15 5'-TTTGCCCCGT-3' 
26. AB7-06 5'-AAGTGCACGG-3' 36. AB7-16 5'-AACGGGCGTC-3' 
27. AB7-07 5'-CCCTACTGGT-3' 37. AB7-17 5'-GGCAAACCCT-3' 
28. AB7-08 5'-GGCAGGCAAG-3' 38. AB7-18 5'-ACGAGAGGCA-3' 
29. AB7-09 5'-TCGCTTCTCC-3' 39. AB7-19 5'-CTTGGCACGA-3' 
30. AB7-10 5'-AAGAGGCCAG-3' 40. AB7-20 5'-TCTTCGGAGG-3' 

Kit 8 

41. AB8-01 5'-GGCATCGGCT-3' 51. AB8-11 5'-ACGGCGATGA-3' 
42. AB8-02 5'-AGCCGTTCAG-3' 52. AB8-12 5'-GACGCGAACC-3' 
43. AB8-03 5'-GGGTCCAAAG-3' 53. AB8-13 5'-ACGCTGCGAC-3' 
44. AB8-04 5'-CTATCCTGCC-3' 54. AB8-14 5'-TGGTGCACTC-3' 
45. AB8-05 5'-GTCGTAGCGG-3' 55. AB8-15 5'-GACACAGCCC-3' 
46. AB8-06 5'-TGCCGCACTT-3' 56. AB8-16 5'-AAGGCACGAG-3' 
47. AB8-07 5'-ACGAGCATGG-3' 57. AB8-17 5'-CCTCACGTCC-3' 
48. AB8-08 5'-AAGCCCCCCA-3' 58. ABS-18 5'-TCGCGGAACC-3' 
49. AB8-09 5'-TCGCTGGTGT-3' 59. AB8-19 5'-GGCAAAGCTG-3' 
50. AB8-10 5'-TCGGGGCATC-3' 60. AB8-20 5'-CCTGTTCCCT-3' 

91 



For RAPD amplifications, the Hybaid Omn-E thermal cycler (0.2 ml tubes) was 

programmed as follows: initial denaturation at 94°C for 1 min, then 45 cycles of. 5s at 

94°C, 30 s at 36°C, and 1 min at 72°C. One cycle of a final extension step of 2 min at 72°C 

was carried out. A RAPD-PCR reaction mix contained: 0.5 µl, 2.5 µl, or 5 µl of template 

DNA suspension; 1x DNA Polymerase reaction buffer (Buffer GOLD 2 for AGSGold 

DNA Polymerase containing 75 mM Tris-HC1(pH 90), 20 mM (NHa)2SO49 0.01 % Tween- 

20); 2.5 mM MgC12; 0.4 mM dNTPs mix; 200 nM primer; 1 unit AGSGold Taq 

Polymerase (Hybaid, Middlesex, UK) in a final reaction volume of 25 µl. This was used as 

the main RAPD-PCR setup throughout the project. 

2.2.3.1.2. Mitochondrial PCR protocol 

Throughout the project, six sets of mitochondrial primers were used for amplifications of 

targeted mitochondrial sequences (Table 2). 

Table 2- List of mitochondrial primers used in the Nezumia study 

Set Primer name Sequence ofprimers PCR product size 

1) Cytochrome b (cyt b): 
IL 14841 5'-CCAACATCTCACCATGATGAAA-3' 
2H 15163 5'-TGAGGACAAATATCATTCTGAG-3' 351 bp 

(universal 
-from: DeSalle et al. 1993b; 2Hammond 1997, personal communication) 

2) Cytochrome oxidase subunit 11 (COIL): 
1L 7450 5'-AAAGGAAGGAATCGAACCCCC-3' 
2H 8055 5'-AAGACGTCCTCCACTCATGAGC-3' 605 bp 

('for fish -from: DeSalle et al. 1993b; 2Hammond 1997, personal communication) 

3) Cytochrome oxidase subunit III (COIÜ): 
1L 9459 5'-TTATTTATTGCATCAGAAGT-3' 
2H 9924 5'-TCAACAAAGTGTCAGTATCA-3' 465 - 500 bp 

(1.2 universal -from: DeSalle et al. 1993b) 

4) Set for 12S rRNA: 
MITI2SAIS 5'-AAACTAGGATTAGATACCTATTAT-3' I 
2MITI2SB3 5'-AAGAGCGACGGGCGATGTGT-3' 433 bp 

(1,2Hammond 1997, personal communication) 
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5) Set for COI + tRNA +COII: 
'MITLEP2F 5'-ATTATGTTCTTTCTATAGG-3' 
2 MITLEP2R 5'-AAAATGTTAAATTTACTCC-3' 146 bp 

(""Hammond 1997, personal communication) 

16S) Set for 16S rRNA: 
116SAR 5'-CGCCTGTTTATCAAAAACAT-3' 
216S BR 5'-CCGGTTTGAACTCAGATCATG-3' 570 bp 

(universal: 'Kocher 
et*al. 1989; 2Palumbi 

et aL 1991) 

The thermal cycling was as follows: initial denaturation at 94°C for 1 min, then 35 - 40 

cycles of 30 - 45 s at 94°C, annealing temperature at 38 - 51°C for 30 - 60 s depending on 

the type of mitochondrial primer set used, and extension 1-2.45 min at 72°C. A final 

extension step of 2-7 min at 72°C was carried out. The best performance for mitochondrial 

amplifications and the program mostly used on the Hybaid Omn-E thermal cycler was: 
STEP 1: 94°C for 1 min (initial denaturation) 

then 40 cycles of 
STEP 2: 94°C for 45 s (denaturation) 

STEP 3: 40°C for 1 min (annealing) 

STEP 4: 72°C for 2 min 45 s (extension) 

and then 1 cycle of 

STEP 5: 72°C for 7 min (final extension) 

Amplification reactions were performed in volumes of 25 Al containing: 2.5 µl of 10 x 

reaction buffer (Hybaid-AGS GOLD 2 buffer for Hybaid-AGSGold DNA Polymerase 

containing 750 mM Tris-HC1 (pH 90), 200 mM (NH4)2SO4,0.1% Tween-20), 2.5 µl of 25 

mM MgC12 (from the Hybaid PCR Kit), 100 µM of each dNTP (Pharmacia Biotech, or 

Hybaid), 1.25 µl of each primer (5 pmol/µl), 1.25 units Taq polymerase (Hybaid-AGSGold 

DNA Polymerase), and 2.5 - 10 µl of template DNA (absolute concentration of DNA in 

PCR reaction varied - depending on a particular DNA extract and if a diluted DNA 

suspension was used). 

The PCR amplifications of the mitochondrial 16S gene on DNA extracted from formalin- 

fixed specimens of Nezumia and DNA of ethanol preserved Coryphaenoides were carried 

out by using Hybaid PCR Express and Perkin Elmer DNA Thermal Cycler 480 in the 
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Molecular Ecology Laboratory of the Southampton Oceanography Centre. PCR thermal 

cycling consisted of 40 cycles of denaturation for 45 s at 94°C, annealing 1 min at 45°C, and 

extension for 3 min at 72°C. The final extension was 7 min at 72°C. PCRs were carried out 

with 1-6 µl DNA extract, 2 µl of lOx reaction buffer (Perkin Elmer [PE] PCR Buffer II, or 

Qiagen Taq polymerase buffer), 2.4 µ125mM MgC12,1.6 µl of dNTPs mix (PE; 10 mM), 1 

µl of each primer (10 pmol/gl), and 1 µl of Taq polymerase (1 U/µl; Perkin Elmer 

AmpliTaq DNA Polymerase) in a volume of 20 µl. Qiagen Taq polymerase was tested in a 

few PCR experiments. Qiagen Q-solution (3 µl of 5x Q-solution) from Qiagen PCR kit 

(contains glycerol) was applied in most PCRs in order to improve a performance of the 

mitochondrial PCR amplifications. 

PCR amplifications of the mitochondrial 16S gene were carried out on DNA of ethanol 

preserved tissue samples of Nezumia and ten differently preserved specimens of mackerel 

using a PE GeneAmp PCR System 2400, or GenAmp PCR System 2700, thermal cycler at 

the Molecular Laboratory of the Natural History Museum, London. PCR reactions were 

prepared in a volume of 10 µl and 25 µl using ABgene ready Taq PCR mix (2x PCR master 

mix with Thermoprime Plus DNA polymerase; according to manufacturer's information, 

containing in a final reaction volume: 1.25 units of Taq, 75 mM Tris-HCI, 20 mM 
(NH4)2SO49 1.5 mM MgC12,0.01% Tween 20,0.2 mM of each dNTP). If puReTaq Ready- 

To-Go PCR Beads (Amersham Biosciences UK Limited, Buckinghamshire, UK) were used, 

PCRs were performed in 25 µl of a PCR reaction volume containing -2.5 units of puReTaq 

DNA polymerase, 10 mM Tris-HC1 (pH 9 at room temperature), 0.2 mM of each dNTP 

(dATP, dCTP, dGTP and dTTP), 50 mM KCI, 1.5 mM MgCl2, and stabilizers, including 

BSA (according to the manufacturer's product sheet). PCR reactions were carried out with 

2.5 µl of each primer (10 pmol/µl) and 5 µl DNA extract (or 10 ng of Nezumia template 

DNA) in a volume of 25 µl, i. e. with 1 µl of each primer (10 pmol/µd) and 2 µl DNA extract 

in a volume of 10 µl. PCR thermal cycling consisted of an initial denaturation at 94°C for 1 

min, followed by 40 cycles of denaturation for 30 s at 94°C, annealing for 30 s at 48°C, and 

extension for 1 min at 72°C. A final extension step of 7 min at 72°C was carried out. 

Another set of mitochondrial primers for cytochrome b (developed by Finnerty and Block 

(1992) for blue marlin, Makaira nigricans) was tested in the NHM Laboratory on ethanol 

preserved samples of Nezumia and ten differently preserved mackerel specimens: 
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L15079 5'-GAGGCCTCTACTATGGCTCTTACC-3' 

H15497 5'-GCTAGGGTATAATTGTCTGGGTCGCC-3'. 

Expected size of PCR product for Scomber is 418 bp (Scoles et al. 1998). 

Primers for cytochrome b (Set 1), cytochrome oxidase subunits II (Set 2), cytochrome 

oxidase subunits III (Set 3) and 16S were synthesized by MWG-Biotech (MWG-Biotech 

UK Ltd., Milton Keynes, UK), whereas primers for Set 4 (12S) and Set 5 were synthesized 

by Pharmacia Biotech. Mitochondrial primers used in the NHM Laboratory on ethanol 

preserved specimens of Nezumia and ten differently preserved specimens of mackerel (cyt b 

for blue marlin and 16S) were synthesized by Sigma-Genosys (Haverhill, UK). All primers 

were delivered lyophilised. The stock solution of primers (concentration of 100 pmoUµl) 

was prepared with sdH2O. 

2.2.3.1.3. PCR protocol for newly designed Nezumia-specific, RAPD-derived, primers 

Designed oligonucleotide primers were synthesized by MWG-Biotech (MWG-Biotech UK 

Ltd., Milton Keynes, UK) and by Sigma-Genosys (Sigma-Genosys Ltd., Haverhill, UK). 

Lyophilised primers were dissolved in sterile water (at a stock concentration solution of 100 

pmol/µl) and kept at -20°C. A working stock solution was prepared at a concentration of 5 

and 10 pmol/µl. 

The Hybaid Omn-E thermal cycler with hot lid was used for these PCR amplifications in the 

Nescot Laboratory. PCR cycle conditions were: 1 cycle of 94°C for 1 min (the initial 

denaturing); 40 cycles of 94°C for 45 s (denaturing), 40°C for 1 min (annealing), 72°C for 2 

min 45 s (extension), with a final extension phase of 72°C for 7 min (1 cycle). Different 

annealing conditions, i. e. duration 30 s to 2.5 min and temperature 40-55°C were tested, but 

the best performance was with an annealing step of 40°C for 1 min. PCRs were carried out 

with 0.5 µl, 2.5 µl, or 5.0 µl suspension of extracted total cellular DNA, 2.5 µl of 10 x 

reaction buffer (Hybaid-AGS GOLD 2 buffer), 2.5 pl of 25 MM M902,400 PM of dNTP 

mix (Pharmacia Biotech, or Hybaid), 1.25 µl of each primer (5 pmol/pl), 1.25 units of 

Hybaid-AGSGo1d Taq DNA polymerase in a volume of 25 µl. 

For DNA extracted from ethanol-preserved tissue samples of Nezumia aequalis and 

Nezumia cf. micronychodon, PCRs were performed in the Molecular Laboratory of the 
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Natural History Museum, London by using a GeneAmp PCR System 2700 (Applied 

Biosystems) and a PE GeneAmp PCR System 2400 thermal cyclers, and puReTaq Ready- 

To-Go PCR Beads (Amersham Biosciences) and ABgene ready PCR mix (ABgene, Epsom, 

Surrey, UK) PCR kits. A content of PCR reactions was the same as for mitochondrial PCRs 

performed in the NHM (see p 94). PCR reactions were subjected to the following thermal 

cycles: 1 cycle at 94°C for 1 min of the initial denaturing; 40 cycles at 94°C for 15 - 45 s 

denaturing, 40°C - 48°C for 15 s-1 min 45 s annealing, 72°C for 30 s-2 min 45 s 

extension; and 1 cycle at 72°C for 7 min final extension. Different durations of annealing 

(15 s-1 min 45 s) and annealing temperatures (40 - 48°C) were tested, but the best 

performance was 48°C for 15 s and 30 s for the annealing step. Also, different lengths (30 s 

-2 min 45 s) of extension temperature (72°C) were tested, but the best performance was 

72°C for 30 s of annealing step. To summarise, the best performance for ethanol-DNA of 

Nezumia and the program mostly applied was: 

STEP 1: 94°C for 1 min (initial denaturising) 

then 40 cycles of 
STEP 2: 94°C for 15 s (denaturation) 

STEP 3: 48°C for 15 s (annealing) 

STEP 4: 72°C for 30 s (extension) 

and then 1 cycle of 

STEP 5: 72°C for 7 min (final extension) 
STEP 6: 4°C for - (hold) 

Selected primer sets were also tested against DNA extracted from fresh/frozen tissue of 

mackerel (Scomber scombrus, Family Scombridae) applying the same PCR conditions as 
for ethanol-DNA of Nezumia (tested in the NHM). 

2.2.3.1.4. Other primers and PCR experiments 

The universal ITS primers were tested in a few PCR amplifications with DNA from 

formalin-fixed Nezumia specimens. The primers used in these PCR experiments are: 
ITS-1: 5' - TCC GTA GGT GAA CCT GCG G . 3', and 

ITS-4: T- TCC TCC GCT TAT TGA TAT GC - 3' 

(Allainguillaume 2000, personal communication). 
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The Hybaid Omn-E thermal cycler cycling conditions were: 1 cycle at 94°C for 1 min initial 

denaturing; 40 cycles of 94°C for 45 s (denaturing), 40°C for 1 min (annealing), 72°C for 2 

min 45 s (extension); and 1 cycle of 72°C for 7 min (final extension). PCRs were carried out 

with 0.5 µl, 2.5 µl, or 5.0 µl extract DNA, 2.5 p1 of 10 x reaction buffer (Hybaid-AGS 

GOLD 2 buffer), 2.5 µl of 25 mM MgC12i 400 pM of dNTP mix (Pharmacia Biotech, or 

Hybaid), 1.25 pl of each primer (5 pmol/µl), 1.25 units of Hybaid-AGSGold Taq DNA 

polymerase in a volume of 25 µl. 

Primers for the two microsatellite loci (CR 1/16 and CR 2/40), developed for 

Coryphaenoides by the Ecological Molecular Group of the Oceanography Centre, 

University of Southampton, UK (Alex Rogers 1999, personal communication) were tested 

on DNAs extracted from formalin-fixed specimens of Nezumia and ethanol preserved 

samples of Coryphaenoides. 

The primers for the 28S gene D2 domain and for the rhodopsin gene were tested only on 

DNA extracted from the ethanol preserved muscle tissue of Nezumia, and on DNA extracted 
from ten differently preserved tissue samples of mackerel (Scomber scombrus). Primers 

used to amplify 28S gene D2 were developed by Lecointre et al. (1997) for fish: 

Cl: 5'-ACCCGCTGAATTTAAGCAT"3', and 

D2: 5' - TCC GTG TTT CAA GAC GGG - 3' 

Primers used to amplify the rhodopsin gene were developed by Zaragueta-Bagils et al. 

(2002) for fish: 
Rh545 (forward): 5' - GCA AGC CCA TCA GCA ACT TCC G- 3', and 

Rh667 (reverse): 5' - AYG AGC ACT GCA TGC CCT - 3' 

The 28S and rhodopsin genes were amplified using the same PCR conditions as for 16S 

mitochondrial PCRs performed in the NHM (see p 94). 
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2.2.3.2. Identification of PCR products by electrophoresis 

PCR products were visualized on 1% agarose gel using ethidium bromide staining and UV 

transillumination. Five microlitres of loading buffer (25 % Ficoll and 0.025 % bromophenol 

blue) was added to 15 µl PCR reaction product and electrophoresis was run at 6 V/cm for 

1.5 hours. In Southampton and in the NHM Laboratory, a slightly different gel loading 

buffer was used (0.25 % bromophenol blue, 0.25 % xylene cyanol, 30 % glycerol, and 69.5 

ml dH2O - in Southampton, that is, 20% sucrose, XCBP Blue - 6x Loading dye in the 

NHM) and a smaller amount of amplification reaction for examination (5-10 111). Tris-borate 

buffer (Tris-borate/EDTA buffer) was used as electrophoresis buffer in the Nescot 

Laboratory, whereas lx TAE buffer (Tris base/ glacial acetic acid/ EDTA buffer) was used 

in the Southampton and the NHM laboratories. 

As DNA size markers, 1 Kb DNA Ladder (Gibco BRL, or Promega) was mainly used. A 

quantitative HyperLadder I and HyperLadder IV (Bioline) was used in the NHM 

Laboratory. 

Photographs were taken by Polaroid camera (Polaroid CU-5 Land Camera) with a red filter 

using black and white Polaroid 667 film. In the Southampton and NHM laboratories, the gel 

was photographed and recorded using the gel-documentation system (Uvidoc in 

Southampton; UVP at the NHM). 

2.2.3.2.1. Extraction of DNA fragments from iel slices 

DNA of selected RAPD-PCR fragments were purified from gels in order to be re-amplified, 

cloned, or labelled and used for Southern blotting. After running PCR amplification 

products on the ägarose gel, fragments were excised from the gel by sterile scalpel. DNA 

extractions from excised gel slices were carried out immediately, or gel slices were stored at 

-20°C until needed. The Hybaid Recovery Gel Extraction Kit (Hybaid Ltd., Middlesex, UK) 

was used following the manufacturer's instructions. 
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2.2.3.3. Southern blottinj' 

Selected DNA RAPD-PCR fragments were used for DIG labeling and Southern blotting. 

2.233.1. DIG labelling 

DNA RAPD-PCR fragments (cloned and/or PCR amplicons) were labelled by digoxigenin- 

dUTP (DIG) using DIG DNA Labelling and Detection Kit (Boehringer Mannheim) 

according to the manufacturer's protocol. 

2.2.3.3.2. Southern blotting/ hybridisation 

The method of overnight capillary transfer of the nucleic acid to the membrane was used as 
described in Hammond (1995,1997): 

Transfer of gel DNA (RAPD-PCR DNA fragments) on to the membrane: 

1) The gel with electrophoretically separated RAPD-PCR fragments (bands) was immersed 

in NaOH/ Saline buffer (0.5 M of NaOH, 1.5 M NaC1) for 20 minutes. The dish with the 

gel was gently rocked at intervals. 

2) Then, the gel was transferred into Tris/ Saline buffer (0.5 M Tris-HCI; 3M NaCI, pH 
7.4) and incubated for 15 minutes with intermittent agitation. 

3) Two pieces of Perspex were wrapped around with a piece of Whatman 3MM filter paper 

and placed in a dish. The 10 x SSC buffer (Saline sodium citrate containing: 1.5 M NaCl 

and 0.15 M sodium citrate pH 7.0) was added almost to the top of the Perspex. This 

"construction" was smoothed with a clean glass rod to remove air bubbles. 

4) The gel was turned over so that the wells were face down, and it was placed centrally on 
the'filter paper wick. A nylon membrane (Duralon-UV; Stratagene) was cut into a piece 

of about 2 mm smaller than the gel. The membrane was placed onto the gel so that about 

1 mm of gel was showing round the edges. The cling film was placed around the gel/ 

membrane combination so that only membrane was exposed. Two sheets of 3 MM filter 

paper of the same size as the membrane were cut and wetted with 2x SSC. It was placed 

on top of the membrane ensuring that there were no air bubbles. Then, two sheets of dry 
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3 MM paper were placed on the top. A stack of paper towels was placed on the top of 

the filter paper. A glass plate was placed on the top of the towels and it was compressed 

with a weight. 

5) This "construction" allowed an overnight flow of 10 x SSC from the reservoir through 

the gel and membrane to the paper towels, allowing the DNA fragments to be carried 

from the gel onto the membrane. 

6) Next day, after the transfer was completed, paper towels and 3 MM papers were 

discarded. The position and orientation of the gel were marked on the membrane using a 

pencil. The membrane was placed on the clean surface of the UV transilluminator and 

exposed to UV light for 5 minutes in order to bind DNA onto the nylon membrane. 

A pre-hybridisation was carried out immediately, or blots (membranes with transferred 

DNA) were wrapped in cling film and stored in a fridge at 4°C until required for pre- 
hybridisation and hybridisation. 

Pre-hybridisation and hybridisation: 

1) The blot was pre-hybridised by placing into a hybridisation tube with 10 ml of the 

hybridisation buffer (1% w/v Blocking reagent from 10% blocking stock solution 

supplied with the Boehringer Mannheim hybridisation Kit; 0.1% w/v N- 

lauroylsarcocine; 0.02% SDS). The tube with blot was placed on the rotisserie in the 

hybridisation oven (Hybaid) and incubated at 68°C for 1 hour with the rotisserie turning. 

2) 10 µl of prepared DIG-labelled probe was transferred into a fresh micro-centrifuge tube. 

Placing it in a boiling water bath for 3 minutes, the DNA probe was denatured. The 

probe was immediately pipetted and transferred into 2.5 ml of fresh hybridisation buffer. 

3) The hybridisation tube containing the blot was taken out of the oven and the pre- 
hybridisation solution poured out. Then, the hybridisation solution containing the probe 

was added to the tube and placed again in the hybridisation oven. The incubation was 

carried out overnight at 68°C with rotation. 

4) The membrane was removed from the tube and the hybridisation solution was discarded. 
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Then, 50 ml of the washing solution (2x SSC; 0.1 % SDS) was added. It was gently 

agitated for 5 minutes at room temperature, and then the wash solution was discarded. 

The wash step was repeated once more. 

5) 50 ml of the stringent wash solution (low salt: 0. lx SSC and 0.1 % SDS, or 0.05 x SSC 

and 0.1 % SDS), preheated at 68°C, was added to the membrane. The tube with the 

membrane was placed in the oven and rotated for 15 min at 68°C. The stringent wash 

solution was discarded and washing step repeated. 

Immunological detection of the probe on the Southern blot was carried by the antibody 

solution supplied with the Boehringer hybridisation kit, following manufacturer's 
instruction (Boehringer Mannheim). 

2.2.3.4. Cloning experiments 

Selected RAPD-PCR fragments were excised from the gel, purified (using the Hybaid 

Recovery Gel Extraction Kit according to the manufacturer's protocol) and used for cloning 

experiments. Before proceeding to cloning, extracted gel-DNA was always run (3-5 [11) on a 

1-2% agarose gel for size and DNA concentration inspection. 

The pUC 18 plasmid vector was used as a cloning vector for these experiments. A pUC 18 

vector used in these experiments was mainly obtained by minipreps from E. coli cultures 

by using Hybaid Recovery Quick Mini Spin Kit (Hybaid), or Wizard Minipreps DNA 

Purification System (Promega). Occasionally, ready pUC18 plasmid (0.25 µg/µ1; Gibco 

BRL, Life Technologies Inc. ) was used in these experiments. It was applied the T/A 

cloning method described in Hillis et al. (1996). 

A vector preparation: digestion of the pUC 18 with Sma I and preparation of T-tailed vector 
(T-overhang) - Hillis et al. (1996) modified protocol: 

1. Digestion of the pUC18 with Sma I (Advanced Biotechnologies 10 U/µ1, or Promega 

12 U/µl) was carried out for 2 hours at 25°C. Usually, digestion was performed in 30 µl 

of a reaction volume. If a larger volume of a digestion reaction (50 µl - 100 td) was 

applied, the digestion of vector would be extended from 2 hours to 24 hours. 
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- 15 µ1 of plasmid-vector DNA (pUC18) 

- 11 µl sdH2O 

-3 µl multi-core buffer (I Ox buffer) 

- 1111 Sma I 
Total reaction volume: 30 µl 

2. The termination of digestion process (i. e. the inactivation of the Sma I restriction 

enzyme) was carried out by heating of the reaction sample at 55°C for 5-20 min. 

Digested vector was purified by precipitation with 2.5x volume of absolute ethanol and 

1/10 volume of 2M NaCl overnight at -20°C. To recover the precipitate, the sample 

was centrifuged for 10 min at 13,000 rpm. The pellet was dried and then re-suspended 
in sdH2O. 

3. To add T-overhang, the following were used: 

45 µl DNA of digested vector (pUC 18/ Sma I) 
5.1 µ1 of Taq lOx buffer (Hybaid AGSGo1d Taq buffer containing 15 mM MgC12) 
1 µl dTTP (100 mM; pH 7.5) 
0.75 ul Tag polymerase (5 U/ µl: Hybaid, AGSGoId DNA polymerase) 

Total reaction volume: 51.85 µl 

The incubation was carried out in a thermal cycler (Hybaid Omn-E with hot lid) at 70°C 
for 2 hours. 

4. PCI (Phenol : Chloroform : Isoamyl Alcohol, 25: 24: 1) and CI (Chloroform : Isoamyl 

Alcohol, 24: 1) extraction was carried out: 
(i) An equal volume of PCI was added, gently mixed with sample and incubated 

at room temperature for 5 min. Phase separation was obtained by centrifuging 

the sample at 13,000 rpm for 5 min. The upper aqueous layer, which contained 

the vector, was transferred to a new 1.5 ml tubes using a wide bore tip. 

(N. B. This step was frequently omitted and the extraction would start with a 

step (ii)). 

(ii) Then an equal volume of Cl was added. The incubation was carried out for 2 

min at room temperature. The sample was centrifuged at 13,000 rpm for 3 min. 

The top (aqueous) layer was transferred to a new 1.5 ml tube without 
disturbing the interface. 
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(iii) The precipitation with 2.5x volume of absolute ethanol and 1/10 volume of 2M 

NaCl was carried out at -20°C overnight, or at -64°C for 15-20 min. 

(iv) The sample was centrifuged at 13,000 rpm for 15 - 20 min, The pellet was 

washed twice with 70% ethanol, dried and re-suspended in 0.1 x TE buffer. 

The T-tailed vector was ready for insertion of a selected RAPD-PCR DNA fragment, i. e. 

for a ligation procedure. 

Ligation: 

The ligation reaction contained: 

12 µ1 sd H2O 
2 µ1 l Ox Ligase Buffer (contain ATP) (Promega, or NBL Gene Sciences) 
2 µl T- tailed vector 
2 µl RAPD-PCR insert (fragment) 
2111 T4 DNA li Rase 3-4 units/ µb (Promega, or NBL Gene Sciences) 
20 µ1- total reaction volume 

The T4 DNA ligase (3 u/µl; Promega, Madison, WI, USA, or 4 u/jil; NBL Gene Sciences, 

Northumberland, UK) was used to ligate selected RAPD-PCR DNA fragments into Sma I 

cut/ T-tailed pUC18. Usually, a ligation reaction was incubated overnight at 12°C, but 

occasionally, variable temperature regimes were also applied (the ligation reaction was first 

incubated at 4°C overnight, then 5-10 hours at 12°C, then 30 min to 2 hours at room 

temperature, and to finish incubation at 4°C for a few hours) in order to achieve a better 

ligation effectiveness. 

Transformation 

E. coli XL2 - BlueScript (Stratagene) host bacterial cells were used for transformation. 

Commercially prepared competent cells were stored at -70°C until required for 

transformation, or competent cells were prepared from a culture. If preparation of competent 

cells was required, two protocols were applied in the study: 

(1) modified Kushner method (from: Hammond 1995) for inducing competence and 
transformation by calcium chloride/rubidium chloride procedure, and 

(2) modified calcium chloride protocol (Cohen et al. 1972). 
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(1) The Kushner modified method (from: Hammond 1995) 

(a) Production of competent cells 

1) A loopful of E. coli XL2 cells from a single colony was inoculated into 10 ml of LB 

broth. The cells grew at 37°C overnight in an incubator (gentle shaking). 

2) 0.1 ml of the overnight culture was inoculated into 20 ml of LB broth in a 250 ml 

conical flask and shaken at 37°C for 2-3 hours, until the bacterial growth reached 

early to mid-log phase (measured by a spectrophotometer: OD650 = 0.15). 

3) Then, 1.5 ml of the bacterial cell culture was transferred to 1.5 ml Eppendorf tubes 

and pelleted by spinning at 12,000 rpm in a microcentrifuge for 2 minutes. The 

supernatant was removed and the pellet gently re-suspended in 0.5 ml of ice-cold 10 

mM MOPS, 10 mM RbCI pH 7.0. Cells were kept on ice for all subsequent steps 

unless otherwise stated. 

4) The suspension was centrifuged, the supernatant removed and the pellet re- 

suspended in 0.5 ml of ice cold 100 mM MOPS, 50 mM CaC12,10 mM RbCI, pH 

6.5. The cells were then incubated at 0°C for 60 minutes. 

5) The suspension was centrifuged for 2-5 minutes at 12,000 rpm, the supernatant 
decanted, and then the pellet re-suspended in 200 µl of ice cold 100 mM MOPS, 50 

mM CaC12,10 mM RbC1, pH 6.5. 

At this stage, the cells were "competent" and they were immediately used for introduction 

of plasmid, or they were stored in glycerol (40 µl of 80 % sterile glycerol + 200 µl of cell 

suspension) at -70°C until required. When required, they were thawed on ice and 

immediately used for transformation. 

(b) Introduction of plasmid into competent cells 

1) 4 µl of the ligation reaction was pipetted directly into 100 µl of competent cell 

suspension and gently mixed. This mixture was incubated on ice for 30 minutes with 

occasional shaking. 
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2) A heat shock of 45°C for 30 s was applied. 

3) The tubes were removed from the 45°C thermal block (or water bath) and 1 ml of 

warm LB broth was added. The mixture was incubated for 1 hour at 37°C. 

4) Volumes of 50 µl, 100 t1,150 µl, and 200 µl from each transformation were plated 

out on separate LB/X-gaUIPTG plates containing 50 µg/ml of ampicillin (Sigma). 

5) Plates were placed in an incubator at 37°C for 24 - 48 hours. 

(2) The modified method of Cohen et a!. (1972) for inducing competence to host cells 
and transformation 

1) 10 ml of LB broth was inoculated with 500 µl - 1000 µl of an overnight bacterial 

culture. The cells were incubated at 37°C and shaken until they reached exponential 

phase. Then, the cell culture was centrifuged for 10 min at 5,000 rpm at 4°C. 

2) The supernatant was discarded and then the cell pellet was gently re-suspended in 5 

ml of ice cold 50 mM CaCl2 This cell suspension was placed on ice for 30 min 

3) Centrifugation at 5,000 rpm for 10 min at 4°C was then applied. The supernatant was 
discarded. The cells were re-suspended in 1 ml of 50 mM CaC12 on ice. At this stage, 

the cells became "competent" and ready for transformation. 

4) The cell suspension was dispensed in 200 pl aliquots into pre-chilled tubes. 10-50 pl 

of ligation mix (pUC18 with inserted RAPD-PCR fragment) was added to each 

aliquot. The mixture was placed on ice for 30 min. Positive (with pUC18) and blank 

(with water) controls were also carried out. 

5) A heat shock of 10 min at 37°C was applied. 

6) 1 ml of cold LB broth was added into each tube and cells were incubated at 37°C for 

1 hour. 

7) Volumes of 50 µ1,100 µl, 150 µ1, and 200 µ1 from each transformation were spread 

on separate LB/X-ga1IIPTG plates containing 50 pg/m1 of ampicillin. Plates were 

placed in an incubator at 37°C for 24 - 48 hours. 
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Plasmid isolation 

Selected white colonies were re-plated and grew into LB broth (containing ampicillin), 

assuming that they contain recombinant plasmids (plasmids with cloned RAPD-PCR 

fragment). Plasmid DNA preparations were carried out on a small-scale using Wizard 

Minipreps DNA Purification System (Promega, Madison, WI, USA) or Iiybaid Recovery 

Quick Mini Spin Kit (Hybaid, Middlesex, UK), and on a large-scale using Wizard 

Maxipreps DNA Purification System (Promega, Madison, WI, USA). The procedures were 

performed according to the manufacturers' instructions. 

ScreeninL methods: 

Determination of the presence and size of inserts in recombinant plasmids (plasmids 

isolated from white colonies) used: 
(1) PCR screening method (occasionally), or 

(2) Screening method that involves EcoR I/ Hind III plasmid digestion (a method most 

often applied in this study). 

(1) PCR screening method 

The pUC18-specific PCR primers applied in this study: 

Primer 1 (forward), PUCFO: 5'-cag ggt ttt ccc agt cac gac-3' 

Primer 2 (reverse), PUCRE: 5'-tca cac agg aaa cag cta tga c-3'. 
(Hammond 1997, personal communication) 

For PCR reactions, a lOx diluted DNA suspension of isolated recombinant plasmid was 

used as a PCR-DNA template. The PCR reaction mix contained: 0.5 µl template DNA; Ix 

Taq polymerase reaction buffer (Hybaid AGSGoId Taq polymerase buffer without Mg), 2.5 

mM MgCl2i 400 µM dNTP mix; 200 nM of each primers; 1 unit AGSGoId Taq polymerase 

(Hybaid), in a final reaction volume of 25 µl. The PCR reactions were carried out using the 

Hybaid Omn-E thermal cycler programmed as follows: initial denaturation at 94°C for 2 

minutes; then 35 cycles of. 30 s at 94°C; 30 s at 54°C; 1 min 30 s at 72°C. The reaction 

products were analysed by agarose electrophoresis on a1%-2.5 % agarose gel. 
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(2) Screening white colonies by applying EcoR I and Hind III restriction enzyimes 

Plasmid DNA from white colonies was analysed for size and the presence of inserts by 

digestion with two restriction enzymes (EcoR I and Hind III). If the insertion (ligation) and 

recombination were successful, the RAPD-PCR fragment (insert) should be incorporated 

between these two restriction sites. For routine checking of the insert presence, the total 

volume of the digestion reaction was usually 20-30 µl. If the insert was required to be cut 

from the gel in order to be applied for DIG labelling and Southern blotting, or RFLP 

analysis - the digestion reaction was usually prepared in 80-100 µl of volume. The length of 

the incubation time (3-5 hours at 37 C) depended on the reaction volume used. Digestion 

reactions contained: 

15 µl plasmid DNA suspension 

10 µl sterile distilled water 

3 µl multi-core buffer (Promega) 

1 µl Hind III (12 U/µl; Promega) 

1 ul EcoR 10 2 U/111: Promega) 

Total reaction volume: 30 µl 

OR 40 µl plasmid DNA suspension 

26 µ1 sterile distilled water 

8 p1 multi-core buffer (Promega) 

3 µl Hind III (12 U/µl; Promega) 

3 µl EcoR 10 2 U/111: Promega) 

Total reaction volume: 80 µl 

The applied digestion conditions: 
0 

1) 3 hours at37C 
U 

2) 15 minutes at 55 C 

0 
OR 1) 5 hours at 37 C 

0 

2) 20-30 minutes at 55 C 

For a routine check, 3-5 µ1 of digested recombinant plasmid and 2 µl of loading buffer 

were mixed and run on a 1% - 2.5 % agarose gel (the percentage of the agarose gel 

depended on the expected size of inserted RAPD-PCR fragment). If the insert (ligated 

RAPD-DNA fragment) was to be excised from the gel and used for another analysis (e. g. 

for Southern blotting or RFLP), 30 - 50 µl of the digested recombinant plasmid was loaded 

into large wells and run on a 1.5% -2% agarose gel. A desired DNA fragment was excised 

from the gel and purified by Hybaid Recovery Gel Extraction Kit. 
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2.2.3.5. RFLP experiments 

Restriction Fragment Length Polymorphism analysis (RFLP) was applied to: 

- selected cloned inserts (cloned RAPD-PCR DNA fragments), 

- uncut recombinant plasmids 

- RAPD-PCR fragments excised directly from the gel slice after RAPD-PCRs, 

- crude PCR products (RAPD-PCR amplifications that generated only one visible 
PCR product) 

- total genomic DNA extracted from a formalin tissue sample of Nezumia. 

Boehringer Mannheim restriction nucleases: Alu I (AG*CT), Ava I (C*YCGRG), Ava II 

(G*GWCC), Bgl I (GCCNNNN*NGGC), Bcl I (T*GATCA), Cla I (AT*CGAT), Dde I 

(C*TNAG) Nae I (GCC*GGC), Nde I (CA*TATG), Sac I (GAGCT*C), Sma I 

(CCC*GGG), Stu I (AGG*CCT), Xho I (C*TCGAG) were used. 

Digestion reactions were carried out in a total volume of 15 - 20 µl using 5 µl of cloned 

insert (recombinant plasmid, or PCR amplification), 1/10 volume of the appropriate buffer, 

and 2 µl of a restriction enzyme. Length of digestion was at least 3 hours at the appropriate 

temperature (according to the manufacturer's information sheet) for each restriction 

enzyme. Digestions were stopped by applying a temperature of 60°C for 10-15 min 

2.2.3.6. Sequencing 

Sequencing was performed on: 

- recombinant plasmids, i. e. cloned RAPD-PCR fragments, and 

- PCR products generated with Nezumia-specific (RAPD-derived) primers and 

mitochondrial 16S primers (direct sequencing). 
Automated four colour sequencing employing cycle-sequencing dye-terminator chemistry 

was performed on ABI model DNA sequencers (Perkin-Elmer Corp. ) by Cambridge 

Bioscience Limited (sequencing of cloned RAPD-DNA fragments), MWG-BIOTECH AG 

and the Natural History Museum, London (direct sequencing of PCR products). Short read 

<650/single strand sequencing with primers M13(-21) was performed for sequencing of 

108 



cloned RAPD fragments. Direct sequencing of PCR products (both strands) was performed 

with the same primers that were used for PCR amplifications. 

Sample purification, cycle sequencing and sequencing of cloned RAPD-DNA fragments and 

direct sequencing of PCR products were completely carried out by the service staff in 

Cambridge Bioscience Limited, UK (suspensions of the recombinant plasmids that 

contained inserted RAPD-DNA fragments were sent to them) and MWG-Biotech (amplified 

PCR products - the vials with PCR reactions were sent out), but for direct sequencing 

performed in the NHM laboratory, the preparation of samples for sequencing was carried 

out to the point of purifying sequencing reaction product (the rest of the sequencing 

procedure was carried out by the staff of the NHM Sequencing Facility Unit). Re-amplified 

PCR product was purified using QlAquick PCR Purification Kit (Qiagen) following the 

supplier's instructions. Purified PCR product was used in a cycle sequencing reaction using 

ABI PRISM BigDye Terminator Cycle Sequencing Ready Reaction Kit (PE Applied 

Biosystems). A cycle sequencing was performed in 10 µl reaction containing: 4 pl Dye mix, 

1 µl primer (1.6 pmol), 4 µl sample - purified PCR-DNA product (-40 ng), and 1 µl sdH20. 

A thermal cycler, GeneAmp PCR System 2700, was programmed: 1 cycle at 96°C for 5 

min; 25 cycles of 96°C for 20 s, 50°C for 10 s, 60°C for 4 min; and a holding step at 4°C. 

Extension products were purified by using ethanol/sodium acetate precipitation method (in 

microcentrifuge tubes) following the supplier's instructions (ABI PRISM BigDye 

Terminator Cycle Sequencing Ready Reaction Kit; PE Applied Biosystems), except that 

half of the recommended amounts of sodium acetate (1 µl instead of 2 µl) and ethanol (25 µl 

instead of 50 p1) were used. The samples (dry pellets of the purified extension reaction) 

were stored at -20°C in the Sequencing Facility Section of the Natural History Museum 

London where sequencing was performed using the ABI Prism 377 automated sequencer. 

Sequences were analysed by the Sequencher package sequence analysis program 
(Macintosh version 4.1; Gene Codes Corp., Ann Arbor, MI, USA) - sequence editing, 

sequence alignments and contig assembling. Sequences were submitted to the GenBank 

using the Sequin program (Macintosh version) downloaded from the NCBI World Wide 

Web site (http: //www. ncbi. nlm. nih. gov). 
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2.3. Statistical analysis 

Tests of PCR success were checked on standard agarose gels stained with ethidium 
bromide. A weighting regime was applied as follows: any clear band/s (bright/strong or 

weak/clear) was considered as "positive (+)" PCR, non-amplified products were considered 

as "negative (-)", whereas very weak/unclear bands were treated as possible artifacts 
("positive/negative (+/-)" PCRs) and were excluded from statistical calculations. Statistical 

analysis of data was performed in the Biometric Group of the Natural History Museum, 

London (with the assistance of Clive Moncrieff) by using GenStat 10.2 software package 

(2007; Lawes Agricultural Trust - Rothamsted Experimental Station, U. K. ). z2 analyses 

were undertaken to compare PCR success rate (selected mitochondrial and RAPD PCRs) 

related to DNA extraction method applied to formalin-fixed, Steedman's preserved 

specimens of Nezumia, whereas t-tests were used to compare the number of RAPD bands in 

conjunction with an extraction protocol. 
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Chapter 3. RESULTS AND DISCUSSION 

Research on deep-sea organisms and use of museum specimens (or preserved tissue samples 

from other collections) for molecular investigations are two aspects of biological science of 

increasing interest. The main goal of this project was to explore the feasibility of using 

museum-preserved specimens for DNA studies. Nezumia was used as a test material and 

model approach for this kind of study. The type of preservation used on investigated 

Nezumia specimens (fixation with unbuffered formalin and preservation in Steedman's 

solution for prolonged periods) is of particular interest because there is no published 

information for molecular studies on such preserved specimens (or they were unsuccessful; 

see Carter 2003) despite the fact that many of museum fish and amphibian specimens have 

been preserved and stored in Steedman's solution. Nezumia is also an excellent model for 

investigating the feasibility of molecular investigations on organisms that have unstudied 

genomes and are available mostly as preserved specimens. This study did not aim to 

construct/re-construct phylogenetic relationship within Nezumia species and macrourid 

fishes, but to investigate and develop possible approaches in obtaining molecular 
information from fluid-preserved fish collections and taxa with unstudied genomes. The 

intention also was to contribute to modem taxonomy (if possible) in building up the "genetic 

inventory" of Nezumia species by using exclusively museum specimens of two investigated 

species. 

Throughout the text the term "archival DNA (arDNA)" will be used for DNA extracted from 

preserved specimens, but discussion about this new term and justification for introducing 

this term will be discussed in the Section 3.5 (p 228) of this thesis. 

3.1. Extraction of DNA and the effectiveness of PCR with "arDNA" 

This section contains two parts of the investigations conducted in the project: 

(1) Testing and developing the most suitable method for formalin-arDNA extraction 
including investigations of different effects on quality and quantity of extracted DNA if 

different protocols and modifications are applied, as well as the effect on PCR 

performance; 
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(2) Development of appropriate approaches for RAPD-PCR investigation with formalin- 

arDNA; that is, the use of RAPDs for testing the efficiency of DNA 

extractions/amplifications. 

3.1.1. DNA retrieval from preserved specimens and DNA extraction protocols 

The recovery of DNA from formalin-fixed specimens is challenging and an optimal method 

for DNA retrieval from such specimens (archival collections) is not yet described. The exact 

effects of different pre-extraction treatments of preserved tissue (washing/ heating/ freezing/ 

drying of preserved tissue prior to the DNA extraction) and DNA extraction methods on 

DNA recovery are still largely unknown (Tang 2006). 

3.1.1.1. Developing and optimising a protocol for formalin-arDNA extractions 

As was emphasised previously, the important part of this project involved the optimisation 

and development of a reliable protocol for extraction of formalin-arDNA suitable for PCRs 

and other molecular analysis. None of the initially tested protocols (protocols (B), (C) and 

(D)) for extracting of DNA from formalin-fixed, Steedman's-preserved specimens gave 

completely satisfactory results. This was the reason for developing and optimising a new 

DNA extraction protocol (protocol (A)) suitable for formalin-Steedman-arDNA extractions. 

The protocol (A) developed and optimised in this study was the result of gathering 
information obtained by testing the above-mentioned three protocols, including pre- 

extraction treatments of preserved tissues. Problems encountered with existing DNA 

extraction protocols, and how "good parts" of these protocols were tested in order to develop 

and optimise protocol (A), will be described. Guanidinium-based protocols were first tested 

(protocols (B) and (D)), and then a phenol-based protocol (C). 
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3.1.1.1.1. Tests and problems encountered with guanidinium-based protocols (13) and (1)) 

The GF. S based protocol of I lammond el al. (1996), protocol (B), provided arDNA extracts 

with relatively good PCR performances (Fig. 8). With these extracts, a certain level of 

RAPT)-PCR reproducibility was obtained (Fig. 8, gel (b)-lanes: 1-4). flow ever. some 

arDNA extracts produced by this protocol were not suitable for all PCR amplifications, 

especially not for mitochondrial PCRs (see support material on the ('I) for more 

infornmation). PCR inhibition was recorded with some arDNA extracts in combination with 

particular RAID primers (Fig. 8, gel (a)), but most of these arDNAs became PCR 

amplifiable by diluting arDNA extracts (Fig. 8). This indicated that this protocol could 

produce arDNA extracts with sufficient concentration and quality of DNA to generate 

successful RAPD-PCR amplifications and reasonably reproducible hand patterns in PCR 

experiments with some of arDNA extracts (e. g. Fig. 8, gel (h)-Lane: 1-4). 

(a) - RAPD primer 29 (b) - RAPT) primer 44 

1018 bp 

506 bp 

Fig. 8- RAPD-PCR amplifications performed with four different arl)NA extracts produced by protocol (13). 
(a) Possible PCR inhibition with undiluted and 5x-diluted (5x-[)) arDNA suspension (Lanes: I and 

2) - RAPD primer 29. Lack of' CR amplifications with 5t x- and I()Ox-diluted (IOOx-I)) arDNA 
samples were probably due to too low DNA-template concentrations (Lanes: 4 and 5). 

(b) RAPD-PCRs performed in duplicates with two different PCR-DNA template concentrations (all 
arDNA extracts were performed with 5x-dilutions of the original arDNA suspension). The 
reproducibility of RAPDs was variable and depended on individual arDNA extracts and fish 
individuals (RAPD-PCRs performed with RAPD primer 44). 
"M" indicates size marker fragments -I Kb DNA Ladder (Gibco). 

N. a Nezumia aequalis 
N. m Ne_umia micronvchuclcm 
R the identifier of the fish individuals (e. g., R-31 is fish no. 31, R-2 is fish no. 2., etc. ) 
(B) at-DNA extracts produced by protocol (B) 

I13 

º 0.25 º 0.5 II 0.25 º 0.5 II 

lun(lil I>-I )I I ýýý-I )ýýuý-1 ýI I ufiý-I )ý 

ng DNA: 10.5 1 0.1 10.05 10.01 10.0051 



I lowever, this strategy of diluting arDNA extracts with sdlIAO was not successful with all 

tested arDNA extracts. Generally, the concentrations of' DNA in arl)NA extracts produced 

with protocol (13) were relatively low (usually 1-2 Itg/ml; Appendix I) and a fires arlNA 

extracts were so low that it was not possible to measure DNA concentration by applying the 

Saran method (Sambrook et at. 1999). In addition, a certain number of' P('R amplifications 

did not provide reproducible RAPT)-P('R fragments (reproducible handing patterns) even in 

duplicates (e. g., Fig. 8, gel (b)-Lanes: 5-16). All this urged improvements and modification 

ofthe protocol (13), i. e. the testing of'other I)NA extraction protocols. 

The assumption that guanidiniurn was suitable for extractions from Formalin-fixed, 

Steedman's-preserved tissue samples had been further supported by N('R results obtained 

with arDNA extracts produced by protocol (U) - the Genosys Isolator reagent (a reagent that 

also contain guanidinium according to the supplier's information). This protocol produced 

arDNA extracts that gave some good PCR amplitications and RAPU-PUR results (fig. 1) 

with diluted arDNA extracts: Lanes 3-5). 

Protocol (l))-cxtr. no. (I); RAPT) printer 20 

1018 bp 

506,517 bp 

Figure 9- The arl)NA extract no. (I), produced by modified protocol (I)), exhibited the inhibition of the 
RAP)-NCR if undiluted and I Ox-diluted arl)NA extracts were applied (Lanes: I and 2). It was 
possible to reduce (eliminate) the P('R inhibitory effect by diluting arl)NA extract with sterile 
water: 
50x-diluted (50x-D) (Lane 3), 
IOOx-diluted (IOOx-I)) (Lane 4), 
200x-diluted (200x-D) (Lane 5). 
RAPI)-PCR reactions were prepared from the same P(R master mix (mixture of the RAPT) 
primer, '1'(iq BUfter, 7uq polymerase, dNTPs. MgCI, and sdll, O) and they were run 
simultaneously in the same PCR thermal cycler. 
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The concentrations of DNA in the extracts of cod (frozen tissue that was used as a control) 

were high (usually over 20 µg/ml) by applying protocols (B) and (D) - Appendix 1 (rows 

VII and VIII), suggesting a high efficiency of these two protocols in extracting DNA from 

"good" samples. However, DNA concentrations of archival DNA extracts produced by these 

protocols were low, and PCR performances were inconsistent. Protocol (D) in particular, 

original or modified, was not considered for adoption as a main protocol throughout the 

project because of the inconsistency in producing PCR amplifiable arDNA (see support 

material on the CD for more information), but it helped to gain knowledge of the factors that 

are important for isolating arDNA from formalin-fixed fish samples. 

3.1.1.1.2. Tests and problems encountered with phenol-based protocol (C) 

The Shedlock et al. (1997) phenol-based protocol (protocol (C)) provided a better yield of 
formalin-arDNA (Appendices 2 and 3; Table 6, p 140) than protocols (B) and (D), but 

produced arDNA extracts which exhibited a very low level of PCR usability (Figs. 10 and 11; 

Tables 3 and 4; pp 131-133). A strong PCR inhibition was recorded with most of the tested 

formalin-Steedman-arDNA extracts produced by protocol (C). Almost all RAPD-PCR 

amplifications were completely inhibited (Fig. 10), as well as mitochondrial PCRs (Fig. 11) if 

the unmodified protocol of Shedlock et al. (1997) was applied. 

Most of the PCR amplifications run on the 1% agarose gel exhibited very strong background 

in the lanes (Figs. 10(a) and 11). The explanation and importance of the strong background 

on the agarose gel of the PCRs visualised by UV were unclear, but it was usually associated 

with poor PCR performances and poor quality of DNA template (arDNA extract). Similar 

observations were also presented by Chakraborty et al. (2006). 

In general, protocol (C) did not prove to be a good DNA extraction protocol for the fish 

specimens investigated because of strong PCR inhibition. Some improvements in PCR 

amplifications were achieved by diluting arDNA extracts with sterile water, or by applying 
the Promega Wizard Clean Up Kit instead of phenol and then diluting these arDNA extracts 
(Fig. 10 - gel (b)-Lanes: 1-6 and 13-18). However, neither of these modifications made to 
the protocol (C) significantly improved the protocol to the extent that it would be selected as 

a reliable DNA extraction protocol in the project. 
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RAP) primer 44 

undiluted arUNA extracts 

750 b 

5 o. ou5lo. u2 Iu. (Ic I u. lIu.; 1 IIu. uu; IUM25I u. 1' i 
ng I)N 

in 25 µl P('R 
(a) (b) 

Fig. 10 -RAP D-PCR amplifications with three different arDNA extracts produced by originaI (Lanes: 7-12 in 
both gels) and modified (Lanes: 1-6 and 13-18 in both gels) protocol (C). Protocol (C) was modified 
by using Promega Wizard Clean Up Kit instead of phenol. PC'R amplifications were performed in 
duplicates of three different PC'R-DNA template concentrations (relative concentrations: Ix. ýx and 
lOx). Gel (a) represents RAPT)-PCR amplifications with undiluted arl)NA extracts, whereas gel (h) 

represents RAPD-NCR amplifications with IOOx dilutions of arDNA extracts that were used for 
PCRs presented in gel (a) arDNA extracts nos.: 100,103, and 104". 
"M" indicates size marker fragments -I Kb DNA Ladder (Promega). 
N. m Ne_rrmia mici"omrhodon 
R- the identifier of the fish individuals (R-I is fish no. I 
(C) arDNA extracts produced by protocol (C). 

The presence of diffusible 1 C'R inhibitors in arl)NA extracts is supported h. evidence 

presented in Figure 11. The experiment presented on the gel (a)-banes: 1 1-13 clearly 

exhibits the PCR inhibition caused by diffusible PC'R inhibitors from arl)NA extract of' 

Nezumiu if two DNA extracts are mixed (Ne: umia-arl)NA extract no. 102 produced by 

protocol (C) and control cod DNA extract no. 89' produced by protocol (13)). I)NA of' cod 

alone generated P('R products (Fig. 11, gel (a)-Lanes: 14-16) suggesting that the quality and 

concentration of I)NA of the cod were sufficient for successful PC'R amplifications. 

However, successful P('R amplifications were prevented by diffusible 1'('R inhibitors from 

arDNA extracts of Nezumia if these two I)NA extracts were mixed (Fig. 11, gel (a)-Lanes: 

11-13). 
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500 bp 

ru�'c: o 
N. m, R-1 N a; R- 002 +SRI COD 

i; 102 (Cl: 106 (Cl+[E, (81: 88 NI 

(a) (h) 

Fig. II strong PCR inhibition as proved bN miyinu, control I )NA of fro/en cod (produced) h\ protocol 11311 
and formalin-arl)NA of Ne_utniu produced by protocol (C). Mitochondrial P('R amplifications of the 
'OIII gene were tested. 

Undiluted arl)NA extracts: Lanes I and 6 on "Cl (a). 
Diluted arl)NA extracts: lOx Il. anes: 2 and 7 on gel (a), and Lane I on gel (bfl. 

50x Lanes: 3 and 8 on gel (all. 
I00x I Lanes: 4 and 9 on gel (a), and Lane 2 on Egel (b)I. 
200x I Lanes: 5 and 10 on gel (a), and Lane 3 on gel (b)I. 

I 000x [Lane 4 on gel (b)I. 
Hie control DNA extract (no. 88) from the Iresh'trozen cod specimen , generated successful 
mitochondrial amplifications alone (undiluted DNA extract: Lanes 14-16 on _, el (a)). 
The presence of PCR inhibitors in t'ormalin-arl)NA extracts produced by protocol (C) is 
demonstrated on gel (a) Lanes: I1-13 by mixing undiluted tiormalin-arlNA extract no. 101 of 
Nc_untict nticron}rhoclwt produced by protocol (C) and cod control I)NA extract (no. 88 ) produced 
by protocol (B). The PCR products were generated only if Ne--untiu arDNA extract was diluted 10x- 
I000x and then mixed with undiluted cod control extract no. 88' (Lanes: 5-8 on the gel (b)). 
"M" indicates size marker fragments -I Kb I)NA Ladder (Promega). 
N. a Ne_umiu aequuli. s 
N. m ,V -tintia nticroti choclon 
R- the identifier of the fish individuals (R-I is fish no. I 
(C) arDNA extracts produced by protocol (C). 
(13) DNA extracts produced by protocol (13). 

By diluting arl)NA of Nezumia lOx-1000x times. diffusible PCR inhibitors were obviously 

diluted sufficiently to allow the successful PCR amplifications ofcod when mixed with the 

diluted arDNA extract of Ne: umia (Figure 11. gel (h)-Lanes: 5-8). I lowever. dilutions of' 

Nezumia-arl)NA no. 102 alone did not produce successful P('R amplification (Figure 11, gel 

(a)-Lanes: 2-5 and gel (h)-lanes: 1-4) although the applied concentrations of Nc'_runia 

arDNA (up to 5 ng DNA) should be sufficient for generating PCR products. 
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Generally, PCR performance was much worse with arDNA extracts produced by phenol 

protocol (C) than by guanidinium-based DNA extraction protocols (B) and (D) (p<0.001 

related to the PCR success rate; 2 values from 13.8 to 42.4 - see Tables 3 and 4; pp 131- 

133), despite higher DNA concentrations in arDNA extracts produced by protocol (C) - see 

Table 6 (p 138). Chemicals applied in the extraction protocol (C) are known to act as strong 

PCR inhibitors (e. g., SDS, phenol; Qiagen 2002), and there is also some information on 

possible negative interactions (from the aspect of recovering DNA from formal in-fixed 

specimens) between phenol and formaldehyde under acidic and/or alkali conditions (Fig. 

12). During DNA extractions with the phenol-based protocol, yellowish, gelatinous bits in 

the pellet were frequently noticed after DNA precipitation. These bits were mostly insoluble 

in water and/or TE buffer unless DNA samples were warmed. Even after heating, the 

precipitate would not be completely dissolved. This might indicate specific (unknown) 

interactions between chemicals used for phenol-based DNA extractions and chemicals that 

were used for the preservation of the specimens. 

OH 

H300- ý, 
CH 

+ ýCýO 

phenol formaldehyde H 

Bakelite 

OH 

Figure 12 - Phenols condense with formaldehyde under acidic or basic condition; polymerisation gives a 
network of phenol rings held together by methylene groups at ortho and para positions. (From 
Volland Walt: scidid. bcc. ctc. edu/wv/form-O. htm) 

The possibility of obtaining a better yield of arDNA, as well as the possibility to make some 

small improvements in PCR performances by diluting these arDNA extracts, were good 

enough reasons to try some further modifications on protocol (C). First, additional 

purification of the DNA extracts with absolute ethanol was tested, or with absolute ethanol + 

2M NaCl, in combination with an increased number of pellet rinses with 70% ethanol. 

Small but insignificant improvements were observed. Next, reducing the amount of phenol 
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used was attempted. Steps 3- (a) and (b) from the original protocol (C) were modified by 

reducing the use of phenol from three times to one, or by omitting (a) and (b) steps 

completely. Afterwards, instead of applying step 3 from the protocol (C), the GES reagent 

was used from the protocol (B), or the Promega Wizard Clean Up Kit. Applying these 

modifications (especially applying the GES reagent instead of phenol), the improvements 

were notable. 

3.1.1.1.3. Development and optimisation of a new protocol (A) 

The results of investigations on the previously described three protocols aided development 

of a new protocol (A); that is, these helped in recognising "good and important parts" for 

successful formalin-Steedman's-arDNA extractions. Protocol (A) was mainly developed by 

combining and optimising the "parts" of protocols (B) and (C). A full and detailed 

description of this developed protocol is provided in Chapter 2: General material and 

methods (p 75). 

The 1xGTE washing buffer (Shedlock et al. 1997) from protocol (C) was incorporated in 

protocol (A) as a part of pre-extraction treatment for formalin/Steedman's preserved tissues 

of Nezumia. This was based on claims that this buffer with glycine acts as a binding agent 

for excess formalin (Shedlock et al. 1997) which was supported by some tests and good 

results in this study. Interchangeable washing of a preserved tissue sample with 1xGTE 

buffer and sdH2O seems to be an even more effective pre-washing treatment (see Fig. 15; p 

124). Also, it seems to be important that sdH2O is used as the last wash in this 

interchangeable washing treatment (see support material on the CD). This might be related to 

the fact that water is a good solvent and, by applying sdH2O as the last wash, it might aid in 

dissolving and washing out chemicals from tissue - chemicals which are components of 

IxGTE buffer (such as glycine for which has been recently reported that can seriously 

decrease the production of amplifiable DNA if present in digestion buffer [see Gilbert et al. 

2007b]), chemicals from preserved tissue, and/or chemicals that were dissolved by 1xGTE 

buffer, but not sufficiently removed from the tissue by this buffer. Others have also found it 

beneficial to use 1xGTE buffer for washing formalin-fixed tissue prior to DNA extraction 

(e. g. Kearney and Stuart 2004; Hasbun et aL 2005). 

119 



Fine grinding of the tissue using alumina powder and dry ice proved to be good for 

mechanical disruption of tissue. Combination of fast freezing by application of dry ice led to 

fragility of tissue samples, while grinding with alumina powder made a mechanical breakage 

of tissue more certain. Both applications (dry ice and grinding with alumina powder) also 

aided in drying a tissue sample. 

The GES reagent from the protocol (B) was good for extraction of arDNA from preserved 

tissue, but it needed something additional for releasing DNA from the cells and tissue. 

Proteinase K proved to be useful for protein digestion and helped in releasing DNA from 

preserved tissue. The Shedlock et al. (1997) extraction (incubation; digestion) buffer with 

added DTT (dithiothreitol) as an antioxidant and enzyme stabilisor (information from the 

manufacture's booklet), proved to be effective (see Fig 10(b); p 116) and it was incorporated 

into protocol (A). Schander and Halanych (2003) are of the opinion that DTT is capable of 

breaking protein cross-linkages, i. e. DTT breaks the disulfide bonds between peptide 

sequences, whereas proteinase K cleaves peptide bonds at regular intervals (McNevin et al. 
2005). 

The Hammond et al. (1996) GES reagent proved to be useful in extracting DNA from 

formalin-fixed specimens (see Fig 8; p 113) and it was incorporated into a new protocol (A). 

This is probably because of the efficiency of guanidinium in denaturing proteins and 
dissolving biochemicals other than nucleic acids (Brown 2001; Rohland et al. 2004), as well 

as the possibility of breaking certain chemical cross-links (Rohland et al. 2004). The use of 
7.5 M ammonium acetate (AmAc) and chloroform reagent (chloroform : pentanol, 24: 1) 

from the Hammond et al. (1996) protocol (protocol (B)) were also incorporated into a new 

protocol (A), as well as the usage of isopropanol for DNA precipitation. 

Isopropanol proved to be better than ethanol for precipitation of formalin-arDNA, because it 

produced arDNA extracts with better yields of DNA and with less PCR inhibitory effects in 

some tested arDNA extracts. This was the reason why isopropanol (not absolute ethanol) 

was incorporated into protocol (A) for DNA precipitation. DNA precipitation was tested 

with absolute ethanol (with and without NaCl, or ammonium acetate), but most arDNA 

extractions needed to be diluted in order to be PCR amplifiable (see support material on the 

CD). This might be related to the fact that ethanol precipitation of DNA can result in a 

significant loss of low-molecular-weight DNA (Mulligan 2005) and inability/inefficiency in 

removing PCR inhibitors (Micheli et al. 1994; Montiel et al. 1997). However, isopropanol 
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has generously been reported as being good (better than ethanol) for removing PC'R 

inhibitors from DNA extracts (1lanni el ul. 1995; Rohland e> al. 2004). IF: xtended washing of 

the DNA pellet (4-5 times) by 70% aqueous ethanol seems to he important in reducing the 

PCR inhibition, so this was incorporated as a part ofprotocol (A). 

Fhe protocol (A) provided a good I)NA yield for preserved fish specimens (Appendices 4.5: 

"fahle 6) and PCR performances were also good Im the majority of arlNA extracts (e. g. Fig. 

I')-, Tables 3-5, pp 131-134). 

RAPD primer 44 

1500 bp 

1000 bp 

750 bp 

500 bp 

ng DNA in N IL,: 5-10 25-50 511-11111 11 11.5 2.5 
1 

Fig. 13 - RAPD-PCR amplifications (primer 44) with arDNA extracts produced by protocol (C) (Lanes: 1-5) 

and protocol (A) (Lanes: 6-1 1 ). Three different concentrations of PCR-DNA templates were 
applied: Ix, Sx, IOx (relative concentrations of PCR-DNA templates). Control fresh tissue of 
rainbow trout was subjected to the complete procedure of washing and drying tissue fix three days 

at room temperature before the DNA extraction procedure of protocol (A) was applied. This is not 
recommended for fresh/frozen tissue samples and this might be one of the reasons that the generated 
RAPD-PCR fragments were of a low intensity (Lanes: 12-17). The ditlcrence in RAI'! )-PCR 

profiles generated by primer 44 is notable between Ne_: nuia and rainbow trout. 
"M" indicates size marker fragments -I Kb DNA Ladder (Promega). 
N. a Nt'_urnia aequalis 
N. m Ne_urnia micron vchodoii 
R- the identifier of the fish individuals (R-2 is fish individual no. 2) 
(C) arDNA extracts produced by protocol (C). 
(A) DNA extracts produced by protocol (A). 
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For the majority of arDNA extracts, there was no need to dilute then in order to dilute 

diffusible inhibitors and reduce PCR inhibitory effect using protocol (A). It' a P('R 

amplification was unsuccessful with arDNA extract produced by protocol (A), the reason 

usually was not due to the presence of diffusible 1 CR inhibitors in arDNA extracts (Fig. 14). 

but related to other problems (may be because of extensive damage of targeted part of 

genome and the presence of cross-linkages [i. e. non-diffusible PCR inhibitorsi. insufficient 

amount of targeted DNA sequence in a PCR-DNA template, inadequate primers, and so on). 

This was proved by mixing formalin-arl)NA of Nezumia and control I)NA of rainbow trout 

(fresh/frozen tissue) (Fig. 14). 

(. t) (h) 

Fig. 14 - Inability to amplify the regions of mitochondrial 1)NA in arl)NA extracts produced by protocol (A) 
(Lanes: 1-10 on gel (a)) were not caused by "diffusible" PCR inhibitors. I'his was demonstrated by 
mixing control DNA of fresh/frozen rainbow trout and arDNA of fiirmalin-fixed Ne-umiu aequalis 
(gel (a)-Lanes: 11-15). The same mitochondrial regions were PCR amplified in mixed DNA extracts 
(arDNA of Ne_umia + DNA of rainbow trout) (Lanes: 11-15 on gel (a)) and in DNA extract of trout 
alone in duplicate PCR amplifications (Lanes: 2-I I on gel (b)) 
"M" indicates size marker fragments -I Kb DNA Ladder (Prome-a). 
N. a Ne_umiu aequulis 
R- the identifier of the fish individuals (R-23 is fish individual no. 23) 
(A) - DNA extracts produced by protocol (A). 

Generally, protocol (A) produced tbrmalin-Steedman-arl)NA extracts with better yield and 

PC'R usability than previously tested protocols (B)-(I)). On average. I)NA concentrations 

were 6.70 µt; /ml for Nezumia aequali. s and 10.03 pg/ml for N. micvont'cho(lon if produced 

by protocol (A), 1.18 ttg/mI for Nezumia ueyualis and 1.1 3 ýtg/mI for N. micront'ehoclon if 

produced by protocol (ß). and 5.35 µg/ml for A'ezumia aeyuali. c and 9.53 Ftg/ml tör 

micronvchodon it' produced by protocol (C) - see Table 6 (p 138). However, during these 

experiments. it was recognized that it was much more important to obtain arl)NA extracts 
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free of PCR inhibitors than trying to achieve very high yields of DNA. In other words, the 

production of arDNA extracts with a higher yield is less important than the production of 

arDNA extracts that contain a smaller amount of diffusible PCR inhibitors. The PCR 

inhibition caused by "diffusible" PCR inhibitors was not posing the major problem for most 

of arDNA extracts produced by this new protocol (A) which was not the case with 

previously tested protocols (especially with protocol (C)). 

3.1.1.1.3.1. The effects of some modifications in pre-extraction treatments 

During optimisation of protocol (A), the importance was acknowledged of washing and 
drying regimes applied to preserved tissue. The effect of some modifications in pre- 

extraction treatments of protocol (A) is shown in Figure 15. 

During the study, in order to speed up and simplify DNA extraction procedures, a shorter 

washing and drying of tissue samples was tested: washing a tissue sample in sdHZO for 10- 

30 min (or interchanging sdf12O and 1xGTE buffer), then 5-10 min tissue drying at room 

temperature. This was sufficient for some tissue samples, but better results (PCR amplifiable 

DNA and more reproducible PCR amplifications) were obtained with the extended pre- 

washing treatment (at least 24 hours) according to the experimental data obtained (see 

support evidence on the CD - compare, for example, Fig. S 1(a)-Lanes: 15-18 and Fig. S 1(h)- 

Lanes: 1-5 with S1(wz)-Lanes: 1-11). In a few experiments, just drying the tissue sample (at 

room temperature, or at 37°C) without any pre-washing, proved to be a sufficiently good pre- 

treatment of tissue for some arDNA extractions (but not for all tested samples and all 

markers; see Fig. 19(a), (b), (c)-Lanes: 6 for arDNA extract no. 206; p 130). Drying preserved 

tissue samples above 50°C (especially without applying tissue pre-washing) did not yield 
PCR amplifiable arDNAs (Fig. 15(a), (b) - Lanes: 1-6) regardless of reasonably good DNA 

concentration in arDNA extract (8 µg/ml in arDNA extract no. 233), or PCR performance 

was poor (see, for example, Fig. S1(x)-Lanes: 1-12 in support material on the CD). During 

the study, the full tissue pre-extraction treatment (pre-washing treatment with sdH2O and the 

1xGTE buffer for 48-72 hours and drying tissue for 20-30 min at room temperature) was 

mostly applied on the samples studied in order to obtain formalin-arDNA extracts of good 

yield and quality. Also, it seems that storage of pre-washed tissue samples at -64°C, or - 
20°C (for few weeks/months) prior to DNA extraction procedure is beneficial in obtaining 

better arDNA yields and arDNA extracts more suitable for PCR. 
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I. l issur sample dried I. I\( III. \\, i, hine I. Intýrrhun rahlý 

at 50-60°C for 50 for 24 hours at washing with 
minutes room sd 11,0 and 

2. I xGTE washing temperature I x(; TF for 72 
for 48 hours at hours at room 
room temperature 2. Tissue dried at temperature 

3. Tissue stored at room 
minus 64 °C for temperature for 2. Tissue dried at 
three months four hours room 

4. Tissue briefly before DNA temperature für 

dried at room extraction 7.5 hours before 

temp. Just before DNA extraction 
DNA extraction 

1636 bp 

1018 bp 

517,506 bp 

298 bp 

4 211 411 2.12.5 .t1S 
tII ng DNA in P( R 

(al RAN) primer -46 

4 20 40 2.5 12.5 25 3 15 30 ng DNA in PC R 

(h) - RAI'! ) primer 42 

Figure 15 - The effect of tissue types and drying/washing regimes of tissue samples on the PCR performance. 
Tests performed with RAPD primer 46 , el (a) and RAPD primer 42 "Cl (h). 
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Drying tissue samples prior to DNA extraction (with and without previously applied pre- 

washing treatment) at different temperatures (room temperature, 37°C, - 50°C, or - 60°C) 

seems to be critical in obtaining amplifiable arDNA. Tissue exposure to higher temperatures 

(50-65°C), especially if applied without tissue pre-washing and for a prolonged period (more 

than 30 min), seems to have an adverse effect on DNA recovery from preserved tissue. This 

might be related to the situation described by Lindahl (1993b) that if the DNA is completely 

"dry", it will lose the double helical configuration, making the bases more vulnerable to 

damage from loss of structural water. The results from this study suggest that tissue drying at 

room temperature is probably the safest and most effective way of drying tissue as a part of 

pre-extraction treatment. Tissue drying by freezing is probably worth exploring further 

(beside the usage of dry ice as a part of "grinding technique"). 

3.1.1.1.3.2. Application of protocol (A) on DMSO, ethanol preserved and fresh/ roten 
specimens o ish 

Protocol (A) applied on DMSO preserved tissue sample of Nezumia cf. aequalis produced 

DNA extraction with a good yield (Appendix 4- Spots V-5 and V-6; DNA concentrations 5 

µg/ml and 10 µg/ml). These extracts gave good RAPD-PCR amplifications with 

reproducible band patterns (Fig. 16, gel (a)), good mt-PCRs (Fig. 16, gel (b)-Lanes: 1,2), 

and good PCRs with RAPD-derived specific primers for Nezumia developed in this project 
(Fig. 16, gel (b)-Lane: 8). 

Protocol (A) applied on control, 95% ethanol preserved tissue samples of Coryphaenoides 

armatus, gave DNA extracts of a very good yield (Appendix 6; DNA concentrations -20 

pg/ml) and suitable for PCR applications (RAPD, and mitochondrial PCRs in particular - 
Fig. 17). Protocol (A) applied on control fresh/frozen tissue samples of cod and rainbow 

trout produced DNA extraction of a good yield, especially if washing regimes developed for 

formalin-preserved tissue samples had not been applied (DNA concentrations over 20 µg/ml; 

Appendix 5). PCR performances were also good (see support material on the CD). 
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1018 bp 

506,517 bp 

u Inn lu ;u Iwi Iýý, 12.51 12.5 25 II 5I 25 1 50 I ný D\ 
I\I II Iý Il _.. 

(a) R I'D primer 46 (h) Specific primers 

Fig. 16 - DMSO-arDNA extracts of Ne_wniu cf. uequali. s (produced by protocol (A)) - tested with RAl'I) 
PCRs (gel (a)), I6S rnitochondrial primer set (gel (b)-Lanes: I. 2), and Ne--w iu-spccitic (RAPI)- 
derived) set 18 (gel (b)-Lane: 8). Gel (b)-Lanes: 3-7, and 9 are PCR results with tormalin-arl)NA 

extracts produced by protocol (A). 

X11 10 j511 11.5 511 11) [5I 11.5 5 10 1 III n 11\ 

(a) - RAP) primer 44 (h) - mt-P('Rs for ('0111 

Figure 17 - RAPI) and mitochondrial PCRs with DNA extracts of 9500 ethanol preserved (4 months) 
('oryphaeunides armalus (C. a), fresh/frozen cod (protocol (R)) and rainbow trout (protocol 
(A)), and formalin-fixed, Steedman's preserved Ne: umia aequulis (N. a) and N. micronrchodon 
(N. m). Undiluted (U) and diluted (D) I)NA extracts were tested. 
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The data clearly demonstrate that protocol (A) is a highly suitable for extracting DNA from 

fish specimens, differently preserved and fresh/frozen samples. Such DNA extracts are 

applicable to different PCR marker systems and primers (see Tables 3-5; pp 131-134). 

3.1.1.2. Other protocols tested/applied on preserved tissue 

A few more DNA extraction protocols were tested/used on a limited number of formalin- 

fixed, Steedman's preserved and ethanol preserved tissue samples of Nezumia. 

3.1.1.2.1. Protocols tested on formalin-fixed, Steedman's preserved tissue specimens 
of Nezumia 

One of tested protocols was the Promega Wizard Genomic Kit (protocol (F)) which, with 

small modifications in washing and grinding the tissue sample, produced good arDNA 

extract (DNA concentration: -8p g/ml). The arDNA extract no. 211 provided good RAPD- 

PCR amplifications even if very diluted arDNA samples were applied (Fig. 18 - gel (b)). 

The extract 211 produced by protocol (F) also generated a faint band (mt-PCR-DNA 

fragment) with the 16S mitochondrial primers (Fig. 19, gel (c)-Lane: 14; p 130), indicating 

the possibility that further modification of this protocol might produce arDNA extracts 

suitable for both RAPD and mitochondrial PCR amplifications. The results of the 

experiment shown in Fig. 18 strongly suggest that if extracted arDNA is of a good quality 

and if diffusible PCR inhibitors are not greatly present in arDNA extracts, it is possible to 

generate reproducible RAPDs (with a particular primer) even with very low concentrations 

of DNA in PCRs (such as 0.4 ng of DNA in PCR - for protocol (F); Fig. 18, gel (b)-Lanes: 

1,2,9,10,17,18; or with 0.5 ng - for protocol (A) - Fig. 18, gel (a)-Lanes: 7,8). It also 

suggests that a wide range of PCR-DNA template concentrations (absolute conc.: from 0.08 

to 40 ng DNA, and relative conc.: from lx to 10x) are applicable for successful RAPD-PCR 

amplification if arDNA extracts are of a good quality. 
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RAPD primer 44 

750 bp - 

... WN' 41.4 12I4 II 0. (J 10.4 1 0.8 110.04 1 0.2 1 0.4 II nu 

Relative: I Ix I 5x I [Ox II Ix I 5' I IUy II Ix I 5' I IN II Ix I 5v I IUy II IR I 5v 1 Inv II 

undiluted arl)NA extracts L 
_IOx-diluted _jJ 

50y-dilutcd__ jj Ioox-diluted I 

(a) (h) 

Fig. 18 - Comparison of RAPD-PCR amplifications (primer 44) with arDNA extracts from f6rmalin-fixed, 
Steedman's-preserved specimens of Ne=umru ucyualis (fish individual no. 2) produced by two 
different DNA extraction protocols: protocol (F) and protocol (A). 

Gel (a) - Tested concentrations of undiluted arDNA samples in duplicates (in 25 pl PCR reaction 
volume) for: 

  arDNA extract no. 211 produced by protocol (F) Lanes: 1-6 
  arDNA extract no. 212 produced by protocol (A) Lanes: 7-12 

Gel (b) - Tested concentrations of diluted arDNA extracts no. 21 1 produced by protocol (F); IO -, 
50x- and 100x-diluted arDNA; PC R performed in duplicates with each of tested DNA-PCR template 

concentrations (relative PCR-DNA template concentrations: Ix 10.5 pl of arDNA suspension 
(diluted or undiluted arDNA extract) in 25 µl of PCR reaction], 5x [2.5 fd of arDNA suspension 
(diluted or undiluted arDNA extract) in 25 pl of PCR reactionj, lOx [15 pl of arDNA suspension 
(diluted or undiluted arDNA extract) in 25 µI PCR reaction]. 
Generated RAPD band of -750 bp was reproducible with both arDNA extracts, including diluted 

sample of arDNA extraction no. 211. The band was absent in PCRs with 0.04 ng of DNA (Lanes: 1 

and 14) and in one with 0.08 ng of DNA in PCR reaction Lane: 8; this is probably due to too low 
DNA concentration in the PCR reactions, i. e. insufficient template-amount for successful PCRs. 
"M" indicates size marker fragments -I Kb DNA Ladder (Promega) 
"N" indicates negative PCR reaction 
N. a Ne_umia uegnulis 
R- the identifier of the fish individuals (R-2 is fish individual no. 2) 
(A) arDNA extracts produced by protocol (A) 
(F) arDNA extracts produced by protocol (F) 

128 



Protocol (G2). The Qiagen DNeasy Tissue Kit applied with the Southampton's very 

modified protocol (in comparison to the original manufacturer's protocol) was tested on four 

formalin-preserved tissue samples of Nezumia aequalis and N. micronychodon (both DNA 

elutions were tested). The yield and PCR performance with these extracts were poor, i. e. 

mostly without successful PCR amplification (Table 3; p 131). The results were similar with 

both, mitochondrial PCRs (Fig. 19, gel (c)-Lanes: 3,4,16,17,18) and RAPD-PCRs (Fig. 

19, gels (a) and (b)-Lanes: 3,4, and gel (b)-Lanes: 16,17,18). A faint band of appropriate 

size (-570 bp) was generated with 16S mitochondrial primers with one of the arDNA 

extracts (no. 226Q - the first elution) - Fig 19, gel (c)-Lane: 16, but not with RAPD (gel (b)- 

Lane: 16). Another arDNA extract (no. 227Q - both elutions) generated RAPDs - Fig 19, gel 

(b)-Lanes: 17 and 18, but not mitochondrial PCR product (gel (c)-Lanes: 17 and 18). The 

applied protocol (G2) was adapted for investigations of short-term ethanol preserved 

organisms by the Southampton research team, and therefore it is worthwhile to test this Kit 

again applying the original protocol and by making modifications that would be more 

appropriate for formalin-preserved specimens. The data from this study indicated that this 

Qiagen commercial Kit with appropriate modifications might be useful in DNA extractions 
from formalin-fixed fish specimens. 

The MicroLYSIS commercial kit, protocol (G3), produced a successful RAPD-PCR 

amplification with RAPD primer 48, but not with primer 44 (Fig. 19, gels (a) and (b), 

compare lanes 5), and not with mitochondrial 16S primers (gel (c)-Lane 5). Because of the 

protocol simplicity, it was not expected that it would be possible to extract PCR amplifiable 
DNA from formalin-fixed specimens. It was assumed that the treatments undertaken had 

insufficient "strength" for DNA extraction from preserved tissue. The PCR results indicated 

the value of further investigation of this protocol (speed, simplicity and cost-effectiveness). 
Using this kit as it is, it is not applicable for effective DNA extractions from preserved 

specimens, but combining it with some more "powerful" DNA extraction steps and/or DNA 

extraction protocols, it will be worthwhile testing. 
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Fig. 19 - Archival DNA extracts produced by dit'fcrent I)NA extraction protocols - tested with two RAPT) 

primers and with rnitochondrial set IIor the IOS gene. 
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Protocol (GI). Besides protocol (C), one more phenol-based protocol (protocol (G1)) was 

tested on formalin-fixed specimens of Nezumia. Protocol (G1) exhibited better PCR 

performance than protocol (C), but still most RAPD-PCRs did not yield PCR products 

(Table 3), or RAPD bands were of a low intensity with strong background smearing (Fig. 19. 

gels (a) and (b): compare lanes: 1,2,14,15). Some arDNA extracts produced by protocol 

(GI) gave successful mitochondrial PCR amplifications (Fig. 19, gel (c)-Lane: 15). It is 

interesting to observe that some arDNA extracts produced by protocol (G1) did not yield 

RAPD-PCR products (or if they did, RAPD profiling was of a poor quality with bands of a 

low intensity), but they yielded PCR product(s) from the mitochondrial genome. An example 

of this is arDNA extract no. 222" which gave unsuccessful (or very poor quality) RAPD- 

PCRs whereas mitochondrial PCR of the 16S gene region was reasonable successful (Fig. 

19, compare lanes 15 on gels (a), (b), and (c)). Extractions 2201" and 221 E' were unsuccessful 

with both PCR marker systems (Fig. 19, gels (a), (b), and (c): compare lanes 1 and 2), 

although extraction no. 220E gave a successful mitochondrial PCR amplification to some 

extent (Fig. 19, gel (c)-Lane: 1). Overall, this protocol produced formal in- Steedman-arDN A 

with poor and inconsistent RAPD-PCR performances, but their application to the 

mitochondrial PCR marker system was successful to some extent (Table 3). 

Table 3- PCR success rate (selected mitochondrial and RAPD PCRs) related to DNA extraction method 
applied to formalin-fixed. Steedman's preserved specimens of Ne: umiu 

a) mitochondrial PCRs* 

Protocols 
PCR target (A) (B) (C) (D) (F) (GI) (G2) (M) 

mt can (550 bp) 
N. m PCRs (successfu/ total) (% successful) 3/7(43%) 1/16(6%) 0/35(0%) 0/3(0%) nla Na n/a Na 

N. a PCRs (successful/ total) (% successful) 1/4(25%) 0/9(0%) 0/30(0%) 0/3(0%) 0/2(0%) Na n/a Na 

N. m + N. a PCRs (successful! total) (% successful) 4111(36%) 1125(4%) 0165(0%) 016146%) 012 (0%) Na Na Na 

mt 16S (570 bp) 

N. m PCRs (successful/ total) (% successful) 5/ 27 (18.5%) 2/7(28.5%) n/a 0/4(0%) nla 2/4(50%) 0/6(0%) 012(0%) 

N. a PCRs (successful total) (% successful) 9/38(24%) 011 (0%) Na Na 1/5(20%) 7/ 8 (87.5%) 1/ 8 (12.5%) n/a 

N. m + N. a PCRs (successful/ total) (% successful) 14165 (21.5%) 218(25%) Na 014 (0%) 115120%) 9112(75%) 1114(7%) 012(0%) 

2 mt primer sets (COIN + 16S) 

N. m PCRs (successful/ total) (% successful) 8134 (23.5%) 3/23(13%) 0135(0%) 0/7(0%) nla 214(50%) 0/6(0%) 012(0%) 

N. a PCRs (successfu0 total) (% successful) 10/42(24%) 0/10(0%) 0/30(0%) 0/3(0%) 1/7(14%) 718(87.5%) 118(12.5%) Na 

N. m + N. a PCRs (successful/ total) (% successful) 18176124%) 3133(9%) 0165(0%) 0/1010%) 117(14%) 9112(75%) 1114 (7%) 012 (0%) 
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b) RAPD PCRs* 

(A) (8) (C) (D) (F) (GI) (G2) (G3) 

RAPD Primer 11 

N. m PCR5 (successfuV total) (% successful) 

No. of bands (means) 

29184 (34.5%) 

3.58 

112(50%) 

1.00 

Na 

Na 

n/a 

Na 

Na 

Na 

Na 

Na 

Na 

n/a 

Na 

n/a 

Na PCRs (successfuV total) (% successful) 

No. of bands (means) 

69/ 108 (64%) 

5.00 

0/2(0%) 

000 

Na 

n/a 

Na 

Na 

Na 

n/a 

n/a 

n/a 

Na 

n/a 

Na 

Na 

N. m + Na PCRs (successfull total) (% successful) 

No. of bands (means) 

981192 (51 %) 

4.58 

114(25%) 

1.00 

Na 

n 1a 

Na 

Na 

na 

Na 

na 

Na 

Na 

Na 

n 1a 

n1a 

RAPD Primer 15 

N. m PCRs (successfuV total) (% successful) 

No+ of bands (means) 

55/89(62%) 

3.68 

919(100%) 

5.67 

n/a 

n/a 

Na 

n/a 

n/a 

n/a 

Na 

n/a 

Na 

Na 

Na 

n/a 
N. a PCRs (successful/ total) (% successful) 

No+ of bands (means) 

95/ 108 (88%) 

4.98 

8/8(100%) 

3.88 

Na 

Na 

n/a 

n/a 

Na 

Na 

Na 

Na 

Na 

Na 

Na 

Na 

N. m + Na PCRs (successful) total) (% successful) 
No. of bands (means) 

1501197 (76%) 
4.50 

17117 (100%) 
4.62 

n1a 
Na 

Na 
WIN 

n1a 
nla 

Na 

rim 

Na 

nla 
nh 
n 1a 

RAPD Primer 29 

N. m PCRs (successful/ total) (% successful) 

No. of bands (means) 

311116 (27%) 

4.25 

691154 (45%) 

3.12 

0/ 12 (0%) 

0.00 

2/ 11 (18%) 

1.00 

Na 

n/a 

n/a 

n/a 

Na 

nla 

n/a 

n/a 

N. a PCRs (successful) total) (% successful) 

No+ of bands (means) 

26192 (28%) 

5.54 

8178 (10%) 

1.67 

0/ 11 (0%) 

0.00 

Na 

n/a 

n/a 

Na 

nla 

nla 

n/a 

Na 

n/a 

n/a 
N. m + N. a PCRs (successful/ total) (% successful) 

No. of bands (means) 

571208 (27%) 

4.83 

771232 (33%) 
2.96 

0123 (0%) 
0.00 

2)11 (18%) 
1.00 

Na 

Na 
Na 
Na 

Na 
Na 

n1a 
Na 

RAPD Primer 44 

N. m PCRs (successful/ total) (% successful) 
No. of bands (means) 

53/ 117 (45%) 

3.98 
163/ 265 (62%) 

1.79 
13159 (22%) 

3.20 
15/20 (75%) 

2.20 
Na 
Na 

0/2 (0%) 
0.00 

012 (0%) 
0.00 

1/1 (100%) 
2.00 

Ni PCRs (successful' total) (% successful) 

No. of bands (means) 

165/ 218 (76%) 

4.90 

1511278 (54%) 

414 

22/ 61 (36%) 

3.09 

12/24 (50%) 

1.10 

21124 (87.5%) 

1.90 

0/ 2 (0%) 

0.00 

2/4 (50%) 

350 

n/a 

Na 

N. m + Ni PCRs (successful total) (% successful) 

No. of bands (means) 

2181335 (65%) 

4.68 

3141543 (58%) 

3.87 

351120 (29%) 

3.14 

27144(61%) 

1.70 

21124187.5%) 

1.90 

(94(D%) 

0.00 

216(33%) 

3.50 

111(100%) 

2.00 

RAPD Primer 46 

N. m PCRs (successful/ total) (% successful) 

No. of bands (means) 

691132 (52%) 

3.01 

313(100%) 

1.00 

Na 

Na 

n/a 

n/a 

Na 

n/a 

Na 

n/a 

Na 

Na 

Na 

Na 

Ni PCRs (successful/ total) (% successful) 

No. of bands (means) 

1331162 (82%) 

4.07 

0/4(0%) 

0.00 

n/a 

n/a 

n/a 

Na 

n/a 

Na 

Na 

Na 

Na 

n/a 

Na 

Na 

N. m + Na PCR5 (successful) total) (% successfu) 

No. of bands (mean 

2021294 (69%) 

3.70 

317(43%) 

1.00 

n1a 

Na 

Na 

nla 

Na 

nla 

r" 

Na 

ala 

Na 

Na 

Na 

RAPD Primer 48 

N. m PCRs (successful/ total) (% successful) 

No. of bands (means) 

31185 (36.5%) 

3.22 

11/ 11 (100%) 

4.32 

Na 

Na 

Na 

n/a 

Na 

Na 

0/2(0%) 

000 

0/ 2 (0%) 

0.00 

111(100%) 

4.00 

Ni PCR5 (successful/ total) (% successful) 

No. of bands (means) 

62/ 116 (53%) 

5.86 

10110 (100%) 

4.25 

n/a 

Na 

Na 

n/a 

416(67%) 

7.38 

1/2(50%) 

2.00 

1/4(25%) 

10.00 

Na 

Na 

N. m + N. a PCRs (successful) total) (% successful) 

No. of bands (means) 

931201 (46%) 

4.80 

21121(100%) 

4.29 

Na 

Na 

Na 

Na 

416167%) 

7.38 

114(25%) 

2.00 

116(17%) 

10.00 

111(100%) 

4.00 

6 RAPD primes (11016+21+44+46+41) 

N. m PCRs (successful/ total) (% successful) 

No. of bands (means) 

268/ 623 (43%) 

156 

256/ 444 (57.5%) 

3.54 

1171(18%) 

3.23 

17/ 31 (55%) 

2.03 

Na 

Na 

0/4(0%) 

0.00 

0/4(0%) 

000 

212 (100%) 

3.00 

N. a PCR5 (successful/ total) (% successful) 

No. of bands (means) 

5501804 (68%) 

487 

1771380 (46.5%) 

4.00 

22172 (30.5%) 

109 

12/ 24 (50%) 

1.08 

25130(83%) 

2.78 

1/4(25%) 

2.00 

318(375%) 

5.67 

Na 

Na 

N. m + N. a PCRs (successfull total) (% successful) 
No. of bands (means) 

81811427 (67%) 
4.42 

4331824 (52.5%) 
3.73 

35)143 (24.5%) 
3.14 

29/55(63%) 
1.64 

25130(83%) 
2.78 

118 (12.5%) 
2.00 

3112(25%) 
5.67 

212(100%) 
3.00 

N. a - Nezumia aequalis 
N. m - Nezumia micronvchodon 
Nm + N. a - Both species observed together 

n/a - not aplicable (no data with that DNA extraction protocol) 
* see Table 4 for statistical significance related to the PCR success rate and DNA extracted with a particular protocol; 

see Table 5 for statistical significance related to the number of RAPD hands generated with arDNA extracts produced by a specific DNA 
extraction protocol 
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3.1.1.2.2. Protocols tested on ethanol preserved tissue specimens of Nezumia 

Phenol-based protocol (H) was tested only on Nezumia short-term ethanol preserved tissue 

samples (tissue stored in ethanol 1-1.5 yrs). This protocol (H) produced a high-molecular- 

weight DNA (Fig. 20, gels (a) and (b)) and provided a good yield of DNA (DNA 

concentrations were from 2 µg/ml to over 20 pg/ml). The PCRs were successful with four 

(out of five) ethanol-arDNA extracts (Fig. 20, gel (c)). One ethanol-arDNA extract (no. 

NHM-2) did not produce PCR products with any of the tested PCR marker systems and 

primers (e. g., Fig. 20, gel (c)-Lanes: 2,8,14; marked with red arrows). This demonstrates 

that some of the chemicals used in this phenol-based DNA extraction protocol might have 

adverse effects even on extracting DNA from short period ethanol-preserved tissue. It is 

presumed that a NHM-2 extract contained strong inhibitor(s) causing the PCR to fail. The 

DNA concentration of 10 ng in the PCR reaction was more than sufficient for successful 

PCR amplifications with such a good quality of DNA (but also not being in excess that can 

cause the PCR failure). Assumed PCR inhibition was so strong that diluting a DNA sample 

of the NHM-2 DNA extract did not aid in producing successful PCR amplifications. The 

additional evidence on mackerel (see sections 3.3.1. and 3.4.2. ) indicated that sodium 

acetate, used for DNA precipitation, was the most likely chemical that caused the problem. 

Also, three ethanol-arDNA extracts of Nezumia (NHM-3, NHM-4 and NHM-5), which were 

kept only for 45 min (instead of overnight) in a fridge at 4°C for DNA precipitation, did not 

exhibit PCR inhibition (or not so strong PCR inhibition that would cause unsuccessful PCR 

amplifications; see support material on the CD). This indicates the importance of each step 

in producing PCR amplifiable arDNA. 
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Figure 20 - The PCR inhibition with one ethanol-arDNA extract produced by phenol protocol (H). The red 
arrows indicate the problematic DNA extract (NHM-2) of N. aequalis (gel (a)-Lane 2) and 
inhibited PCRs (gel (c)-Lanes: 2,8, and 14). Green arrows indicate PCR negatives (sdH2O 
instead of DNA was used as a PCR template). 
"M 1" indicates quantitative size marker fragments - HyperLadder 1 (Biolive) 
"M, " - Bioline HyperLadder IV (Bioline). 

Generally, protocol (H) exhibited inconsistency in producing PCR amplifiable DNA even 

from ethanol preserved tissue samples. The data also indicate a high sensitivity to the 

smallest modifications to the extraction procedure (duration of DNA precipitations in these 

experiments) in producing amplifiable DNA. These could be problematic for usage on 

formalin preserved collections, because such samples require more robustness in DNA 

extraction protocols applied. 
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In this project, 324 DNA extracts were produced by using nine different DNA extraction 

protocols. Summarised results of DNA concentrations of DNA extracts (measured by the 

Saran Wrap Method) produced by different protocols and their success in PCRs are 

presented in Table 6. Support material on PCR performances with particular arDNA extracts 

and markers is provided on the CD. 

The most successful protocol was one developed in this project - protocol (A), although it 

was not statistically significantly better than others (p<0.001), except in comparison to 

protocol (C) - see Table 4. Protocols (B) and (F), and perhaps protocol (D), also produced 

arDNA extracts suitable for PCRs (see Tables 3-5; pp 131-134), but arDNAs produced by 

protocols (B) and (D) gave inconsistent PCR amplifications. Protocol (F) was not tested 

sufficiently (i. e. only one tissue sample was subjected to this protocol), but extract 211 

exhibited a good PCR performance. Protocol (A) is superior because it produces arDNA 

extracts of a good yield and with a low level of a PCR inhibition, that is, with a better 

consistency of PCR amplifications and applicability to different PCR marker systems and 

primers. Formalin-Steedman-arDNA usually did not require additional purification and/or 

diluting of arDNA extracts in order to be usable for PCR. Generally, the reproducibility and 

consistency of RAPD-PCR results were better with arDNAs produced by protocol (A) than 

with arDNA extracts produced by other tested protocols. 

The most unsuitable protocols proved to be phenol-based protocols, especially for RAPD- 

PCR application. Experimental results from this study suggest that a phenol-based protocol 

is an unpredictable method for extracting PCR amplifiable arDNA. Tested phenol protocols 

gave relatively good yields, but most PCRs were inhibited. The phenol-based protocols also 

exhibited a high sensitivity to the smallest changes in extraction procedures that can affect 

the recovery of amplifiable DNA from preserved tissue. Protocol (C) of Shedlock et al. 
(1997) was the least useful phenol/chloroform protocol in this study (p< 0.001; Table 4). 

This protocol produced relatively good yields of formalin-arDNA from Nezumia specimens, 

but arDNA extracts were hardly applicable to any of the tested PCR marker systems (except 

for a few mitochondrial PCRs if a modified protocol (C) and diluted arDNA extracts were 

applied). Protocol (H) produced one ethanol-arDNA extract that was PCR non-amplifiable 

with any of the tested molecular markers and one of them (with applied overnight DNA 

precipitation) needed to be diluted in order to become PCR amplifiable. Three other ethanol- 

extracts (with DNA precipitation of 45 minutes) gave good PCR performances. The most 

successful phenol/chloroform protocol with formalin-Nezumia specimens was protocol (G1), 

but mostly for mitochondrial markers (see Table 3). 
137 



Table 6. The arDNA extractions produced by different protocols in the study 

DNA concentrations (µg/ml) Suitability for PCRs in general 
Protocol Species No. DNA extr. n, Range Mean SE Original Modified 

Formalin N. a 
Formalin N. m 

45 
29 

35 
20 

1- (over) 20 
1- (over) 20 

6.70 
10.03 

1.02 
1.82 

good 
good 

Formalin N. m + N. a 74 55 1- (over) 20 7.91 0.94 

(A) DMSO N. a (Greenl. ) 
Frozen COD 

Fresh/frozen trout 
95% ethanol C. a 

2 
3 
3 
2 

2 
3 
2 
2 

5-10 
5- (over) 20 

1.5 
20 - over20 

7.50 
15.00 

1.50 
(over) 20 

2.50 
5.00 
0.00 
0.00 

very good 
good 
good 

very good 

very good 
very good 
very good 

Control specimens 10 9 1.5- (over) 20 11.44 2.83 

Total (A): All specimens 84 64 1- (over) 20 8.41 0.91 

Formalin N. a 83 
(B) Formalin N. m 68 

46 1 -4 1.18 0.09 
52 1 -2 1.13 0.04 

reasonable good good 
reasonable good good 

Formalin N. m+N. a 151 98 1-4 1.16 0.05 

Frozen COD 8 5 (over) 20 (over) 20 0.00 very good very good 
Total (B): All specimens 159 103 1 -(over)20 2.10 0.40 

Formalin N. a 14 
(C) Formalin N. m 17 

13 1- 20 5.35 0.99 
16 1- 20 9.53 1.65 

poor/ or inhibition moderate/ or inhibition 

poor/ or inhibition moderate/ or inhibition 
Formalin N. m + N. a 31 29 1-20 7.66 1.07 

Frozen COD 11 10 15 - (over) 20 18.50 0.76 good/ or inhibition good/ or inhibition 
Total (C): All specimens 42 39 1- (over) 20 10.44 1.12 

Formalin N. a 5 
(D) Formalin N. m 10 

51 -2 1.40 0.10 
41 -2 1.50 0.20 

moderate moderate/ or good 
moderate moderate/ or good 

Formalin N. m + N. a 15 9 1-2 1.44 0.10 

Frozen COD 5 5 3- (over) 20 16.60 3.40 good good 
Total (D): All specimens 20 14 1- (over) 20 6.86 2.31 

(F) Formalin N. a 1 188.00 n/a very good 
Total (F): 1 1 8 8.00 n/a 

(G1) Formalin N. a 2 
Formalin N. m 2 

0 
0 

moderate 
moderate 

Total (G, ): 4 0 

(G2) Formalin N. a 4 
Formalin N. m 4 

0 
0 

poor! or moderate 
poor/ or moderate 

Total (G2): 8 0 

(G3) Formalin N. m 1 0 poor/ or moderate 
Total (G3): 1 0 

95% ethanol N. a 2 
(H) 70% ethanol N. a 1 

95% ethanol N. m 2 

22- (over) 20 11.00 9.00 
122.00 n/a 
2 7-15 11.00 4.00 

very good/ or inhibition 
very good 

very good/ or inhibition 
Total (H): 5 5 2- (over) 20 9.20 3.60 

n, Number of DNA extracts that DNA concentration 
was measured and recorded by taking a photograph 

N. m Nezumia micronychodon p 
N. a Nezumia aequalis 
C. a Coryphaenoides armatus 18 
SE Standard error 12 
n/a Not applicable 

E ¶0 

s`8 
F] Formalin Nezumia aequalis (N. a) 

c6 

Formalin N. micronychodon (N. m) 
a 

Formalin N. m+N. a - Measurements for formalin-fixed specimens z 
of. \'. n, icromrhodon and N. aequalis together 

Control specimens _ Measurements for control specimens together 

DNA EXTRACTION PROTOCOL 
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Traditionally, PCI- (phenol : chloroform : isoamyl alcohol) based protocols include a lot of 

chemicals (e. g., phenol, SDS, NaCl, EDTA, sodium acetate) known to be strong PCR 

inhibitors and which potentially could cause problems in the application of such extracted 

DNA to the PCR (Weissensteiner and Lanchbury 1996; Cattaneo et al. 1997; Qiagen 2002; 

McNevin et al. 2005). In this study, the main problem with phenol protocols was indeed the 

presence of PCR inhibitors in DNA extracts that caused a failure of PCR amplifications. 

Montiel et al. (1997) and Mulligan (2005) suggest that PCI extraction typically fails to 

remove all PCR inhibitors from formalin-arDNA extracts (Mulligan 2005) and ancient DNA 

extracts (Montiel et al. 1997). Also, there is information about possible interactions between 

formalin and particular chemicals used in PCI-based protocols that might have negative 

effects both on DNA extraction and PCR amplification: for instance, formaldehyde and 

phenol (see Fig. 12; p 118), SDS and formalin (Jackson et al. 1990), formalin and proteinase 

K and chloroform-phenol solution (from: Eckerman 2006), as well as possible loss of DNA 

cross-linked with proteins if a phenol-chloroform extraction procedure is applied to 

formalin-preserved samples (Hasbun et al. 2005). These are the probable reasons for such 

poor results and inconsistency in PCR amplifications in this study, as well as contradictory 

results published on the usage of phenol-based protocols on formalin-fixed and other 

difficult specimens. For example, Shiozawa et al. (1992) and Shedlock et al. (1997) reported 

good yield of PCR amplifiable arDNA, whereas Herniou et al. (1998), Coombs et al. (1999), 

Sato et al. (2001), Godhe et al. (2002), Legrand et al. (2002), Hasbun et al. (2005), 

Chakraborty et al. (2006) experienced problems or inability to extract PCR amplifiable 

arDNA if phenol-based protocols were applied. 

Conversely, guanidinium-based protocols were beneficial for arDNA extractions in this 

study. Guanidinium-thiocyanate (GuSCN) was also pointed out by other researchers as being 

a useful chemical in DNA extractions from museum and other difficult specimens 
(Hammond et al. 1996; Fredricks and Relman 1998; Whittier et al. 1999; Konomi et al. 
2002; Umetsu et al. 2002; Rohland et al. 2004). 

The results from this study (on investigated preserved specimens) strongly suggest that the 

yield of arDNA and quality of arDNA extracts, i. e. PCR usability of arDNA extracts, 
depends on the DNA extraction protocol applied, including pre-treatment techniques 

(washing/drying of preserved tissue) prior to the extraction of DNA. Also, it was 

acknowledged that it is much more important to obtain arDNA extracts free of PCR 

inhibitors than arDNA extracts with higher DNA concentrations. 
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Comparative experiments with formalin-fixed, Steedman's-preserved and control DMSO- 

and ethanol-preserved specimens of Nezumia strongly indicate the significance of the 

preservation regime for the recovery of DNA from preserved fish specimens. Additional 

evidence on mackerel further supports this statement (see sections 3.3.1. and 3.4.2. ). 

3.1.1.3. Tvpe of tissue and size of tissue used in extracting formalin/Steedman-arDNA 

Muscle tissue, frequently used for "standard" DNA studies in fish, proved to be a good tissue 

type for DNA extraction from preserved specimens (see Appendices 1-4 and Fig. 13- 

Lanes: 6-11). Mixed tissue samples (lower and upper parts of small fish with all internal 

organs, but with removed skin and intestines because of the possible presence of 

contaminant DNA from parasites and/or partly digested food material) gave high DNA 

concentrations in the archival DNA extracts (Appendix 4- Spots: 1-5,111-2,111-3, IV-6 and 

V-6 with DNA concentrations between 8 µg/ml and 20 µg/ml) and good PCR performances 

as well (see the evidence on support material on CD). Eye, spine (with and without 

vertebrae) and brain tissue seem to be very good sources of arDNA (Appendix 2- Spots: I- 

5,6; Appendix 4- Spots: V-1,4; 111-2,111-3, with DNA concentrations between 10 µg/ml 

and 20 pg/ml; see also support material on the CD for PCR performances). Liver was 

investigated, but results were inconsistent. Sometimes arDNA extracted from liver gave very 

good PCR results, especially if a DNA pellet was subjected to prolonged washing with 70% 

ethanol, but a few formalin-arDNA extracts from liver caused a complete PCR inhibition (a 

good yield of DNA was obtained, but probably with a high presence of inhibitors that caused 

difficulties in using this arDNA for the PCR; see support material on the CD). A few 

attempts were made to extract DNA from bones, but most extracts showed a low yield of 

non-amplifiable DNA. 

The amounts of tissue necessary for successful arDNA extraction also were observed in the 

project. The required amount of tissue depended on the type of tissue used. If muscle tissue 

was used, 100-300 mg of wet tissue (0.2 cm3 - 0.5 cm3) was usually sufficient for producing 

one arDNA extract of 40-50 µ1 with a DNA concentration between 1 µg/ml and 15 µg/ml, 

although 20 µg/ml was also achievable by using protocol (A). If spine, kidney, or brain was 

used, 20-100 mg of wet tissue was a sufficient amount. 
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3.1.1.4. A possible suitability of particular extraction protocols for particular PCR 
marker systems and primers 

From results of this study, there are indications that particular DNA extraction protocols 

and/or washing/drying regimes were more suitable to amplify a particular gene sequence 

than others. 

An example of an arDNA extract produced by a particular protocol that might be more 

suitable for one particular PCR marker system, but not for another (Nezumia-specific, 

RAPD-derived and mitochondrial in this case) is arDNA extract no. 215 produced by 

guanidinium-based protocol (A). This arDNA extract generated a good PCR product with 

the Nezumia-specific primer set 18 (Fig. 16, gel (b)-Lane 9 [p 126]), but a very faint band 

(poor PCR yield) with the mitochondrial 16S primer set (Fig. 16, gel (b)-Lane 3 [p 126]). 

This might suggest damage of the mitochondrial genome in a particular fish individual due 

to preservation, but it also might be related to the extraction protocol applied, i. e. a higher 

possibility of recovering particular genome regions if a specific DNA extraction protocol is 

applied (see also supplementary evidence on mackerel; sections 3.3.1. and 3.4.2. ). 

Another example for a possible effect of DNA extraction protocol on arDNA being 

amplifiable with a particular PCR marker system but not with another (RAPD and 

mitochondrial in this case) are arDNA extracts no. 222F (produced by phenol-based protocol 

(Gi)) and arDNA extract no. 85(11) (produced by guanidinium-based protocol (A)) from the 

same fish individuals (fish no. 3; R-3). ArDNA extract no. 222E was unsuccessful in RAPD- 

PCR amplifications (with RAPD primer 48: Fig. 19, gel (a)-Lane: 15, and with RAPD 

primer 44: Fig. 19, gel (b)-Lane: 15; p 130), but it was successful in amplifying the 

mitochondrial 16S gene region (Fig. 19, gel (c)-Lane: 15). Conversely, arDNA extract no. 

85(11) produced by protocol (A) was successful in RAPD-PCR amplifications with both 

RAPD primers (Fig. 19, gels (a) and (b)-Lanes 13 in both gels), but unsuccessful in 

amplifying the mitochondrial 16S gene region (Fig. 19, gel (c)-Lane: 13). 

An example for a possible effect of DNA extraction protocol on arDNA being amplifiable 

not only with a particular PCR marker system (RAPD and mitochondrial in this case), but 

also with sequences from a particular genome region, i. e. primers (RAPD primer 44 and 

RAPD primer 48 in this case), is comparison arDNA extracts produced by two guanidinium- 
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based protocols ((A) and (B)): extract no. 213 produced by protocol (A), and extract no. 137 

produced by protocol (B) (see Figure 19 [p 130]; gels (a), (b), (c)-Lanes 10 for extract 213 

and gels (a), (b), (c)-Lanes 8 for extract 137). The arDNA extract no. 213 generated PCR 

products with RAPD primer 44 (Fig. 19; gel (b)-Lane: 10), but not with RAPD primer 48 

(Fig. 19; gel (a)-Lane: 10), and not with mitochondrial primers (Fig. 19; gel (c)-Lane: 10). 

However, arDNA extract no. 137 gave very successful PCR amplifications with both RAPD 

primers (Fig. 19; gel (a)-Lane 8 for RAPD primer 48 and gel (b)-Lane 8 for RAPD primer 

44), but not with mitochondrial primer set 16 (Fig. 19 gel (c)-Lane: 8). None of these two 

arDNA extracts produced by guanidinium-based protocols amplified 16S mitochondrial 

sequence (Fig. 19; gel (c)-Lanes: 8,10). These two arDNA extracts (nos. 137 and 213) were 

from the same species (Nezumia micronychodon) but from two different fish individuals. 

This might suggest that different DNA extraction protocols (in this case protocol (A) for 

arDNA extract no. 213 [muscle tissue], and protocol (B) for arDNA extract no. 137 [vertebra 

with spinal cord]) might be more suitable for a particular RAPD primer. But, this also might 

suggest different degrees of sequence damage in different fish individuals, or in different 

types of tissue. 

An example for a possible effect of DNA pre-extraction treatment on arDNA being 

preferably amplifiable with a particular PCR marker systems but not with another (RAPD 

and mitochondrial in this case) is arDNA extract no. 206 produced by guanidinium-based 

protocol (A). For this arDNA extract, only drying of the preserved tissue sample at 37°C for 

a few days (without any tissue pre-washing in sdH2O and/or in 1xGTE buffer) was applied 

as a pre-extraction treatment. This arDNA was amplifiable for the mitochondrial 16S region 

(Figure 19 [p 130]; gel (c)-Lane 6), but not for RAPD-PCRs (Figure 19: gel (a)-Lane 6 for 

RAPD primer 48 and gel (b)-Lane 6 for RAPD primer 44). The data from this study suggest 

that formalin-arDNA extracts produced by guanidinium-based protocol were usually better 

amplifiable with RAPD PCR marker system than with mitochondrial (see also support 

material on the CD), but in this particular experiment it was the opposite. This might suggest 

that a particular pre-extraction treatment (in this case drying a preserved tissue sample at 

37°C without any pre-washing) produced arDNA extracts that were more applicable to one 

(or to some) particular PCR marker system(s), perhaps because of better recovery of arDNA 

from a particular region(s) of the genome. More examples of PCRs that were performed with 

arDNA extracts for which tissue samples were subjected to different pre-extraction 

treatments are presented in support material on the CD. 
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Considering the fact that different protocols involve different chemicals, reagents and 

treatments, differences in quality and yield of DNA are likely to occur. It is more likely that 

differences are expressed between nuclear and mitochondrial DNA because of, for example, 

different binding of proteins with nDNA and mtDNA that may affect their ease of extraction 

and intactness. Possible interactions (unknown to date) of chemicals used for 

tissue/organism preservation and reagents/chemicals used for DNA extractions are additional 

complicating factors which might be important in the accessibility and recovery of DNA 

from preserved organisms (i. e. particular regions and sequences of genomes). The tissue type 

and cell environment for DNA recovery from preserved specimens are also important factors 

that need to be considered. Experimental data from this study suggest that some extraction 

protocols and, perhaps, washing/drying a tissue sample prior to DNA extraction, are better in 

recovering particular regions of genome (DNA sequences), but this requires much more 

extensive research and much better understanding of the nature of arDNA (in differently 

preserved specimens of different organisms/species), i. e. much more evidence before it is 

possible to draw a general, concrete conclusion about this. 

3.1.2. Developing approaches for RAPD-PCR investigations with formalin- 
arDNA 

RAPD-PCR methodology requires reproducible PCR results in order to carry out reliable 

and accurate analyses. Many factors (the quality of a PCR template, differences between 

DNA preparations, the presence of PCR inhibitors in a DNA extract, etc. ) could affect the 

reproducibility of the RAPD pattern (Micheli et al. 1994). This study attempted to optimise 

the RAPD-PCR methodology for its traditional use on formalin-fixed, Steedman's preserved 

specimens of fish. 

First, one RAPD primer was tested against different arDNA extracts (produced by the same 

extraction protocol) from one fish individual (Fig. 21, gel (a)), and then, different RAPD 

primers were tested against one formalin-Steedman's-arDNA extract (Fig. 21, gel (b)). A 

primer was tested against three different PCR-DNA template concentrations (relative PCR- 

DNA template concentrations; 1x: 0.5 µl of arDNA suspension in 25 µl of PCR reaction, 5x: 

2.5 µl of arDNA suspension in 25 µl of PCR reaction, and 10x: 5 pl of arDNA suspension in 

25 µl of PCR reaction). The reproducibility of some RAPD fragments (e. g. for sizes of 750 

bp and -900 bp; Fig. 21, gel (a)-Lanes: 3-6,9-12 and 15-18) was achieved to some extent 
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with 5x and IN relative concentrations of arDNA. but insufficiently for an adequate 

application of the RAPD-PCR methodology. 
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(a) - RAPT) primer 44 (h) - three different RAPI) primers 

Figure 21 - Developing a reliable approach for RAPD-PC'R e. vperiments. The importance of' perl arming 
RAPD-PCRs with, at least, three different PCR-DNA template concentrations in duplicates: Ix 
(0.5 µl DNA in 25 µI PCR reaction volume), Sx (2.5 pl DNA in 25 pI PCR reaction volume) 
and IOx (5 pi DNA in 25 µl PCR reaction volume). 
Cel (a) represents RAPD-PCR results with the same RAPD primer (Primer 44), but with three 
different arDNA extractions of one Nezumra aequal:. % fish individual. 
Cel (b) represents RAPD-PCRs with the same arDNA extract (no. 213 - Ne_umiu 
rnicronvchodon), but using three different RAPD primers. 
R- Identifier of fish individual, i. e. a fish specimen (R-2 is fish no. 2, R-6 is fish no. 6) 

(A) DNA extracts produced by protocol (A) 
"M" indicates size marker fragments -I Kb DNA Ladder (Promega). 
"N" indicates negative control of PCR reaction (sterile water was used as PCR template 
instead of DNA). 

Attempts to put the same absolute concentration of I)NA in RAPD-P('R reactions (tier 

instance, 0.5,5 or 10 ng in 25 µl of PCR reaction volume) did not solve the problem. For 

some arDNA extracts and RAPD primers this worked (see Fig. 21-gel (b) and Fig 22) in 

their duplicates, but it did not work for the majority of arDNA extracts and RAPD primers. 

or across different PCR-DNA template concentrations. For instance, it worked in PCR 

duplicates for arDNA extracts nos. 213 and 215 with RAPT) primer 28 and with 5 ng DNA 

in PCR reaction (Fig. 22. Lanes: 11 and 12 in both gels). Also, it was applicable for RAPD 

primer 55 (Fig. 21, gel (b)-Lanes: 5 and 6). however, this strategy (to put the same amount 

of arDNA into PCR reactions) did not work, for instance, with RAID primers 56 and 57 

with the same arDNA extract 213 that was successfully applied for primers 28 and 55 (see 

Figs. 21 and 22). This might be related to the robustness of a particular RAPD primer, but 

not necessarily. For example, these two arDNA extracts, nos. 213 and 215 (both produced by 
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the same extraction protocol - protocol (A) and From the same species (Nezuiniu 

micronychodon). but from two different fish individuals) gave very diftcrent performances 

(related to the reproducibility of the RAPI) patterns and RAN) fragments in duplicates and 

across different PCR-DNA template concentrations and PCR experiments) with two RAPI) 

primers (RAPT) primers: 28 and 29) - compare gel (a) and (h) in Figure 22. The data strongly 

suggest that the success of RAPD-PCR amplifications and the reproducibility of the RAN) 

patterns (or particular RAPD fragments/hands) depend not only on the RAND primer used 

and concentrations of DNA used as a PCR template, but even more on the particular arDNA 

extract (and, may be. fish individual). More evidence is provided in support material on the 

CD. 
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Figure 22 - Testing three different RAPID primers with the same concentrations of DNA in l('Rs (t\\o 
arDNA extractions of two fish individuals of Ne_umiu nicrom"chodun (N. m) produced hN 
protocol (A) - arDNA extract no. 213: gel (a): and arDNA extract no. 215: Ile[ (b)). 
R- Identifier of fish individual, i. e. a fish specimen (R-6 is fish no. 6: R-14 is fish no. 14) 

The "behaviour" of all RAPD-fragments from the profiles, related to their yield and l ('R- 

DNA template concentrations used, was not equal. For instance, by increasing the 

concentration/amount of DNA as a template in PCR. sonne bands gained intensity (better 

yield; Fig. 21(b)-compare lanes 3 and 4 with lanes 5 and 6 för a band size of -750 hp), 

whereas others faded (Fig. 21(b)-compare lanes 3 and 4 with lanes 5 and 6 för a hand size of 

-1200 bp), or even disappeared from the profile (Fig. 22(a) - compare lanes 9 and 10 with 

lanes II and 12 for a band size of-1700 hp. or lanes 15 and 16 with lanes 17 and 18 for 

bands sizes of -1500 bp and -1800 hp). 
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Because of the indications that the reproducibility of RAPE) results might be related to .i 

particular fish individual, as well as to a particular RAPE) primer and arDNA extract. further 

testing involved different fish individuals with one primer (see, for example, Figs. 231 and 24 

with RAPD primer 37), and then with different primers (see support material on the C'[)). 

RAP) primer 37 

extr. no. 2I5; (A) extr. no. -15 (A) extr. no. 222 (A) extr. no. 223: (A) 

N m. R-14 N rn4 R-5 N. m: R-13 

y 
ýu 

.,.. "'w ;L iki (c 

163E Ii 

10181r 

506.5171; 

(a) 

Iy_l_? y: IUy1 Iv 'v , Joy Iv I. 
, -1 v Iý''v 

0.5 2.5 5 ng t)NA 0.5 2.5 51 11. E 2.5 5 41.5 2.5 5 

I_ II 
(h) 

Figure 23 - RAPD-PCR experiments with formalin-arDNAs of N. rnicronvchodon (N. m) (different arDNA 
extracts and from different fish individuals) using RAPT) Primer 37. 
"M" indicates size marker fragments -I Kb DNA Ladder ((jibco). 
(A) - DNA extracts produced by protocol (A) 
R- Identifier of fish individual, i. e. a fish specimen (R-5 is fish no. 5; R- 13 is fish no. 13. 

R-14 is fish no. 14) 

Differences were recorded in the RAPD-PCR banding patterns of the same individuals 

(individual fish specimen) if different arDNA extracts (produced by the same DNA 

extraction protocol) were applied (Fig. 21 (a) for RAPI) primer 44), and even with the same 

arDNA extracts run in separate PCR experiments (tor example, extract no. 215: Fig. 23: 

compare gel (a)-Lanes: 7-12 with gel (b)-Lanes: 1-6 for RAPI) primer 37). Differences in 

RAPD-PCR results were also observed with the same arl)NA extract but applying different 

PCR-DNA template concentrations (Figs. 21 - 24). Differences in RAPD-PCR profiles (the 

number of bands, sizes and the intensity of hands) would occur even in PC R reaction- 

duplicates (PCR reactions with the same content) that were run simultaneously (Figs. 21-24, 

for example in Fig. 24; compare in gel (b) lanes 6 and 7,8 and 9,10 and 11 for lormalin- 

arDNA extract no. 210, or compare in gel (d) lanes 7 and 8,9 and 10,11 and 12 for extract 

no. 241). 
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Figure 24 - RAPD-PCR experiments with formatin-arl)NA of N. uecqualis (N. a) (different arDNA extracts 
from dittcrent fish individuals) using RAPD Primer 37. 
"M" indicates size marker fragments -I Kb DNA Ladder (Gibco). 
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All these tests were carried out in order to determine the sensitivity and applicability of the 

RAPD methodology on investigated preserved specimens; that is, in order to optimise 

RAPD-PCRs for investigated samples (if possible). As described in section 3.1.1., different 

DNA extraction protocols produced formalin-Steedman's-arDNA extracts that performed 

with different success and reproducibility of RAPD-PCR results (see Fig. 19; p 130). 

Although the reproducibility and consistency of PCR results were increased by producing 

arDNA extracts with a newly developed protocol (A), the problem of full reproducibility of 

RAPD-PCR results across experiments still remained. In this study, it was attempted to 

optimise the RAPD-PCR methodology for distance measurements for two investigated 

species of Nezumia on formalin-fixed, Steedman's preserved specimens of fish, but this goal 

could not be achieved with the investigated preserved specimens, although some RAPDs 

were reproducible in the majority of PCR amplifications (see support material on the CD). 

Other researchers have also tried to use the RAPD methodology on formalin-fixed samples, 

but their success was variable - from the lack of successful RAPD-PCR amplifications 

(Gurdebeke and Maelfait 2002) to generating partially reproducible band patterns (Eckerman 

and Welsh 1997; Siwoski et al. 2002). 

The low and degraded DNA content of formalin-fixed samples makes PCR amplifications 

difficult to optimise, and there is potential for erroneous results when some loci fail to be 

amplified. The sizes of generated RAPD fragments depended on the RAPD primer and the 

particular arDNA extract, i. e. relative PCR-DNA template concentrations (template 

volumes) applied in PCRs. Reproducible RAPD band sizes of over 1000 bp were generated 

with some primers suggesting that formalin-arDNA is not so fragmented in some regions of 

genome, but their reproducibility (especially related to their yield, i. e. the intensity of bands) 

was to some extent lower than with RAPD fragments sizes smaller than 1000 bp (Figs. 21- 

24; see also support material on CD). The possibility of "PCR competition" (Hallden et al. 

1996) with fragmented and degraded DNA (as arDNA is) might significantly increase 

differences in RAPD-PCR results. If a few priming sites are present in the investigated 

genome sequence with a particular RAPD primer, it is expected that smaller RAPD 

fragments will be in favour of PCR amplification, except if these targeted sequences are 

damaged, or if DNA sequences (or parts of a sequence) are masked by protein (due to 

crosslinking), making these sequence regions unusable for PCR (i. e. thermostable 

polymerase). 
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3.1.2.1. Possible causes and explanations ofthe RAPD-PCR inconsistency with arDNA 

Inconsistent results were partly because of the sensitivity and known pitfalls of the RAPD- 

PCR technology in general (see section 1.3.5.1. in General Introduction), but the quality of 

the arDNA (damage due to formalin/Steedman's preservation) and the presence of diffusible 

PCR inhibitors in arDNA extracts are obviously the major problems that caused 

irreproducibility of the RAPD patterns and/or particular RAPD fragments (bands). It was not 

expected to find a very high level of the RAPD-PCR reproducibility in these experiments, 

but it was unexpected to find such a high level of the inconsistency and irreproducibility 

across different concentrations of the same PCR-DNA template (DNA of one arDNA 

extract), and especially in the duplicates of PCRs (the same content of two PCR reactions 

prepared from the same PCR master-mix and which were run in parallel next to each another 

in the same PCR machine). 

The sensitivity of RAPD-PCR technology to the smallest changes of PCR conditions and/or 

set ups of PCR reactions add complexity in generating reproducible RAPD results in PCR 

experiments. For instance, small errors might occur in pipetting DNA in duplicates, 

especially with small volumes (e. g., with 0.5 µl of PCR-DNA templates). Small pipetting 

errors are mostly insignificant in PCRs with good DNA, but it could be of a high 

significance if PCRs involve degraded and fragmented DNA combined with a variety of 

PCR inhibitors in DNA extracts. Furthermore, the smallest differences in temperatures in the 

PCR thermal cycler across a heating block might also affect the reproducibility of RAPD- 

PCR results. 

Considering the facts that during experiments in this study only a high quality of pipette tips 

and pipettors (which were regularly calibrated) were used and pipetting was performed 

carefully, PCR machines were regularly checked and serviced and, as a precaution, the 

outside rows (spaces) of the PCR block were always left empty in case of a possible 
influence of ambient temperature on the temperature in the heating block (this, probably, 

was unnecessary because today's thermal cyclers are made with good thermal isolation), that 

all arDNA suspensions in storage tubes were well-mixed before pipetting for adding DNA 

into PCR reactions/mastermix, all tubes with PCR reagents and arDNAs were kept on ice 

during PCR set ups, and all PCR reactions were prepared from the same mastermix for one 

PCR experiment (containing all PCR components except DNA and/or primer), it is difficult 

to explain a complete amplification failure in one of the PCR reaction-duplicates (e. g., Fig. 
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24, gel (b)- compare lanes 6 and 7, or gel (d)-lanes 11 and 12, and lanes 13 and 14) by 

technical deficiency in setting up and performing RAPD-PCR amplifications. This occurred 

regardless of the amounts and concentrations of DNA in RAPD-PCR reactions. Also, it is 

difficult to explain such big differences in the RAPD-PCR banding patterns; that is, 

differences in the intensity and number of bands in RAPD profiles in duplicates (e. g., Fig. 

24, gel (b)-Lanes: 10 and 11; or gel (d) - PCR-duplicates in all RAPD-PCRs) just with the 

known pitfalls of RAPD-PCR methodology. It seems that causes of the RAPD's "erratic 

behaviour" with archival DNA (arDNA) are much more complex. 

One explanation might be that the number of DNA molecules with sequences that contain 

different kinds of damage (cross-links, nicks, deletions, base modifications) and amounts of 

diffusible PCR inhibitors are unequally distributed in different arDNA extracts and maybe 

even in PCR-DNA templates of one arDNA extract. The quality of an arDNA extract 

depends on how many cells were included in DNA preparations that consisted of seriously 
damaged, moderately damaged and undamaged genome sequence (i. e. targeted regions of 

sequences). Adding the presence of diffusible PCR inhibitors (of unknown kinds and 

amounts), all together could make very heterogeneous DNA samples (arDNA extracts and 
PCR-DNA templates). The reproducibility of RAPD-PCR results depends very much on the 

quality and homogeneity of arDNA extracts and PCR-DNA templates, as well as on the 

ability of Taq polymerase to access targeted genome sequences and continue polymerisation 
by correctly incorporating bases for DNA damaged regions. 

In my opinion, the heterogeneities of arDNA extracts and PCR-DNA templates, i. e. 
differences in the number of PCR amplifiable DNA sequences and the presence of 
"diffusible" PCR inhibitors (chemicals that co-purified with DNA and act as PCR inhibitors) 

in the PCR-DNA templates, are the main problems and the most probable reasons of a such 
inconsistency in RAPD-PCR results (see hypothetical model in Fig. 25), as well as in the 

conjunction with the "PCR competition" that often occur in RAPD-PCRs (Hallden et al. 
1996). 

Hypothetically, DNA molecules (genome sequences) that come from different cells (of a 
formalin-preserved tissue) might have intact DNA sequences (the DNA sequence is 

undamaged and can be used in full length for Taq polymerase), or DNA sequences might be 

damaged to different extents: point modifications (missing and/or altered bases in the 

sequence at one or more locations along the DNA sequence) and/or length modifications 
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(the sequence damage spans larger parts of sequence at one or more locations: cross-links, 

deletions/insertions and/or distortions). Between two extreme points (DNA sequence being 

fully PCR amplifiable and DNA sequence being completely non-amplifiable [PCR 

unusable]), there are, probably, different degrees of damage to DNA sequences - some 

regions of DNA sequence are PCR amplifiable, but some are not. It might be possible to 

express the degree of their PCR usability in percentages of DNA sequence damages, i. e. how 

much of arDNA sequence from one cell (DNA molecule) is potentially amplifiable/non- 

amplifiable (10%, 30%, 50%, 70%, or 90%) - see Fig. 25. 

The PCR usability of arDNA is complicated by the presence of different kinds of 

"diffusible" PCR inhibitors that also might come into arDNA extracts and PCR-DNA 

templates in different ratios. The nature of PCR inhibitors present in arDNA extracts is still 

unknown, but probably it is possible to categorise them in serial from very strong PCR 

inhibitors (labelled as 1) to very mild (labelled as 7) - see Fig. 25. 

Applying the basic rule of probability in the case of a non-homogenous sample, i. e. a 

heterogeneous DNA extract, it is obvious that we cannot control and select how many DNA 

molecules with undamaged DNA sequences, or DNA molecules with specific degrees of 

sequence damage, will be taken by ordinary pipetting in 0.5 µl, 2.5 µl or 5 µl of PCR-DNA 

template and be included in a particular PCR reaction. Neither can we select how many 

molecules of strong or mild PCR inhibitors will "accompany" these DNA molecules in a 

particular PCR-DNA template. Because of so many unknowns about arDNAs and 
formalin/Steedman's-arDNA extracts (non-diffusible and diffusible PCR inhibitors), it is 

difficult to guess how heterogeneous arDNA samples really are - how many damage 

variations in DNA sequences exist and how many types of PCR inhibitors is it possible to 

expect in one arDNA extract produced by a specific DNA extraction protocol. 
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I 

DNA molecules (qenome equivalents) 

0 with fully amplifiable DNA sequence 

O 10-30% damaged DNA sequence 

U 30-40% damaged DNA sequence 

" 40-50% damaged DNA sequence 

" 60-70% damaged DNA sequence 

" 80-95% damaged DNA sequence 

" with highly damaged DNA sequence 
(PCR-unusable DNA sequence) 

I t 

PCR inhibitors 

O Inhibitor I (very strong) 

O Inhibitor 2 (strong) 

  Inhibitor 3 

O Inhibitor 4 

O Inhibitor 5 

O Inhibitor 6 (mild) 

O Inhibitor 7 (very mild) 

Fig. 25 - Hypothetical, graphic view of the possible scenario that causes differences in RAPD-PCR products of 
PCRs with different PCR-DNA template concentrations and in duplicates with the same arDNA 
extract. This is a hypothetical example with 7 types of differently damaged and artificially altered 
DNA sequences, or otherwise PCR-unusable DNA molecules (at certain degree), and in combination 
with 7 different kinds of PCR inhibitors (i. e., compounds of arDNA extracts that have a different 
effect on the PCR inhibition - from very strong to very mild). 
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The question is: "How many DNA molecules (genome DNA sequences) are really PCR 

usable/amplifiable and how many different variants of PCR inhibitors are present in arDNA 

extracts/PCR-DNA template? " Applying basic and approximate calculations of the DNA 

molecule number (genome equivalents) using the Dolezel et al. (2003; from: 

www. genomesize. com/units. htm) conversion formula (DNA mass in pg x 0.978 x 109 -- 

number of base pairs), it can be calculated that PCR-DNA templates used in this study 

contained about 300 - 60,000 DNA molecules (genome equivalents), including PCR-usable, 

partly PCR-usable, and PCR-unusable DNA molecules/DNA sequences. The number of 

DNA molecules (genome equivalents) in a particular PCR-DNA template (0.5,2.5 and 5 µl) 

depended on DNA concentration of the specific formalin-arDNA extract (in this study 

arDNA extracts were with DNA concentrations of 1 ng/µl to 20 ng/µl). According to public 

Internet data (www. genomesizes. com) on the genome sizes of different organisms expressed 

through DNA mass in pg, one diploid genome of macrourid fish (DNA of one cell nucleus) 

is about 1.64 pg, i. e. the diploid genome size of macrourid fish is about 1.64 billion base 

pairs. Approximate calculations of DNA molecule numbers (genome equivalents) in a 

particular PCR-DNA template have been based on DNA concentration measurement of 

formalin/Steedman's-arDNA extracts of Nezumia, amounts of applied PCR-DNA template, 

and Internet data (www. genomesizes. com) about the genome size of macrourid fish in 

correlation to the number of base pairs to DNA mass: 

- For 0.5 µ1 of PCR-DNA template (for pNA conc. range of 1- 20 ng/µl) =a range of 0.5 - 10 ng 

DNA mass = 500 - 10,000 pg = approx. 300 - 6,000 DNA molecules - genome equivalents (i. e. 

genome copies in 0.5 µl of PCR-DNA template, for DNA conc. range of 1- 20 ng/µl) 

- For 2.5 µl of PCR template (for DNA conc. range of 1-20 ng/µl) =a range of 2.5 - 50 ng DNA 

mass = 2,500 - 50,000 pg = approx. 1,500 - 30,000 DNA molecules - genome equivalents (i. e. 

genome copies in 2.5 µ1 of PCR-DNA template, for DNA conc. range of 1-20 ng/µl) 

- For 5 µl of PCR template (for DNA conc. range of 1-20 ng/µl) =a range of 5- 100 ng DNA mass = 

5,000 - 100,000 pg = approx. 3,000 - 60,000 DNA molecules - genome equivalents (i. e. genome 

copies in 5.0 µl of PCR-DNA template, for DNA cone. range of 1-20 nglgl). 

A genome sequence usually has a few priming sites for a particular RAPD primer - meaning 
that the above figures are multiplied with numbers of possible priming sites in the genome 

with a particular RAPD primer. However, these calculated figures of the total number of 

available DNA molecules/sequences in PCR templates contradict the PCR amplification 
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success rate in this study. Experimental data from the study suggest that a much lower 

number of PCR-usable DNA molecules/sequences from formalin-arDNA extracts might be 

available than theoretically expected from the above calculations. Or, another assumption 

might be that the PCR inhibition effect is much stronger than presumed, and probably 
depends on how many molecules of strong PCR inhibitor(s) are present in a particular PCR- 

DNA template. It seems that the variety of diffusible PCR inhibitors that come from 

preservation fluid and, probably, interactions of these chemicals and those used in DNA 

extraction procedures, are in much higher concentrations and with very different effects on 

PCR. 

However, it is still unclear whether the major PCR difficulties occur because of "non- 

diffusible" PCR inhibitors (i. e., damage on DNA sequence: modifications, fragmentation, 

crosslinking), or because of the PCR inhibition caused by "diffusible" PCR inhibitors 

(chemicals that co-purified with arDNA and act as PCR inhibitors). 

In my opinion, based on evidence from this study, it seems that the presence of diffusible 

PCR inhibitors has more adverse effect on the PCRs than low availability of amplifiable 

arDNA. Experimental data from this study have confirmed the significance of reducing the 

concentration of "diffusible" (unknown) PCR inhibitors by diluting arDNA extracts (see 

section 3.1.1). If a particular concentration (which might be a tiny amount) of some strong 

PCR inhibitor was present in the arDNA extract and PCR template, the PCR could be 

completely blocked regardless of the number of PCR-usable DNA molecules, i. e. 

amplifiable DNA sequences (see Figure 11; p 117 - PCR experiments with mixing arDNA 

of Nezumia and DNA of control cod DNA). On the other hand, concentrations of DNA and 

total numbers of PCR-usable DNA molecules/targeted sequences are also important for 

successful PCR amplifications (Fig. 21(b); p 144). 

Theoretical and hypothetical observations might suggest that it is better to use a higher DNA 

concentration of PCR-DNA templates, i. e. a bigger amount of arDNA in PCR reactions, in 

order to avoid discrepancies in RAPD-PCR results. This theoretical assumption might be 

correct according to most of RAPD-PCR results obtained in the study (Fig. 26), but the real 

situation is much more complex and difficult to bring under the general rule. There are 

examples from this study that are confusing and/or strongly contradict the assumption about 

using a bigger volume of PCR-DNA templates as beneficial for RAPD-PCRs (Fig. 27), 

probably because of a higher concentration of diffusible PCR inhibitors in PCR-DNA 
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templates (by increasing the volume/amount of arDNA as NC'R template, I)NA concentration 

in PCR reaction is increased, but also the concentration of PCR inhibitors). 

0.5 2.5 5 ') 45 915 Iii ng, DNA O. ý ..; 5 

in 25 µI 
P('R 

(a) - RAPD primer 15 (h) - RAPD primer 37 

Figure 26- The increase of VCR efficiency and reproducihiIitý of RAPD-PCR results ý%ith increased volume of 
PCR-DNA templates, that is, concentrations of arDNA in PCR reactions. 
"M" indicates size marker fragments -I Kb DNA Ladder (Gibco and Prornega). 
(A) DNA extracts produced by protocol (A) 
R- Identifier of fish individual, i. e. a fish specimen (R-6 is fish no. 6: R-17 is fish no. 17; R-20 is 

fish no. 20, R-24 is fish no. 24) 
N. a -- Ne_umia aequalis 
N. m - Ne: umia micronvchodon 

Results from this study might suggest that 5-10 ng of arDNA in PCRs will he probably the 

most suitable amount of arDNA in RAPD-PCRs (Figure 26). but during the study there were 

many exceptions and confusing results. For example, if 0.5 ng of arDNA in PCR reaction 

was too little DNA for a successful RAPD-PCR amplification, how could 5 ng be too much 

DNA for a successful amplification (Fig. 27, gel (a)-Lanes: 1-6, gel (h)-Lanes: 7-12)? It is 

similar for 7.5 or 12.5 ng DNA in PCR (Fig. 27, gel (d)). These occurrences might be 

explained by the presence of higher concentrations of diffusible PCR inhibitors in bigger 

volumes of PCR-DNA templates applied (l Ox relative concentrations of PCR template: 5 µl 

of arDNA extract in 25 itl of PCR volume) - compared to 0.5 µl of arDNA extract (I x 

relative concentration of PCR-DNA template) and 2.5 µl of arDNA extract (5x relative 

concentration of PCR-DNA template). 
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D. 5 2.5 5 ng DNA 0.5 2.5 5 0.5 2.5 5 0.5 2.5 5 

(a) - RAPD primer IS (h) - three different RAID primers 

N. a; R-28; extr 164 N a; R-31, extr 165 
Prntncnl (A),, ml I-AIF Pt tnc: nl IA I; muscle 

3 15 30 ng DNA 0.75 3.75 7.5 1.25 (,. 25 l2. ß 

(c) - RAPD primer 46 (d) - RAPU primer 44 

cxtr. 215; (A) 

(e) - RANI) primer 51 

Figure 27 - Confusing and contradictory RAPD-PCR results, that is, increase of PCR efficiency and 
reproducibility of RAPD-PCR results do not always increase with increased volume of PCR- 
DNA templates (i. e., concentrations of arDNA in PCR reactions). 
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It seems that diffusible PCR inhibitors reach some "critical amount" in PCR reactions with 

which Taq polymerase cannot perform amplifications effectively, regardless of the 

sufficiently available amount of amplifiable DNA, causing a low PCR efficiency with a poor 

PCR yield, or complete failure of PCR amplification. This might explain the confusing 

RAPD-PCR results shown in Figure 27 (for example, gels (d) and (e) - the inefficiency, or 

complete failure, of RAPD-PCRs with lOx PCR-DNA template concentrations in one or 

both duplicates). 

By diluting arDNA extracts with sdH2O (Figs. 8,9,10,11; pp. 113,114,116,117), the PCR 

inhibitors also become diluted and it is often possible to achieve a successful PCR 

amplification despite the fact that the absolute concentrations of arDNA in PCR reactions are 

lower (by diluting arDNA extracts, the number of DNA molecules is also reduced). The 

possibility of diluting arDNA extracts and then successfully applying them for RAPD-PCR 

proves that the main problem is not in DNA concentration and availability of a sufficient 

number of PCR amplifiable (targeted) sequences in PCRs, i. e. in the damage of arDNA, but 

in the presence of "diffusible" PCR inhibitors. During the PCR experiments, it was not 

possible to improve all arDNA extracts just by diluting arDNA extracts, especially not those 

produced by phenol-based DNA extraction protocols (see section 3.1.1). This emphasises the 

importance of an adequate selection of DNA extraction protocol for preserved specimens, 

washing/drying regimes of preserved tissue samples prior to DNA extraction, and the 

application of DNA purification steps. Other researchers working with difficult samples also 
found that the PCR inhibition was decreased by diluting DNA extracts until the inhibitor is 

no longer present at inhibitory concentrations (Boman et al. (1999) in clinical samples; 
Kalmar et al. (2000) in ancient bones; Olson et al. (2005) - museum dry specimens of skulls 

and skeletons). However, excessive dilution may also dilute the DNA to non-amplifiable 

concentrations (Mulligan 2005). 

The problems related to the application of the RAPD-PCR methodology to preserved 

specimens and reproducibility of RAPD-PCR results with formalin/Steedman-arDNA are 

evident and numerous. Known pitfalls of the RAPD-PCR methodology are much more 

emphasised with formalin-arDNA than with "good DNA", making this methodology 
inapplicable for its traditional use on preserved specimens. The expressed difficulties 

correlate with a particular RAPD primer, arDNA extract, and may be individual fish. 
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3.1.2.2. Tag yolymerases 

Before developing the most suitable RAPD-PCR strategy for studying Nezumia preserved 

specimens, the effects of using different Taq polymerases, Taq buffers, Mg concentrations, 

additives for improving the PCR performance (DMSO, glycerol, reagents supplied in Taq 

kits as enhancer solutions), PCR thermal cyclers, etc. were tested. The application of a "hot 

start" (by employing wax beads) and performing RAPD-PCRs in different volumes of PCR 

reactions (25 µl and 50 p1) were also investigated. It is known that all these factors might 

(and usually do) cause differences in RAPD-PCR performance and reproducibility, of results. 

These experiments were primarily conducted in order to select the most appropriate RAPD- 

PCR conditions for investigating formalin-Steedman-arDNA extracts. 

As was expected, the application of different Taq polymerases generated different RAPD- 

PCR profiles (Fig. 28) - compare RAPD-PCR results in gel (a) lanes 1,2 and 3, RAPD- 

PCRs which were performed with Hybaid-AGS Gold Taq polymerase in supplied Hybaid- 

AGS Gold Buffer, with the lane 4, RAPD-PCRs performed with Promega Taq in Hybaid- 

AGS Gold Buffer. However, such big differences in RAPD-PCR profiles were not expected 

with the same arDNA extract. Lanes 1 and 2 are PCR duplicates performed with 2 µl of 

arDNA suspension [2 ng of DNA] in 25 pl of PCR reaction, whereas RAPD-PCR in lane 3 

was performed with 1 µl of arDNA suspension [I ng DNA] in 25 µl of PCR reaction, i. e. 

with a half of the DNA amount than in lanes 1 and 2. RAPD-PCR reaction in lane 4 was 

performed with 2 µl of arDNA suspension [2 ng of DNA], i. e. the PCR reaction had the 

same content [made from one mastermix] as in lanes 1 and 2, but the only difference was 

that it was performed with Promega Taq). RAPD-PCR experiments presented in lanes 5-8 

(Fig. 28) had the same experimental set up as in lanes 1-4, but it was performed with arDNA 

of different species, i. e. different arDNA extract. At first sight, differences look greater 
between RAPD-PCRs that were performed with different Taq polymerases with the same 

arDNA extract than with arDNA extracts of different species. The same experiment (the 

same experimental set up and with the same arDNA extract)) was performed in a different 

type of thermal cycler (Hybaid PCR-Express with cooling system) - Fig. 28(b). The 

reproducibility of RAPD-PCRs with different concentrations of arDNA in PCR reactions 

(with the same Taq polymerase) was improved (Lanes: 1-3 and 5-6), but significant 

differences remained the same between RAPD-PCR results obtained with the same arDNA 

extracts but performed with different Taq polymerases (compare lanes 1,2 and 3 with lane 4, 

and lanes 5,6,7 with lane 8 in Fig. 28(b)). 
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Figure 28 -'t'esting the RAPD-PCR performances and reproducibility of results if different Tuch polymerises, 
PCR-DNA template concentrations, and different PCR thermal cyclers were applied. 
Gel (a) and (b) -Testing different PCR-DNA template concentrations in conjunction with Taq 
polymerases and 7uq buffers of different suppliers: I ly baid-AGS Gold Tuq polymerase in 

supplied Ilybaid-AGS Gold 7uq buffer (Lanes: 1-3,5-7), and Promega 7'uq polymerase in the 
AGS Gold Tuq buffer (Lanes: 4 and 8), and testing different PCR thermal cycler (PCR reactions 
prepared from the same PCR mastermix were performed in two different thermal cyclers). 
Gel (c) - Testing different Tuq polymerases in triplicates (three PCR reactions with the same set 
up and content of PCR reactions performed in parallel in the same PCR) in conjunction with the 
"hot start" (employing wax beads) 
Gel (d) -Testing different PCR thermal cyclers 
"M" indicates size marker fragments -I Kb DNA Ladder (Gibco), N negative PCRs, 

(B) DNA extracts produced by protocol (B), 
N. a - Ne=zunziu ueyuulis, 
N. m - N. micranvcho on. 

159 

(a) R PI) primer 511 (III It U'I) I)I lII Cr '' 

(d) R III) primer 29 (c) RAPT) primer 44; hot start 



From tested Taq polymerases, the Promega Taq polymerase in the supplied Promega Taq 

buffer exhibited the lowest suitability for RAPD-PCRs on the investigated preserved fish 

specimens because of generating much less RAPD-PCR fragments that were also of very 

low intensity, i. e. with a poor PCR yield. For example, the Promega Taq generated only one 

band (RAPD fragment of a low PCR yield) with RAPD primer 44 (Fig. 28(c)-L: 4-6). The 

efficiency and performance of the Promega Taq polymerase was significantly improved if 

Hybaid-AGS Gold Buffer was used instead of supplied Promega Taq Buffer (compare the 

results from gel (c)-Lanes: 4-6 with RAPD-PCR results in gel (a) and (b) - Lanes: 4 and 8). 

The Hybaid-AGS Gold Taq polymerase gave reasonably reproducible results (Fig. 28(c)- 

L: 7-9), but the bands and banding pattern were not clear, i. e. the banding pattern contained 

smearing regions with a few distinguishable bands which were difficult to count with a high 

reliability. The AB Red hot Taq polymerase (Advanced Biotechnologies Ltd., UK) in the 

supplied AB buffer (Reaction Buffer IV) generated complex band patterns with clear bands 

(RAPD-PCR fragments), but the reproducibility of the results in triplicates (three PCR 

reactions with the same content, i. e. made from the same PCR mastermix) was very poor 
(Fig. 28(c)-L: 1-3). The use of different Taq polymerases and Taq buffers caused significant 
differences in RAPD-PCR - in yields of RAPDs and reproducibility and clarity of the RAPD 

profiles. The sizes of generated RAPDs were affected by the use of different Tag 

polymerases. 

The use of different PCR thermocyclers also affected RAPD-PCR results with arDNA. As 

an example, compare gel (a) and gel (b) in Fig. 28 for differences in the RAPD-PCR results 
if PCRs were performed in Hybaid Omn-E and Hybaid PCR-Express thermal cyclers (for 

experimental set up - see description of an experiment in the second paragraph of this 

section), or compare lanes 1-3 with lanes 5-7 in gel (d) in Fig. 28 for differences in the 

RAPD-PCR results if PCRs were performed in Hybaid Omn-E and MWG-PCR Primus 

(MWG-Biotech) thermal cyclers. The use of the Hybaid PCR-Express thermal cycler with 

cooling system improved the fidelity and specificity of PCR amplifications (Fig. 28, gel (b)) 

if compared with the results obtained by performing it in Hybaid Omn-E thermal cycler (Fig. 

28, gel (a)), whereas the MWG-PCR Primus (MWG-Biotech) did not (Fig 28, gel (d)). 
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The application of the "hot start" did not significantly improve the RAPT)-PCR specificity 

and reproducibility of PCR products (Fig. 28, gel (c)), but it did improve RAPI)-PCR 

performance related to PCR inhibition (Fig. 29). I lowever. the application of the "hot start" 

with wax beads was not selected for RAPD-PCR investigations because increasing risk of 

contamination with external DNA due to additional pipetting and opening tubes in order to 

add another part of the mastermix after melting, that is, hardening a wax, as well as through 

handling the wax beads. Instead of applying this risky "hot start". PCR reactions were 

always placed into a hot thermal cycler block (at 94°C) in order to increase the specificity of 

PCRs. The application of polymerase-antibody enzymes ("antibody hot start") is worthwhile 

to test and apply in research with arDNAs. 

RAN) primer 29 

(. º) - Without -ho( start" (b) - With "hot start" 

Figure 29 - Testing the effect of "hot start" on the PCR inhibition. l he arDNA extracts produced by 

modified protocol (D) exhibited the PCR inhibition as undiluted arDNA suspension (gel (a)- 
Lane: I) and I Ox-diluted suspension (gel (a)-Lane: 2) it "hot start" was not applied. Ilowever, it' 
"hot start" was applied (employing wax beads), the RAPD product (band size of 500 hp) was 
generated (gel (h)-Lanes: I and 2). If 50x, I00x and 200x dilutions ol'the art )NA extract (50x-I). 
I OOx-D and 200x-D) were applied in PCR reactions, the RAPT) product was generated regardless 
of'applying "hot start" or not (compare gels (a) and (h) - Lanes: 3.4,5). In all PCRs, Promega 
Taq was applied and 2.5 tI of arDNA suspension (diluted or undiluted) in 50 ftI of'P('R reaction 
volume. All PCR reactions were run simultaneously in the I Ivhaid Omn-l'. thermal cycler. 
"M" indicates size marker fragments -I Kb DNA Ladder (Gihco). 
(D) - arDNA extracts produced by protocol (D), 
N. m N. micron vchodon. 
R- Identifier of fish individual. i. e. a fish specimen (R- I is fish no. I 
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After extensive investigations and optimisations of RAPD-PCRs with different RAPD 

primers and arDNA extracts, the Hybaid Omn-E thermal cycler and Haybaid-AGS Gold Taq 

(with supplied AGS Gold Taq Buffer -a buffer without Mg) proved to be the most suitable 

for RAPD-PCR experiments in this study. They were therefore selected as standards for 

RAPD-PCRs in this project. In order to ensure the reliability and accuracy of obtained 

RAPD-PCR results, it was found that the most reliable RAPD-PCR results were obtained if 

each RAPD-PCR experiment was performed with three different PCR-DNA template 

concentrations in duplicates of each template concentration. 

The data suggest that the appropriate choice of Taq polymerase is important for the PCR 

amplification success rate with arDNA, PCR amplification yield and reproducibility of PCR 

products, as well as the size of PCR products. Similar findings were also reported by other 

researchers (e. g., Quach et al. 2004) for the use of formalin-arDNA in PCRs. 

3.1.2.3. RAPD experiments on preserved specimens of Nezumia 

One intention was to investigate the possibility of using the RAPD-PCR methodology 

(different RAPD primers) on degraded/damaged DNA (formalin/Steedman's-arDNA of 

Nezumia aequalis and N. micronychodon) by using developed RAPD strategy, i. e. 

performing RAPD-PCRs with three different PCR-DNA template concentrations in 

duplicates. The aim was to investigate if any of tested RAPD primers could be applicable to 

formalin/Steedman's-arDNA of these two Nezumia species for a traditional RAPD-distance 

analysis, as well as to find a possible presence of species-specific band(s) and/or species- 

specific RAPD profiles (band patterns). In this study, 4,428 RAPD-PCRs, applying 60 

different primers, were performed (Table 7). 
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Table 7. - RAPD-PCRs with formalin-arDNA of Nezumia aequalis (N. a) and N. micronychodon (N. m) 

Total no. of Success of RAPD-PCRs Number of bands 
RAPD Primer Species n1 n2 PCRs "+" amplif. % "+1-" amplif. % amplif. % Range Average 

N. m 3 3 13 3 23 0 0 10 77 2-5 3.50 
Primer 1. N. a 3 3 13 10 77 0 0 3 23 1-9 6.10 

N. m + N. a 6 6 26 13 50 0 0 13 50 1-9 

N. m 6 8 48 19 40 0 0 29 60 1-10 3.10 
Primer 2. N. a 13 13 85 43 51 2 2 40 47 1 -10 3.95 

N. m + N. a 19 21 133 62 47 2 2 69 51 1 -10 

N. m 3 3 13 8 62 0 0 5 38 5-8 
_ 

6.75 
Primer 3. N. a 3 3 13 12 92 0 0 1 8 8-12 10.08 

N. m + N. a 6 6 26 20 77 0 0 6 23 5.12 

N. m 2 2 12 11 92 0 0 1 8 1-8 4.50 
Primer 4. Ka 3 3 13 13 100 0 0 0 0 1-12 6.38 

N. m + N. a 5 5 25 24 96 0 0 1 4 1-12 

N. m 3 3 13 6 46 0 0 7 54 1-5 2.50 
Primer 5. N. e 3 3 13 11 85 0 0 2 15 

1 
2-8 

1 
5.55 

N. m + N. a 6 6 26 17 65 0 0 9 35 1-8 

N. m 3 3 13 9 69 0 0 4 31 1-6 3.33 
Primer 6. N. a 3 3 13 12 92 0 0 1 8 1-10 6.29 

N. m + N. a 6 6 26 21 81 0 0 5 19 1 -10 

N. m 3 3 13 10 77 1 8 2 15 1-10 5.90 
Primer 7. N. e 3 3 13 13 100 0 0 0 0 1-9 5.54 

N. m + N. a 6 6 26 23 88 1 4 2 8 1-10 

N. m 3 3 13 2 15 1 8 10 77 1-2 1.40 
Primer 8. N. e 3 3 13 12 92 

L0 
0 1 8 2-7 4.54 

N. m + N. a 6 6 26 14 54 1 4 11 42 1-7 

N. m 3 3 13 7 54 0 0 6 46 1-6 2.14 
Primer 9. N. a 3 3 13 12 92 0 0 1 8 2-8 5.58 

N. m + N. a 6 6 26 19 73 0 0 7 27 1-8 

N. m 3 3 14 1 7 0 0 13 93 1-1 1.00 
Primer 10. Ka 3 3 14 12 86 0 0 2 14 

1 
1-13 5.25 

N. m + N. a 6 6 28 13 46 0 0 15 54 1 1-13 

N. m 11 15 86 30 35 0 0 56 6 1 -8 3.50 
Primer 11. Ka 17 17 110 69 63 0 0 41 37 1- 11 5.00 

N. m + N. a 28 32 196 99 51 0 0 97 49 1-11 

N. m 3 3 14 11 79 0 0 3 21 1-5 2.91 
Primer 12. N. a 3 3 14 12 86 0 0 2 14 4-10 5.92 

N. m + N. a 6 6 28 23 82 0 0 5 18 1 -10 

N. m 3 3 13 4 31 1 8 8 61 1-2 1.50 
Primer 13. N. a 3 3 13 7 54 0 0 6 46 1-3 1.42 

N. m + N. a 6 6 26 11 42 1 4 14 54 1-3 

N. m 3 3 13 11 85 0 0 2 15 2-5 3.00 
Primer 14. N. a 3 3 13 12 92 0 0 1 8 3-7 5.08 

N. m + N. a 6 6 26 23 88 0 0 3 12 2-7 

N. m 11 19 98 64 65 0 0 34 35 1-12 1 3.95 
Primer 15. N. a 17 20 116 103 89 0 0 13 11 1 -g 4.89 

N. m + N. a 28 39 214 167 78 0 0 47 22 1 -12 
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Table 7- continued 

Total no. of Success of RAPD-PCRs Number of bands 

RAPD Primer Species n, nz PCRs "+" amplif. % "+1-" amplif. % amplif. % Range Average 
N. m 2 2 7 3 43 0 0 4 57 4-6 5.00 

Primer 16. N. a 3 3 13 11 85 0 0 2 15 1-8 5.21 
N. m + N. a 5 5 20 14 70 0 0 6 30 1-8 

N. m 2 2 7 2 29 0 0 5 71 5- 5 5.00 
Primer 17. N. a 3 3 13 10 77 0 0 3 23 1-6 

1 
4.10 

N. m + N. a 5 5 20 12 60 0 0 8 40 1-6 

N. m 2 2 7 4 57 1 14 2 29 3-8 5.00 
Primer 18. N. a 3 3 13 11 85 2 15 0 0 1-8 5.63 

N. m + N. a 5 5 20 15 75 3 15 2 10 1-8 

N. m 2 2 7 3 43 1 14 3 43 2- 2 2.00 
Primer 19. N. a 3 3 13 12 92 0 0 1 8 2-10 6.17 

N. m + N. a 5 5 20 15 75 1 5 4 20 2-10_1 

N. m 2 2 7 5 71 0 0 2 29 2-6 3.60 
Primer 20. N. a 3 3 13 12 92 0 0 1 8 1-16 9.00 

N. m + N. a 5 5 20 17 85 0 0 3 15 1 -16 

N. m 3 3 13 12 92 1 8 0 0 2 -10 6.75 
Primer 21. N. a 3 3 13 13 100 0 0 0 0 

1 
5-11 7.62 

N. m + N. a 6 6 26 25 96 1 4 0 0 2-11 

N. m 3 9 24 9 38 1 4 14 58 1-9 4.44 
Primer 22. N. a 3 3 13 12 92 0 0 1 8 2 -12 6.92 

N. m + N. a 6 12 37 21 57 1 3 15 40 1-12 

N. m 3 3 13 1 8 0 0 12 92 9-9 9.00 
Primer 23. N. a 3 3 13 2 15 0 0 11 85 1 -1 1.00 

N. m + N. a 6 6 26 3 12 0 0 23 88 1-9 

N. m 3 3 13 0 0 4 31 9 69 71 ? 
24. N. a 3 3 13 10 77 0 0 3 23 

1 
1-10 . 30 3.30 

N. m + N. a 6 6 26 10 38 4 15 12 46 1-10 

N. m 3 3 13 0 0 1 8 12 92 ?2 ? 
Primer 25. N. a 3 3 13 4 31 3 23 6 46 1-4 3.40 

N. m + N. a 6 6 26 4 15 4 15 18 70 1-4 

N. m 3 3 13 0 0 0 0 13 100 0 0 
Primer 26. N. a 3 3 13 10 77 0 0 3 23 1-7 4.50 

N. m + N. a 6 6 26 10 38 0 0 16 62 4-7 

N. m 3 3 13 0 0 1 8 12 92 ?1 ? 
Primer 27. Na 3 3 13 6 46 0 0 7 54 1- 1 1.00 

N. m + N. a 6 6 26 6 23 1 4 19 73 1 -1 

N. m 4 5 19 13 68 0 0 6 32 1-10 6.00 
Primer 28. N. a 3 3 13 13 100 0 0 0 0 4-10 6.77 

N. m + N. a 7 8 32 26 81 0 0 6 19 1 -10 

N. m 12 87 293 102 35 8 3 183 62 1-13 3.41 
Primer 29. N. a 19 66 181 34 19 2 1 145 80 1-10 4.54 

N. m + N. a 31 153 474 136 29 10 2 328 69 1-13 

N. m 3 3 13 11 85 0 0 2 15 1-7 4.55 
Primer 30. Na 3 3 13 12 92 0 0 1 8 2-7 4.33 

N. m + N. a 6 6 26 23 88 0 0 3 12 1-7 

N. m 3 3 13 12 92 0 0 1 8 2-14 6.92 
Primer 31. N. a 

k 
3 3 13 13 100 0 0 0 0 1-12 9.00 

N. m + N. a 6 6 26 25 96 0 0 1 4 1 -14 

N. m 6 14 51 46 90 1 4 8 1.9 5.37 
Primer 32. Ka 7 16 51 49 96 0 0 2 4 1- 12 5.92 

N. m + N. a 13 30 102 95 93 1 1 6 6 1 -12 
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Table 7- continued 

Total no. of Success of RAPD-PCRs Number of bands 
RAPD Primer Species n, n2 PCRs amplif. % "+1-" amplif. % =" amplif. % Range Average 

N. m 3 3 13 4 31 0 0 9 69 3-7 5.25 
Primer 33. Ka 3 3 13 12 92 0 0 1 8 1-9 5.00 

N. m + N. a 6 6 26 16 62 0 0 10 38 1-9 

N. m 3 3 13 11 85 0 0 2 15 1-9 4.09 
Primer 34. N. a 3 3 13 12 92 0 0 

1 
1 

1 
8 4-11 7.17 

N. m + N. a 6 6 26 23 88 0 0 3 12 1 -11 

N. m 3 3 13 9 69 0 0 4 31 2 -11 6.67 
Primer 35. N. a 3 3 13 12 92 0 0 1 8 2- 7 5.33 

N. m + N. a 6 6 26 21 81 0 0 5 19 2-11 

N. m 11 16 97 36 37 0 0 61 63 1 -11 5.08 
Primer 37. N. a 17 17 109 76 70 0 0 33 30 1 -11 5.64 

N. m + N. a 28 33 206 112 54 0 0 94 1 46 1 1 -11 

N. m 3 3 13 12 92 0 0 1 8 1-15_ 7.67 
Primer 38. Ka 3 3 13 13 100 0 0 0 0 1 -13 4.85 

N. m + N. a 6 6 26 25 96 0 0 1 4 1-15 

N. m 3 3 13 10 77 0 0 3 23 1-10 3.80 
Primer 39. Ka 3 3 13 12 92 0 0 1 8 1-8 5.17 

N. m + N. a 6 6 26 22 85 0 0 4 15 1 -10 

N. m 2 2 12 3 25 0 0 9 75 1-4 2.34 
Primer 40. N. a 

4 
2 2 12 11 92 

L0 
0 1 8 1-10 3.82 

N. m + N. al 4 4 24 14 58 0 0 10 42 1 -10 

N. m 1 3 5 4 80 1 20 0 0 1-4 2.50 
Primer 41. N. a 1 3 3 2 67 0 0 1 33 2-5 _ 3.50 

N. m + N. a 2 6 8 6 75 1 12. 1 112.5 1 1-5 

N. m 8 9 44 23 
_52 

0 0 21 48 1-9 4.26 
Primer 42. Ka 8 10 45 37 82 0 0 8 18 1-10 6.24 

N. m + N. a 16 19 89 60 67 0 0 29 33 1.10 

N. m 1 3 5 0 0 0 5 100 0 0 
Primer 43. N. a 1 3 3 0 0 0 0 3 100 0 0 

N. m + N. a 2 6 8 0 0 0 0 8 100 0 0 

N. m 12 72 466 245 52 3 1 218 47 1 -11 3.59 
Primer 44. Na 19 99 611 

1 
373 61 

1 
11 2 227 37 1-12 4.19 

N. m + N. a 31 171 1077 618 68 14 1 445 41 1-12 

N. m 5 8 30 21 70 0 0 9 30 1 -11 5.00 
Primer 45. N. a 5 7 27 24 89 0 0 3 11 1 -12 5.79 

N. m + N. a 10 15 57 45 79 0 0 12 21 1-12 

N. m 11 17 135 72 53 3 2 60 45 1-8 2.93 
Primer 46. N. a 16 19 166 133 80 1 1 32 19 1 -12 4.07 

N. m + N. a 27 36 301 205 68 4 1 92 31 1-17 

4 6 20 16 80 0 0 4 20 3.13 
Primer 47. 

N 
4 7 20 16 80 0 0 4 20 1-13 6.25 

N. a N. 8 13 40 32 80 0 0 8 20 1 -13 

N. m 11 26 101 43 43 1 1 57 56 1 -10 3.46 
Primer 48. Ka 15 30 138 78 56 1 1 59 43 1-14 5.73 

N. m + N. a 26 56 239 121 51 2 1 116 48 1-14 

165 



Table 7- continued 

Total no. of Success of RAPD-PCRs Number of bands 

RAPD Primer Species n, n2 PCRs "+" amplif. % "+/-" amplif. % amplif. % Range Average 

N. m 4 18 46 36 78 0 0 10 22 1-9 4.44 
Primer 49. N. a 4 16 44 42 

1 
95 0 0 2 5 1-9 5.30 

N. m + N. a 8 34 90 78 87 0 0 12 13 1-9 

N. m 3 5 22 18 82 0 0 4 18 1 -10 6.67 
Primer 50. N. a 3 4 21 19 90 0 0 2 10 3- 11 6.32 

N. m + N. a 6 9 43 37 86 0 0 6 14 1 -11 

N. m 4 5 17 15 88 1 6 1 6 1- 9 
Primer 51. Na 3 4 16 15 94 1 6 0 0 2- 9 5.00 

N. m + N. a 7 9 33 30 91 2 6 1 3 1-9 

N. m 6 15 28 12 43 1 4 15 53 1-9 4.67 
Primer 52. N. a 6 13 26 20 77 0 0 6 23 2-13 9.84 

N. m + N. a 12 28 54 32 59 1 2 21 39 1 -13 

N. m 3 7 19 14 74 0 0 5 26 1-8 3.79 
Primer 53. N. a 5 5 17 16 94 0 0 1 6 1 -13 7.38 

N. m + N. a 8 12 36 30 83 0 0 6 17 1-13 

N. m 3 3 13 5 38 0 0 8 62 1-4 2.40 
Primer 54. N. a 3 3 13 12 92 0 0 1 8 6-13 

] 
9.17 

N. m + N. a 6 6 26 17 65 0 0 9 35 1.13 

N. m 3 3 13 10 77 0 0 3 23 1- 5.50 
Primer 55. N. a 3 3 13 13 

L 
0 0 0 0 3-11 8.15 

N. m + N. a 6 6 26 23 88 0 0 3 12 1 -11 

N. m 3 3 13 8 62 0 0 5 38 1-7 3.75 
Primer 56. N. a 3 3 13 13 100 0 0 0 0 5-12 8.23 

N. m + N. a 6 6 26 21 81 0 0 5 19 1.12 

3 3 13 6 46 0 0 7 54 1-4 2.60 
Primer 57. 

4 
3 3 13 11 85 0 0 2 15 2-12 8.18 

+N N. a 6 6 26 17 65 0 0 9 35 1-12 

N. m 3 3 13 8 62 0 0 5 38 1-10 625 
Primer 58. N. a 3 3 13 12 92 1 8 0 0 2-11 8.83 

N. m + N. a 6 6 26 20 77 1 4 5 19 1 -11 

N. m 3 3 13 4 31 2 15 7 54 1-2 1.75 
Primer 59. N. a 3 3 13 7 54 1 8 5 38 1- 5 3.14 

N. m + N. a 6 6 26 11 42 3 12 12 46 1-5 

N. m 3 3 13 11 85 0 0 2 15 1- 11 5.73 
Primer 60. N. a 3 3 13 12 92 0 0 1 8 2 -11 7.25 

N. m + N. a 6 6 26 23 88 0 0 3 12 1 -11 

All RAPD-PCRs N. m 2118 1075 51 34 2 1009 47 1-15 4.08 
(Primers 1-60) N. a 2310 LL I- 1590 69 25 2 695 29 1-16 5.59 

TOTAL N. m + N. a 4428 2665 60 59 2 1704 38 1-16 

N. m - Nezumia micronychodon 
N. a - Nezumia aequalis 
n, - number of fish individuals tested with the particular RAPD primer 
n2 - number of formalin-arDNA extracts tested with the particular RAPD primer 
u+^ amplif. - successful PCR amplifications, i. e. generated RAPD-PCR products (at least one clear RAPD-PCR fragment) 

M+/. M amplif. -a questionable success of PCR amplifications (generated bands are faint and may be artifacts) 
=" amplif. - unsuccessful PCR amplifications, (. e. RAPD-PCR products were not generated 
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With respect to the executed tests (considering both investigated species), 60% RAPD-PCRs 

successfully generated PCR products, 2% were of a questionable success (generated unclear, 

very faint band/s which might not be genuine PCR products, i. e. it is a high possibility that 

those bands were artifactual), and 38% were unsuccessful RAPD-PCRs (PCR products were 

not generated). A successful RAPD-PCR amplification was considered if at least one clear 
band (RAPD-PCR fragment) was generated. The formalin-arDNA of Nezumia aequalis gave 

a higher percentage of successful RAPD-PCRs (69%) than formalin-arDNA of N. 

micronychodon (51%). Also, on average, a higher number of RAPD-PCR fragments (bands) 

were generated with formalin-Steedman's-arDNA extracts of Nezumia aequalis (5.59) than 

of N. micronychodon (4.08). These may indicate better conditions and PCR suitability of 

Nezumia aequalis formalin-arDNAs than that of N. micronychodon, but the differences also 

might be caused by differences in genome sequences of the two investigated species. 

The estimation of the success rate with a particular RAPD primer might help in investigating 

the genetic structure of species with unstudied genomes and provide information on the 

usefulness of particular RAPD primers to be used on formalin-preserved specimens and in 

further research with particular species (two Nezumia species in this study). For example, 
RAPD primer 26 generated PCR products with formalin/Steedman-arDNAs of N. aequalis, 
but not with formalin/Steedman's-arDNAs of N. micronychodon. A similar situation was 

with the application of RAPD primers 24,25,27. Some RAPD primers did not generate any 
PCR product with formalin-arDNAs of both species (e. g., primer 43), or the tested primers 

gave very poor amplifications with non-reproducible bands (e. g. primer 23). This kind of 
information could be useful for drawing certain conclusions about N. micronychodon and N. 

aequalis genomes. If some RAPD primers did not produce successful PCR amplifications, 

the reason might not be in the damage of DNA due to preservation, but rather a different 

genomic structure of investigated species; that is, that these primers did not have a good 

match in genuine DNA sequences in one of the two, or both, investigated species. 

The results with RAPD primer 43 need to be viewed with caution because of a low number 

of PCRs, although it was tested with three different arDNA extracts in both species. 
However, the findings with primers 24 and 26 are most probably genuine and indicate 

molecular differences between these two species. These two RAPD primers gave successful 
RAPD-PCR amplifications with almost all tested arDNA extracts of N. aequalis, but none 

with arDNA of N. micronychodon. This ratio of successful and unsuccessful RAPD-PCR 
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amplifications with RAPD primer 24 (none for N. micronychodon and 77% of successful 
PCR amplifications for N. aequalis) suggests genuine differences in the particular DNA 

genome regions of the two species. Moreover, a possible further confirmation of the validity 

of these findings is the fact that two arDNA extracts of N. micronychodon (extracts: 213 and 
215) did not give RAPD-PCR products with mentioned RAPD primers, but produced 

successful amplifications with other RAPD-PCR primers (e. g. with primers 28 and 29) in the 

same PCR run and PCR reactions that were made from the same PCR master mix (see Figs. 

21(b) and 22; pp 144 and 145). Results are probably representative and indicate differences 

in DNA sequences of the two investigated species, but the possibility cannot be excluded 

that particular arDNA extracts used in RAPD-PCR experiments gave false negative PCRs 

with arDNA of N. micronychodon because of particular damaged regions of DNA 

sequences, or for other reasons (see detailed explanations of the "untypical and non- 

standardised behaviour" of different formalin-arDNA extracts in the previous sections). 

A higher rate of successful RAPD-PCRs in particular species (for instance primers 8 and 22 

for N. aequalis, or primers 4 and 32 for both species) might indicate a potentially higher 

usefulness of these RAPD primers to be used on preserved specimens (because of the 

possibility that a higher amplification success rate indicates genome regions that are less 

susceptible to DNA damage caused by preservation and other factors, and as a result are 

more appropriate for PCR amplifications with a particular RAPD primer). 

With regard to the reproducibility and the consistency of RAPDs, RAPDs were generally 
inconsistent, but some of RAPD-PCR fragments were reproducible with particular RAPD 

primers (e. g. with RAPD primer 44 bands sizes of -750 bp and 500 bp; or with primer 46 

bands sizes -700 bp and -300 bp - Figs. 30 and 31) with the majority of tested arDNA 

extracts. In general, some RAPDs were reproducible with all tested PCR-DNA template 

concentrations, some RAPD-PCR fragments were reproducible only with a particular DNA 

template concentration, and some were reproducible only in duplicates with the same DNA 

template concentration (regardless of the concentration of PCR-DNA templates applied) - 
see Figs. 30 and 31 and the support material on CD. However, some bands (RAPD-PCR 

fragments) were completely unreliable - not only were they inconsistent and irreproducible 

across different PCR experiments and different DNA-PCR template concentrations, but they 

were not reproducible even in their duplicates. This kind of RAPD result (sometimes 

reproducible, sometimes not reproducible) occurred frequently in the study, making 

comparison and interpretation of results difficult. Besides the inconsistency of RAPD-PCR 
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results in general (related to the presence of RAPD-PCR fragments in profiles), the intensity 

of co-migrating bands was often different, even in PCR duplicates. This clearly indicates that 

RAPDs are erratic and definitely cannot be used with formalin-Steedman's archival DNA for 

their traditional applications (presence/absence of bands and RAPD-distance analysis). 

Developed strategy (performing RAPD-PCRs with three different PCR-DNA template 

concentrations in duplicates) aided better understanding of the problems related to the use of 
formalin-Steedman's-arDNA in RAPD-PCRs and prevented misinterpretation of results, but 

could not lead to its reliable traditional application (i. e. reliable scoring of bands for accurate 

RAPD-distance analysis) on investigated specimens. 

However, the RAPD-PCR methodology can be useful in investigating genetic structure and 

isolating markers from formalin-fixed specimens and species with unstudied genomes (in 

this study from the two deep-sea fish - Nezumia aequalis and N. micronychodon). This is 

based on results from this study which clearly demonstrated that some of obtained RAPD- 

PCR fragments (bands) were unquestionably genuine. The example that a robust RAPD 

primer could produce consistent RAPD-PCR fragments with formalin-fixed specimens has 

already been mentioned - RAPD primer 44 with the RAPD-DNA fragment size of -750 bp 

(Fig. 30) and RAPD primer 46 with fragment size of -700 (Fig. 31). The RAPD-PCR 

fragments sizes of 350 bp and 1200 bp generated with RAPD primer 46 were also 

reproducible and shared in both species, but these two bands were not consistently 

reproducible across all experiments (Fig. 31). The degree of their reproducibility was often 
in correlation with a particular archival DNA extract and PCR-DNA template concentration 

used in PCR experiments. It is important to emphasise that without performing Southern blot 

and/or sequencing experiments, shared, co-migrating bands do not necessarily mean that 

they belong to the same locus (region) in the genomes. For Nezumia species, the homology 

and identity of a co-migrating and shared band size of -750 bp (generated with primer 44) 

was confirmed by Southern blotting (Fig. 32) and by sequencing (see section 3.2). In order 

to investigate the specificity of this RAPD marker generated for Nezumia aequalis and N. 

micronychodon, the RAPD-PCR profiles of these two investigated species were compared 

with RAPD-PCR profiles of closely related species (Coryphaenoides armatus; Fig. 17(a); p 
126) and distant fish species (rainbow trout; Figures 13 and 17; pp 121 and 126). The RAPD 

profiles were distinctly different, although the band size of 750-800 bp was also present in 

rainbow trout (Fig. 13; p 121). 
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1) Nezumia micront'chodun 

!. F'-1 Nri, R-1 N. m, R-1 rJ rn, R-13 N m; R-9 R- t6 IN 
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2) Nezumia aequalis 
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Figure 30 - RAPD-PCR experiments with tormalin-arl)NAs of N. micrnmvc/, odon (N. m) and N. at'qualis 
(N. a) performed with RAPI) Primer 44, different art)NA extracts froth different fish 
individuals. The band size of 750 bp was reproducible throughout experiments regardless of 
fish individuals, species and arDNA extracts used in these RAPT)-PCR experiments. This 750- 
bp RAPD fragment is shared band in both species. Southern blotting (Fig. 32) proved the 
homology of this RAPE) between the two investigated species. 
"M" indicates size marker fragments -1 Kb DNA Ladder (Promega). 
R- Identifier of fish individual, i. e. a fish specimen (e. g., R- I is fish no. I; R-3 is fish no. 3, etc. ) 
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Figure 31 - RAPD-PCR experiments with Formalin-arf)NAs of N. micronvehodon (N. m) and a'. aequalis 
(N. a) performed with RAPT) Primer 46, diflcrent arl)NA extracts from different fish 
individuals. the band size of 700 hp was reproducible throughout experiments regardless of 
fish individuals. species and arl)NA extracts used in these RAPT)-PCR experiments. This 700- 
bp RAPT) fragment is shared hand in both species. Hie bands sizes of 350 hp and 1200 hp 

are also reproducible, but not as consistently as a 700 hp-hand. These two RAPI)s are present 
in both species as shared RAPI)-fragnments. 
"M" indicates size marker fragments -I Kb I)NA Ladder (Gihco). 

R- Identifier of fish individual. i. e. fish specimen (e. g.. R-5 is fish no. 5, R-23 is fish no. 23) 
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750 bp - 

-750 bp - 
w'rlº+_ 

(a) (h)) (C) 

Figure 32 - The results of the Southern blotting: hybridisation of DIG labelled Ne--uniics microni-c o on 
DNA of -750 bp RAPD-PCR fragment (initially generated with RAI'I) primer 44) against 
RAPD-PCR fragments of forrnalin-arDNAs of different fish individuals and ditterent arl)NA 
extracts of N. aequalis (N. a). Southern blot results indicated strong match with all tested RAI'I)- 
PCR fragments of the same size produced by RAPt) primer 44. ['his confirmed homolog" of the 
comigrating RAPD fragments size of 750 bp across the experiments and species. 
"M" indicates size marker fragments -I Kb l)NA Ladder (Promega). 

Besides RAPI) primers 44 and 46, there were other RAPE) primers that gave inlbrmative and 

reasonably reproducible results with the majority of' tested arDNA extracts ( fier example, 

primers I1 and 15 - see 'Fable 7 and 8, and support material on the ('I)). Some possible 

Nezumia aequalis-specific and N. micronyychodon-specific RAN) fragments, as well as some 

shared (co-migrating) bands, with particular RAPT) primers are shown in 'Fable 8. 
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Table 8- Possible species-specific and shared bands with particular RAPD primers 

RAPD primer Shared bands N. aequalis-specific N. micronychodon-specific 

11 1000 bp -850 bp 

350 bp 
15 800 bp 1500 bp 

900 bp 

44 -750 bp 1000 bp 
1500 b 

-350 bp 
46 -700 bp 

-1200 bp 

Because of the lack of knowledge about preservation damage on formalin-Steedman's- 

arDNA and the exact content of diffusible PCR inhibitors in each formalin-arDNA extract, 

as well as RAPD-PCR pitfalls that were reinforced by the use of degraded and fragmented 

DNA, and lack of any previous genetic information on Nezumia, it was difficult to 

distinguish with confidence if differences in RAPDs were genuine genetic differences 

between individuals and species, or if it was because of artificial differences caused by 

DNA preservation and its different recovery in different arDNA extracts. There is no 

published data on estimation of artifactual RAPD fragments from preserved specimens. This 

was the reason that in this study there were no attempts to carry out the conventional RAPD 

analysis by applying standard algorithms and statistical calculations. This was to prevent 

possible misinterpretation of results until the mentioned issues related to preserved 

specimens are better understood. Sequencing of particular RAPD-PCR fragments and 

converting RAPDs into STS and SCAR markers is the only reliable approach with archival 

DNA (see section 3.2). 

3.1.3. Possible relationships in molecular work with archival DNA 

Based on empirical data from this study, there are many possible relationships to consider in 

work with formalin-Steedman-arDNA. For instance: 

- DNA extraction protocol/ PCR amplifiable arDNA/ PCR success rate/ fish 

individual, 

- DNA extraction protocol/ washing and drying a tissue sample prior to DNA 

extraction/ the presence of PCR inhibitors, 
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- DNA extraction protocol/ PCR marker system, 

- DNA extraction protocol/ the success with a particular RAPD primer/ PCR-DNA 

template concentration, 

- DNA extraction protocol/ RAPD primer - reproducibility of results; 

- DNA extraction protocol/ possibility to dilute arDNA extracts in order to make 

arDNA usable for the PCRs 

- DNA extraction protocol/ reproducibility of a particular RAPD-PCR fragments 

(bands)/ reproducibility of RAPD profiles/ number of bands in RAPD-PCR profiles, 

- size of bands/ number of bands/ PCR-DNA template volume (i. e. relative DNA 

concentrations of templates)/ diluted arDNA extracts, etc. 

Most of these relationships are not "independent", i. e. they are related to each other (directly 

and indirectly), although a DNA extraction protocol is the main connection in this net of 

relationships (Fig. 33). 

The strongest link is between DNA extraction protocol and the ability to produce PCR 

amplifiable arDNA. There is also some kind of relationship between DNA extraction 

protocol and pre-extraction treatment, on the one hand, and their applicability for particular 

PCR marker system, on the other. Clear examples of these relationships are shown in Figs. 

15 and 19 (pp 124 and 130). These relationships are not completely understood, but PCR 

experiments from this study strongly suggest some kind of connection. 

Absolute concentration of arDNA in PCR reaction is important for the success of PCR 

amplification, but it seems that the volume of arDNA suspension in PCRs (i. e. relative 

concentration of PCR-DNA templates) is much more important (probably because of the 

presence of diffusible PCR inhibitors). Good arDNA extracts produce RAPD-PCR products 

with a whole range of absolute concentrations of arDNA in PCRs (from 0.08 ng to 40 ng; 

Fig. 18; p 128, or even 90 ng - Fig. 24(e)-L: 4-6; p 147) and relative PCR-DNA template 

concentrations (lx, 5x and 10x, i. e. 0.5 µl, 2.5 µl and 5 µl of arDNA suspension in 25 µl of 

PCR reaction). However, for the success of mitochondrial PCR amplifications, it seems that 

a selection of a DNA extraction protocol and an absolute concentration of arDNA in PCR 

reactions are both very important. Is it because of the presence of highly damaged 

mitochondrial arDNA, or because of a very small proportion of mtDNA in extracts of a total 

genomic arDNA, or for some another reason? These questions are still without definite 

answers (see section 3.3). 
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Crucial points for successful molecular work with already existing preserved specimens are 

as follows (in order as significance): 

1. DNA extraction protocol 
2. (a) Pre-extraction treatments of preserved tissue (washing/drying a tissue sample) 

(b) DNA precipitation and purification 

(c) Selection of PCR primers 
3. Selection of an adequate thermostable polymerase and PCR reaction buffer 

The size of generated RAPD bands is related to the DNA extraction protocol, but there is a 

much stronger relationship between RAPD band sizes and relative PCR-DNA template 

concentration, i. e. volume of arDNA suspension applied in a PCR reaction and/or dilution of 

arDNA extract. This is probably related to the presence of PCR inhibitors in a particular 

PCR reaction which is again related to the DNA extraction protocol and pre-extraction 

treatments of tissue samples. The size of RAPD bands is also related to the RAPD primer 

and thermostable polymerase applied in a particular PCR amplification. The type of Taq 

polymerase and PCR reaction buffer significantly affected the sizes of generated RAPD- 

PCR fragments and their PCR yield (see Fig. 28; p 159). 
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3.2. Cloninj and Sequence analysis 

RAPD results obtained from preserved specimens in this study cannot alone be used as 

reliable markers for Nezumia. Southern blotting analyses aided investigations on the 

homology of RAPD-PCR products, but more specific information on the genetic structure of 

Nezumia aequalis and N. micronychodon was still missing. RFLP investigations, cloning and 

sequencing of selected RAPD products were used to obtain more specific molecular 

information on the investigated species. 

The success of cloning with selected RAPD-PCR DNA products was occasionally examined 

by PCR, but mainly by digesting recombinant pUCI8 (with inserted RAPD-PCR product) 

with EcoR I and Hind III. A relatively large number of recombinant plasmids that contained 

the insert of correct size were produced (Fig. 34), but the transformed E. coli did not exhibit 

good growth in LB broth/ampicillin medium with all of them. This could be due to 

incompatibility between host cells and recombinant plasmid, medium, or other reasons. If 

routine checking indicated insert of the correct size and cells showed good growth, these 

recombinant plasmids were selected for DIG-labelling, Southern blotting, RFLP and/or 

sequencing experiments. 

E's R FO-F'CF f--q F, -rat; -,, " 

1 
INSERT 

Q 
ýA 

1 

TIA Cloning 

of I{a 
in 

T-ew xlm 
1 p1G18 

e INSERT mied III 
EDOR 1 

10 

Recombinant plasmid 

Figure 34 - T/A cloning of RAPD-PCR DNA fragment. 
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3.2.1. RFLP experiments 

Total genomic DNA, RAPD-PCR products and cloned RAPD-PCR fragments were used for 

RFLP experiments. As expected, total genomic DNA extracted from formalin preserved 

tissue proved to be unsuitable for this kind of investigation because of arDNA degradation 

and inability to visualise fragments of arDNA on the agarose gel. As mentioned before, 

formalin-arDNA was so degraded that it could not be visualised even on 2% or 3% gels. For 

the same reason, it was not possible to visualise RFLP fragments if restriction nucleases 

were applied to total genomic DNA. 

This methodology gave best results when restriction enzymes were directly applied to the 

"liberated" cloned RAPD fragments (Fig. 35, gels (b) and (c)). Only two, Alu I and Ava II, of 

all tested enzymes were informative, cutting one RAPD-PCR fragment generated by RAPD 

primer 44 (Fig. 35). 

Excised and purified RAPD-PCR DNA fragments from a gel (without re-amplification) 

usually had low DNA concentrations making them unsuitable for this kind of investigation. 

Therefore, some RAPD fragments were selected for re-amplification and then used for 

restriction enzyme digestion. Most of these fragments were not cut by the tested restriction 

enzymes presumably because they did not contain restriction sites (this could also be caused 
by damage to enzyme restriction sites in the arDNA sequences). 

Direct use of unpurified PCR products for RFLP experiments was possible (Fig. 35(a)), but 

this was of limited application because RAPD-PCR amplifications rarely generate only one 
band (PCR-DNA fragment) as a PCR product. If the RAPD amplicon contains two or more 

products, then if cutting with restriction enzymes occurred it would be difficult to identify 

which was cut. Because of this, a selected RAPD-DNA product needs to be excised from the 

gel, purified and then re-amplified, to be effective for RFLP methodology. Some RAPD 

fragments were too small for meaningful application of RFLP methodology. 

178 



1000 bp 

750 bp 

500 bp 

253 bp 

1000 bp 
750 bp 

500 bp 

253 hp 

Figure 35 - RFLP experiments. Cel (a) - with RAPD-PCR products; and gels (b) and (c) - with cloned, 
"liberated", RAPD-PCR fragments. Alu I cut cloned RAPT) fragments ((c)-l.: 2) and PCR product 
size of -800 bp ((a)-L: 2). The Nde I ((c)-L.: 3) may also cut one of the cloned fragment, but 
fragments were so faint; the obtained results were not clear and informative (the experiment was 
repeated, but results were similar). 
'`M" indicates size marker fragments 1 Kb Ladder (Promega) 

All this led to unreliable application of RFLP methodology to PCR products in the study. 

This kind of information on the investigated specimens was of little use in obtaining specific 

molecular data on the investigated species, or for development of other molecular markers. 

The initial results suggested that it was not worthwhile to continue this kind of investigation 

and so further investigations were redirected to sequencing recombinant plasmids and 

developing specific PCR primers for N. aequalis and N. micronvehodon to obtain more 

specific information on their sequences. 
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3.2.2. Sequencing of cloned RAPD fragments and primers development 

Four recombinant plasmids (pUCl8 with inserted RAP[)-PCR fragment) were sequenced 

(Fig. 36). 

1C)OO r', 

2000 Lo 

1500 t'ý 

10001 

Tsai 
500 H 

Figure 36 - Recombinant plasmids used tür seyueucing (il cloned RAPT) Iira nients , generated hy RAPD I'riinrr 
44. "M" indicates size marker fragments I Kb DNA Ladder (Prumegat. 

Lanes I-3: recombinant pNM48800 containing RAPT)-I'CR fragment size of 800 bp generated 
with Ne_umiu micronvchodon formalin-arl)NA using RAND primer 44. 
Lane I: pNM48800 cut with . Smu I 
Lane 2: pNM48800 cut with EcuR I and Hine! II I 
Lane 3: uncut (non-digested) pNM48800 

Lanes 4-6: recombinant pNA48800 containing RAPT)-PCR fragment size of 800 bp generated 
with Ne-zinnia uequulis formalin-arDNA using RAPD primer 44. 
Lane 4: pNA48800 cut with . Smu I 
Lane 5: pNA48800 cut with EcoR I and Hind III 
Lane 6: uncut (non-digested) pNA48800 

Lanes 7-9: recombinant pNA48500A containing RAPD-PCR fragment size of 500 bp 
generated with Ne_umia aequalis lirrmalin-arlNA using RAPT) primer 44. 
Lane 7: pNA48500A cut with Sma I 
Lane 8: pNA48500A cut with EcoR I and Hind II 
Lane 9: uncut (non-digested) pNA48500A 

Lanes 10 - 12: recombinant pNA4850013 containing RAFT)-PCR fragment size of 500 bp 

generated with Ne_urnia ueyuulis tormalin-arl)NA using RAPT) primer 44. 
Lane 10: pNA48500B cut with Sma I 
Lane 11: pNA48500B cut with EcoR I and Hind III 
Lane 12: uncut (non-digested) pNA48500B 

Lanes 13 - 15: unmodified pUC 18: 
Lane 13: pUC 18 cut with , Smu I 
Lane 14: pUC 18 cut with EcoR I and Hind 111 
Lane 15: uncut (non-digested) pLIC 18 
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In sequenced strands, it was expected to see the sequence of the cloned RAPD fragment 

(with forward and reverse-complement RAPD primer, "T" from l'-overhang, and "A" added 

by Taq terminal transferase activity during RAPD-PCR) between "ccc" and "ggg" of Sma I, 

i. e. between Hind III and EcoR I restriction sites of the vector (Fig. 37). 

T-tailed pUC18 INSERT (RAPD 
DNA fragment) 

TT+ 
Al IA 

----------------------------------------------------------------------- 

VECTOR (pUC18) 

M13 Hind III Sma 13' 
CCCAGTCACGACGTTGTAAAACGACGGCCAGTGCCAAGCTTGCATGCCTGCAGGTCGACTCTAGAGGATCCCC + 

INSERT (RAPD-PCR FRAGMENT) 
GGCAGGATAG 3' 

+[P][ RAPD DNA fragment sequence] [ RAPD reverse complementary Primer 44. ]+ 

VECTOR (pUC18) 

Smal Eru- 
+ GGGTACCGAGCTCGAAT'ýGTAATCATGGTCATAGCTGTTTCCTGTGT.... 

Figure 37 - The schematic layout of sequenced DNA strand in the sequencing of RAPD cloned fragments 

The raw sequencing data (unedited) with chromatograms and basic layout of sequenced 

strands are shown in Appendices 7-10. These unedited sequences were used to design 

specific primers for N. aequalis and N. micronychodon. Primer design was carried out "by 

eye" and applied criteria were to the length of primers (to be long at least 18 bases) and to 

the possibility of generating PCR products of different sizes. Two categories of specific 

primers were designed, one that should work well and match the sequence of Nezumia, and 
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another that does not work well (or not at all) with a genuine DNA of Nezumia because 

sequences of primers are partly (highlighted in yellow) or completely (highlighted in red) in 

the sequence of the vector, or they are designed from the artifactual sequence of RAPD 

primer repeats (the sequence of these primers is highlighted in blue; see Appendix 7). In 

total, seventeen primers, length 18 - 26 basis, were designed: 

# Sequences of primers 
1.25-mer: 5'-CCT TTG AAG ATA GTT TGG CTT TAC A-3' 
2.21-mer: 5'-CAC CCA GTG TAG CGG TAT TAA-3' 
3.24-mer: 5'-CCA AAC CAT TAA TTC CGA AAG GCA-3' 
4.25-mer: 5'-TCC CCT CTA TCC TGC CGA TTG GGA T-3' 
5.24-mer: 5'-CTT ACA TCC ACT GTT ATT GGT TGA-3' 
6.19-mer: 5'- GGT TTA ACA CTT AAG GCT T-3' 

24 er: m 5'-GGA TAG GGC AGG ATA GGG CAC -3' 
r: 2 5'-AGC ACG GTA CCC TCT ATC CT-3' 

23-mer: 5'-AAA ATG TTT TTT CCT GGG GTA A-3' 
21-mer: 5'-TAG GCA GGA TCT GGC AGG ATA-3' 
19-mer: 5'-ATC CTG CAT ATA TCC ATG C-3 
18-mer: 5'-AAA TTC ATT GAA TCA AGA-3' 

13.23-mer: 5'-TAC CGG TCC TTC AGC TAT TTT TT-3' 
14.26-mer: 5'-AGC GTA TAG TAA GTA GTA TTT TTA TA-3' 
15.21-mer: 5'-TTT TAC CGG GGT ATG GAA TAT-3' 
" 23-mer: 5' 3' 
21.23-mer: 5'-AAC GAT CAT TAA AAA TTT ATT GA-3' 

Reverse primers 3,6 and 15 (highlighted in grey) were designed from the very end of 

unedited sequences (difficult to read reliably from the chromatograms) and not expected to 

work well (see Appendices 8-10). 

Primers were combined to form 14 primer sets. Primer sets that were supposed to work and 

match Nezumia sequences are presented in Table 9, whereas the primer sets that should not 

work well (or not at all) with Nezumia DNA are presented in Table 10 (these primers were 

used as a control for investigating the authenticity of Nezumia sequences). 
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Table 9- List of Nezumia-specific (RAPD-PCR derived) primer sets that should work with Nezumia DNA 

Set Name and size of primers Sequence of primers PCR product size 

8) 1. NA108800F2,25-mer: 5'-CCT TTG AAG ATA GTT TGG CTT TAC A-3' 
2. NA108800RI, 21-mer: 5'-CAC CCA GTG TAG CGG TAT TAA-3' 350 bp 

9) 1. NA108800F2,25-mer: 5'-CCT TTG AAG ATA GTT TGG CTT TAC A-3' 
3. NA108800R2,24-mer: 5'-CCA AAC CAT TAA TTC CGA AAG GCA-3' 500 bp 

16) 21. NM48800F1,23-mer: 5'-AAC GAT CAT TAA AAA TTT ATT GA-3' 
14. NM48800 R1,26-mer: 5'-AGC GTA TAG TAA GTA GTA TTT TTA TA-3' 350 bp 

17) 21. NM48800F1,23-mer: 5'-AAC GAT CAT TAA AAA TTT ATT GA-3' 
15. NM48800 R2,21-mer: 5'-TU TAC CGG GGT ATG GAA TAT-3' 500 bp 

18) 13. NM48800 F2,23-mer: 5'-TAC CGG TCC TTC AGC TAT TTT TT-3' 
14. NM48800 R7,26-mer: 5'-AGC GTA TAG TAA GTA GTA TTT TTA TA-3' 300 bp 

19) 13. NM48800 F2,23-mer: 5'-TAC CGG TCC TTC AGC TAT TTT TT-3' 
15. NM48800 R2,21-mer: 5'-TTT TAC CGG GGT ATG GAA TAT-3' 450 bp 

Table 10- List of specific primer sets that should not work well (or not at all) with Ne: umia DNA 

Set Name and size of primers Sequence of primers PCR product size 

6) 5'- CTT GCT GCC TGC AGG TCG ACT CT-3' 
2. NA108800R1,21-mer: 5'-CAC CCA GTG TAG CGG TAT TAA-3' 400-450 bp 

7) 5'- CTT GCT GCC TGC AGG TCG ACT CT-3' 
3. NA108800R2,24-mer: 5'-CCA AAC CAT TAA TTC CGA AAG GCA-3' 

10) 4. NA48500BF, 25-mer: 5'-TCC CCT CTA TCC TGC CGA TTG GGA T-3' 
5. NA48500BR7,24-mer: 5'-CTT ACA TCC ACT GTT ATT GGT TGA-3' 

11) 4. NA485008F, 25-mer: 5'-TCC CCT CTA TCC TGC CGA TTG GGA T-3' 
6. NA48500BR2,19-mer: 5'- GGT TTA ACA CTT AAG GCT T-3' 

12) 7. NA48500A2F, 24-mer: 5'-GGA TAG GGC AGG ATA GGG CAG GAT-3' 
8. NA48500A2R1,20-mer. 5'-AGC ACG GTA CCC TCT ATC CT-3' 

13) 7. NA48500A2F, 24-mer: 5'-GGA TAG GGC AGG ATA GGG CAG GAT-3' 
9. NA48500A2R2,23-mer. 5'-AAA ATG TTT TTT CCT GGG GTA AT-3' 

/4) 5'-TAG GCA GGA TCT GGC AGG ATA-3' 
5'-ATC CTG CAT ATA TCC ATG C-3' 

15) 10. NA48500AIF, 21-mer: 5'-TAG GCA GGA TCT GGC AGG ATA-3' 
12. NA48500A1R2,18-mer: 5'-AAA TTC ATT GAA TCA AGA-3' 

600 bp 

350 bp 

550 bp 

350 bp 

700 bp 

305 bp 

570 bp 
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The first attempt at sequencing NA 48500A insert gave a sequence of poor quality (unclear 

sequence with strong background), which was difficult to read and edit with confidence 

(Appendix 7 (a)). The sequencing was repeated with the same sample (recombinant plasmid 

pNA48500A). This provided a sequence of good quality, clear and easy to read from the 

chromatogram (Appendix 7 (b)). Repeats of reverse and complementary RAPD primer 44 

(RAPD primer used for generating this particular RAPD-PCR fragment) were observed (Fig. 

38). The reverse and complementary RAPD primer 44 in this 372 bp-long "insert" sequence 

was repeated 36 times (including complete and incomplete RAPD primer): 

4 GGCAGGATAG - complete rev, and comp. RAPD primer 44 
24 GGCAGGATAG - additional "A" at the 3' end 
I GGCAGGATAGG - additional "G" at the 3' end 
4 GGCAGGATA - incomplete rev, and comp. RAPD primer 44 
2 GCAGGATAG - incomplete rev. and comp. RAPD primer 44 
1 ATAG - incomplete rev. and comp. RAPD primer 44 

The sequence of NA48500A insert appears to be a PCR/cloning artifact. Primers derived 

from this NA48500A sequence with repeats (primer sets: 12,13,14 and 15) did not produce 

successful amplifications with arDNA of Nezumia aequalis and N. micronychodon 

(Appendix 12), confirming that this sequence is artifactual. 
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Sena I 
NGNNTTAANNCNTNNNNCCTCGTGTGGNCTNNANGATCCCCQ 

ATAG 
GGCAGGATAG 
GGCAGGATAG 
GGCAGGATAG 
GGCAGGATAG 
GGCAGGATAGG 
GGCAGGATAG 
GGCAGGATAG 

GCAGGATAG 
GGCAGGATAG 

GCAGGATAG 
GGCAGGATAG 
GGCAGGATAG 
GGCAGGATAG- 
GGCAGGATAG 
GGCAGGATAG 
GGCAGGATA 
GGCAGGATA 
GGCAGGATA 
GGCAGGATA 
GGCAGGATAG 
GGCAGGATAG 
GGCAGGATAG 
GGCAGGATAG 
GGCAGGATAG 
GGCAGGATAGA 
GGCAGGATAGA 
GGCAGGATAGA 
GGCAGGATAGA 
GGCAGGATAGA 
GGCAGGATAGA 
GGCAGGATAGA 
GGCAGGATAGA 
GGCAGGATAG 
GGCAGGATAG 
GGCAGGATAGQ 

GGGTACCGAGCTCGAATTC 
Sma I LcoR I 

4 GGCAGGATAG 
24 GGCAGGATAG= 
1 GGCAGGATAGG 
4 GGCAGGATA 
2 GCAGGATAG 
I ATAG 

RAPD primer 44. seq. = 
Rev & Comp of RAPD primer 44. seq. = GGCAGGATAG 

Figure 38 - Multiple copies of the reverse and complement RAPD primer 44 in the 372 bp sequence of 
cloned RAPD-PCR fragment (NA48500A insert). 
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The NM48800 (Appendix 9) and NA48800 (Appendix 10) insert sequences of cloned 

RAPD-DNA fragments sizes -800 bp (generated by RAPD primer 44 and formalin-arDNA 

of two investigated species - N. aequalis and N. micronychodon) joined in one contig even as 

unedited data - 633 bp (Figure 39). Edited sequence data (using Sequencher software) 

confirmed a 100% match between these two sequences in a 432 bp segment - the part of the 

sequence that was present in both sequences after editing (Fig. 39). 

Experiments with Southern blots had already confirmed the homology of these RAPD-DNA 

products derived from two different Nezumia species - N. aequalis and N. micronychodon 

(Fig. 32; p 172), but the Southern blot could not reveal their nucleic acid sequences. An 

initial BLAST search (with contig sequence of 458 bp) in the GenBank database detected no 

significant matches. 

Contig[0004] 
SequencherTM "RAPD - Unedited sequences 

..... ............ _.... `............ ..... ..... ....... ....... _.... _...... ...... _.......... CJ Hole in contig Dj#qEMn Key ' 
[]Single fragment 6Lmpc on 
fE fragments same dirrclion fragments 

Both cfrards show motifs, 
Both strands Pius hollow 

R Stxt colon frame 1 rectangles 
i Stop colon frame 2 show featurest 

After editing 
NA48800 
NM48800 

WOR 
4; 2 458 

Figure 39 - The match of NA48800 and NM48800 sequences (before and after editing, i. e. before and after 
removing the residues of the pUC 18 vector sequence). These sequences were obtained by cloning 
RAPD-PCR DNA fragments size of -800 bp generated by RAPD primer 44 and formalin-arDNA 

of Nezumia aequalis (NA48800) and N. micronychodon (NM48800). 
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Sequences of four cloned RAPD fragments were aligned against each other, but only these 

two sequences (NA 48800 and NM 48800) joined in one contig. The NA 48500B sequence 
(358 bp-long) was considered to be a sequence from another (anonymous) region of the N. 

aequalis genome, whereas NA 48500A sequence was considered as being a PCR/cloning 

artifact. 

Both sequences (NA48800 and NA 48500B) are A, T rich regions: 

A T C G A, T C, G 
NA 48800 458 b 121(26%)1 166(36%)l 85(19%) 86(19%) 287 62% 171 38% 
NA 48500B (358 bp) 108 30% 117 (33%) 1 47 (13%) 1 84 23% 225 (63%) 1 131 (37%) 1 

3.2.3. PCRs with designed (RAPD-derived) primers 

PCRs were performed with all designed primers. Specific primer sets: 8,16 and 18 gave 

good PCR performance with DNA ofNezumia (see Appendix 11): 

- Set 8 gave 67% of successful PCR amplifications (14 out of 21 PCRs) with formalin- 

arDNA of N. micronychodon, 71% (20 out of 28 PCRs) with formalin-arDNA of N. 

aequalis, 100% with DMSO (1 out of 1 PCR), and 50-100% with ethanol-arDNA of 
Nezumia (it would probably be 100% with ethanol-arDNA, but PCRs with a 

problematic extract NHM-2 were also included in calculations; see Appendix 11 and 
Fig. 20 (p 136) for an explanation). 

- Set 16 produced 46% successful PCR amplifications (6 out of 13 PCRs) with 
formalin-arDNA of N. micronychodon and 60% (15 out of 25 PCRs) with formalin- 

arDNA of N. aequalis. 

- Set 18 gave the best performance, i. e. 89% of successful PCR amplifications (25 out 

of 28 PCRs) were produced with formalin-arDNA of N. micronychodon and 94% (34 

out of 36 PCRs) with formalin-arDNA of N. aequalis. 

These three primers are designed to amplify the same (unknown) region of Nezumia DNA 

genome (amplicons sizes of 300-350 bp), but their amplification efficiency was different. 

This emphasises the importance of designing primers, i. e. testing different "ready primers", 
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for the best amplification efficiency with preserved specimens. In general, these three primer 

sets were efficient in amplifying formalin-Steedman-arDNA of Nezumia, but primer set 18 

had the best amplification efficiency for this region (see Appendix 11). Primer sets 8,16 and 
18 also gave some successful PCR amplifications with DNA from control, ethanol preserved 

specimens of Coryphaenoides armatus and C. rupestris (species closely related to Nezumia), 

but not with DNA of cod, rainbow trout and mackerel - tested on a limited number of 

samples. The results indicate the possibility of generating PCR products in two Nezumia and 

closely related species (Coryphaenoides species), but not in three other, more distant species. 

Other primer sets (9,17 and 19) gave poor PCR performances (see Appendix 11). For 

example, primer set 9 gave 9% of successful amplifications (3 out of 34 PCRs) with 
formalin-arDNA of Nezumia, whereas primer set 17 did not generate PCR products with any 

of tested formalin arDNA. This is not surprising because some of primers (primers 3 and 15) 

that formed these three primer sets were designed from regions of sequences that were 
difficult to read from the chromatograms, and therefore, the base compositions of these 

primers might not exactly match priming sites in DNA sequences of Nezumia (see Appendix 

9 and Table 9). However, surprisingly, primer sets 6,10 and 11 gave a few successful 

amplifications with formalin-arDNA of N. micronychodon and N. aequalis, and control 

ethanol-DNA of Coryphaenoides as well (Appendix 12). What exactly caused these 

successful amplifications with Nezumia and control specimens of Coryphaenoides is unclear. 

3.2.4. PCR validation, sequencing and sequence validation 

Besides PCR validation on arDNA from the DMSO-preserved tissue sample of Nezumia cf 

aequalis that came from Greenland (experiments performed in the Nescot's Molecular 

Laboratory, the laboratory that was normally used for the project experiments) - Fig. 41(c)- 

Lanes: 8 and 11), PCRs with Nezumia-specific sets 8,16 and 18 were also validated in the 

Molecular Laboratory of the Natural History Museum (NHM), London (Fig. 40, gel (a)). 

These PCR experiments were performed on ethanol preserved samples of N. micronychodon 

and N. aequalis, tissue samples from fish specimens that came from different locations and 

collections (see General material and methods). Ethanol-arDNAs were extracted by applying 

protocol (H), i. e. using a different DNA extraction protocol than was applied for production 

of DMSO- and formalin-Steedman's-arDNA extracts in the Nescot laboratory. Also, a 
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different Tay polymerase, a different type of PCR thermocycler, and other PCR conditions 

were applied in the NHM laboratory. A PCR product generated by primer set 18 was 

subjected to direct sequencing and used for sequence validation (Fig. 43). 

bp 
bp 
bp 

bp 
bp 
bp 

(a) -\ t': raniu 

i 

Figure 40 - (a) PCRs with designed Nezumia-specific primer sets: 8,16 and 18 using control ethanol-arDNA 
of Ne_umia aequaliti" and N. micronvchodon. All tested primers produced PCR products with 
tested DNA extractions except with the extract no. NI IM-2 (Lanes: 2,8,14) which proved to 
be problematic - probably contained strong PCR inhibitors (see section 3.1.1.2. and Fig. 20. p 
136 for an explanation). Further PCR optimisation was required in order to generate only one 
band of appropriate sizes. 

(b) Ne_umiu-specific (RAPD-derived) primer sets: 8,16 and 18 with DNA of mackerel did not 
generate any PCR products (Lanes: 29-3I, indicated by arrow). Other applied specific 
primers produced PCR products with the same DNA extract of mackerel (Lanes: 1-9 for 28S 

rDNA, Lanes: 10-15 fttr rhodopsin, and Lanes: 16-21 tier cytochrome h). 
"M 1° indicates quantitative size marker fragments HyperLadder I (Rioline) 
"M2" indicates quantitative size marker fragments HyperLadder IV (I3ioline) 
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Primer sets 8,16 and 18 were tested against DNA of fresh/frozen mackerel (Scomber 

scombrus; family Scombridae). None of these primers generated PCR product (Fig. 40 (h)- 

L: 29-31). The same DNA extract of mackerel was used successfully for other PCRs with 

different marker systems (Fig. 40 (b)-L: 1-9 with 28S, L: 10-15 with rhodopsin, F: 16-21 

with cyt b). Scomber species are taxonomically and evolutionarily distant from Nezumia 

(and the Family Macrouridae) which might suggest that designed primers 8,16 and 18 are 

indeed specific for Nezumia, and perhaps for other species that are closely related to the 

genus Nezumia (see previous section and Appendix 11). 

PCR products generated by the use of different Nezumia-specific primer sets (derived from 

the sequences of cloned RAPD fragments), with formalin-arDNA extracts isolated from 

different tissue types of one and different preserved specimens, were directly sequenced and 

aligned against the sequences of the cloned RAPD-PCR fragments in order to confirm the 

reproducibility of PCR amplifications and sequences (Figs. 41-44). The sequences of PCR 

products from DMSO and ethanol preserved samples of Nezumia aequalis were also aligned 

with sequences of the PCR products from formalin-fixed samples and cloned RAPD-DNA 

fragments (Fig. 44). 

1018 bp 

506,517 bp 

(a) 

1018 bp 

506,517 bp 

(h) 

(c) ld) 

Figure 41 - The first set of 32 PCRs sent to the MW(; -Biotech for direct sequencing. The PCR products were 
generated with designed, RAPD-derived, specific primers and 16S mitochondrial PCR primer set. 
The lanes labelled in red indicate the PCR products sent for sequencing. 
"M" indicates size marker fragments -I Kb DNA Ladder (Gibco). 
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Gel (a): 
Lane I: S1M18, Set 18, N. m R-5. Ex. 222 (tormalin. muscle) 
Lane 2: S2M18, Set 18, N. m R-13. Ex. 223 (tiirmalin. muscle) 
Lane 3: S3M18, Set 18, N. m R-10. Ex. 227 (tormalin. muscle) 
Lane 4: S4M18, Set 18, N. m R-10, Ex. 236 (ti rmalin. eve) 
Lane 5: S5M18, Set 18, N. m R-10, Ex. 237 (formalin, liver) 
Lane 6: S6M18, Set 18, N. m R-5, Ex. 302 (formalin. vertebra 

with spine) 
Lane 7: S8M18, Set 18, N. a R-23, Ex. 210 (formal in. muscle) 
Lane 8: S9M18, Set 18, N. a R-8. Ex. 216 (formalin. muscle) 
Lane 9: S10M18, Set 18, N. a R-7. Ex. 224 (tbrmalin, muscle) 
Lane 10: S1 1M18, Set 18, N. a R-25. Ex. 229 (formalin, muscle) 
Lane 11: S12M18, Set 18, N. a R-26. Ex. 238 (formalin, muscle) 
Lane 12: S13M18, Set 18, N. a R-20. Ex. 243 (formalin, muscle) 
Lane 13: S14M18, Set 18, N. a R-24, Ex. 244 (f rmalin, muscle) 
Lane 14: S15M18, Set 18, N. m R-27. Ex. 246 (türmalin, mixed 

tissue - halt part of body with head and all organs. but 
removed skin and intestines, and liver checked for the 
parasites presence) 

Lane IS: Set 8, N. m R-l0. Extr. 236 (tormalin. e}e) 
Lane 16: Set 8, N. m R-I0. Extr. 237 (törmalin. liver) 
Lane 17: Set 8, N. m R-5. Ex. 302 (formalin. vertebra with spine) 
lane 18: S21A8, Set 8, N. a R-23, Fxtr. 210 (formalin, muscle) 
Lane 19: S22A8, Set 8, N. a R-8. Extr. 216 (tbrmalin. muscle) 

Gel (c): 
Lane I: S18GM18, mt-16S, N. a (Greenl). Ex 3(X) (I)MSO. muscl) 
Lane 2: S19GM18, mt-16S, N. a (Greenl). Ex 300 (DMSO. muscl) 
Lane 3: mt-16S, N. m R-14. Ex. 215 (formalin. muscle) 
Lane . 4: S20A18, mt-16S, N. a R-23, Ex. 210 (tormalin, muscle) 
Lane ä: mt-16S, N. a R-20. Ex. 243 (formalin. muscle) 
Lane 6: mt-16S, N. a R-27, Ex. 246 (formalin. mixed tissue- half 

part of body with head and all organs, but removed skin 
and intestines, and liver checked for the the parasites 
presence) 

Lane 7: S16A18, Set 18, N. a R-8, Ex. 216 (formalin. muscle) 
Lane 8: S17G18, Set 18, ? N. a((; reenl). Ex. 301 (1)MSO, muscle) 
Lane 9: S7M18, Set 18, N. m R-14. Ex. 215 (formalin. muscle) 
Lane II): S24A8, Set 8, N. a R-8. Ex. 216 (formalin. muscle) 
Lane 11: Set 8, N. a (Greenland), Ex. 301 (I)MSO, muscle) 
Lane 12: S25M8, Set 8, N. m R-14. Ex. 215 (tormalin, muscle) 
Lane 13: S26M16, Set 16, N. m R-14. Ex. 215 (formalin. muscle) 
Lane 14: S27A16, Set 16, N. a R-23. Ex. 210 (tormalin. muscle) 
Lane 15: S28A16, Set 16, N. a R-8, Ex. 216 (tixmalin, muscle) 
Lane 16: Set 16, N. a R-7. Ex. 224 (formalin, muscle) 
Lane 17: S29A16, Set 16, N. a R-20. Ex. 243 (6armalin. muscle) 
Lane IR: S30A16, Set 16, N. a R-27, Ex. 246 (formalin, mixed 

tissue - half part of body with head and all organs. but 
removed skin and intestines, and liver checked for the 
parasites presence) 

Lane I'): S31A6, Set 6, N. a R-23. Ex. 210 (formalin, muscle) 

(b): 
Lane I: S23A8, Set 8, N. a R-7. Ex. 224 (tormalin. muscle) 
Lane 2: Set 10, N. a k-K, Ex. 216 (ti rmalin, muscle) 
Lane 3: Set 11, N. m R-10, Ex. 227 (formalin, muscle) 
Lane 4: Set 11, N. m k-12, Ex. 230 (türmalin, muscle) 
Lane 5: Set 11, N. m R-6. Ex. 231 (tormalin, muscle) 
Lane 6: Set 11. N. in R- 15, Ex. 232 (tormalin. muscle) 
Lane 7: Set 11, N. m R- 11. Ex. 233 (formalin, mixed 

tissue - almost a whole tish with all organs, but 
removed skin and intestines, and liver checked for 
the parasites presence) 

Lane 8: Set 11, N. m k-l0, Ex. 236 (tiirmalin. r)e) 
Lane 9: Set 11, Min R-10, Ex. 237 (formalin, liver) 
Lane 10: Set 11, N. m R-16, Ex. 248 (formalin, muscle) 
Lane 11: Set 11, N. m R-26. Ex. 302 (tormalin. muscle 
Lane 12: Set 11, Ka R-23, Ex. 210 (formalin, muscle) 
Lane 13: Set 11, N. a k-K. Ex. 216 (formalin. muscle) 
Lane 14: Set 11, N. a R-7, Ex. 224 (törmalin. muscle) 
Lane IS: Set 11, N. a R-2K. Ex. 225 (fornialin. muscle) 
Lane 16: Set 11, N. a R-18, Ex. 228 (tixmalin. mixed tissue 

half part of hods with head and all organs. but 

removed skin and intestines, and liver checked for 
the parasites presence) 

Lane 17: Set 11, N. a R-25. Ex. 229 (formalin. muscle) 
Lane 18: Set 11, C'. r. . Ex. 260F (ethanol. muscle) 
Lane 19: Set 18, "- " PC'R. ILO 

.; el (d): 
Lane I: S32A6, Set 6, N. a R-8. F. x. 216 (tiirmalin. muscle) 
Lane 2: Set 6. Ka R-20. Ex. 243 (timnalin. muscle) 
Lane 3: Set 17, Ka R-24, Ex. 244 (türmalin. muscle) 
Lane 4: Set 17, Ka R-27. Ex 246 (t'urmalin, mixed tissue 

half part of hods %Nith head and all organs, but 
removed skin and intestines, and liver checked for th 
parasites presence) 

Lane 5: Set 17, N. a R-3 I. Ex. 247a (ti rmalin, mixed tissue 
half part of body %kith head and all organs. hut 
removed skin and intestines, and liver checked tor th 
parasites presence) 

Lane 6: Set 17, C. r, Ex. 260E (ethanol, muscle) 
Lane 7: Set 17, "-" I'C'R, II O 

Ex. - identifier number for DNA extract (e. g. Ex. 215 is extract no. 215 ) 
R- identifier for fish individual (e. g.. R-8 is fish no. 8) 
underlined - PCR amplification sample sent for sequencing (e. g., S28A16 is amplification sample no. 28 (S28), 

which was generated with specific primer set 16 and with DNA of Ne_umia aequalis (N. a)) 

Five additional PCR amplification samples (S40 - S45: Fig. 42) were sent for sequencing as 

a replacement for samples S18 - S25 (Fig. 41) that were accidentally destroyed by M WG- 

Biotech. 
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1018 bp 

506,517 bp 

(a) (b) 

Figure 42 - Five PCR amplification reactions (replacement for the lost ones) sent additionally to M WG- 
Biotech for direct sequencing. PCR products were generated by using designed (RAPD- 
derived) primer sets 6 and 8, and 16S mitochondrial PC R primer set. The lanes labelled in red 
indicate the PCR products sent for sequencing. 
"M" indicates size marker fragments -I Kb DNA Ladder (Gibco). 

(a): 
Lane I: mt-16S, N. a R-23. Ex. 210 (6. rmalin, muscle) 
Lane 2: mt-16S, N. a R-8. Ex. 216 (tbrmalin. muscle) 
Lane 3: mt-16S, N. a R-7. Ex. 224 (tbrmalin, muscle) 
Lane 4: mt-16S, N. a R-25, Ex. 229 (f rmalin. muscle) 
Lane 5: mt-16S, N. m R-5. Ex. 222 (tormalin, muscle) 
Lane 6: mt-16S, N. m R-13. Ex. 223 (formalin. muscle) 
Lane 7: S40MM, mt-16S, N. m R-5. Ex. 302 (formalin. vertebra 

with spine) 
Lane 8: mt-16S, N. m R-I4. Ex. 215 (formalin. muscle) 
Lane 9: mt-16S, "-" PCR, (H, O) 
Lane II): S41A8, Set 8, N. a R-23. Extr. 210 (formalin. muscle) 
Lane II: S42A8, Set 8, N. a R-8, Extr. 216 (formalin. muscle) 
Lane 12: S43A8, Set 8, N. a R-8. Extr. 216 (tiirmalin, muscle) 
Lane 13: Set 8, N. a R-7. Ex. 224 (tormalin. muscle) 
Lane 14: Set 8, N. m R-5. Ex. 222 (formalin. muscle) 
Lane 115: Set 8, N. m R-13. Ex. 223 (ti, rmalin. muscle) 
Lane 16: Set 8, N. m R-5. Ex. 302 (formal in. vertebra 

with spine) 
Lane 17: Set 8, "-" PCR. (H2O) 
Lane 18: Set 6, N. a R-7, Ex. 224 (formalin. muscle) 
Line 19: S44A6, Set 6, N. a R-23, Ex. 210 (formalin, muscle) 

(b): 
Lane 1: S45A6, Set 6, N. a R-8, Ex. 216 (tixmalin, muscle) 
Lane 2: Set 6, N. m R-5. Ex. 222 (t'ormalin. muscle) 
Lane 3: Set 6, N. m R-13. Ex. 223 (tiormalin. muscle) 
Lane 4: Set 6, N. m R-5. Ex. 302 (türmalin. vertebra 

with spine) 
Lane 5: Set 6, "-" PC'R, (HO) 

Ex. - identifier number for DNA extract (e. g. Ex. 302 is extract no. 302) 
R- identifier for fish individual (e. g., R-5 is fish no. 5) 
underlined - PCR amplification sample sent for sequencing (e. g., S40MM is amplicon sample no. 40 (S40). 

which was generated with mitochondrial primer set 16S and with DNA of Nezumia micronychodon 
(N. m)) 
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- 700 bp 
Purified PCR prod. et 

Q- 400 bp 
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- 200 bp 

Figure 43 - PCR product size of -350 bp generated by the use of designed (RAPD-derived) Nezumia- 
specific primer set 18 and DNA of Nezumia aequalis extracted by phenol protocol (protocol 
(H)) from 70% ethanol preserved muscle tissue. Sequencing and sequence validation was 
carried out at the Natural History Museum, London. 
"M 1" indicates quantitative size marker fragments - HyperLadder I (Bioline) 
"M2" indicates quantitative size marker fragments - HyperLadder IV (Bioline) 

In this study, the reproducibility of sequencing results was confirmed by direct sequencing of 

PCR products generated from different formalin-arDNA extracts produced from different 

tissue types of one fish individual (these sequences were 100% identical), from different 

formalin-fixed, Steedman's-preserved fish individuals (specimens), and from differently 

preserved Nezumia specimens (DMSO [Fig. 41(c)-L: 8] and 70% ethanol preserved [Fig. 

43]). Sequence alignment (individual sequence reads) is shown in Fig. 44. DNA extractions, 

PCR and sequencing experiments were carried out in different laboratories, so the possibility 

of cross-contamination by chemicals and DNA present in a particular laboratory was 

eliminated, and it was possible to validate them independently. 
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1) DMS0: muscle - Greenland sample; S17618-Pr 13 (Set 18); base Aal position N 213 

( 
2) DMSO: muscle - Greenland sample; S17G18-Pr 14 (. t 18k base Aat Postion 8253 

j 
3) Formahn: muscle, N. m R-13. Ear. 223: 52M18-Pr 13 (Set 18). base Rat position N 243 

4) Formalin: muscle. N. m R-13. Fxtr. 223; S2M18-Pr 14 (Set 18); base R at position N 244 

5) FomnOn: muscle, N. m R-6. Emir. 222; SIMI8-Pr 13 (Set 18x base Aal position ! 242 

8) Formalin: muscle. N. m R-5, Bar 222. SIM18-Pr 14 (Set 181 base Aal postion ! 253 

7) Fomufo: vertebra spine, Nm R-5. Betr302; S8M18-Pr 14 (Set 18). base Ant position 1263 

8) Formahn: vertebraWU__ 
X at N. m R-5, B¢r. 302; SOMIO-Pr 13 (St 18} base Aal Postion N 42 

9) Fomuin: muscle. N. m R-ID. 6Rr. 227; S3M18-Pr 13 (Set 18x base Aar position ! 230 

10) Formalin: muscle, N. m R-10, Exrr. 227; S3M18-Pr 14 (Set 18). base Aar position #233 

11) FoimaNn: eye, N. m R-10. Bar. 235: S4o118-Pr 14(Set 18); base Aat position! 253 

12) Formalin: eye, Nm R-10, bar. 238,54M18-Pr 13 (Set 18); base Ax position ! 242 

13) Form in: Fiver. N. m R-10.6Rr. 237; S5M18-Pr 13 (Set 18); base Ax position ! 246 

14) Form n: Over, N. m R-10. Farr. 237; 55M18-Pr 14 (Set 18): base A wt position ! 253 

15) Fomuin: muscle, N. m R-14, Extr. 215; 57M18-Pr 13 (Set 18); base 0 at position 8 242 

18) Formalin: muscle. N. m R-14. Exlr. 215. S7M18-Pr 14 (Set 18): base Gat position N 253 
17) Formalin : mixed tissue, N. a R-27, Ear. 246; S 16A18-Pr 14 (Set 18); base Aa positron N 253 

{ 
18) Form n: mixed tissue. NA R-27, Eber. 240; S15AI8-Pr 13 (See 18); base Aa position ! 263 

19) Fomu4n: muscle, N. a R-24, Em 244. S14A18-Pr 13 (Set 18); base Ail position ! 223 
r20) 

Formalin: musk. N. a R-24.6Rr. 244; S14A18-Pr 14 (Set 18k base Ant position M 
1253 < 

21) Formalin: muscle. N. a R-20, Extr. 243; S13A18-Pr 14 (Set 18); base An position N 253 

22) Formalin: muscle. N. a R-20, Fxrr. 243; S13A18-Pr 13 (Set 181 base Aal position N 253 

J2) Forrnaln: muscle, NA R-20, Bar. 238; S12A18-Pr 13 (5a 181 base Aat position N 213 

24) Formahn: muiek.. Na R-25. Egr- 229: $11AI8-Pr 14 (Se( 181 base AM position N 25 

25) Formalin: muscle. N. a R-25. Err. 229. SI 1A18-Pr 13 (Set 18); base Ail position ! 244 

426 
fomu8n: muscle, Na R-7_Extr 224: S10A18-Pr 14 Set I8): base R at position ! 253 

27) Formalin: muscle. Na R-7, Extr. 224; S10A18-Pr 13 (Set 18). base Rat position 8 245 

. 281 Fomu.. musok. Will R-23. Bar. 210. SSAI8-Pr 13 (Set 182 base G at oos*icn N 234 

4 29) Farmahn: muscle. N. a R-23, Ear. 210; S8A18-Pr 14 (Set I9k base G ksRion ! 253 

30) Fonnalii muscle, N. a R-8, Eat, 210; SI9AI8-Pr 13 (Set 18); base 6 at "ion 1242 

31) Formalm: muscle, N. a R-8. Ear. 210; S16A18-Pr 14 (Set 18), base G at posaion ! 251 

32) Formalin: muscle. Na R-8. Ear. 216; S9AI8-Pr 13 (Set 18); base 6 al position 0 233 

33) Formalin: muscle, N. a R-8 Ear. 216; SBA18-Pr 14 (Set 18k Dass G at position ! 253 
__.. < 

34) Fomýn: 

isck 

muscle. N. a R-23,6nr. 210. S4118-Pr I (Set 8); base G at position ! 296 

35) Folmaln m, Na R-23. E6ar. 210.541 P8-Pr 2 (Set 8Z base G at position IF 228 

3(1) Fomuln: muscle. Na R-8, Ear. 216; S42A8-Pr I (Set 8); base Ga position 0 227 

371 Format: muscle. Na R-8. Ear. 210. MAO- Pr 2 (Set 81 bau Gat position 1220 
39 Fomdin: muscle, Na R-8,6M. 210; S41P8-Pr I (Set 8Z base Gal position 1218 

39) ForrnNn. muscle, Nz R-8. Ertr. 210. S43AN-Pr 2 (Sae 81 base Ga poslion ! 228 

40) Formahn: muscle. Ni R-23, Extr. 210 S31A6Pr 2 (Sa 6 base at os on N 336 

41) Formalt: muscle. N. a R-23, Extr. 210: S31P -Pr 18 (Set 0). base Gat position 1336 

ý__ 42ý Forrnal'nvmYS 
ýN"a 

R- 4: S32JÖ-Pr 2 (S ), base Gto 0)136 

43) Forma&): muscle. N. R8, Bar. 210: S32118-Pr 18 ($e( 0)* 
, 
base GR position ! 330 

44) Formalin: muscle. Na R-23, Betr. 210; S44P6-Pr 18 (Set ex base G as position f 335 

46) Formahn: muscle. N. a R-23.6Rr. 210. S44f0-Pr 2 (Set 0); base Gar position ! 33C 

401 Fgnqýjp_QO .Na 
R-8. E2r_ 216: 54646-Pr 18 (St 6l basa Gd ooseon N 330 

47) Formalin: muscle, Na R-8, Erir. 210; S46M-Pr 2 (Ba Ole base G at position a 330 

48) Formalin muscle, N. a R-23.6rtr. 210; S27A16-Pr 21 (Set 101 base G at position N 274 

402 Formalen: muscle. Na R-23, Ear. 210; S27AI0-Pr 14 Sat 10); base G in position ! 313 
, 

t. _ 
50) FomnYv muscle, Na R-20, Ear. 243; S29A16-Pr 14 (Set 10); base Ant position N 313 

_< 
511 Fomulin: musok_ N, a R-1D. Eer. 243: 528A16-Pr 21 fSet 161 base Allf position 111307 

52) Formalin: mixed tissue, N. a R-27, Bar. 248; S30A10-Pr 21 (Set 161 base As position N 275 

4 ___ý 
F_9mlyin; mixed tiswe. Na ji_27 

_ 
{, (Set 101 base An oont ! 313 

54) Formalin: muscle. Na R-8. Extr. 210; S28A18-Pr 14 (Set 10); base Ras position ! 313 

55) Fomdin: muscle, N. a R-8, Ear 216, S28A10-Pr21 (Set 10); base Rat position! 303 

50) Cloned RAPD fragrant NA 48800; base G at position N 335 

57) Cloned RAP D fragment NM 48=; base Ga Postion N 330 

58) 70% ethanol: muscle. N. e. 6Rr. Nllh46: NNMFAIS-Pr 14 (Set 101: base Aar position! 279 

1 69) 70% ethanol; nwzde. N. a. 64r. NFOA6: NFOMAIB-Pr 13 (Se! 181 base Ad post on 0 242 11 

ORF 

Hole in cooly Diagras ey, 
Single fragment Btxnps on 1ý Multiple fragments same direction fragments 
Both strands show motifs, 
Both strands plus. 

...... .,. hollow 
. ter ' Start colon framr I rectangles 

i +c_'-cý-Stoo codon frame 2 Jshow featuresi 

Figure 44 - Multiple alignments of nucleic acid sequences (individual sequence reads) of cloned RAPD-PCR 
fragments and PCR products (including DMSO and ethanol validation specimens). 
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The consensus sequence (contig) of 485 bp was formed from 59 sequenced DNA strands 

(individual reads), i. e. 31 individual samples: 2 sequences of cloned RAPD fragments 

(NA48800 and NM48800) and 29 sequences obtained by direct sequencing of PCR products 

(27 sequences of PCR products from formalin-fixed, Steedman's-preserved specimens, I 

sequence of the PCR product from DMSO-preserved specimen, and I sequence of the PCR 

product from a 70% ethanol-preserved specimen). Direct sequencing of PCR products was 

performed on both strands (forward and reverse directions) - the sequences were clear and 

with a high reliability of sequence reading. Multiple sequence alignments had sequence 
identities of 100%, except at one base position (at the # 336 base position of the consensus 

sequence: "G", "A", or "R") - Fig. 45. This proved that cloned RAPD-DNA fragments and 

the specific primer-derived PCR products represent homologous fragments. These results 

also confirmed the feasibility of obtaining reproducible PCR amplifications and sequences 
from formalin-fixed, Steedman's preserved museum specimens of fish, as well as from 

DMSO and ethanol preserved samples. 

CTTGAT A CTTTCA CRRCGGRR 

CTT GAT RC TCT NT CAT CA AC GG on 

RRT RT OR aRaRaTRaT10331 

fv, 

A-k 

A 

-mAA - 

Figure 45 - Chromatograms around base position 336 showing a definite sequence variation. 
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3.2.5. Sequence analysis and submission to GenBank 

Selected DNA sequences of Nezumia aequalis and N. micronychodon were submitted to the 

GenBank database under accession numbers: AY826775 - AY826792 as reproducible 

sequences (Appendices 13 and 14). Only sequences with absolutely reliable reading, that is 

sequences obtained from arDNA extracts that were checked against primer sets that should 

not, and did not, generate PCR products (because primers were completely or partly in the 

sequence of the vector), were submitted to GenBank. 

One base disagreement ("G", "A", or "R" [= A or G, sequence not readable]) at the 336 base 

position of the 458 bp consensus sequence is considered to be a genuine nucleic acid base 

variation across the aligned dataset (i. e. SNP) because the same base was observed from the 

one fish individual in repeated sequencing (using different arDNA extracts that were 

extracted from different tissue types of one fish individual). However, determination of this 

SNP (A/G, i. e. T/C) as being a true SNP, rather than the result of postmortem/preservation 

sequence damage and PCR-Taq misincorporations is essential, especially since C-T/G-A 

miscoding lesions represent the overwhelming majority of misincorporations in ancient 

DNA (see Stiller et al. 2006; Gilbert et al. 2007a). If the base variation is proved to be real 

by performing multiple sequencing experiments on specimens from other collections and/or 

fresh/frozen samples, this might be useful for investigations of single nucleotide 

polymorphism (SNP) in Nezumia species. 

The same sequence is present in both investigated species suggesting that this section 

belongs to a well-conserved region of the genomes. The sequence might be a part of some 

gene responsible for important phenotypic features (e. g. production of enzyme, or other 

protein, important for organism function). This assumption might be supported by the 

presence of the open reading frame (ORF) in the 458 bp-long sequence - Fig. 44. The 

Sequencher protein translation of this ORF provided a 152 amino acid sequence that was 

used for a BLASTP search in the NCBI protein database (Appendix 15). The translated 

amino acid sequence (by Sequencher) aligned against the GenBank (NCBI) protein dataset 

(using the BLASTP alignment) revealed a relatively high probability (e-values: 8e-11 and 

2e-10) that this ORF is a part of the conserved Rhomboid protein family that contains 

integral membrane proteins with strongly conserved histidines. Similar results were also 
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found with BLASTX search (nucleic acid/protein) against the GenBank (NCBI) protein 

database (Appendix 16). 

The 485 bp long consensus (contig) DNA sequence was subjected to BLASTN search 

(nucleic acid/nucleic acid alignment; Fig. 46). The BlastN search with a 458 bp consensus 

DNA sequence against the GenBank (NCBI) nucleic acid database found no similar 

sequence, i. e. matching sequences only from this study - red lines (Fig. 46). The highest 

sequence identities with other organisms that were deposited in the GenBank nucleic acid 

database were found in a mouse BAC clone with 25 bases (100% similarity), in Homo 

sapiens with 22 bases, and zebrafish with 21 bases. These similarities occurred in different 

regions of the Nezumia sequence. 

Figure 46 - BlastN search with the 458 bp consensus DNA sequence against the GenBank (NCBI) nucleic 
acid database matches only sequences from this study (red lines). 

NUCLEIC ACID/NUCLEIC ACID BLAST SEARCH: 

-zults of BLAST 
BLASTN 
Query= (458 letters) 

Color Key for Rlignnent Scores 

1_6748 

0 50 100 150 200 250 3010, 350 400 450 
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Another revealed sequence (a 358 bp long DNA sequence of the NA48500B cloned RAPD 

fragment), which was not incorporated into the previously described consensus (contig) 

sequence of 458 bp, was also subjected to nucleic acid/nucleic acid BLAST alignments 

against the GenBank database (NCBI) - Fig. 47. A BLASTN search with this 358 bp long 

DNA sequence also revealed no significant matches, apart from itself (red line). This 358 bp 

long DNA sequence was also submitted to the GenBank database under accession number 

AY826774. 

Figure 47 - BlastN search with the 358 bp long DNA sequence of the NA48500B cloned RAPD fragment 

against the GenBank (NCBI) nucleic acid database reveals no significant matches 

NUCLEIC ACID/ NUCLEIC ACID BLAST SEARCH: 

results of 
BLAST 

BLASTN 
Query =(358 letters) 

Color Key for Rlignnent Scores 

1_24574 
0 50 100 150 200 240 300 350 

These sequence data are the first molecular data for any member of the genus Nezumia 

(which currently contains approximately 60 species) according to the GenBank database and 

other published data on these species. The data are even more valuable because they were 

extracted from formalin-fixed museum specimens proving that it was difficult but possible to 

obtain reliable and reproducible arDNA extractions, PCR amplifications and DNA 

sequences. However, appropriate approaches and sufficient care have to be taken in order to 

obtain these kinds of data. A developed and adopted strategy for this study on Nezumia 

species is shown in Figure 48. 
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Figure 48 - Adopted strategy for developing the specific RAPD-PCR derived primers used for generating 
the specific (anonymous) targeted sequences that were subjected to direct sequencing. 
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Generally, this kind of molecular investigation is difficult to perform on formalin-fixed, 

Steedman's-preserved fish specimens, especially on species with no available molecular 
information. The main reason is the prolonged damaging effect of formalin on the quality 

and yield of extracted DNA from the preserved tissue samples. 

The DNA sequence data obtained from Nezumia do not present molecular markers for 

distinguishing these two investigated species, but may be used as an STS marker (sequence- 

specific markers). The base variation (a possible SNP marker) needs to be confirmed in 

further research with Nezumia species. Revealed Nezumia DNA sequences could also be 

used for designing SCAR-PCR primers and SCAR molecular markers. The designed specific 

primer 21 almost represents the forward SCAR-PCR primer, i. e. this primer was designed to 

begin immediately after the end of RAPD primer 44 (see Appendix 9), and if the ten bases of 

the RAPD primer 44 are added to specific primer 21, a SCAR-PCR forward primer would 
be created. 

This study demonstrates the feasibility of generating accurate and reproducible DNA 

sequences. The sequencing results were reproducible with a high level of fidelity of 

sequences between cloned RAPD fragments and PCR products. The sequences exhibited a 

match with sequences derived from different formalin-preserved fish individuals, different 

arDNA extractions, as well as with sequences derived from DMSO and ethanol-preserved 
fish specimens of Nezumia. All sequences were identical, except at a single base position 
(A/G) at exactly at the same location in the sequences. The probability that an artificial 

mutation and/or misincorporation happened always at the same base position in the sequence 
(after repeated sequencing of the same and different arDNA extracts [DNA extracted from 

different tissue types] from the one fish individual and by using different PCR primers for 

amplifying the same genome region) is low, unless hypotheses of "hotspot damage" in 

aDNA (Gilbert et al. 2005b, Binladen et al. 2006) and non-random induced DNA damage by 

different factors (heating - Banerjee and Brown (2004); post-PCR handling and sequencing 

chemistry - Brandstatter et al. (2005)) are also true for preserved specimens (see Tang 2006; 

Wandeler et al. 2007). These require further research with experiments designed specifically 

to investigate these issues. 

Contradictory findings related to the accuracy and fidelity of sequences derived from 

formalin-fixed tissue is reported by many researchers. For example, accurate and reliable 
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DNA sequence information was obtained in studies of Dubeau et al. (1986), France and 
Kocher (1996), Shedlock et al. (1997), Chase et al. (1998a), Quattro et al. (2001), Boyle et 

al. (2004), Zardus et al. (2006), whereas artifactual base mutations (located throughout the 

sequence without a particular "hot spot") have been reported by De Giorgi et al. (1994), 

Williams et al. (1999), Quach et al. (2004). The issue about the reliability of the sequence 
information obtained from formalin-fixed samples is still the subject of debates among 

researchers (see Nadler (1999) and Littlewood (1999) published correspondence to 

emphasise the problem; Tang (2006) workshop summary report on formalin-fixed biological 

samples). 

A consistency and fidelity of sequencing results in this study is related to the 458 bp-long, 

well-conserved and anonymous genome region of Nezumia, but this does not necessarily 

mean that all genome regions would behave in the same way. This might be related to a 

specific base composition, or specific position of this region in a genome that is less 

susceptible to formalin-induced alternations of the sequence, or to the use of particular 

thermostable DNA polymerases for PCR experiments. 
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3.3. Mitochondrial DNA 

Investigations were carried out on different regions of the mitochondrial genome (351 bp 

region of the cyt b, 605 bp of COII, -500 bp of COIII, 433 bp of 12S, 146 bp of COI+ 

tRNA+COII, and 570 bp of 16S) on formalin-fixed, Steedman's-preserved museum 

specimens of Nezumia. Additional evidence on control specimens of DMSO- and ethanol- 

preserved samples of Nezumia, ethanol preserved Coryphaenoides, fresh/frozen samples of 

cod and rainbow trout, and 10 differently preserved specimens of mackerel is also presented 
in this section. 

An unexpected problem during this project was the extreme difficulty in amplifying 

mitochondrial DNA sequences from formalin-arDNA of Nezumia (see Appendix 17). A 

clear example of this difficulty is a PCR experiment shown in Fig. 49(a) - 16S mt-PCR 

amplifications with formalin-arDNA of Nezumia aequalis (Lanes: 1-4) and ethanol-arDNA 

of Coryphaenoides rupestris (Lanes 6-9). PCRs were performed under the same conditions 
(including the use of the same DNA extraction protocol (G1) for producing these two 

arDNA extracts), but the results obtained were very different. PCR products of expected 

size (- 570 bp) were hardly visible on the gel with formalin-arDNA of Nezumia aequalis 
(Fig. 49, Lanes: 1-4). Increased Mg and/or PCR-DNA template concentrations did not 
improve PCR yield. Nor did an addition of Q solution (Qiagen PCR kit) make significant 
improvements in PCR performance. In contrast to these PCR results with formalin-arDNA 

of Nezumia, the 16S mt-PCR amplifications generated PCR products of a very good yield 

with DNA of ethanol preserved Coryphaenoides rupestris (Fig. 49(a), Lanes 6-9). 
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1018 bp- 

506,517 bp - 

Figure 49 - PCR amplifications of the 16S mitochondrial gene (region of 570 bp) with tormalin-arDNA of 
A`e=nmiu ucqualis (N. a), formalin-arDNA of : Ne=uiniu mier"umrhodon (N. m), ethanol-arDNA of 
Con-iphuenoide. e rupeslris (C. r). ethanol-arDNA of Curvpphnenoic/ccs arnwnr. e (C. a). and DNA 
from fresh/frozen sample of cod and trout. PCRs were performed in two different laboratories. 
using different extraction protocols, Taq kits from different suppliers. PCR conditions and PCR 
thermal cyclers. 
"M" indicates size marker fragments -I Kb DNA Ladder (Gihco). 

These experiments were performed in the Southampton Laboratory using Ampliiaq DNA 

polymerase (Perkin Elmer) and Perkin Elmer 480 thermal cycler (annealing temperature 

45°C for 1 min). Using the same arDNA extracts of Nezumia aequalis (no. 22 31) and 

Coryphaenoides rupestris (no. 260[) and performing PCRs under different conditions and in 

a different molecular laboratory (the Nescot Laboratory - the main laboratory for the study). 

i. e. using different Taq polymerase (Hybaid- AGS GoldTaq) and a different thermal cycler 

(Hybaid Omn-E with hot lid; annealing temperature 40°C for I min), 16S PCR products 

were also obtained (Fig. 49(b)-Lane: 3 for Coryphaenoides and Fig. 49(c)-Lane: I for 

Nezumia). If a 100x diluted suspension of Coryphaenoides ethanol-arDNA extract no. 2601 

was applied, the PCR product was absent (Fig. 49(c)-Lane: 4) probably because of a too low 

PCR-DNA template concentration. Ethanol-arDNA extracts (nos. 217 and 218) of 

Coryphaenoides armatus produced by protocol (A) also gave successful 16S mt-PCR 

amplifications (Fig. 49(b)-Lanes: I and 2). Unsuccessful 16S mt-PCR with control DNA of 

cod (Fig. 49(c)-Lane: 2) might be related to 72 hours of washing the frozen tissue sample in 

I xGTE buffer prior to DNA extraction and application of phenol protocol (C), or too much 

DNA in the PCR reaction (over 100 ng DNA) inhibiting the PCR. 
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Considering the suitability of a particular DNA extraction protocol to a specific molecular 

marker system, it is important to mention that formalin-arDNA extract no. 2231 gave 

successful 16S mt-PCR amplifications, but not successful RAPDs (sec Fig. 19 - lane: 14 in 

gels (a) and (b): p 130). Formalin-arDNA extract no. 215 (produced by protocol (A)) did not 

generate 16S mt-PCR product (Fig. 49(b)-Lanes: 5), but did generate RAPI)s (Fig. 22 (h); p 

145). However, ethanol-arDNA extracts of Coryphuenoides nos. 217 and 218, produced h) 

protocol (A). generated successful 16S mt-PCRs (Fig. 49(b)-Lanes: I and 2) and RAPDs as 

well (Fig. 17; p 126). This might suggest that selection of a DNA extraction protocol for 

short-term ethanol-preserved specimens is not so important for successful PCR 

amplifications of different markers, but it seems that an appropriate selection of a DNA 

extraction protocol for amplifying particular markers is of crucial importance for formalin- 

Steedman's preserved specimens. 

If 16S PCR amplifications were performed with arDNA extracts from DMSO- (Fig. 50(a)) 

and ethanol-preserved samples of Nezumia (Fig. 50(b)), PCR products ol'expected size 

(-570 bp) were generated without difficulty. The same DMSO-arDNA extracts (nos. 300 

and 301), produced by protocol (A), generated RAPDs and PCR products with Nezumiu- 

specific primer set 18 (Fig. 16; p 126). 

1000 bp 
800 bp 
600 bp 

400 bp 

Figure 50 - The 16S mitochondrial PCR amplifications with (a) DMSO-arDNA of Ne: u, ni i cf. acyuali. s. 
and (b) ethanol-arDNA of Ne_uniiu uequulis (L: 1, ,, 5) and N. micron chodun (L: 2.4). 
"M" indicates size marker fragments -I Kb DNA Ladder ((lihco). 
"M I" indicates quantitative size marker fragments "Bioline" llvperLadder I 
"M? " indicates quantitative size marker fragments - "ßioline" Hv perLadder IV 
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Generally, the primer sets for six tested mitochondrial genes barely gave any results on 
formalin/Steedman's-arDNA of Nezumia (Fig. 51; Appendix 17). According to the results 

the mitochondrial primer Set 1 (cyt b) - (Fig. 51 (a)-L: 1-5,6), and possibly, sets: 2 (CO II) 

- (Fig. 51 (a)-L: 7-10,12), 4 (12S) - (Fig. 51 (a)-L: 18-19, (b)-L: 1-2,4) and 5 (COI + 

tRNA +COII) - (Fig. 51 (b)-L: 5-8,10) were not the best choice of primers for macrourid 
fishes. However, the mitochondrial primer Sets: 3 (CO III) - (Fig. 51 (a)-L: 13-17, (c)-L: 1- 

5,7) and 16S (Fig. 49,50,51(e)) were definitely the right choices of mitochondrial primers 
(regarding a primer match) for macrourid and other fishes, but the results obtained with 
formalin-arDNA of Nezumia were very poor. 

Using mt-Set 3 (COIII), only 7% of successful PCR amplifications were achieved with 
formalin-arDNA of Nezumia micronychodon (4 out of 61 tested PCRs) and 2% with 
formalin-arDNA of Nezumia aequalis (1 out of 48 tested PCRs). With ethanol-arDNA of 
Coryphaenoides armatus, the success of PCR amplifications with the mt-Set 3 was 100% 

(10 out of 10 tested). 

Applying the mt-Set 16S, 18% successful PCR amplifications were produced with formalin- 

arDNA of Nezumia micronychodon (9 out of 50 tested PCRs) and 30% with formalin- 

arDNA of Nezumia aequalis (18 out of 60 tested PCRs). The success of 16S mt-PCR 

amplifications with ethanol-arDNA of Nezumia micronychodon and Nezumia aequalis was 
67% - 100% (it would be 100%, but PCRs with the problematic DNA extract no. NHM-2 
[see Fig. 20; p 136] and PCRs that were performed with too high a concentration of PCR- 

DNA template [over 100 ng DNA in PCR reaction] were included in the final calculations). 
The success of PCR amplifications with ethanol-arDNA of Coryphaenoides armatus and 
Coryphaenoides rupestris using mt-Set 16S was 83% - 100%. 
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Figure 51 - The mitochondria) PCR amplifications with the six tested mitochondrial genes: 

(a) Lanes 1-4: ethanol-arDNA ofCortiphaenoidcs urmutus with mt-Set I. (cyt b) 
Lane 5: DNA of frozen cod with nit-Set 1. (cyt b) 
Lane 6: formalin-arDNA of N. micronvchodon with mt-Set 1. (cvt h) 
Lanes 7-10: ethanol-arDNA of ('ortphaenoides urmatus with nit-Set 2. (COI I) 
Lane 11: DNA of frozen cod with mt-Set 2. (COII) 
Lane 12: formalin-arDNA of N. micronvchodon with mt-Set 2. (COI 1) 
Lanes 13-17: ethanol-arDNA of ('ortiphaenoides armatus with nit-Set 3. (COIII) 
Lanes 18-I9: ethanol-arDNA of ('ort°phaenoides armatus with nit-Set 4. (12S) 

(b) Lanes 1-2: ethanol-arDNA of Cor phuenoidec arrnutu. s" with mt-Set 4. (12S) 
Lane 3: DNA of frozen cod with mt-Set 4. (12S) 
Lane 4: formalin-arDNA of N. micronvchodon with mt-Set 4. (12S) 
Lanes 5-8: ethanol-arDNA of Corvphuenoides armatus with mt-Set 5. (COI t tRNA + ('01 1) 
Lane 9: DNA of frozen cod with mt-Set 5. (COI t tRNA + COI I) 
Lane 10: Formalin-arDNA of N. rnicronvchudun with mt-Set 5. (COI f tRNA+COIl) 
Lanes 11-15: negative PCRs with tested mt-primer Sets (sdH. O used as a PCR template) 

(c) Lanes 1-5: ethanol-arDNA of ('nrtphuenoidec urmutus with mt-Set 3. (COI I I) 
Lane 6: DNA of frozen cod with mt-Set 3. (COI 11) 
Lane 7: formalin-arDNA of N. micronvchodon with mt-Set 3. (COI II) 
Lanes 8: negative PCRs with tested nit-primer Sets (sdH LO used as a I'CR template) 

(d) DNA of fresh/frozen rainbow trout with: mt-Set 1. (Lanes 2-3), nit-Set '. (Lanes 4-5). mt-Set 
3. (Lanes 6-7), mt-Set 4. (Lanes 8-9), ml-, Set 5. (Lanes 10-11). 

(e) Lane 1-10: tormalin-arDNA of N. micrunychuclnn with the mitochondrial primer Sei 165 
Lane 11-17: formalin-arDNA ofN. aequulis with the mitochondrial primerSei 16S 
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During validation (in the Molecular Laboratory of the Natural I listory Museum London). 

another set of mitochondrial primers was tested for the cytochrome h gene region (the 

primers developed by Finnerty and Block (1992) for blue marlin) on ethanol-preserved 

samples of Nezumia. This primer set produced good PCR products with ethanol-arlNA of 

Nezumia (Fig. 52 (a)). It will be worthwhile to test this primer set on lormalin-arDNA of 

Nezumia. 

cvtochrome h (Finnertm and Bleck 

1000 nl, 
600 b1 

Figure 52 - The cytochrome h mitochondrial PCR amplifications (primers developed hý Finnerty and Block 
1992) with: 

(a) ethanol-arDNA of Ae: umia cf. ac'qua/i (Lane 8) and ethanol-arDNA of Ne_uunia ct'. 
micronvc"hoelon (Lane 15). Both DNA extracts were produced by phenol protocol (H). 
Size of PCR product was -800 hp. 

(b) DNA extracted from fresh/frozen mackerel (Scornhrr scomhru. c) using the protocol (Fý 
Promega Kit (Lanes: 16 (IOx diluted DNA extract), 17 (50x diluted DNA extract). 18 
(1002 diluted DNA extract). Size of PCR product was smaller than in Ae_nmia ( 600 hp). 

"MI" indicates quantitative size marker fragments - "Bioline" HyperLadder I 
"M2" indicates quantitative size marker fragments "Bioline" HvperLadder IV 

Such poor results with formalin/Steedman-arDNA were unexpected because it is known that 

mitochondrial sequences are present in a high copy number in each cell and it was presumed 

that multiple copies of mtDNA would provide sufficient DNA for successful PCR and 

molecular investigations on Nezumia. At the moment, there is no clear explanation of why 

there is such great difficulty in amplifying mitochondrial DNA sequences of lormalin-tixed. 

Steedman's-preserved specimens of fish, but results obtained in this study unquestionably 

indicate it. The only explanation could be some kind of cross-linking caused by formalin. 

and may be in interaction with other compounds in preservation solution, that did not allow 

the release of DNA from mitochondria, or caused severe damage of the mitochondrial 

genorne of Nezumia. 
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It was also found that the particular DNA extraction protocols (modified phenol protocols, 

especially a protocol (G1)) might produce formalin-arDNA extracts that are more suitable 

for PCR amplifications of mitochondrial sequences (see the support material on CD), but 

more evidence is needed before drawing a definite conclusion. Protocol (A) developed in 

this project produced a few arDNA extracts that were suitable for mitochondrial PCR, but 

some modification might make this protocol more suitable for amplification of 

mitochondrial genes. Additional evidence on mackerel is presented to support this 

assumption about the relevance of a DNA extraction protocol, preservation method, and the 

success of PCRs with particular mitochondrial genes and genome regions. 

3.3.1. Additional evidence on mackerel with respect to mitochondrial PCRs 

In this section, mt-PCR experiments with the cytochrome b and 16S regions of mackerel are 

presented (DNA obtained from fresh/frozen and ten differently preserved museum 

specimens of this marine fish) - Fig. 53 and 54. DNA extraction protocols tested in these 

experiments with mackerel undoubtedly indicated its importance in extracting PCR 

amplifiable mt-arDNA. The smallest modification of a protocol could have a significant 

effect on the success of PCR amplifications and/or the possibility to amplify a particular 

mitochondrial region (marker). For instance, if protocol (H) was used with 3M NaAc 

(sodium acetate) precipitation of DNA (Fig. 53(a)-Lanes: 1-12), PCR products were absent 

even with fresh/frozen and ethanol preserved tissue samples. However, if the same phenol 
DNA extraction protocol was applied with polyacrylamide DNA precipitation instead of 

using 3M NaAc, the results were very different (Fig. 53(a)-Lanes: 13-29): most PCR 

amplifications yielded PCR product. This might be caused by some specific problem of this 

laboratory-made 3M NaAc solution, but nevertheless it indicates the importance of each 

step in a particular DNA extraction protocol. The same solution of 3M NaAc was used in 

extracting ethanol-preserved specimens of Nezumia - one of the arDNA extracts exhibited 

PCR inhibition, but four others were PCR amplifiable (although for three of these extracts, 

the DNA precipitation time was significantly reduced - from overnight to 45 min). 
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Figure 53 - The cytochrome b mitochondrial PCR amplifications (primers developed by Finnerty and Block, 
1992) with DNA of mackerel (Scomber scomhrus) extracted by different DNA extraction 
protocols, using fresh/frozen and differently preserved muscle tissue samples. Muscle tissue was 
subjected to different washing/drying regimes prior to DNA extraction: 
A- tissue was washed overnight in I xTE buffer at room temperature prior to DNA extraction; 
B- tissue was washed for a few minutes in sdH_, O, and then dried for a few minutes at room 

temperature prior to DNA extraction, 
C- tissue was washed twice for 5 minutes in PBS (phosphate-buffered saline) and twice in 

sdH, O for a couple of minutes, and then briefly dried for a few minutes at room temperature 
prior DNA extraction 

D- tissue was washed in I xGTE buffer for 24 hours (gently rotating the samples) at room 
temperature and frequently changing the buffer, then washed in sdH, O for 10-I5 minutes, 
and then briefly dried for a few minutes at room temperature prior to DNA extraction 

el a: 
Lanes 1-12: Protocol (H) - 3M NaAcetate (NaAc) DNA precipitation with applied tissue 

washing/drying regime A (indicated in the text below if different); 
Lanes 13-29: Modified protocol (H) - polyacrylamide DNA precipitation with applied tissue 

washing/drying regime A (indicated in the text below if different); 
Lanes 30-40: Amersham Bioscience Kit with applied tissue washing/drying regime B 

(indicated in the text below if different); 
Lanes 41-46: Qiagen Kit (tested both DNA elutions) with applied tissue washing/drying regime 

C (indicated in the text below if different); 

a el (b): 
Lanes 1-18: Qiagen Kit (tested both DNA elution) with applied tissue washing/drying regime 

C (indicated in the text below if different); 
Lanes 19-30: Promega Kit - Protocol (F) with applied tissue washing/drying regime B 

(indicated in the text below if different); 
Lanes 31-43: Modified protocol (A) - it was used liquid nitrogen instead of dry ice, applied 

tissue washing/drying regime D (indicated in the text below if different); 
Lane 45: PCR negative (sdH2O was used as PCR template) 
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"  10% unbuffered formalin 
gel (a)-L: I. 19.30,41 (1 DNA elution), 42 (II DNA elution): gel (b)-L: 19,31 

"Q 3% unbuffered formalin 
gel (a)-L: 2.20.31,43 (1 DNA elution), 44 (11 DNA elution): gel (b)-L: 20,32 

"Q 50% isopropanol 
gel (a)-L: 3,21,32,45 (1 DNA elution), 46 (11 DNA elution): gel (b)-L: 21,33 

"  70% IMS - industrial methylated spirits 
gel (a)-L: 4,22,33: gel (b)-L: I (1 DNA elution), 2 (II DNA elution), 22.34 

"  Modified Steedman's solution 
gel (a)-L: 5,23,34; gel (b)-L: 3 (I DNA elution), 4 (II DNA elution), 23,35 

" 13 70% ethanol 
gel (a)-L: 6.24,35; gel (b)-L: 5 (I DNA elution), 6 (II DNA elution), 24.36 

"Q 100% ethanol 
gel (a)-L: 7.25,36; gel (b)-L: 7 (I DNA elution). 8 (1I DNA elution). 25.37 

"0 3% buffered formalin - with 4% sodium tetra borate 
gel (a)-L: 8,26.37; gel (b)-L: 9 (1 DNA elution). 10 (1I DNA elution), 26,38 

"Q 10% buffered formalin - with 4% sodium tetra borate 
gel (a)-L: 9,27,38; gel (b)-L: II (I DNA elution), 12 (II DNA elution), 27.39 
  95% IMS 
gel (a)-L: 10.18,39: gel (b)-L: 13 (1 DNA elution), 14 (II DNA elution), 28.40 
® 95% IMS (tissue was washed for 5 hours in I xTE buffer at room temperature prior to DNA 

extraction) - Modified protocol (H) - polt'acrt'lamide DNA precipitation; 
gel (a)-L: 14. 

"p 95% IMS (tissue was washed for I minute in IxTE buffer at room temperature prior to 
DNA extraction) - Modified protocol (H) - polracrldanride DNA precipitation, 
gel (a)-L: 16. 

"® 95% IMS (tissue was only dried at room temperature without any washing in IxTE buffer 
or in other solution) - Modified protocol (H) - polracrrhnnide DNA precipitation, 
gel (a)-L: 16. 
Q 95% IMS (tissue was only dried at room temperature without any washing in IxTE buffer 
or in other solution) - Modified protocol (H) - po! racrº'lamide DNA precipitation; 
gel (a)-L: 29. 

"Q fresh/frozen 
gel (a)-L: 11,17,40; gel (b)-L: 15 (I DNA elution). 16 (II DNA elution), 30 (lOx diluted), 42.44 
(Promega Kit; 50x diluted DNA extract). 

"0 fresh/frozen (tissue was washed for 5 hours in IxTE buffer at room temperature prior to 
DNA extraction) - Modified protocol (H) - polt'acn'lantide DNA precipitation; 
gel (a)-L: 13. 

"0 fresh/frozen (tissue was washed for I minute in IxTE buffer at room temperature prior to 
DNA extraction) - Modified protocol (H) - polracrrlanmide DYA precipitation; 
gel (a)-L: 15. 

"Q fresh/frozen (tissue was not washed at all, i. e. the tissue was used for DNA extraction 
straight from the freezer) - Unmodified and modified protocol (H) - 3M NaAc and po(racrrlamide 
DNA precipitation, 
gel (a)-L: 12 (protocol (H) with 3M NaAc), 28 (protocol (H) with polyacrylamide); gel (b)-L: 43 
(nmodified protocol (A)), 

"0 control 100% ethanol preserved - preserved in ethanol only for a few days 
gel (b)-L: 17 (1 DNA elution), 18 (11 DNA elution). 29.41 

"M 1" indicates quantitative size marker fragments - "Bioline" HyperLadder I 
"M2" indicates quantitative size marker fragments - "Bioline" HyperLadder IV 

Generally, different protocols produced arDNA that had different successes in amplifying 

the cytochrome b region of the mitochondrial genome. The Amersham Kit (the original 

manufacturer's protocol) is not suitable for a DNA extraction from preserved specimens 

(and even not from control fresh/frozen tissue): PCR products were absent (Fig. 53(a)- 

Lanes: 30-40). The PCR results with modified protocol (A) were less successful than 
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expected (Fig. 53(b)-Lanes: 31-43). This was probably caused by the modifications applied: 

liquid nitrogen was used instead of dry ice. Liquid nitrogen was unsuitable because it caused 

the powdered sample to be thrown out of the mortar and significantly reduced the amount of 

prepared tissue sample to be included in the DNA extraction procedure. Also, the 

washing/drying regime was much shorter (tissue samples were washed in 1xGTE buffer for 

only 24 hours and then 10-15 min washing in sdH2O). The intrinsic factors related to a 

particular fish species might be also relevant (for example, mackerel is a much more "fatty" 

fish than Nezumia perhaps affecting the preservation of particular fishes, and the success in 

extracting PCR amplifiable arDNA with a particular DNA extraction protocol). The Qiagen 

and Promega Kits produced PCR-amplifiable arDNA that was extracted from pure ethanol 

and IMS preserved specimens, i. e. ethanol based preservative solutions. DNA from control 

fresh/frozen and few-days-ethanol preserved tissue samples was also amplifiable with the 

tested cyt b mitochondrial primer set. 

PCR investigations with another mitochondrial gene (the 16S - Fig. 54) produced slightly 
different results than those with the cytochrome b gene (Fig. 53) using the same DNA 

extracts of mackerel. This supports the statements and previously shown evidence on the 

suitability of a particular DNA extraction protocol for amplifying a particular gene (i. e. 

genome region). 

As in PCR experiments with cytochrome b (Fig. 53(a)-L: 1-12), the 16S mt-PCRs were also 

unsuccessful with any DNA extracts produced by protocol (H) that used 3M NaAc for DNA 

precipitation (Fig. 54(a)-Lanes: 1-26). Likewise, significant PCR success was observed if 

arDNA extracts were produced by protocol (H) with polyacrylamide instead of 3M NaAc 

for DNA precipitation (Fig. 54(a)-Lanes: 21-40; (b)-Lanes: 1-17). This modified protocol 
(H) was even successful for producing 3% unbuffered formalin-arDNA extract that 

generated a 16S product (faint band, but undoubtedly present) - Fig. 54(b)-Lane: 8). 

However, this was not the case in PCR experiments with cytochrome b. Only this DNA 

extraction protocol (from six tested) made it possible to obtain mt-PCR product with DNA 

extracted from 3% unbuffered formalin-preserved museum specimen of mackerel. 
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(b) (c) 

(d) 

Figure 54 - The I6S mitochondrial PCR amplifications with DNA of mackerel (. comber scombrus) 
extracted by different DNA extraction protocols, using fresh/frozen and differently preserved 
muscle tissue samples. Muscle tissue was subjected to different washing/drying regimes prior 
to DNA extraction: 

A- tissue was washed overnight in 1 xTE buffer at room temperature prior to DNA extraction; 
B- tissue was washed for a few minutes in sdH, _O, and then dried for a few minutes at room 

temperature prior to DNA extraction; 
C- tissue was washed twice for 5 minutes in PBS (phosphate-buttered saline) and twice in 

sdH, O for a couple of minutes, and then briefly dried for a few minutes at room temperature 
prior DNA extraction; 

D- tissue was washed in I xGTE buffer for 24 hours (gently rotating the samples) at room 
temperature and frequently changing the buffer, then washed in sdH2O for 10-15 minutes, 
and then briefly dried for a few minutes at room temperature prior to DNA extraction. 
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el a: 

egýL 

Lanes 1-26: Protocol (H) - 3M NaAcetate (NaAc) DNA precipitation with applied tissue 
washing/drying regime A (indicated in the text below if different) - tail and 
dorsal muscle, and PCRs with blank extractions (Lanes: 25 and 26); 

Lanes 27-40: Modified protocol (H) - polvacrylamide DNA precipitation with applied tissue 
washing with IxTE buffer at room temperature for various time (after 5,4,3, 
2,1.5,1 and 0.5 hours of tissue washing with IxTE buffer); 

Lanes 1-17: Modified protocol (H) - po! vacrylamide DNA precipitation with applied tissue 
washing/drying regime A (indicated in the text below if different); 

Lanes 18-20: Promega Kit - Protocol (F) with applied tissue washing/drying regime B 
(indicated in the text below if different) - control fresh/frozen mackerel tissue, 
used /(lr-100x diluted DNA extracts (/0_r-D to 100. v-D) for PCRs; 

el c: 
Lanes 1-7: Promega Kit - Protocol (F) with applied tissue washing/drying regime B 

(indicated in the text below if different), and PCR with a blank extraction 
(Lane: 7); 

Lanes 8-21: Modified protocol (A) - it was used liquid nitrogen instead of dry ice, applied 
tissue washing/drying regime D (indicated in the text below if different), and 
PCR with a blank extraction (Lane: 21); 

Lane 22: Promega Kit - Protocol (F) with applied tissue washing/drying regime B 
(indicated in the text below if different) - control fresh/frozen mackerel tissue, 
used IO. r diluted DNA extract (IO. v-D) for a PCR; 

Lane 23: PCR negative (sdH2O was used as PCR template) - "N" 

eg I(d): 
Lanes 1-12: Amersham Bioscience Kit with applied tissue washing/drying regime B 

(indicated in the text below if different), and PCR with a blank extraction 
(Lane: 12); 

Lanes 13-38: Qiagen Kit (tested both DNA elutions) with applied tissue washing/drying 
regime C (indicated in the text below if different), and PCRs with blank 

extractions (Lanes: 37 (I elution), 38 (II elution)); 

Lanes 39-44: Promega Kit - Protocol (F) with applied tissue washing/drying regime B 
(indicated in the text below if different); 

"  10% unbuffered formalin 
gel (a)-L: I, 2, gel (b)-L: 7; gel (c)-L: 8: gel (d)-L: I, 13 (1 elution). 14 (II elution), 39 
Q 3% unbuffered formalin 
gel (a)-L: 3,4: gel (b)-L: 8, gel (c)-L: 9; gel (d)-L: 2.15 (1 elution), 16 (II elution), 40 

"Q 50% isopropanol 
gel (a)-L: 5.6; gel (b)-L: 9; gel (c)-L: 10; gel (d)-L: 3.17 (1 elution). 18 (I1 elution), 41 
  70% IMS - industrial methylated spirits 
gel (a)-L: 7,8; gel (b)-L: 10; gel (c)-L: 11; gel (d)-L: 4,19 (1 elution), 20 (11 elution). 42 
  Modified Steedman's solution 
gel (a)-L: 9,10; gel (b)-L: I I. gel (c)-L: 12; gel (d)-L: 5,21 (1 elution), 22 (11 elution). 43 
e 70% ethanol 
gel (a)-L: 11,12; gel (b)-L: 12; gel (c)-L: 13; gel (d)-L: 6,23 (I elution), 24 (11 elution), 44 
Q 100% ethanol 
gel (a)-L: 13,14; gel (b)-L: 13; gel (c)-L: I, 14: gel (d)-L: 7,25 (I elution), 26 (11 elution) 

"Q 3% buffered formalin - with 4% sodium tetraborate 
gel (a)-L: 15,16; gel (b)-L: 14; gel (c)-L: 2,15: gel (d)-L: 8,27 (1 elution), 28 (1I elution) 

"I 10% buffered formalin - with 4% sodium tetraborate 
gel (a)-L: 17,18: gel (b)-L: 15; gel (c)-L: 3,16; gel (d)-L: 9,29 (1 elution), 30 (11 elution) 

"  95% IMS 
gel (a)-L: 19 (tail muscle), 20 (dorsal muscle); gel (b)-L: 6, gel (c)-L: 4.17: gel (d)-L: 10,31 (1 
elution), 32 (It elution) 
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"0 95% IMS (tissue was washed for 0.5-5 hours in IxTE buffer at room temperature prior to 
DNA extraction) - Modified protocol (H) - polracrº'lamide Diti'A precipitation: 
gel (a)-L: 28 (511), 30 (4 h), 32 (3 h), 34 (2 h), 36 (1.5 h), 38 (1 h). 40 (30 min). 

"p 95% IMS (tissue was washed for 1-10 minutes in IxTE buffer at room temperature prior to 
DNA extraction) - Modified protocol (H) - polt'acrrlanrirle DYYA precipitation; 
gel (b)-L: 2 (10 min), 4 (1 min), 

"p 95% IMS (tissue was only dried at room temperature without any washing in IxTE buffer 
or in other solution) - Modified protocol (H) - polt'acrt'lamicle DN. 4 precipitation; 
ggel (b)-L: 17. 

"O fresh/frozen 
gel (a)-L: 21 (tail muscle). 23 (dorsal muscle): gel (b)-L: 5,18 (1 Ox-D), 19 (50x-D), 20 (100x-1)): -el 
(c)-L: 6,19,22 (Promega Kit, 10-1)): gel (d)-L: 11.33 (I elution). 34 (II elution) 

"0 fresh/frozen (tissue was washed for 0.5-5 hours in IxTE buffer at room temperature prior to 
DNA extraction) - Modified protocol (H) - polt'acrt'lamide DNA precipitation; 
gel (a)-L: 27 (5 h), 29 (4 h), 31 (3 h), 33 (2 h), 35 (1.5 h). 37 (1 h), 39 (30 min ). 

"Q fresh/frozen (tissue fresh/frozen (tissue was washed for 1-10 minutes in I xTE buffer at room 
temperature prior to DNA extraction) - Modified protocol (H) - polt'acrrlanride D, V4 
precipitation; 
gel (b)-L: 1 (10 min), 3 (I min), 

"Q fresh/frozen (tissue was not washed at all, i. e. the tissue was used for DNA extraction 
straight from the freezer); 
gel (a)-L: 22 (tail muscle), 24 (dorsal muscle): gel (b)-L: 16: gel (c)-L: 20: 

" E] control 100% ethanol preserved - preserved in ethanol only for a few days 
gel (c)-L: 5,18: gel (d)-L: 35 (1 elution). 36 (II elution) 

"N" - PCRs with blank extractions (extraction procedure performed without tissue, i. e. with sdH, O instead) 
"M I" indicates quantitative size marker fragments - "Bioline" HyperLadder I 
"M2" indicates quantitative size marker fragments - "Bioline" HvperLadder IV 

The Amersham Kit arDNA extracts gave slightly better PCR performance with 16S than 

with cyt b, i. e. the 570 bp-region of the 16S mitochondrial gene was amplified with absolute 

ethanol-arDNA (Fig. 54(d)-Lane: 7) and with 95% IMS (industrial methylated spirits) 

arDNA of mackerel (Fig. 54(d)-Lane: 10). In previously described PCR experiments with 

cyt b (Fig. 53(a)-L: 30-40), PCR products were not detected with any of DNA extracts 

produced by the Amersham Kit (from preserved and from fresh/frozen tissue). 

DNA extracts with the Promega Kit (protocol (F)) exhibited the same performance with 
both tested mitochondrial genes - PCR products were generated with DNA extracts from 

70% IMS, 95% IMS, 70% and 100% pure ethanol preserved specimens, as well as with 

control DNA extracts from fresh/frozen and 100% pure ethanol preserved (tissue preserved 
in ethanol for only a few days) - Fig. 53(b) for cyt b; Fig. 54(c) and (d) for 16S. 

The PCR performance of DNA extracts produced with the Qiagen Kit was similar to those 

produced with the Promega Kit (only IMS and pure ethanol arDNA extracts, and control 
DNAs generated 16S PCR products). The same PCR performance was exhibited with both 

tested mitochondrial genes: Fig. 53(a)-L: 41-45 and (b)-L: 1-18 for cyt b, and Fig. 54(d)-L: 

13-38 for 16S). 
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The performance of DNA extracts produced by modified protocol (A) gave better results 

with the 16S gene (Fig. 54(c)-L: 8-21) than with the cytochrome b gene (Fig. 53(b)-L: 31- 

43): successful 16S-PCR amplification was obtained with 50% isopropanol-arDNA (Fig. 

54(c)-L: 10), Steedman-arDNA (Fig. 54(c)-L: 12) and 70% pure ethanol-arDNA (Fig. 

54(c)-L: 13). This was not the case with the cyt b gene (Fig. 53(b)). This was the only 

protocol which produced arDNA extract from Steedman-preserved tissue that generated 
PCR product. This is supporting evidence that protocol (A) developed in the main study 

with Nezumia was the appropriate protocol for this type of preserved sample. Also, this was 

the only protocol that produced arDNA extract from 10% buffered tissue samples of 

mackerel that gave successful PCR products with both tested mitochondrial genes (Fig. 

53(b)-Lane: 39 for cyt b, and Fig. 54(c)-Lane: 16 for 16S). As already mentioned, the 

overall performance of protocol (A) would be probably have been better in experiments 

with mackerel if the described modifications of protocol (A) had not been applied (shorter 

period of washing a tissue sample prior to DNA extraction and the use of liquid nitrogen 
instead of dry ice). 

It was surprising that this modified protocol (A) produced 70% and 100% pure ethanol 

arDNA extracts of a low mitochondrial PCR suitability - products were absent (with 70% 

ethanol-arDNA, cyt b; Fig. 53(b)-Lane: 36) or of a poor yield (Fig. 53(b)-Lane: 37 with cyt 
b; Fig. 54(b)-Lane: 13). However, arDNA extracts from 70% and 95% IMS preserved 

specimens gave better PCR performance, especially with the 16S mitochondrial gene. This 

might suggest that this protocol is not the most suitable DNA extraction protocol for 

producing PCR amplifiable mitochondrial arDNA from pure ethanol preserved fish 

specimens, but it is too early to draw this kind of conclusion because arDNA extracts from 

ethanol preserved tissue of Coryphaenoides produced very good mt-PCR results (e. g. Fig. 
49(b)-Lanes: 1 and 2 for 16S; Fig. 51(a)-Lanes: 13-17, (c)-Lanes: 1-5 for COIII). 

None of the tested DNA extraction protocols produced arDNAs from the 3% buffered 
formalin preserved specimen of mackerel that were suitable for cyt b and/or 16S 

mitochondrial amplifications. The explanation might lie in the poorly preserved tissue of 
this fish specimen (morphologically, the tissue was not firm, and the fish was soft and 
floppy). The preservation fluid of this specimen (3% buffered formalin) was opaque and 
flocculent. This might suggest tissue degeneration with a likely negative effect on DNA 
integrity. Also, this might suggest that the use of a lower concentration of chemical/s (in this 

case, formalin) is not always the best solution regarding recovery of DNA from preserved 
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samples. In support of this are the successful mt-PCR amplifications with 10% buffered 

formalin-arDNA if arDNA extracts were produced by protocol (A). Unbuffered formalin 

exhibited an extremely negative effect on recovery of DNA, especially if used as a 10% 

preservation solution (only one arDNA extract [produced by protocol (H) - polyacrylamide 

precipitation] generated a weak 16S PCR product). These preliminary PCR experiments on 

arDNA of 4-yrs preserved mackerel specimens suggest that the choice and concentration of 

chemicals used in preservation is of a crucial importance for molecular work and recovery 

of DNA, much more significant than the application of a particular DNA extraction 

protocol. 

How much intrinsic factors of the fish species (or species of any other group of organisms) 

are responsible for variations in producing PCR amplifiable arDNA (in general and for a 

specific marker system) is a question that still remains unanswered. Further investigations 

on a range of fresh/frozen and differently preserved fish (and other) species should provide 

a clearer answer to this question, as well as answers about the specificity, accessibility and 

recovery of mitochondrial arDNA in preserved specimens of different species that have 

different size, structure and organisation of mitochondrial genomes. 

If fresh/frozen tissue samples of mackerel were exposed for a prolonged time to room 
temperature, in a buffer and/or sdH2O for tissue washing, it might have a negative effect on 
the recovery of DNA from fresh/frozen tissue. This depended on buffer used and length of 

exposure of the tissue sample to room temperature. For successful mt-PCR amplifications 

with cytochrome b, it was noticed that the buffer used for eliminating the excess of 

preservative was the major factor. If IxTE buffer was used, the length of washing 
fresh/frozen tissue at room temperature did not affect successful recovery of mtDNA from 

tissue (Fig. 53(a)-Lanes: 13,15,17,28). However, if IxGTE buffer and sdH2O were used, 
the length of exposure of fresh/frozen tissue to room temperature (and to this solution) had a 

significant adverse effect on recovery of mtDNA (Fig. 53(b)-Lanes: 42,43). This 

experiment indicates the importance of handling caught animals intended to be used for 

archival collections and molecular work. 
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3.3.2. Comparison of relevant findings by other researchers and results in this 
study: discussion on mtDNA from preserved specimens 

The exact reason(s) for the difficulties in amplifying mitochondrial sequences from 

formalin- and Steedman's-preserved fishes is not clear, but other researchers have also 

reported difficulties in amplifying formalin-mtDNA from fishes and other preserved 

organisms. Some studies reported that it was possible to amplify only short PCR fragments 

of mtDNA (usually 100-300 bp) using formalin-fixed specimens (for example, Bucklin and 
Allen (2004) on zooplankton stored for a long period in buffered formalin; Boyle et al. 

(2004) and Zardus et al. (2006) on a formalin-fixed, ethanol preserved deep-sea bivalve). 

Rohland et al. (2004) experienced difficulties in amplifying mitochondrial genes using 

DNA extracted from dry museum specimens of chimpanzees and hyenas, even after 
increasing the number of the PCR cycles up to 60. Collins et al. (2002) were unable to 

successfully amplify and sequence the 16S mitochondrial region of swamp eels 
(Monopterus albus and M. cuchia) from formalin-fixed, ethanol-preserved specimens stored 
for 5,20 or 30 years in the archival collection of the University of Michigan Museum of 
Zoology. They did not have a problem in amplifying and sequencing the 615-bp portion of 

the 16S mitochondrial gene if fresh/frozen and 70-95% ethanol-preserved fish specimens 

were used, but they did not succeed with the formalin-fixed samples even when using 
internally designed primers that should amplify only a 250-375 base-pair region of the 16S 

gene. The study of Whittier et al. (1999) also reported that a decrease of PCR product sizes 
from -418 to 245 bp for the COII gene, or to 100-200 bp for COIII gene (Diaz-Viloria et 

al. 2005), did not improve mitochondrial amplification results with formalin-arDNA. It 

seems that the size of targeted mitochondrial DNA regions is unlikely to be always of 

crucial importance in amplifying mitochondrial gene sequences from preserved specimens 
(see Junqueira et al. 2002), although smaller fragments are easier to amplify according to 

some researchers (Wirgin et al. 1997; Boyle et al. 2004). Diaz-Viloria et al. (2005) and 
Chakraborty et al. (2006) generally question the integrity of mtDNA in formalin-fish 

specimens that have been stored for long periods. 

According to the findings of Banerjee and Brown (2002) on archaeological plant remains, 

chloroplast DNA exhibited faster degradation than nuclear DNA. They successfully 

amplified nuclear glutenin genes, but repeated attempts to amplify the chloroplast rbcL 
locus were unsuccessful. Also, they found that storage of leaf material for up to 289 days at 

ambient temperature resulted in no significant degradation of nuclear DNA but extensive 
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degradation of chloroplast DNA. Banerjee and Brown (2002) concluded that a differential 

preservation of nuclear and chloroplast DNA is probably caused by differences in the 

biochemical environments in the nuclei and in the chloroplast. They suggested that reactive 

oxygen such as superoxide radicals (02) and hydrogen peroxide (H202), which are derived 

from molecular oxygen (02), are potent agents of DNA damage in the plastid. 

The similarity between mitochondria and chloroplasts from the aspect of energy production 

and oxidative processes is evident. It is known that mitochondria generate free oxygen 

radicals causing an internal environment with a high mutagenic potential (Balaban et al. 

2005), as well as proven faster degradation of mtDNA vs. nDNA in frozen samples (Berger 

et al. 2001). Could the findings of Banerjee and Brown (2002) on chloroplast DNA damage 

caused by reactive oxygen and differential preservation of nuclear and organelle 

(chloroplast) DNA also explain a faster degradation of mitochondrial DNA and much lower 

presence of mtDNA in formalin-fixed/preserved organisms, or, is it just more difficult to 

access mtDNA from preserved organisms? Is this related to the size and specific 

organisation (architecture) of mitochondrial genomes in different species and groups of 

organisms (invertebrates and vertebrates in particular)? These questions could be answered 

only by adequate investigations on mitochondria and mitochondrial DNA of a range of 

preserved and non-preserved organisms, but the results from this study indicate limitations 

and difficulties in using mitochondrial genes for molecular investigations in 

formalin/Steedman's fish specimens (mackerel specimens stored for 4 years and Nezumia 

specimens stored for up to 20 years). 

Whittier et al. (1999) are of the opinion that formalin-mtDNA versus formalin-nDNA might 
be more susceptible for hydroxymethylation and inhibition during PCR amplification 
because of more abundant AT-rich regions in mitochondrial DNA than in nuclear DNA. If 

the suggestions of Chang and Loew (1994) are correct that formaldehyde causes 
hydroxymethylation of exposed exocyclic amino groups and that the A-T rich regions are 

more susceptible to oxidative attack compared to G-C base pairs, the explanation of 
Whittier et al. (1999) might be acceptable as one of the reasons for increased difficulties in 

PCR amplifications of mtDNA vs. nDNA (see also Tang (2006) and Skage and Schander 

(2007)). However, the cause is probably much more complex than this single explanation 

related exclusively to mtDNA as being adenine-thymine base pairs (A-T) rich genome 
(especially given that in this study the problem about amplifying and sequencing 458 bp A- 

T rich region from an unknown part of genome was not an issue; see section 3.2). 
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Different structure, base composition and organisation of the mitochondrial genome (and/or 

specific regions) in different species and groups of organisms (invertebrates and vertebrates 

in particular) might be important for the integrity of mtDNA and/or accessibility of mtDNA 

(see Boore et al. 2005; Chakraborty et al. 2006), but this is not clear due to insufficient 

research on this aspect. Gilbert et al. (2005b) suggest that structural elements of 

mitochondrial DNA confer a degree of in vivo and post-mortem protection from sequence 

modification. However the problems related to extracting PCR amplifiable mt-arDNA might 

also be related to the way of handling the specimens when they are caught (for how long 

they were dead without being fixed? ) and much faster degradation of mtDNA than nDNA 

(Berger et al. 2001). These aspects should be taken into consideration if records are 

available for given collections. The reaction of formaldehyde with DNA is known to be 

damaging, especially over long periods of time, but understanding of DNA-formalin 

interactions, kinds of DNA damage and their distribution in genomes still remains largely 

incomplete (Tang 2006; Wandeler et al. 2007). More and more researchers are of the 

opinion that mtDNA from formalin-fixed samples is less accessible than is nuclear DNA 

(see Tang 2006). 

The type of tissue (brain, muscle, heart etc. ) and kind of sample (faeces, hair, urine etc. ) 

used in DNA extraction might also influence the success of mitochondrial PCR 

amplifications (Whittier et al. 1999; Miething et al. 2006). The results of this study did not 

show a significant correlation between type of tissue and the success of mt-PCR 

amplifications, although more extensive investigations are required before drawing definite 

conclusions. The success of mt-PCR amplification in this study was mostly related to a 

particular arDNA extract and DNA extraction protocol. Supplementary experiments of this 

study, carried out on ten differently preserved mackerel specimens, suggest that preservation 

of fish specimens is the most important factor in ability to amplify mitochondrial DNA 

sequences, but the DNA extraction protocol used is also significant. The crucial question is: 

"Is it a problem of faster degradation of mtDNA, or of inaccessibility of mtDNA from 

preserved specimens? " The results from this study cannot clearly provide the answer, but it 

seems that it is a combination of both. Difficulty in amplifying mitochondrial genome 

regions from formalin-arDNA of some species and groups of organisms might prevent the 

application of mitochondrial barcodes (16S and COI) to all preserved specimens. There are 

already suggestions for using nuclear ribosomal genes for barcoding purposes (Floyd et al. 

2002; Bhadury et al. 2006b; Chu et al. 2006), but applicability to all, or the majority of, 

preserved specimens and species remains to be assessed. 

219 



3.4. Other I'(R experiments 

A limited number of PCR experiments with ITS primers did not generate any PCR 

products with formalin-arl)NA of Nezumia. These should not he regarded as definitive 

results on Nezumia species, because the PCRs were performed only with a few tormalin- 

arDNA extracts of Nezumiu and without PCR optimisation t '()r this molecular marker. 

The PCR experiments with microsatellites were carried out with the expectation that 

primers designed for ('cnyphcwnoicle. s (by Dr Alex Rogers's research team in 

Southampton) might he applicable to the closely related species of' . Vezinnia. Flic 

('oryphaenoide. s' microsatellite primer sets CR 1/16 and CR 2/40 applied on formalin- 

arDNA of Nezumia aequalis and N. micronychodon did not produce P('R products (Flo . 
55(a) and (b)-Lanes: 1-5). Also, PCR products were not generated with DNA of cod (Fig. 

55(a) and (b)-L: 6). However, PCR amplifications with ethanol-arl)NA of('oº. ºpphacnuic/c'. c 

rupesiris generated strong and clear bands (PUR products) of the appropriate size (100 hp 

150 hp) - Fig. 55(a) and (b)-I.: 7. It might he worthwhile to test these microsatcllite 

primers again against DNA of Nezumia. but with DNA of a good quality (from 

fresh/frozen and/or short-term ethanol preserved samples). 

M12345678 

1018 bp- 

506,517 bp - 

220 bp - 

(h) - CR 2/411 

}: ý 

Figure 55- PCR amplifications with the microsatellite primer set CR I'16 (a) and set CR 2'40 (h). 
Ale: umia uequuli. s" (L.: I, 2) and Ne_umia microm"c"hodon tormalin-ar[)NA: Lanes 3-5 on 
gels (a) and (b). Cod DNA - L: 6 on gels (a) and (b). Ethanol-arDNA of ('ori'huenoide. s 
rupestris: Lane 7 on (a) and (b). 
"M" indicates size marker fragments -I Kb DNA Ladder. 
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Additional experiments on control, ethanol preserved Nezurnia specimens and 

supplementary experiments on differently preserved fish specimens of mackerel were 

performed in order to investigate the possibility of amplifying a single/low-copy and multi- 

copy targeted sequences of preserved specimens (regions that belong to different nuclear 

genes), that is, the feasibility of' amplifying rhodopsin and 28S rihosomal genes. The 

experiments on mackerel were carried out in order to investigate the effect of' different 

preservation methods and the application of dificrent I)NA extraction protocols on the 

ability to use different molecular marker systems for extracting molecular information 

from preserved fish specimens. 

3.4.1. Control, ethanol preserved Nezumia 

The preliminary PCR investigations on short-term (1.5-2 yrs) ethanol preserved specimens 

of Ne: armia with the 28S gene gave promising results about the possibility to use this 

primer set on Ne: umiu species. Generated PCR products have sizes of about 1000 hp (Fig. 

56). This primer set developed by Lecointre et u/. (1997) tier fish is definitely applicable to 

N. aequalis and N. micronvchoclon species for amplifying this 28S gene D2 domain and 

can potentially be used for molecular investigation on , Ve: m-1ia. 

1000 bp 

500 b{ 

400 bF: 

Figure 56 - PCR amplifications of the 28S gene (L: 3 and 10) and the rhodop. +iºº gene (1.: 6 and 13) ww ith 
ethanol-arDNA of Ne_urnia microm"chodon and a'(, _« iuia acqualis (tissue specimens were 
preserved only for 1.5 -2 years). 
"M I" indicates quantitative size marker fragments "Rioline" HyperLadder I 
"M2" indicates quantitative size marker fragments - "Rioline" HvperLadder IV 
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A region of the rhodopsin gene (single/low copy gene) was amplified with ethanol-arDNA 

of Nezumia aequalis (Fig. 56, Lane 13), but not with ethanol-arDNA of N. micronychodon 

(Fig. 56, Lane 6). These are preliminary results and without confirmation of these results 

on other fish specimens (fresh/frozen in particular) it is too early to draw any conclusion 

about the usability of this primer set on one species but not on another. 

3.4.2. Supplementary evidence on differently preserved specimens of mackerel 

Overall, PCR amplifications with 28S (many-copy) and rhodopsin (a single/low-copy) 

genes on ten differently preserved specimens of mackerel (Fig. 57) were less successful 
than with mitochondrial genes (Figs. 53 and 54). 

The amplification success with the 28S gene depended on the type of preservation and 
DNA extraction protocol applied. The same situation occurred as with mitochondrial 

amplifications; the PCR products were lacking on all mackerel specimens (even fresh- 

frozen one) if the phenol protocol (H) with 3M NaAc precipitations was used in DNA 

extraction procedure (Fig. 57(a)-L: 1-12). Similarly, if the same DNA extraction protocol 
(H), but with polyacrylamide DNA precipitation, was applied, the PCR amplification 

results were more successful (Fig. 57(a)-L: 13-29). 

The arDNA extracts produced by protocol (H) (polyacrylamide DNA precipitation) 

exhibited some specificity in amplification of the 28S gene that was not characteristic for 

amplifications with mitochondrial genes. For example, washing/drying regimes of 95% 

IMS tissue samples seemed to be much more important in amplifying this 28S gene than it 

was for amplifying mitochondrial genes. If tissue samples were washed in I xTE buffer for 

shorter periods (5 hours, or few minutes), PCR products were not generated (Fig. 57(a)-L: 

14 and 16). However, if 95% IMS preserved tissue samples were washed overnight in 

IxTE buffer, or just dried out without any tissue pre-washing, PCR products were 

generated with this 28S primer set (Fig. 57(a)-L: 18 and 29) - the bands were stronger if 

tissue was pre-washed in 1xTE buffer than just dried out. 
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1000 bp 

600 bp 
400 bp 

(a) - 28S gene 

(b) - 28S gene 

(c) - rhodopsin gene 

(d) - rhodopsin gene 

Fig. 57 - The 28S gene PCR amplifications (a) and (b), and the rhodopsin gene (c) and (d), PCR 

amplifications with DNA of mackerel (Scomber scomhrus) extracted by different DNA 

extraction protocols, using fresh/frozen and differently preserved muscle tissue samples. 
Muscle tissue was subjected to different washing/drying regimes prior to DNA extraction: 
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A- tissue was washed overnight in I xTE buffer at room temperature prior to DNA extraction; 
B- tissue was washed for a few minutes in sdH, O, and then dried for a few minutes at room 

temperature prior to DNA extraction: 
C- tissue was washed twice for 5 minutes in PBS (phosphate-buffered saline) and twice in 

sdH, O for a couple of minutes, and then briefly dried for a few minutes at room 
temperature prior DNA extraction 

D- tissue was washed in IxGTE buffer for 24 hours (gently rotating the samples) at room 
temperature and frequently changing the buffer, then washed in sdH, O for 10-15 minutes, 
and then briefly dried for a few minutes at room temperature prior to DNA extraction 

gels (a) and (c): 

Lanes 1-12: Protocol (H) - 3M NaAcetate (NaAc) DNA precipitation with applied tissue 
washing/drying regime A (indicated in the text below if different); 

Lanes 13-29: Modified protocol (H) - polyacrylamide DNA precipitation with applied tissue 
washing/drying regime A (indicated in the text below if different); 

Lanes 30-40: Amersham Bioscience Kit with applied tissue washing/drying regime B 
(indicated in the text below if different); 

Lanes 41-46: Qiagen Kit (tested both DNA elutions) with, applied tissue washing/drying 
regime C (indicated in the text below if different); 

eels (b) and (d): 

Lanes 1-18: Qiagen Kit (tested both DNA elutions) with applied tissue washing/dying 
regime C (indicated in the text below if different), 

Lanes 19-30,45: Promega Kit - Protocol (F) with applied tissue washing/drying regime B 
(indicated in the text below if different); 

Lanes 31-43: Modified protocol (A) -it was used liquid nitrogen instead of drý" ice, applied 
tissue washing/drying regime D (indicated in the test below if different), 

Lane 45: PCR negative (sdH, O was used as PCR template) 

"  10% unbuffered formalin 
gel (a)-L: I. 19,30,41 (I elution). 42 (I1 elution): gel (h)-L: 19,31: gel (c)-L: I. 19,30.41 (I 
elution), 42 (11 elution): gel (d)-L: 19.31 

"Q 3% unbuffered formalin 
gel (a)-L: 2,20,31,43 (I elution), 44 (II elution); gel (h)-L: 20,32: gel (c)-L: 2.20,31,43 (I 
elution), 44 (II elution): -el (d)-L: 20,32 

"Q 50% isopropanol 
-el (a)-L: 3,21,32,45 (I elution). 46 (II elution): gel (b)-L: 21,33: gel (c)-L: 3.21,32,45 (I 
elution), 46 (II elution): gel (d)-L: 21,33 

"  70% IMS - industrial methylated spirits 
gel (a)-L: 4,22,33: gel (b)-L: I (I elution). 2 (II elution), 22.34: ; -el (c)-l.: 4,22,13: -el (d)-l.: I (I 
elution), 2 (II elution), 22,34 

"  Modified Steedman's solution 
gel (a)-L: 5.23,34; gel (b)-L: 3 (I elution), 4 (II elution), 23,35: gel (c)-L: 5.23,34: gel (d)-l.: 3 (1 
elution), 4 (11 elution). 23,35 

"0 70% ethanol 
gel (a)-L: 6,24,35: gel (b)-L: 5 (I elution), 6 (11 elution), 24.36: gel (c)-L: 6.24.35: gel (d)-L: 5 (1 
elution), 6 (II elution), 24.36 

"Q 100% ethanol 
gel (a)-L: 7,25.36: gel (b)-L: 7 (1 elution). 8 (11 elution), 25.37: gel (c)-L: 7.25,36: gel (d)-L: 7 (1 
elution), 8 (II elution), 25.37 

"0 3% buffered formalin - with 4%, sodium tetraborate 
gel (a)-L: 8,26,37: gel (b)-L: 9 (1 elution), 10 (11 elution), 26,38: gel (c)-L: 8.26.37: -el (d)-L: 9 (1 
elution), 10 (II elution), 26.38 

" 17 10% buffered formalin - with 4% sodium tetraborate 
gel (a)-L: 9,27,38: gel (b)-L: II (I elution), 12 (II elution). 27,39: gel (c)-L: 9,27.38: gel (d)-L: 
(I elution), 12 (II elution), 27.39 

"  95% IMS 
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gel (a)-L: 10 (3M NaAc), 18 (polyacryl. ), 39; gel (b)-L: 13 (I elution). 14 (II elution). 28.40, gel 
(c)-L: 10 (3M NaAc), 18 (polyacryl. ). 39. gel (d)-L: 13 (I elution), 14 (II elution), -18,40 a 95% IMS (tissue was was washed for 0.5-5 hours in IxTE buffer at room temperature 
prior to DNA extraction) - codified protocol (H) - polracrt'laiºiide D: 1'. -t precipitation: 
gel (a)-L: 14 (5 h): Egel (c)-L: 14 (5 h) 
0 95% IMS (tissue was washed for 1-10 minutes in IxTE buffer at room temperature prior 
to DNA extraction) - Modified protocol (H) - polracrrlamide n: 1'. 4 precipitation: 
gel (a)-L: 16 (I min): gel (c)-L: 16 (I min). 

"8 95% IMS (tissue was only dried at room temperature without any washing in IxTE buffer 
or in other solution) - Modifred protocol (H) - poh'acrt'lamide /). VA precipitation; 
gel (a)-L: 29: Egel (c)-L: 29 

"0 fresh/frozen 
gel (a)-L: 11,17,40; gel (b)-L: 15 (I elution), 16 (II elution). 30 (IOx-D), 4", 44 (Promega Kit: 
100x-D): geI (c)-L: 11,17,40: geI (d)-L: 15 (I elution), 16 (II elution). 30 (1 Ox-D), 4'_, -14 (Promega 
Kit: 100x-D) 
0 fresh/frozen (tissue tissue was washed for 0.5-5 hours in I xTE buffer at room temperature 
prior to DNA extraction) - Modified protocol (H) - pol; 'acrl'lantide n. \. -1 precipitation; 
gel (a)-L: 13 (5 h): gel (c)-L: 13 (5 h) 

"0 fresh/frozen (tissue was washed for 1-10 minutes in IxTE buffer at room temperature 
prior to DNA extraction) -: lIodifled protocol (H) - polracrt'laniide D. ß. 1 precipitation; 
gel (a)-L: 15 (I min): gel (c)-L: 15 (I min) 
Q fresh/frozen (tissue was not washed at all, i. e. the tissue was used for DNA extraction 
straight from the freezer); 
gel (a)-L: 12. 

-18: Egel (b)-L: 43: gel (c)-L: I-. 
-18: gel (d)-L: 43 

control 100% ethanol preserved - preserved in ethanol only for a few dass 
gel (b)-L: 17 (1 elution), 18 (II elution). 29,41. gel (d)-L: 17 (1 elution), 18 (II elution), -9.41 

"M 1" indicates quantitative size marker fragments - "Bioline" Hyperl. adder I 
"M2" indicates quantitative size marker fragments -- "Bioline" Hyperl. adder IV 

Interestingly, PCR products (faint bands) were obtained with formalin-arDNA extracts - 
3% and 10% unbuffered and buffered formalin (Fig. 57(a)-L: 19,20,26 and 27) if protocol 

(H) with polyacrylamide was applied. The 70% IMS and 70% ethanol-arDNA extracts did 

not generate 28S PCR products. This was contradictory to the amplification success of 

mitochondrial genes with these arDNA extracts (Fig. 53(a)-L: 22 and 24 for cyt b, and Fig. 

60(b)-L: 10 and 12 for 16S). There were sonne faint bands in amplifying the 28S gene with 
70% IMS-arDNA of mackerel (Fig. 57(a)-L: 22), but not with 70% pure-ethanol arDNA 

extract (Fig. 57(a)-L: 24). Some faint bands also were generated with Steedman's-arDNA 

(Fig. 57(a)-L: 23). PCR products (28S) were generated in all PCR amplifications if DNA 

extracts from fresh/frozen tissue samples were applied (Fig. 57(a)-I.: 13.15.17 and 28). 

Archival DNA extracts produced by the Amersham Kit did not generate any PCR products 

with the 28S gene (Fig. 57(a)-L: 30-40), not even with DNA extracts from control 

fresh/frozen samples (Lane 40). A similar situation was also recorded with PC'R 

amplification of mitochondrial genes. It seems that this Kit is not useful lbr extracting 

DNA from preserved specimens. Because of the low performance of this Kit, even with 

225 



control (unpreserved) specimens, it is a questionable if it was something wrong with this 

particular kit-box, or if the Amersham Kit is not suitable for extracting DNA from fish 

specimens (preserved and unpreserved) in general. 

Archival DNA extracts produced by Qiagen Kit (Fig. 57(a)-L: 41-46, (b)-L: 1-18), 

Promega Kit (Fig. 57(b)-L: 19-30), and modified protocol (A) - (Fig. 57(b)-L: 31-43) were 
less successful in amplifying the 28S nuclear region than in amplifying targeted 

mitochondrial sequences (Figs. 53 and 54) and RAPDs (data not shown). The 28S PCR 

products were generated with 3% unbuffered formalin-arDNA produced by Qiagen Kit - 

only with the first DNA elution (Fig. 57(a)-L: 43), and with DNA from fresh/frozen tissue 

- both DNA elutions (Fig. 57(b)-L: 15 and 16). DNA extracts produced by the Promega 

Kit gave successful 28S PCR amplifications only with control samples, i. e. DNA extracted 
from fresh/frozen and stored for a few days in absolute ethanol-preserved tissue samples 

(Fig. 57(b)-L: 29 and 30). For DNA extracts produced by protocol (A), only 10% 

unbuffered formalin-arDNA extract (Fig. 57(b)-L: 31) and absolute, pure-ethanol-arDNA 

extract (Fig. 57(b)-L: 37) generated 28S PCR products. The 28S PCR product generated 
from 10% unbuffered formalin-arDNA (Fig. 57(b)-L: 31) gave a larger sized PCR product 

than other "successful extracts". Sequencing of PCR products should reveal the true nature 

of this bigger product, i. e. if it was a PCR artifact. 

A low amplification success with the -1000 bp region of 28S gene with mackerel arDNA 

is most probably related to the size of PCR amplification product - being too large to be 

amplifiable with degraded/damaged archival DNA. The sequencing of PCR product 

amplified with DNA from fresh/frozen samples and then designing suitable internal 

primers for generating shorter DNA fragments might be the solution for application of this 

molecular marker to preserved specimens. 

A PCR primer set for the rhodopsin gene did not give satisfactory results (Fig. 57 (c) and 
(d)). The problem is most probably related not only to the size of the PCR product, but also 

to attempts to amplify single/low copy genes from preserved specimens. 

All results presented in this section are preliminary and findings need to be confirmed with 

additional experiments that involve more fish specimens and arDNA extracts, i. e. including 

sequencing of PCR products. However, the results of these experiments were sufficient to 

confirm the findings from the previous experiments - the importance of the DNA 
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extraction protocol used in conjunction with a particular PCR marker system and the 

significance of preservation method for the specimens usability in molecular 

investigations. In other words, the extraction methods (including pre-extraction treatments 

of preserved tissue) used in molecular studies of preserved tissues need to be chosen 

carefully, in light of the specific requirements of particular investigations. 
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3.5. Introduction of a new term: "archival DNA (arDNA)" 

DNA extracted from tissues of museum and other archival collections possess some 

characteristics that are mostly not present in DNA extracted from fresh and frozen tissues, 

for example: 

- DNA extracts usually contain a variety of PCR inhibitors that are normally not present in 

DNA extracts from fresh/frozen tissues (diffusible and non-diffusible inhibitors) (An and 

Fleming 1991; Diaz-Viloria et al. 2005; this study); 

- It is rarely possible to extract high-molecular-weight DNA, i. e. DNA is usually degraded 

and fragmented, especially if the tissue/specimen has been stored in preservative for long 

periods (Tang 2006; Skage and Schander 2007; this study); 

- Contaminant DNA may be present (from human handling of specimens, viruses, bacteria, 

fungi or any parasites present) (Boyle et al. 2004; Wandeler et al. 2007); 

- DNA extracted from archival tissues is likely to be more susceptible to showing false 

PCR results than high-molecular-weight DNA, i. e. to produce false negative (because of 

PCR inhibitors present in DNA extract, damaged targeted DNA sequences and/or 
insufficient amounts of DNA) and false-positive PCR amplifications (because of micro- 

contamination with exteriors DNA) (Prendini et al. 2002; Boyle et al. 2004; Tang 2006; 

Skage and Schander 2007; this study). 

From the inevitably incomplete list above, it is possible to see that there are more specific 
features related to DNA extracts from archival collections than to DNA extracts from 

fresh/frozen tissues. In my opinion, there is a need for the introduction of a new term for 

DNA extracted from chemically preserved tissue. My suggestion for this term will be: 

"archival DNA (arDNA) ". 

The characteristics of archival DNA (arDNA) seem to be very similar to those of ancient 
DNA (aDNA), but have different causes (see Brown (2001); Paabo et al. (2004); Gilbert et 

al. (2005a); Cooper (2006) for aDNA). Ancient DNA has been exposed for long periods to 

different environmental (and other) effects that cause degradation of DNA, but archival 
DNA has been exposed primarily to chemical effects that cause different types of 
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degradation, cross-linking and the presence of impurities, making arDNA very difficult (or 

in some cases impossible) to use in molecular investigations (France and Kocher 1996; Diaz- 

Viloria et al. 2005; Chakraborty et al. 2006; Tang 2006). Ancient DNA has not been 

exposed to preservatives, or where this is the case (e. g. in mummies) deterioration due to age 

is probably a more important factor. It would not be justified to use the term "ancient DNA 

(aDNA)" for the DNA extracted from archival collections and specimens of post mortem age 

up to decadal length, despite similarities in the above-stated features between ancient DNA 

and DNA extracted from archival collections. All archival and museum collections are not 

necessarily (and mostly are not) "ancient", but archival DNA possesses characteristics that 

are clearly different from DNA extracted from fresh and frozen tissues. Introduction of this 

new term "archival DNA (arDNA)" will help in clarification, and provide more accurate 

definition of the terms "ancient collections" and "ancient DNA", i. e. how old collections or 

samples need to be in order to be considered as an ancient collection or specimen - 
hundreds, thousands, or hundreds of thousands of years. On the other hand, using the term 

"archival DNA (arDNA)" for DNA extracted from preserved samples makes it perfectly 

clear that this DNA possesses characteristics different from DNA extracted from 

fresh/frozen samples, and presents difficulties for molecular work with chemically treated 

samples of a particular age (the majority of them being a few decades old, or even less). 

Considering all this, the appropriateness and introduction of the new term "archival DNA 

(arDNA)" for DNA extracted from fixed and preserved tissue is justified. There have been 

attempts by other authors to introduce specific terms for DNA extracted from collection 

specimens in order to distinguish archival DNA from ancient DNA (for instance, Herniou et 

al. (1998) suggested the term "vintage DNA (vDNA)" for DNA extracted from spirit 

collections). However, in my opinion, the term "archival (arDNA)" has much broader 

meaning and it is easier to define exactly the source of DNA from any kind of preserved 

material just by adding an appropriate prefix (e. g., formalin-arDNA, formalin-ethanol- 

arDNA, dry-arDNA, ethanol-dry-arDNA, or EFEP-arDNA for DNA extracted from ethanol- 
fixed, ethanol-preserved organisms, FFEP-arDNA for DNA extracted from formalin-fixed, 

ethanol-preserved organisms, FFSP-arDNA for DNA extracted from formalin-fixed, 

Steedman-preserved organisms, or formalin/ethanol-arDNA, formalin/Steedman's-arDNA 

and so on). Also, in my opinion, it is not justified to use the term "ancient DNA" for DNA 

extracted from archival specimens (chemically preserved samples) 10 years old (or a few 

decades old), as some authors have suggested (Rey et al. 2004; Web page of the Museum 

Victoria Australia, http: //www. museum. vic. gov. au/scidiscovery/dna/ancient-dna. asp). 
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Recently, Wandeler et al. (2007) produced a list of differences between DNA extracted from 

natural history collections and ancient samples. 

Basically, we have a largely incomplete understanding of the nature of archival DNA (the 

DNA damage) and specific alterations introduced to nucleic acid by different chemicals used 

for preservation of organisms/tissue, as well as the possibility of reversing some DNA 

damage in order to make arDNA more suitable for PCR and molecular investigations 

(Barker et al. 2005b; Tang 2006; Gilbert et al. 2007b, c, d; Skage and Schander 2007; 

Wandeler et al. 2007). Besides the age/exposure inappropriateness to use the terms "ancient" 

(very old remains of organisms that were exposed primarily to the natural environmental 

conditions) and "archival" (chemically preserved specimens which were collected, preserved 

and stored under controlled conditions - the majority of them just few years/decades old) as 

synonymous, we do not know the true extent of similarities between archival DNA and 

ancient DNA regarding the extent of DNA fragmentation, types of crosslinking (covalent 

and non-covalent, i. e. reversible and non-reversible crosslinks) and DNA modifications. Are 

the properties of arDNA and aDNA really the same? 
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Chapter 4. GENERAL DISCUSSION, CONCLUSIONS 
AND FURTHER DIRECTIONS 

This study has demonstrated that, despite degradation, it was possible to extract PCR 

amplifiable DNA from museum, fluid-preserved fish specimens of Nezumia and mackerel. 
Molecular investigations on chemically preserved specimens (especially formalin-fixed 

ones) require a special approach and the development of different strategies in order to 

overcome problems and enable DNA studies (Tang 2006; Gilbert et al. 2007b, c, d; Skage and 
Schander 2007; Wandeler et al. 2007). This study was focused on developing and optimising 
DNA extraction protocols considering factors that might be important in producing PCR 

amplifiable formalin-arDNA, as well as developing effective approaches in studying DNA 

from preserved specimens on species with unstudied genomes. 

The limitations of using these preserved specimens for the full potential of DNA analysis 

resulted mainly from either low arDNA quantity and quality and/or poor DNA extract 

quality (the presence of PCR inhibitors). Molecular studies on genetically uncharacterised 

taxa and isolation of markers and DNA sequences from unstudied genomes based 

exclusively on investigations of archival specimens is complex, but not impossible (see also 
Boyle et al. 2004). This study has demonstrated the feasibility of molecular studies on 

genetically uncharacterised fish species (Nezumia aequalis and N. micronychodon) that had 

been fixed in 10% unbuffered formalin and stored for up to two decades in the Steedman's 

solution in the Natural History Museum (London, U. K. ). Formalin and Steedman 

fixation/preservation should be avoided whenever possible, but the preservation of existing 

collections cannot be changed now and it is up to researchers to try to extract PCR 

amplifiable DNA. Supplementary information from ten differently preserved specimens of 

mackerel is supporting evidence for correlations between preservation methods of archival 

specimens, DNA extraction protocols and the possibility of recovering PCR amplifiable 

arDNA. 

There were several reasons why experiments in this study were performed first on formalin- 

fixed, Steedman's preserved specimens, and then results validated on "good tissue samples" 

of the Nezumia species: 
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1) Doing the research in this order, it was possible to investigate and evaluate the real 

possibility of obtaining reliable and reproducible results using specimens exclusively 

from the natural history collection and species with unstudied genomes. This might 

potentially be crucial for molecular investigations on extinct and rare species because 

results obtained from the archival specimens of such species cannot be re-checked 

and validated against molecular results obtained from fresh/frozen and/or short- 

period ethanol-stored tissue samples of these organisms. 

2) The possibility of cross-contamination between formalin-Steedman-arDNA and 
"good" DNA from control Nezumia samples was eliminated. 

At the beginning of this study (i. e. after facing the extreme difficulty of extracting PCR 

amplifiable arDNA, especially for use in mitochondrial PCRs) attempts were made to obtain 

fresh/frozen or ethanol preserved samples of Nezumia tissue from the UK or any other 

collection around the world but, at that time, these attempts were without success in securing 

a reliable positive control for the study. Institutions that were asked did not have these 

species in their collections or, if they did, they could not guarantee the accurate identification 

of species, or even genus. The help of a specialist in this group of fish is often needed in 

order to recognise distinguishing morphological taxonomic characters for accurate and 

reliable species identification (Iwamoto et al. 1999). This underlines the need for, and 
importance of, developing molecular markers for molecular identification and 

characterisation of rattail fish species in order to make their identification easier and more 

reliable which will certainly aid in expanding research on these species and their inclusion in 

broader biological studies. 

4.1. DNA recovery from preserved specimens 

The application of an appropriate DNA extraction protocol (including the pre-extraction 

treatment) on preserved tissue samples is important for success in extracting PCR 

amplifiable archival DNA (Schander and Halanych 2003; Tang 2006; Ferrer et al. 2007; 

Gilbert et al. 2007b), but the species/tissue preservation (the preservation effect) is more 

critical than the DNA extraction method (Greer et al. 1991; Linvillle et al. 2004; Ferrer et al. 
2007; Schill 2007) or the PCR cocktail which can be optimised (Schilf 2007). 
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4.1.1. DNA extraction methods and pre-extraction treatments of preserved tissue 

Important guidelines in using formalin-fixed (and other archival) specimens for molecular 
investigations are: 

(a) To select the most appropriate DNA extraction protocol (or a combination of protocols) 

that will produce PCR amplifiable DNA. It is much more important to obtain an arDNA 

extract that is free of PCR inhibitors than very good yields of DNA. The significance of 

the right selection of a DNA extraction protocol and its optimisation for preserved 

specimens has been pointed out by many researchers (Herniou et al. 1998; Vince et al. 

1998; Poljak et al. 2000; Tang 2006; Gilbert et al. 2007b). 

(b) To avoid DNA extraction protocols (chemicals and manipulations) that might cause 
further damage of the DNA and/or reduce its PCR usability by increasing the amount 

and/or kinds of diffusible PCR inhibitors in arDNA extracts. For example, phenol- 

chloroform-isoamyl alcohol purification might not be the best procedure for formalin- 

fixed specimens because of the possibility that this method could increase the amount of 

PCR inhibitors in arDNA extracts by the presence of phenolic compounds carried over 

into the final DNA sample (Simon et al. 1996; Wilson 1997) and thus reduce the PCR 

efficiency, or completely inhibit the PCR amplification (for application to some, or to all 

PCR markers). Also, it might cause a further fragmentation of DNA during the process 

(Wang et al. 1994; Skage and Schander 2007). 

(c) To select a DNA extraction protocol that is most suitable for investigating a particular 

DNA region, i. e. for application to a particular PCR marker system/genome region. This 

study indicates that differently based DNA extraction protocols (guanidinium, PCI, 

silica spin column) might be more adequate for application to specific PCR marker 

system/primers. Particular chemicals and isolation procedures under appropriate 

conditions (pH and temperature) are known to be effective for reversing specific DNA- 

protein crosslinks, i. e. cleavage of crosslinks (methylene bridges) and liberating proteins 

that are bound to specific DNA sequences/regions/genes (Toth and Biggin 2000; Barker 

et al. 2005b; Yamashita 2007). Thus, some protocols and buffers might enhanced DNA- 

crosslink reversal properties (Gilbert et al. 2007b) and be more applicable to some target 

DNA sequences/genes. 

(d) The choice of targeted sequence is also important for the successful PCR amplifications 
because of some being less abundant in the genome (Skage and Schander 2007), the 

possibility that formaldehyde might cause stronger and less reversible cross-linking with 
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particular target genes/sequences (Karaiskou et al. 2007) and/or DNA sequences with 

base compositions that are more susceptible to other types of damages (strand nicks, 

breaks, nucleotide alteration; Rait et al. 2006). It is also expected that all PCR primers 

(including different RAPD primers) and molecular markers would not have the same 

sensitivity and amplification efficiency in molecular work with difficult samples where 

the number of available DNA molecules/targeted sequences for PCR might be relatively 

low (Boyle et al. 2004; Willerslev et al. 2004; Karaiskou et al. 2007; Webb et al. 2007) 

and in the presence of PCR inhibitors (Bucklin and Allen 2004; Diaz-Viloria et al. 2005; 

Tang 2006). 

The good efficiency of protocol (A) developed in this study is probably due to a combination 

of chemical solutions applied in pre-extraction, extraction and purification steps that are 

beneficial for reversing DNA-protein crosslinks (DPCs) and in producing arDNA extracts 

with relatively low amounts of PCR inhibitors. Substances/chemical solutions (glycine, SDS, 

EDTA, DTT, high salt) used in this protocol are known to be effective in liberating 

crosslinked proteins bound to DNA (Orlando et al. 1997; Barker et al. 2005b; Yamashita 

2007). It also seems to be important in which step (and probably in which buffer) a particular 

substance/chemical was introduced during pre-extraction and DNA extraction procedure. 

For example, Gilbert et al. (2007b) reported a serious decrease in producing amplifiable 

formalin-arDNA if 25 mM glycine was added to the incubation buffer during the DNA 

extraction step with proteinase K digestion. However, this and other studies (Kearney and 

Stuart 2004; Hasbun et al. 2005) have demonstrated that the use of 1xGTE pre-washing 
buffer (containing 100 mM glycine) is beneficial in producing PCR amplifiable formalin- 

arDNA. The difference in using glycine in the study of Gilbert et al. (2007b) and in its use in 

this and other studies is that Gilbert et al. (2007b) applied glycine to the incubation 

(digestion) buffer while this and other studies included glycine in the pre-extraction buffer 

(for rinsing preserved tissue at room temperature prior to the DNA extraction). Findings of 
Gilbert et al. (2007b) suggest that glycine might have the adverse effect if included in this 

extraction step at a temperature of 55°C and/or carried over into the incubation buffer. 

Furthermore, Gilbert et al. (2007b) results support the observation made in this study that 

interchangeable washing of preserved tissue in 1 xGTE buffer and water, and water applied 

as a last wash in this pre-extraction treatment of preserved tissue, is more effective in 

producing PCR amplifiable arDNA (with a lower PCR inhibition) than just washing a tissue 

sample only in 1xGTE (and/or applying 1xGTE as a last wash). This is probably due to the 

removal of 1xGTE buffer-substances, including glycine, from a preserved tissue sample 

before subjecting it to the DNA extraction procedure (digestion with proteinase K and 
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prolonged incubation at 55°C). Certainly, it is important not only which substances are 

introduced in DNA extraction procedure of preserved specimens, but also under which 

physical/chemical conditions, and in which order as well. 

The "cocktail" of chemicals when mixed (substances present in preserved organisms, 

chemicals used for washing tissue samples prior to DNA extraction and chemicals applied in 

a particular DNA protocol) may affect DNA extractability from preserved specimens, DNA 

integrity and/or PCR usability of these arDNA extracts. These complex interactions are not 

fully understood and need to be investigated (Tang 2006), but it seems that they are affecting 

the reversibility of crosslinks by producing/releasing different kinds of derivatives during a 

DNA extraction procedure, possibly establishing a new equilibrium in these reactions (Rait 

et al. 2006; Gilbert et al. 2007b; Skage and Schander 2007). This consequently might affect 

the quantity and quality of extracted arDNA, including the ability to generate larger sizes of 

PCR fragments (Sepp et al. 1994). 

4.1.2. Deers-sea organisms and retrieval of arDNA 

Further investigations should be also conducted with special concern to deep-sea organisms 
because of specific adaptations related to metabolic and oxidative processes, production of 

substances and accumulation of chemicals that might be related to the particular tissue types 

and/or deep-sea species, i. e. particular constituents of sea-water related to the specific 
localities and habitats in the sea (Sole et al. 2001; Angel 2003; Treberg et al. 2003; Speers- 

Roesch et al. 2006). This, in association with different chemical preservation and DNA 

extraction protocols, is worth investigating for a range of deep-sea groups of organisms and 

species because of the possibility that these factors might affect "survival" and extractability 

of arDNA in such organisms, and might even have different effects on mitochondrial and 

nuclear arDNA. 

For example, it was reported that NaCl is useful in preventing the crosslinking between the 

macromolecules if DNA is exposed to formaldehyde (Orlando et al. 1997; Gebicki and 
Gebicki 1999; Toth and Biggin 2000; Barker et al. 2005b; Yamashita 2007) which is of 

significance for marine organisms - related to a possible reduction of biomolecular cross- 
linking in those organisms during formalin fixation. Vachot and Monnerot (1996) have 

already reported that marine samples fixed in 10% sea-water formalin exhibit better DNA 

preservation than salt-free unbuffered formalin, but not as good as buffered formalin 
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solutions. However, we know little about the possible effects of other compounds (such as 

cadmium, manganese, mercury, lead, cobalt, arsenic, ammonium, methane) that might be 

present in some deep-sea species and/or in particular tissues (Lilley et al. 1993; Fisher 1995; 

Hannington et al. 1995; Angel 2003) and DNA preservation (see Barker et al. 2005b). 

4.1.3. PCR inhibitors 

The issue about the PCR inhibition is complicated because an inhibitor may act in more than 

one way and the relationships between chemical, enzymic and physical factors often cannot 
be distinguished (Wilson 1997). For example, sodium chloride (NaCl) and Tris are useful in 

preventing the crosslinking between the macromolecules if DNA is exposed to formaldehyde 

and peroxidized proteins (Gebicki and Gebicki 1999; Toth and Biggin 2000), SDS and 

EDTA are useful in reversing crosslinks from formalin-fixed tissues at elevated temperatures 

(Yamashita 2007), but all these chemicals are also strong PCR inhibitors if they are not 

sufficiently removed from the arDNA extract during purification steps (Qiagen 2002; 

McNevin et al. 2005). Also, some compounds could be both - inhibitors and facilitators 

making the matter even more complicated (see Wilson 1997). The application of a DNA 

extraction protocol and purification steps that are efficient in the removal of PCR inhibitors 

are often more important for the success of the PCR amplification than achieving a good 

yield of arDNA (Rossen et al. 1992; Simon et al. 1996; Wilson 1997; von Wurmb-Schwark 

et al. 2004), although the arDNA yield could be important for generating larger amplicon 

sizes (Sepp et al. 1994) for some target sequences that are low in copy-number (especially 

relevant if a size of the tissue sample used for DNA extraction is small) (Sepp et al. 1994; 

Karaiskou et al. 2007) and for the microsatellite genotyping with longer microsatellites 
(Watts et al. 2007). 

4.1.3.1. "Spiking" and diluting arDNA extracts 

Detection of diffusible PCR inhibitors (substances/chemicals that co-purify with arDNA) is 

very important in order to distinguish them from non-diffusible PCR inhibitors (i. e. the 

actual damage of DNA induced by preservation chemicals and/or post mortem changes). 
Because of often not knowing which diffusible PCR inhibitors are present, it is difficult to 

guess which type of inhibitors they are, and then accordingly to apply an appropriate 

procedure to eliminate them (Vince et al. 1998; Tang 2006). There are different strategies 
for detecting PCR inhibitors and overcoming the problems of PCR inhibition (Rossen et al. 
1992; Wilson 1997; Vince et al. 1998; Latham 2003; Tang 2006; King et al. 2008). The 
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simplest one is to dilute an arDNA sample (Vince et al. 1998), but this is not always a 

reliable approach, especially if arDNA extracts contain very strong PCR inhibitors and/or 

too high concentrations of PCR inhibitors in arDNA extracts - this was the case in this study 

with the majority of arDNA extracts produced by unmodified phenol-protocol (C). 

"Spiking" a DNA sample (mixing arDNA and "good" DNA) is a much more reliable way to 

establish the presence of diffusible PCR inhibitors in the DNA extracts (Tuross 1994; 

Arroyo-Pardo et al. 2002; Gilbert 2003a; Pusch and Bachmann 2004; Serre et al. 2004; von 

Wurmb-Schwark et al. 2004; Willerslev et al. 2004). In this study, control DNA from 

fresh/frozen cod and rainbow trout was mixed with formalin-arDNA extracts of Nezumia 

and successfully applied in detecting "diffusible" inhibitors. These experiments undoubtedly 

confirmed the presence of "diffusible" PCR inhibitors in some of formalin-arDNA extracts 

and their connection to a particular DNA extraction protocol (arDNA extracts produced by 

phenol based DNA extraction protocols showed a stronger PCR inhibition than guanidinium 
based protocols or silica based commercial kits). 

4.1.3.2. Strategies to overcoming PCR inhibition and improving the PCR efficienc 

Simply diluting the DNA extract is an easy, and in many cases successful, approach to 

overcoming PCR inhibition (Vince et al. 1998; Boman et al. 1999; Kalmar et al. 2000; 

Olson et al. 2005), but excessive dilution may also dilute the DNA to non-amplifiable 

concentrations (Wilson 1997; Mulligan 2005; King et al. 2008), as might be the case with 

some dilution experiments in this study. The DNA extraction method, including pre- 

extraction treatments of preserved tissue and the method of precipitating and purifying DNA, 

is important for DNA recovery and removal of PCR inhibitors from DNA extracts (Rossen 

et al. 1992; Simon et al. 1996; Wilson 1997; Radstrom et al. 2004), but optimisation of the 

DNA amplification conditions by the use of alternative DNA polymerases (inhibitor-tolerant 

thermostable polymerases) and/or amplification facilitators also can decrease (eliminate) the 

PCR inhibition effect and increase the PCR efficiency (Simon et al. 1996; Wilson 1997; 

Radstrom et al. 2004; Hoorfar et al. 2004; Valasek and Repa 2005; King et al. 2008). 

Isopropanol precipitation in comparison to ethanol precipitation results in higher yields of 
DNA and better removal of PCR inhibitors from DNA extracts (Hanni et al. 1995; Montiel 

et al. 1997; Rohland et al. 2004; Mulligan et al. 2005). The addition of polyacrylamide for 

DNA precipitation seems to be beneficial for removing PCR inhibitors and producing PCR 

amplifiable arDNA extracts. An additional purification of DNA samples, such as: Dextran 
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Blue (Kalmar et al. 2000), dialysis of DNA extracts (Kiesslich et al. 2002), silica-based 

methods (Bouwman and Brown 2002), "Sigma" GenElute PCR purification Kit (Brzuzan et 

al. 2004) etc. might be potentially useful approaches for reducing (eliminating) PCR 

inhibitors from DNA extracts (this needs to be assessed in further investigations with 

arDNA). Columns from commercially available DNA extraction kits (e. g. Qiagen or 
Promega) and use of microconcentrators (e. g. Vivaspin filter-concentrators) proved to be 

useful as additional purification steps in this study. It is important to select purification 

procedures that are effective in eliminating inhibitors but not eliminating DNA from arDNA 

extracts and/or introducing DNA contaminants (Mulligan et al. 2005). 

An adequate choice of thermostable polymerases and "hot-start" PCR (with polymerase- 

antibody complexes rather than application of wax beads) can also be used to overcome PCR 

inhibition and/or to increase the yield of a PCR product (Wilson 1997; Boyle et al. 2004; 

Quach et al. 2004; Bhadury et al. 2005; Valasek and Repa 2005). PCR facilitators such as 
bovine serum albumin (BSA), glycerol, dimethyl sulfoxide (DMSO), Tween 20, etc. may 

resist PCR inhibitors and improve amplification of DNA (Simon et al. 1996; Wilson 1997; 

Radstrom et al. 2004; Hoorfar et al. 2004; King et al. 2008). However, tests with some of 

these reagents did not show significant improvements of PCR amplifications in this study, 

except, perhaps, the use of the Q-Solution (containing glycerol) from the Qiagen PCR Kit 

for some mitochondrial PCR amplifications. 

A few simple, but useful, laboratory-technical approaches for increasing the chances of 

amplifying archival DNA, adopted in this study and also presented by others in molecular 

work with degraded and damaged DNA (e. g., Legrand et al. 2002; Mulligan 2005; Morin et 

al. 2006), are: using increased amounts of Taq polymerase (usually 1-2 units per PCR 

reaction), applying a lower annealing temperature and a higher number of PCR cycles 
(usually 40-50). Some researchers claim that the application of a higher concentration of 
DNA template is also beneficial to better amplification of degraded DNA (e. g. Sefc et al. 
(2003) for microsatellite amplification from museum feather samples), but the results from 

this study do not fully support this, mainly because of the presence of PCR inhibitors that 

significantly inhibit PCR if larger volumes of arDNA extract are used. Similar observations 

to those in this study were also reported by Rossen et al. (1992) for food samples, Ciesielski 

et al. (2002) for aDNA, or von Wurmb-Schwark et al. (2004) for forensic samples. 

Nested and touch-down PCRs might be advantageous for overcoming the PCR inhibition 

and increasing the efficiency and/or specificity of PCR amplifications with DNA from 
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preserved and other difficult samples (Simon et al. 1996; Jovanovic et al. 2003). Touch- 

down PCR was tested for a few RAPD-PCR experiments in this study, but the number of 

experiments was insufficient to draw a clear conclusion as to whether this approach 

improved RAPD-PCR amplifications. 

As well as the use of optimised DNA extraction protocol steps and PCR conditions, pre- 

extraction preparation of the preserved tissue (pre-washing and/or drying) is also important 

in order to remove residuals of formalin and other chemicals/substances from a tissue sample 

that might act as PCR inhibitors (Shiozawa et al. 1992; Shedlock et al. 1997; Wirgin et al. 

1997; Li et al. 2000; Fang et al. 2002; Shi et al. 2002,2004; Klanten et al. 2003; Schander 

and Halanych 2003; Kearney and Stuart 2004; Hasbun et al. 2005; Austin and Melville 

2006; Tang 2006; Gilbert et al. 2007b; Karaiskou et al. 2007). In this study interchangeable 

washing of a preserved tissue sample in 1xGTE buffer (Shedlock et al. 1997) and water, then 

freezing and drying of a tissue sample at room temperature prior to DNA extraction proved 

to be good pre-extraction treatments for reducing the amounts of formalin and other 

substances from a preserved tissue sample. 

The application of the real-time PCR technology should be applied in work with archival 
DNA because it can help in clarifying this issue of the quality/quantity of arDNA and 
inhibitor concentrations in arDNA extracts (Tang 2006; Gilbert et al. 2007b, c, d). 

4.1.4. Smearing tests/assessments 

PCR products viewed in this study as "smearing" (or only smears instead of visible PCR- 

DNA bands) indicated a poor quality (and/or a low quantity) of applied PCR-template. 

Similar observations were reported by other researchers who applied formalin-arDNA as 
PCR-templates (Chakraborty et al. (2006) on formalin-arDNA of fish; Bhadury et al. 
(2006a) on formalin-arDNA of nematodes). Amplified DNA which appear as smears on a 

gel instead of distinct bands probably can be used as a rapid test and a fast assessment of 

whether extracted arDNA from a particular specimen is usable for PCR or not. This kind of 

test should be performed by applying different Taq polymerases and PCR markers (primers) 

because of possible differences in PCR efficiencies with different Taq polymerases and 

primers (Boyle et al. 2004; Willerslev et al. 2004; Bhadury et al. 2005,2006a, b; Valasek 

and Repa 2005). 
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4.1.5. Sizes of PCR amplicons generated with formalin arDNA 

Many published papers on formalin-fixed tissue have reported the inability (or extreme 
difficulty) of generating PCR-DNA fragments larger than 300-400 bp (e. g. Shibata 1994; 

Bonin et al. 2003; Liborio et al. 2005; Stanta et al. 2006; Karaiskou et al. 2007). However, 

amplification results from this study suggest that formalin-arDNA is not as fragmented as 

previously thought. For example, RAPD fragments with sizes often larger than 800 bp (or 

even 2000 bp) were generated in this study without applying any special treatment to repair 
damaged DNA. Some other researchers also found large DNA fragments from formalin- 

fixed tissue (e. g. Goelz et al. (1985) detected DNA fragments up to 10,000 bp by using 

restriction endonucleases; Savioz et al. (1997) successfully amplified an 838 bp long 

fragment from 46 year old preserved tissue; Fang et al. (2002) amplified DNA fragments up 

to 2000 bp from different vertebrate tissues stored for 16-70 yrs in unbuffered formalin; 

Inadome and Noguchi (2003) detected a large arDNA fragments from formalin-fixed tissue 

samples by applying HPLC analysis; Wan et al. (2006) found fragments larger than 2 kb in 

formalin-fixed faeces samples stored for a couple of years). 

The size of DNA fragment for application to a particular marker might not be always of 

crucial significance for successful PCR amplifications (see Skage and Schander 2007), 

and/or be a good indicator of arDNA fragmentation - the possibility that particular targeted 

gene regions/ DNA sequences are more prone to crosslinking (Karaiskou et al. 2007), or for 

other reasons (e. g. the use of particular DNA extraction protocol in producing arDNA 

extract, thermostable polymerase, or primer matching; Boyle et al. 2004; Bhadury et al. 
2005,2006a; Skage and Schander 2007). However, in general, it is expected that smaller 
fragment sizes are easier to amplify with a higher degree of reproducibility and consistency 

than fragments of larger sizes (O'Leary et al. 1994; Boyle et al. 2004; Miething et al. 2006; 

Gilbert et al. 2007b, c) because of degradation and DNA damage that certainly occur during 

fixation and preservation storage (Schander and Halanych 2003; Tang 2006; Gilbert et al. 
2007b, c, d; Skage and Schander 2007; Wandeler et al. 2007). 

The data from this study strongly suggest that the number and sizes of RAPD-PCR bands 

(fragments) generated with particular RAPD primers can indicate a degree of degradation 

and fragmentation of arDNA. In other words, if it is possible to generate a higher number of 
RAPD-PCR fragments and if among these fragments are also RAPD-PCR fragments of 
larger sizes, this might indicate a lower level of DNA fragmentation caused by preservation 
(and/or by death of an organism). However, the size and number of bands are often related to 
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the use of a particular RAPD primer, PCR-DNA template concentration (i. e. dilution of 

arDNA), the presence of diffusible PCR inhibitors in a particular arDNA extract, DNA 

extraction protocol used and pre-extraction treatments (washing/drying of tissue samples), as 

well as the type of Taq polymerase and PCR conditions. Because of this, it is recommended 

that RAPD-PCR experiments are performed with a few different RAPD primers and a range 

of arDNA extracts produced by different extraction protocols, with dilutions, and with 
different Taq polymerases in order to assess accurately the quality of arDNA and arDNA 

extracts. The RAPD assay can be used as a rapid, reliable and cost-effective way of 

assessing the quality and usability of extracted arDNA. Other researchers also found RAPD- 

PCR methodology a good approach for investigating the quality of extracted DNA (Adams 

et al. 1999; Carvalho and Vieira 2000; Siwoski et al. 2002; Iniguez et al. 2003; 

Tayutivutikul et al. 2003). 

4.1.6. DNA sequences derived from formalin-arDNA 

There are many controversial results and opinions related to the DNA damage and sequence 

alterations induced by formalin and the reliability of sequences extracted from formalin 

preserved material (see section 1.4.1.1.2.1. in Chapter: General introduction; p 46). A 

consistency and fidelity of sequencing results in this study supports the possibility of 

obtaining accurate and reproducible sequences from formalin-fixed fish specimens. This 

finding is related to the 458 bp-long, well-conserved and anonymous genome region of 
Nezumia, but it is not known if this kind of result is valid to any targeted sequences, or only 

to particular genome regions that are less prone to the DNA damage and to "strong" (non- 

reversible) crosslinking. 

There is an urgent need to establish what factors influence the fact that some sequences are 
less/more susceptible to nucleotide alterations and being more/less reliable than others. Is it 

due to the fixation/preservation method: buffered, non-buffered, sea-diluted buffered and 

unbuffered formalin in conjunction with age and storage conditions of collections; post- 

mortem effect, i. e. the collection and fixation-delay effect; size of tissue used for DNA 

extraction; DNA extraction method; targeted DNA sequences; or something else? The 

priority is to establish what the state of preservation of DNA is in the presence of formalin 

(types and abundance of particular DNA damages) and to characterise the physical and 

chemical states of crosslinks. There are suggestions that capillary electrophoresis and mass 

spectrometric techniques could be used to assess the integrity of DNA and observe damage 
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in formalin-arDNA (Tang 2006). Carter (2003) adapted denaturing gradient gel 

electrophoresis (DGGE) and heteroduplex analysis for the estimation of DNA damage in 

preserved specimens, since these methods allow amplicons of the same length to be 

separated on the basis differences in their sequence. These methods can detect small changes 

in DNA sequences - single base substitutions, deletions, insertions and crosslinks (Carter 

2003; Schlotterer 2004). Single cell gel electrophoresis (SCGE) also proved to be useful in 

detecting crosslinks induced by formalin (Liu et al. 2006). All these techniques and methods 

have the potential of revealing damage present in archival DNA and thus facilitate in 

accruing knowledge about the nature of archival DNA and the accuracy of sequence 

information extracted from preserved material. 

There is also a need to establish if "hotspot damage" is also relevant to preserved material as 

was found for ancient DNA (Gilbert 2003a, b; Gilbert et al. 2005b, 2007a; Binladen et al. 

2006) and some other samples related to heating of DNA (Banerjee and Brown 2004) and 

laboratory techniques used (Brandstatter et aL 2005). The A/G mutations found in this study 

are considered to be a genuine mutation (probably SNP) because repeated sequencing 
(different arDNA extracts of one fish individual) showed always the same base at the same 

position in the DNA sequences. Differences were only between different fish individuals. 

Sikora et al. (2006) reported reliable analysis of the genuine G/A transitions (the substitution 

of codon GAC for AAC) for establishing diagnosis of Creutzfeldt-Jackob disease by using 
formalin-fixed, paraffin-embedded tissues. This indicates that it is possible to extract reliable 

and reproducible sequences from formalin-fixed material which will allow sensitive analysis, 

such as detecting the genuine base substitutions or polymorphisms. Recently, single 

nucleotide polymorphisms (SNPs) have been put forward as suitable for genotyping of 
degraded DNA because it requires only short target DNA sequences (Thompson et al. 2005; 

Sanchez and Endicott 2006; Morin et al. 2007). 

However, many issues need much more clarification and understanding of the formalin- 

arDNA. For example, Williams et al. (1999) and Quach et al. (2004) found a correlation 
between artifactual mutation in formalin-fixed material and the number of cells used in PCR 

- the fewer cells, the more artifacts. They also found that A-T transition mutations (DNA- 

damage-induced errors) were more prevalent in fixed than in fresh tissue, whereas others 

expect that G-A (i. e. C-T) transition should be a more frequent type of erroneous sequence 

substitution due to the deamination of cytosine residues (Wandeler et al. 2007) as it was 
indeed found in DNA extracted from dry museum specimens (Sefc et al. 2007) and in 

ancient DNA (Cooper 2006). 
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PCR cloning is one of the approaches to investigate the authenticity and reproducibility of 
DNA sequences extracted from "difficult" material (Gilbert 2003a; Paabo et al. 2004; 

Wandeler et al. 2007). During this study, one PCR/cloning artifact was recorded (repetition 

of the reverse complementary RAPD primer as a cloned insert), but the artifact was obvious 

and easy to identify. However, the usefulness of this approach might be less if the existence 

of "hotspot" damage in preserved material is discovered, i. e. that DNA-damage-induced 

errors might happen in each cell at the same place in a DNA sequence (the systematically 
biased alterations; Tang 2006). If fresh/frozen or short-term ethanol preserved tissue sample 

is available for particular species, it is not a problem to reveal such errors, but it is very 
difficult for extinct, rare and difficult-to-collect species that are availably only as preserved 

material. 

4.2. RAPD methodology and archival DNA 

During the project, attempts were made towards optimisation of the RAPD-PCR 

methodology on investigated Nezumia specimens, but RAPDs are erratic and definitely 

cannot be used with formalin-Steedman archival DNA for their traditional applications 
(presence/absence of bands and RAPD-distance analysis). Besides the inconsistency of 
RAPD-PCR fragments (bands) in profiles (see also Eckerman and Welsh 1997; Siwoski et 

al. 2002), the intensity of co-migrating bands was often different, even in PCR duplicates. 

Variation in the intensity of amplicon bands was also found by other researchers when DNA 
from formalin-fixed tissues was used (James et al. 2002). Such a great inconsistency of 
RAPD results (patterns and RAPDs) with formalin-arDNA is probably related to the 

heterogeneity of DNA samples, i. e. damage to the DNA and to the presence of PCR 

inhibitors in arDNA extracts. Even 95% ethanol-preserved specimens stored at room 
temperature for 1 year were reported as unsuitable for traditional RAPD analyses because of 

generating RAPD profiles with missing bands (Carvalho and Vieira 2000). 

However, in this study, the RAPD methodology was proved to be invaluable as a basic 

molecular tool in gathering necessary information on formalin-arDNA extracts (testing the 

efficiency of DNA extractions/amplifications) and for developing sequence-specific primers. 
Initially, at the beginning of this project, RAPD methodology was almost the only choice of 

molecular technique to begin any molecular investigation on museum formalin-fixed 

specimens of Nezumia. At the time, it was impossible to know whether PCR amplifications 
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tested with specific primers (for mitochondrial targeted gene sequences) were failing 

because of the inappropriateness of primers that were used in experiments (not matching the 

sequence of Nezumia), or if it was a problem related to extracted arDNA (PCR non- 

amplifiable arDNA) and DNA extraction protocols. The situation was even more complex 

because a reliable and effective method for measurement of arDNA concentration was not 
immediately found (because of arDNA degradation - it was not possible to apply gel 

molecular weight marker measurement of DNA concentration; low concentrations of 

extracted formalin-arDNA and impurities that co-purify with DNA made the measurement 

of archival DNA by the spectrophotometer unreliable and difficult). All this made it very 

difficult to know anything for certain about the molecular markers applied, formalin-arDNA 

extracts and the usefulness of the DNA extraction protocols applied. The only information 

was that most PCR experiments were failing to yield any PCR products, except with some of 

the tested RAPD primers. 

Because of the lack of sequence information on Nezumia, inapplicability of tested 

"universal" primers to preserved specimens, unavailability of fresh/frozen (or more suitable 

preserved tissue samples) of Nezumia that could be used for testing these "universal" primers 

and for developing molecular markers, and little knowledge of the nature of archival DNA 

(i. e. damage to DNA and its survival in preserved specimens), only RAPD-PCR 

methodology proved to be a useful molecular approach in this study. The use of RAPDs as a 
basis for further investigation and development of sequence-specific markers (i. e. STSs and 
SCARS) and other classes of molecular markers is a feasible and important strategy in 

studying genetically uncharacterised species that are available mostly (or only) as preserved 

specimens (especially if available "ready" primers are not applicable to the investigated 

specimens). 

Designing the sequence-specific, RAPD-derived primers that will amplify different sizes of 
DNA fragments will secure their applicability to specimens with degraded DNA, because of 

a higher probability of generating amplicons of a smaller size from such samples (O'Leary et 

al. 1994; Chase et al. 1998a; Boyle et al. 2004; Miething et al. 2006; Gilbert et al. 2007b, c), 

and because of the different amplification efficiency of particular primers. By generating 

many such primers, it is possible to apply a multiplex PCR for a fast screening of arDNA 

extracts, specimens, populations, species, and so on. In other words, if a multiplex PCR 

contains primers that amplify targeted sequences of different sizes for a particular species, 

only one PCR reaction can facilitate fast screening of the quality of arDNA extracts 

produced by particular DNA extraction protocols. Developed primers and multiplex PCRs 
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might also be applied for the fast screening of differences between populations, species and 

other taxa if they proved to be specific for a particular rank. Multiplex assays on preserved 

specimens proved to be a useful approach for assessing arDNA extraction and obtaining 

molecular information from archival collections, but currently they are applied only for 

species and/or human tissues for which primers are already developed (Gilbert et al. 
2007b, c). The RAPD approach gives the opportunity for multiplex assays to be developed 

and applied on non-model species and species with unstudied genomes that are available 

only/mostly as preserved specimens and for which "ready" available primers are not 

applicable for different reasons. 

General suggestions that RAPDs usually contain repetitive DNA (Ghany and Zaki 2003; 

Yang et al. 2006; Eckerman 2006), that RAPDs are useful in identifying conserved regions 

of genomes (Mehling et al. 1995; Mellado et al. 2000), that RAPDs may contain regions of 

retrotransposons, i. e. transposable elements (Dioh et al. 2000; Abe et al. 2005), and that 

some of retrotransposable elements may contain parts of protein coding sequences (Banki et 

al. 1994; Mourier 2005) provide great potentials for molecular investigations and are of 
interest for investigations related to the application of RAPD-PCR methodology to preserved 

organisms. The revealed 458 bp region of Nezumia contain an ORF and a possible SNP 

providing a significant starting point for more complex molecular investigations for Nezumia 

species. Also, BLAST searches indicated that a well-conserved genome region of 458 bp (A- 

T rich region with ORF), a sequence that occurs in both investigated fish species of 
Nezumia, might be a part of the gene responsible for a membrane protein of the Rhomboid 

family. This needs to be substantiated by further investigations, but the results from this 

study emphasise how useful RAPD-PCR methodology can be from different aspects for 

application to preserved specimens, especially for species with unstudied genomes. 

Furthermore, sequencing of RAPD-fragments might be one way towards genomics since 
RAPD offers the opportunity to access information about a large portion of the genome, and 
by sequencing many RAPDs, it is possible to reveal a significant amount of sequence from 

different species (Liu et al. 2006), including taxa with unstudied genomes and specimens 
that are available only as preserved material. 
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4.3. Recommendations in molecular work with archival DNA 

Based on the experience from this study, the recommended approach for the molecular study 

of preserved archival specimens will be: 

1. Apply the DNA extraction protocol that produces the most successful arDNA 

extracts, based on information from previous research with a particular preservation 

method and species. Protocol (A) developed in this study should be applicable to the 

majority of preserved specimens (with or without modification). 

2. Apply RAPD-PCR methodology (with at least three different PCR-DNA template 

concentrations in duplicates) in order to test the efficiency of DNA 

extraction/amplifications. Assessment of arDNA extracts should include at least one 

different molecular marker (e. g. mitochondrial) because of the possibility that some 

DNA extraction protocols might be more suitable for a particular PCR marker 

system. 
3. If one RAPD primer does not generate PCR products, test a particular arDNA extract 

with a few other RAPD primers. 
4. If PCR products are not generated with RAPD and other primers, test for the 

presence of inhibitors by: 

a. diluting arDNA extracts and 
b. mixing arDNA with control, "good" DNA ("spiking" arDNA). 

5. If "diffusible" PCR inhibitors are detected, an additional purification of arDNA 

extracts is required. 
6. If "diffusible" PCR inhibitors are not detected, but RAPD-PCRs and PCRs with other 

molecular markers are still unsuccessful, try to apply a different "type" of DNA 

extraction protocol. 
7. If a few different DNA extraction protocols did not produce arDNA extract that is 

PCR amplifiable with RAPD and other molecular marker systems, and if "diffusible" 

PCR inhibitors are not detected, it is likely that DNA in the preserved specimen is so 
damaged/degraded that the specimen is not useful for molecular investigation. 

8. If arDNA is extractible and amplifiable, DNA extraction protocol and PCR 

conditions need to be optimised for preserved specimens under investigation in order 
to obtain the highest possible level of extraction/amplification reproducibility. After 

optimisation and selection of robust RAPD primers, convert RAPDs into STS/SCAR 

markers for more specific analyses that will cover larger portions of the genome and 

apply other appropriate molecular markers (mitochondrial, ribosomal, 
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microsatellites, SNPs), if possible, for DNA investigation. 

9. All precautions and criteria for working with difficult samples should be respected in 

order to obtain reliable data. Validation of results in another laboratory is 

recommended, or at least validation on specimens from another collection. If 

possible, validation of results on "good" samples (fresh/frozen, short-term ethanol 

preserved) for extant species will be beneficial for this kind of investigation. 

However, if it is not possible to arrange this kind of data validation, reproducible 

results in duplicate samples (duplicate extractions and analyses from the same 

specimen/collection) may be acceptable for testing the authenticity and validity of the 

results. 
10. Designated areas for DNA extractions, PCR experiments and post-PCR analyses 

should be organised in the laboratory for work with archival DNA (Bhadury et al. 

2006a; Wandeler et al. 2007). Ideally, areas for working with archival and "good" 

DNA should be separated (at least for performing DNA extractions and PCR set- 

ups). Basically, all criteria and standards that apply in work with ancient DNA 

(Brown et al. 1998; Cooper and Poinar 2000; Poinar 2003) and in forensics 

(Buckleton et al. 2005) should be also applied to work with archival DNA and 

preserved specimens. 

Because of possible difficulties in testing the applicability of universal primers on specimens 

preserved for long periods (especially formalin-fixed ones), these tests and the development 

of molecular markers for genetically uncharacterised species are easier to do first on good 

sources of DNA (fresh/frozen or short-period ethanol preserved specimens) if possible, and 

then perform testing and molecular analyses on archival specimens. RAPD profiling and 

converting RAPDs into STS/SCAR markers are faster and more reliable on good sources of 

DNA, but this does not mean that all developed markers on "good DNA" will be applicable 

to preserved specimens (due to fragmentation and arDNA damage). If experiments are 

performed in this order, extra precautions need to be undertaken due to possible cross- 

contamination between control and archival DNA. It is recommended that all experiments 

with control specimens are performed in a separate room from the room with the archival 

experiments. It will be even better if experiments with control and archival specimens are 

performed in different buildings/laboratories because of a high-risk of contamination with 

"the same" DNA. Beside STS/SCAR primers, it is recommended that mitochondrial, 

ribosomal, microsatellites and other marker primers are tested on "good" DNA and then 

developed internal primers for amplifying a smaller size of fragments (preferably species- 

specific primers) (Chase et al. 1998a; Boyle et al. 2004). 
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If good sources of DNA are not available for investigated species with unstudied genomes 

and if developed primers for specific molecular markers (universal, specific for particular 

species and/or group of organisms, or primers that were designed from available sequences 

of other species) are not applicable to the investigated preserved specimens, recommended 

approaches presented in this thesis are probably the best strategy for generating molecular 
data. Sequencing of both DNA strands of a few clones and/or PCR products (from the same 
individual and from different arDNA extracts) should always be performed with archival 
DNA due to possible misincorporations of bases, or other sequence alterations that might be 

induced by chemical preservation and during PCR (Tang 2006). 

4.3.1. Further directions in archival DNA research 

Beside the optimisation of DNA extraction method, there are some alternative methods and 
approaches that might ease the use of arDNA and enable access to more genetic information 

from preserved specimens of archival collections (Tang 2006; Skage and Schander 2007; 

Wandeler et al. 2007). 

4.3.1.1. Possible further optimisations of Protocol (A) developed in this study 

Although protocol (A) exhibited a good performance in this study, it is probably possible to 

make some further improvements and optimisations of the protocol in order to be applicable 

to the variety of preserved specimens and molecular markers/assays. For example, it would 
be worthwhile testing: combining some of the extraction steps from protocol (A) and 

application of silica, Chelex resin, commercially available kits, and/or testing pre-extraction 
treatments such as a gradual dehydration of preserved tissue with ethanol (Fang et al. 2002) 

- alone and in combination with 1xGTE buffer, testing whether heating the tissue (>80°C) 

under the influence of pH higher than 7 prior to DNA extraction (hot-alkali treatment; Shi et 

al. 2002,2004) can produce a better DNA yield and arDNA extracts with less PCR 

inhibitors. It is known that sometimes even a slight variation in a protocol can make a big 
difference in the success of DNA extraction of preserved tissue (Tang 2006). 

If possible, modification of protocol (A) should also be directed towards simplification: the 

use of a smaller numbers of reagents to minimize the possibility of foreign DNA 

introduction through reagents and sample manipulations, as well as shortening extraction 
time. Partial extraction/amplification success with protocol (G3) tested in this study and 
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simplified protocol of Cawkwell and Quirke (2000) might be a new direction in simplifying 

protocols for extraction of PCR-amplifiable archival DNA. 

Because of the sensitivity in extracting PCR amplifiable arDNA, it is probably unrealistic to 

expect the development of a very robust DNA extraction protocol that will work perfectly 

with all types of preserved specimens and/or produce arDNA extracts that are equally 

successful in all PCRs (see also Tang 2006). Small differences in tissue samples (size, 

weight, differential fixation/preservation of specimens) and the number of tissue cells 

involved in the preparation of arDNA extracts might influence the behaviour of arDNA 

extracts (Williams et al. 1999; Quach et al. 2004). Some of these parameters are impossible 

to control precisely. It will help if molecular biologists are supported by researchers with 

expertise in chemistry, biochemistry, and biophysics because it will be easier to identify 

which chemicals and substances cause the inconsistency of arDNA extractions and PCR 

amplifications. If common PCR inhibitors (diffusible and non-diffusible) are identified, 

molecular work on preserved specimens will be faster and more successful, although 

variations between collections are expected because of non-standardised fixation and 

preservation procedures of samples (Schander and Halanych 2003; Tang 2006; Wandeler et 

al. 2007). Currently, the mechanism of PCR inhibitors, the chemistry of DNA degradation, 

the state of DNA preservation and the DNA damage of preserved specimens is largely 

unknown (Vince et al. 1998; Schander and Halanych 2003; Tang 2006). All these need 

much better characterisation in order to apply effective steps for an adequate optimisation of 

a DNA extraction method. 

A particular emphasis should be given to archival mtDNA because of the controversy of the 

published results and some specificity that might occur with mtDNA (see section 3.3.2.; p 
217). In this study, mitochondrial PCR amplifications with formalin/Steedman-arDNA of 
Nezumia proved to be extremely difficult. There is no clear explanation at the moment, but 

this might be caused by some kind of cross-linking that does not allow sufficient release of 
DNA from mitochondria with protocols applied in this study ("trapped DNA"; Kiernan 

2000; Yamashita 2007) or because of the severe damage of the mitochondrial genome 
(mtDNA), but most probably the combination of both. These difficulties with the 

extraction/amplification of mtDNA are found not only to be related to formalin-fixed 

specimens, but also to museum dry collections (Gilbert et al. 2007d). The state of mtDNA is 

particularly important to clarify because of a general belief that it is much easier to amplify 

regions of mtDNA than nDNA from formalin-preserved and other difficult samples because 

of many-copy numbers of mitochondrial genomes per cell. However, there are opinions that 
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formalin-mtDNA is less accessible than is nDNA (Tang 2006), or some researchers even 

question a "survival" of mtDNA in formalin-fixed specimens (Diaz-Viloria et al. 2005; 

Chakraborty et al. 2006). 

4.3.1.2. DNA repair 

The answer to the recently asked question (Tang 2006; Skage and Schander 2007) if it is 

more important to continue developments and improvements of DNA extraction protocols, 

or is it more important to find a way for an effective repair of damaged formalin-arDNA, 

will probably be - both. The results from this and other studies (see section 4.1.1.; p 233) 

strongly suggest that optimisation of DNA protocol (and maybe pre-extraction treatments) is 

important for successful and effective extraction of DNA from preserved specimens. This is 

important from the aspect of a better arDNA yield (although this aspect is not always of 

crucial importance for arDNA), removal of PCR inhibitors from arDNA extracts (crucial for 

extracting amplifiable arDNA), better PCR efficiency and applicability to different PCR 

marker systems and primers. However, damaged arDNA can to some extent be repaired 

physically and chemically after extraction from preserved specimens (Bonin et al. 2003; 

Hajibabaei et al. 2005; Tang 2006; Skage and Schander 2007). 

For example, there were successful attempts by Bonin et al. (2003) to amplify longer 

sequences (up to 300 bp) by applying a pre-PCR restoration treatment (filling single strand 
breaks followed by a vigorous denaturation step) to DNA extracted from formalin-fixed, 

paraffin-embedded post-mortem tissues. Bonin et al. (2003) associated the use of non- 
buffered formalin with random single strands breaks and extensive degradation of nucleic 

acid. The DNA restoration process is based on the ability of the polymerase reaction to 

restore the nicks after DNA re-hybridisation using the other strand as a template. 

A "PreCR" method involves treating damaged DNA in vitro with a mixture of DNA repair 

enzymes before PCR (Tang 2006). The PreCR enzyme mix is supposed to repair abasic 

sites, nicks, gaps deaminated cytosine and some forms of oxidative damage, but DNA cross- 
links or highly damaged and fragmented DNA could not be repaired effectively. This 

method was not successful when tested on formalin-fixed samples (Tang 2006). Restorase, 

an enzyme mix (Sigma-Aldrich) containing AccuTaq DNA polymerase and a DNA repair 

enzyme, was successful to a degree in increasing the PCR efficiency for amplification of 

some genome regions (COII and ITS2), but not for the barcoding COI region (Skage and 
Schander 2007). 
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From only these few examples, it is noticeable that DNA repair has the use, but also 
limitations in repair of formalin-arDNA damage. Until we learn more about the state of 

arDNA extracted from differently preserved specimens and establish some general 

guidelines regarding the possible DNA expectations from collections of different age and 

fixation/preservation procedures, it is difficult to improve effectively either the DNA 

extraction method or repair of the arDNA. An additional, complicating factor to achieve this 

in full is variation in curatorial processes that might cause significant variations in the 

chemistry of DNA degradation between collections/specimens which it is claimed are 

preserved in the same manner (Prendini et al. 2002; Tang 2006). 

4.3.1.3. New methodologies and technologies 

Advances in molecular technologies provide an approach for retrieving a large amount of 

genetic information using small amounts of tissue/DNA. Some methods that could 

potentially be used on preserved specimens of natural history collections (Tang 2006) and 

worth further attention are: 

PCR-mass spectrometry method (such as matrix-assisted laser desorption/ionization time-of- 

flight; MALDI-TOF, or sequencing in the mass spectrometer by fragmentation) was 

suggested as potentially useful for a sequencing/multiplex-genotyping of formalin-preserved 

specimens (Jaremko et al. 2005; Tang 2006). 

Single-molecule sequencing by synthesis -a method designed for short-read sequencing of 

genomes (sequencing fingerprints up to 5 bp in length) (Braslavsky et al. 2003). 

Whole genome amplification (WGA) technique requires a small amount of template DNA in 

order to amplify the genomic DNA (Tang 2006). Most of these protocols rely on high 

quality template DNA, but Wang et al. (2004a) developed a method tolerant to sample 
degradation. 

Pyrosequencing (using emulsion polymerase chain reaction) has already been applied in 

ancient DNA studies (Poinar et al. 2006), but not yet assessed on natural history collections. 

Multiplex PCR with minisequencing (MPMS) is developed by Gilbert (2007c) as a high- 

throughput SNP typing method for formalin-fixed tissue. 

Improved bioinformatics can be used to assemble and analyse short DNA fragments 

produced by these techniques (Tang 2006; Skage and Schander 2007). These techniques 
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have great potential for use on natural history collections and can enable access to a large 

amount of genetic information, but they have some limitations. First, most of these 

techniques require developed primers for their use, which could be time-consuming and 

expensive for application to non-model organisms and species with unstudied genomes, and 

especially difficult for species that are available mostly/only as preserved specimens 
(extinct, rare and difficult-to-collect species). Another limitation on the use of the majority 

of the above technologies is that they are extremely expensive (for example, pyrosequencing 

costing thousand of pounds per run). So, their application is available only to very limited 

numbers of academic/research institutions with sufficient financial resources. 

In comparison to these high-throughput methodologies, the RAPD-PCR methodology is 

affordable to molecular laboratories with modest facilities. It is not a high-throughput 

methodology, but the RAPD approach developed in this study is an effective, reliable and 
low-cost approach to studying preserved specimens from museums and other archival 

collections. 

4.4. Handline/storaje/fixation of newly obtained material 

As already mentioned, it is not possible to change now the preservation of existing archival 

collections, but for newly obtained material for museums and other collections one should 

consider preservation and storage that will, besides good morphological preservation, 

provide good DNA preservation and applicability of the material to DNA investigation. 

Clearly, the best method for preserving DNA in good condition is crypreservation (at -80°C, 
or in liquid nitrogen) (Dessauer et al. 1996; Prendini et al. 2002; Ferrer et al. 2007). It is, 

understandably, unreal to expect that a range of whole specimens will be cryopreserved 
(especially specimens of big animals), but tissue samples of collected organisms should be. 

The results from this and other studies strongly suggest avoiding formalin-fixation and 
Steedman's fixation/preservation of specimens for DNA investigation. Ethanol preservation 
is recommended, but not for longer than a few years, unless regularly changed and/or kept at 

a lower temperature (ideally at 4°C, or at -20°C) (Oliveira et al. 2002; Hajibabaei et al. 2005; 

Vink et al. 2005). However, these require investigation to establish whether storage of 

ethanol-preserved specimens at low temperature allows good DNA preservation over long 

periods and for all species. Isopropanol fixation/preservation did not show good preservation 

of DNA in investigated preserved specimens of mackerel and this preservation should 

probably be avoided for fish specimens. However, some authors reported relatively good 
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DNA results from fish specimens preserved in isopropanol (Shiozawa et al. 1992; Wirgin et 

al. 1997), although their samples were previously fixed in formalin. In this study, a control 

Nezumia sample that was preserved in DMSO for about a year proved to be good for arDNA 

preservation and applicability to PCR. Good DNA preservation for longer periods (several 

years at room temperature, but preferably at 4°C or -20°C) has also been reported by other 

researchers (e. g., Dawson et al. 1998; Kilpatrick 2002; Hoffman and Amos 2005). 

A frequently raised question regards the use of pure-ethanol or IMS for preservation. The 

study on mackerel gave good preliminary results with IMS, even better than with pure- 

ethanol for some arDNA extractions and molecular markers (depending also on the 

percentages of the ethanol solution used for preservation and DNA extraction protocol). 

However, in my opinion, caution is needed in using IMS preservation because of variability 

of chemicals that might be present in a particular IMS preparation that might seriously affect 

extraction of amplifiable DNA. Some researchers have reported difficulties in using IMS- 

stored biological material for DNA studies (e. g. Boyle et al. 2004), but others did not (e. g. 

Umetsu et al. 2002). The use of a chemically pure ethanol solution is recommended, or the 

use of only IMS for which chemical components are known (e. g. HPLC listing of chemicals 

present in a particular IMS solution). However, there are reports that even pure-ethanol 

fixation/preservation resulted in poor yield and degradation of DNA for some organisms 
(e. g. Reiss et al. (1995) for beetles), as well as the existence of some correlation between 

ethanol-DNA degradation and the extraction (i. e. pre-extraction) procedure applied for 

isolating DNA from the tissue (Kilpatrick 2002). 

Experiments on mackerel tested the relation of ten different preservation methods to the 

success rate of PCR amplification in conjunction with six DNA extraction protocols and 
different molecular markers. However, the fidelity of DNA sequences might be affected by 

different preservation methods. Therefore, sequencing of PCR products is required in order 

to asses the effect of specimen preservation on sequence fidelity in conjunction with a DNA 

extraction protocol, genetic marker and genome region. 

Collecting and handling of samples is very important for their subsequent usability in 

molecular work. The time between the death of the organism and its preservation should be 

very short (i. e. not more than a few minutes) in order to prevent DNA breakage and 
fragmentation into very small fragments ("the DNA polymers breaking down over a period 

of hours into fragments only a few hundred nucleotides in length" - Brown 1999). General 

recommendations for collecting samples are: not keeping dead organism for long before 
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immersing in fixative (or if immediate fixation is not possible, then keeping dead organisms 

on ice - cold box, dry ice or liquid nitrogen before fixation), handling specimens with gloves 

and avoiding direct contact of one individual with another (keeping them in individual 

containers, or in separate plastic bags in the same container), removing any obvious growth 

of fungi and plants, or symbiotic and parasitic contaminant organisms on the body of the 

sample, avoiding the exposure of the collected specimen to sunlight, high temperature or any 
kind of radiation (i. e. placing collected specimen in a stable environment as soon as 

possible). Preserved specimens should be stored at constant low temperature (ideally at 4°C, 

but a low room temperature of about 12-15°C should be sufficient for keeping specimens 

and their DNA in good conditions). Proper maintenance and monitoring of collection 

condition (regular pH checking and topping up preservation liquids in particular) is very 
important for good DNA preservation and for keeping collected samples in good 

morphological condition. Guidance and recommendations about collecting specimens and 

maintaining collections for use in molecular studies have already been published by some 

authors (Prendini et al. (2002) is probably the most comprehensive published overview on 

this subject). 

Keeping full records of collected and archived specimens is important for understanding 

archival DNA (Schander and Halanych 2003). For existing collections, efforts should be 

made to find the curators' notes of all treatments applied to preserved specimens, including 

the method of killing animals (for instance, narcotic and relaxing reagents used before 
fixation, and if used) and chemicals used for maintaining colour and other features of 
preserved specimens. For newly obtained material, all details since collection (including 

environmental conditions of surroundings and characteristics of the location) need to be 

recorded. 

For museum specimens used in this study there were no records on (approximate) time 
between the death of fishes and their fixation, nor records of environmental and other 

conditions in which fishes were kept before fixation. Neither were there records on topping 

up preservative during storage and the exact chemical components of these, including pH. 
The above-mentioned factors might explain the differences seen in amplification of 
formalin-arDNA extracted from Nezumia aequalis and N. micronychodon in this study. 
Formalin-arDNA of N. aequalis gave more successful PCRs than formalin-arDNA of N. 

micronychodon despite the fact that the specimens of N. aequalis were preserved and stored 
in the Museum for about 8 years longer than those of N. micronychodon. Additionally, these 
two species came from different waters (N. micronychodon from North-West African waters, 
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whereas N. aequalis came from the North-East Atlantic), but there are no records on water 

composition where these fish specimens came from. Differences in waters, outside 
temperature and weather conditions in Africa and the North Atlantic are to be expected, but 

without the exact records, these can only be noted as possible factors. In other words, 

observed differences in the DNA extractability and PCR usability of N. aequalis and N. 

micronychodon are not necessarily caused by different handling of fish specimens when 

caught, the method of preservation of specimens and the type and quality of chemicals used 
for fixation and storage. This demonstrates the need for a good understanding of specimen 
history when working with archival material. 

4.5. Further directions in Nezumia and macrourid research 

This project had the intention of generally investigating the main factors that might influence 

recovery of DNA from preserved specimens, i. e. archival material from Steedman's storage 

solution for which, to my knowledge, there is no available information on optimised DNA 

extraction protocols or successful DNA investigations. Formalin-fixed, Steedman-preserved 

Nezumia specimens were used as a test material, but there were also attempts to provide 

molecular data on two Nezumia species used in the study (i. e. to make an initial database for 

further research on these species and the genus Nezumia). 

A large body of data was accumulated on Nezumia: RAPD profiles for selected RAPD 

primers on the investigated preserved specimens; two sequences from the investigated 

species with designed Nezumia-specific PCR primers and a possible SNP marker. This study 

provided a list of potentially useful RAPD primers that are applicable for studying Nezumia 

genomes, especially of preserved specimens. The most successful RAPD primers in this 

study are highly likely to be applicable to other preserved specimens of Nezumia. 

The sequencing results of this project should make it easier to pursue further genetic 

research on Nezumia species since a starting point is now established for this kind of 
investigation with the possibility to compare sequences. The developed primers can be used 
for cross-populations and cross-species experiments in order to confirm the presence and 

possible variations in targeted sequences of Nezumia species and other macrourid fishes, as 

well as to conduct investigations with other, more distant, fish species in order to investigate 

whether these primers also can be applied to their genomes. 
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Further testing on whether the Nezumia- specific PCR primers developed (sets: 8,16 and 18) 

can be used for generating PCR products from other fish species (closely related and distant) 

might be informative from the genomics point of view. The initial experiments on mackerel 
(distantly related to Nezumia) have already provided evidence that this sequence was not 

amplifiable in that species. Investigations towards a better understanding and 

characterisation of this genome region might be informative and scientifically interesting 

from many aspects. 

The sequence similarity in this 458 bp long (anonymous) region of the genomes of these two 

species (Nezumia aequalis and N. micronychodon) might indicate the genetic similarity of 

these two species in general, but only further molecular investigations (including a "multi- 

marker approach") could determine the genetic similarity between these two species. 

Additional molecular markers are required for a more refined analysis of Nezumia. New 

molecular markers might be developed through RAPDs and/or by the use of other molecular 

techniques and markers. These would be easier to develop on fresh/frozen samples and 

short-term ethanol and DMSO preserved specimens, but the use of "regular" collections is 

also possible. Recent developments in deep-sea research and technical developments in 

collecting deep-sea samples increase the chances of accumulating useful sequences of 

macrourid fishes, as well as in obtaining fresh/frozen specimens of Nezumia species. DNA 

barcoding of Nezumia species should be considered as a priority in the further research. 

It is hoped that further studies will benefit from the results presented in this thesis, related to 

the use of preserved archival collections for molecular investigations and towards creating 

meaningful guidance for the application of preserved specimens in molecular studies; also 
that these first molecular data on Nezumia will initiate further molecular investigations on 
this genus and other macrourid fishes. 

The main achievements of this project are to have shown that it is feasible to use formalin- 

fixed, Steedman-preserved archival fish specimens stored for up to 20 years in a museum 

collection, and to demonstrate that the strategy can be successfully applied in investigations 

of species lacking any molecular-genetic information. The study also represents a 

comprehensive overview and development of methodological approaches in order to obtain 
informative and reliable molecular data from archival collections and preserved specimens. 
This study also furthers our understanding of DNA degradation in formalin-fixed specimens 

and it should facilitate further experiments to determine the optimal method for storing 
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fishes intended for DNA analyses, possible approaches in extracting arDNA from existing 

collections and their feasibility in molecular studies. 

Further investigations on the distribution and type of DNA damage (fragmentation; the 

presence and distribution of cross-links; point artifactual mutations; insertions/deletions) in 

mitochondrial and nuclear genomes in differently preserved specimens is important for 

better understanding and the use of archival DNA. Considering the immense technical 

advances in molecular biology in the last couple of years, many of these questions might be 

possible to answer soon, but a multidisciplinary approach is required. As more research is 

done we will better understand the problems of working with preserved specimens 
(especially, formalin-preserved ones) and increasingly overcome them. 
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