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Abstract

The class Bivalvia is one of the largest, most diverse and important groups in the

animal kingdom, with a high number of marine species with high economic and ecological

importance, which are subject to over exploration and habitat degradation. Genetic research

in marine bivalves can provide essential information to access their biodiversity,

indispensable to establish conservation measurements, especially in commercially

exploited species, but also contribute to improve the taxonomy classification and

phylogenetic relationships.

The main goal of this thesis was the characterization of the genome of marine

bivalves with commercial importance, belonging to the Veneridae (Bivalvia, Heterodonta)

and Ostreidae (Bivalvia, Pteriomorphia) families, using molecular and cytogenetic

techniques.

The use of molecular markers, (like) RAPDs, allowed to determine and analyse the

genetic variation of the entire genome of different populations of one Veneridae specie -

Ruditapes decussatus. The two populations presented a high degree of genetic variability

within populations and low level of genetic differentiation among them, being the genetic

homogeneity found in these populations caused by anthropogenic activities. The genetic

information allowed the selection of a preferential population, Ria Formosa, to be used as

broodstock for aquaculture purposes and for subsequent restocking programs..

Molecular cytogenetic studies in bivalves have greatly increased through the years,

mainly due to the introduction of more accurate molecular techniques, like Fluorescent in

situ hybridization (FISH). FISH allows the unequivocal identification of chromosomes in

a karyotype and gene mapping, allowing the clarification of taxonomic and phylogenetic

relationships and studies on chromosome rearrangement in a large variety of organisms.

Through the application of FISH, we characterized and mapped repetitive

sequences [Major (18S-5.8S-28S) and minor (5S) rDNA genes and telomeric sequence

((TTAGGG)n)], in oysters (O. edulis and O. stentina) and clams (C. gallina) genomes. The

chromosomal location of these repetitive sequences has provided chromosomal markers

that allow the accurate identification in the studied species, and consequently, the study of

chromosome evolution of bivalves.

The isolation, characterization and physical location of a new satellite DNA family

to chromosomes of C. gallina was also performed. The sequence is composed by repeat

monomers with a length ~170 bp. This sequence hybridize in blocks in some chromosome



xiv

pairs - distribution varied between subterminal, terminal, centromeric and

(peri)centromeric regions -, and at least in 3 chromosome pairs no hybridization signals

were observed.

One of the major results of this work, was the contribution to the clarification of the

taxonomic incongruence of the subfamily Ostreinae (Harry, 1985). Our cytogenetic data,

strongly supports the taxonomic reorganization of the subfamily Ostreinae (Harry, 1985).

The work presented allowed a comprehensive knowledge of the (cyto)genetic

characteristics of marine bivalve species of commercial interest. The data obtained allowed

to clarify taxonomic incongruences, study phylogenetic relationships and can be considered

an important contribution for the study of genome evolution in bivalves. From a more

practical and commercial point view, these data can also contribute to more specific

applications, in terms of environmental monitoring, production and commercialization of

these species.
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Resumo

A classe Bivalvia é um dos maiores, mais diversificado e importante grupo no reino

animal, apresentando um elevado número de espécies marinhas, com grande importância

económica e ecológica, que estão sujeitas a sobreexploração e degradação ambiental. A

investigação genética em bivalves marinhos, permite obter informações essenciais para

estimar a sua biodiversidade, dado indispensável para estabelecimento de medidas de

conservação, especialmente relevante no caso de espécies exploradas comercialmente; e

igualmente para contribuir para melhorar a classificação taxonómica e relações

filogenéticas.

O principal objetivo desta tese foi a caracterização de genomas, utilizando técnicas

moleculares e citogenéticas, de espécies com importância comercial, pertencentes às

famílias: Veneridae (Bivalvia, Heterodonta) e Ostreidae (Bivalvia, Pteriomorphia).

O uso de marcadores moleculares, RAPDs, permitiu determinar e analisar a

variabilidade genética encontrada em duas populações da espécie Veneridae - Ruditapes

decussatus. A diversidade genética intra-populacional estimada em cada uma das

populações foi elevada, enquanto a diferenciação genética entre as populações apresentou

valores muito baixos. Foi igualmente destacado que esta homogeneidade genética

encontrada nas populações é causada por atividades antropogénicas. A caracterização

genética de populações de bivalves é importante para o estabelecimento de políticas de

gestão dos recursos marinhos, quer para programas de repovoamento quer para efeitos

comerciais como aquicultura. No caso das populações estudadas seria a população da Ria

Formosa, nas duas espécies, a indicada para ser utilizada em ambos tipos de programa.

A introdução de técnicas moleculares mais precisas, como a hibridização in situ por

fluorescência (FISH), tem permitido o desenvolvimento dos estudos de citogenética

molecular em bivalves, possibilitando, de forma inequívoca a identificação individual dos

cromossomas e o mapeamento genético, contribuindo para a clarificação das relações

filogenéticas e estudos sobre rearranjos cromossómicos numa grande variedade de

organismos.

A aplicação de técnicas de citogenética molecular, neste estudo, permitiu

caracterizar e mapear sequências repetitivas [genes ribossomais (18S-5.8S-28S e 5S);

sequência telomérica ((TTAGGG)n)],  no genoma de ostras (O. edulis e O. stentina) e

amêijoas (C. gallina). A localização cromossómica das sequências repetitivas permitiu
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criar padrões de marcação cromossómica característicos de cada uma das espécies

estudadas.

Este estudo permitiu igualmente o isolamento, caracterização e hibridação de uma

nova família de DNA satélite em cromossomas de C. gallina. A sequencia de DNA satélite

apresenta um monómero de repetição ~170 bp. A hibridação in situ desta sequência revelou

que a sequência esta localizada em alguns cromossomas – distribuída nas regiões terminais,

centroméricas e (peri)centromericas – mas também em pelos menos três pares de

cromossomas não foi visível qualquer sinal de hibridação.

Um dos resultados mais pertinentes deste trabalho foi a contribuição para a

clarificação da taxonomia da subfamília Ostreinae (Harry, 1985). Os dados citogenéticos

obtidos apoiam, de facto, de forma clara uma reorganização taxonomica na subfamília

Ostreinae (Harry, 1985).

O trabalho aqui apresentado permitiu um conhecimento mais aprofundado das

características (cito)genéticas de espécies de bivalves marinhos de interesse comercial. Os

dados obtidos permitiram contribuir para a clarificação taxonómica das famílias estudadas,

assim como o estabelecimento de relações filogenéticas entre elas, e em último caso

pretende ser o ponto de partida para o estudo da evolução do genoma em bivalves. Os

resultados obtidos poderão contribuir igualmente, e de um ponto de vista de aplicação mais

pratica e comercial, a programas de monitorização ambiental, apoio ao melhoramento,

produção e comercialização destas espécies.
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The class Bivalvia is one of six classes of phylum Mollusca and comprises animals

enclosed in two shell valves, like mussels, oysters, scallops and clams. They are a major

source of animal protein and play a key role in fisheries and aquaculture (e.g., Kraeuter and

Castagna, 2001; Gosling, 2003; Dumbauld et al. 2009). They have probably the highest

economic and ecological importance of all molluscan classes, not only as food, - in 1999

the production of bivalves from fisheries and aquaculture was over 10.6 million metric

tonnes worldwide with a monetary value of over $9.3 billion - (Brusca and Brusca, 2003;

FAO, 2001), but also based on their biomass, and as objects d’art (e.g. Newell, 2004).

Linnaeus (1758) used for the first time the word Bivalvia, based in latin words bis

= two, valve = leaves of a door. Such features characterize this class, since they have soft

bodies with two valves, Bivalves are then characterized for having two valves made of

calcium carbonate (in a hard form called "aragonite"), connected by a flexible ligament and

an adductor muscle for closing the valves tightly. In general, the structure and physiology

of the bivalves is characterized by the following structures and systems (Figure I.1.)

(Barnes, 1980; Kolzoff, 1990; Purchon, 1968; Sturm et al. 2006):

1. The shell

2. Adductor muscle

3. The gills

4. The mantle

5. The digestive system

6. The circulatory system

7. The nervous system.

Biologically, they show extraordinary morphological disparity and also large

ecological diversity both in the present and in the fossil record, dating back to the Early

Cambrian Period, 542-521 Ma (Pojeta, 2000; Parkhaev, 2008; Elicki and Gursu, 2009). The

radiation of bivalves, triggered by the evolution of a feeding gill, the presence of a byssus

gland in the adult, the development of an infaunal way of life linked to the so-called

‘‘Cambrian substrate revolution’’, happened in the Ordovician time (~488 to 443 Ma)

(Plazzi et al. 2011; Kato et al. 2011).

Bivalvia is a class extremely well adapted in evolutionary terms, being the total

number of bivalve species approximately 9200, distributed within ~1260 genera and ~106

families (Huber, 2010). They are present in environments of salt water, freshwater or

brackish water, being the majority of the species benthic, fixed (sessile organisms that
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attach to the substrate through the byssus) or buried in sandy bottoms. Marine bivalves

(including brackish water and estuarine species) represent about 8000 species, combined

in 4 subclasses and 99 families with 1100 genera. No actively researched group of

organisms will ever become completely “taxonomically stable,” since questions arise about

synonymies, or new taxa are discovered in the course of novel investigations. The largest

existing marine families are Veneridae with more than 680 species and the Tellinidae and

Lucinidae each with over 500 species. The freshwater bivalves include 7 families, of which

the Unionidae contain about 700 species (Clarkson, 1993; Huber, 2010). Some species are

mobile, moving through propulsion achieved by expulsion of water under pressure or due

to leg muscle (Barnes, 1980; Kolzoff, 1990).

Databases such as the World Register of Marine Species (WoRMS: Appeltans et

al. 2011), Malacolog (Rosenberg, 2009), the Checklist of European Marine Mollusca

(CLEMAM 2012), the Paleobiology Database (PBDB 2012), the American Fisheries

Society “common names” checklist (Turgeon et al. 1998), Bouchet et al. (2010) bivalve

nomenclator and its accompanying classification (Bieler et al. 2010), and the ongoing

Treatise on Invertebrate Paleontology effort (e.g. Carter et al. 2011) are actively

contributing toward a community understanding of bivalve taxonomy. Along this thesis the

classification and nomenclature of any bivalve specie follows Checklist of European

Marine Mollusca (CLEMAM 2012) proposed and published classification.

Figure I.1. (A) Shell, (B) internal anatomy and (C) (D) schematic representation of internal anatomy of the Manila clam,

Ruditapes philippinarum (Gosling, 2003).

A B

C D
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I.1. EVALUATION OF GENETIC VARIATION USING MOLECULAR MARKERS

Genetics, a modern branch of Biology, is the science of genes, heredity, and

variation in living organisms (Griffiths et al. 2000). Charles Darwin and Alfred Russel

Wallace, in their theory of natural selection questioned probably for the first time which

mechanisms and structures present in living organisms, leave to such "endless forms most

beautiful and most wonderful" (Darwin, 1859). Variation is present, in some form, in

natural populations of all organisms. The observed variation, the phenotype, may be

reflected in genetic variation, the genotype. However, the genotype interacts with the

environment to produce the phenotype. The genetic variation can be described as having

three main components: 1) genetic diversity (amount of genetic variation); 2) genetic

differentiation (the distribution of genetic variation among populations; and 3) genetic

distance (the amount of genetic variation between pairs of populations).

The analysis of genetic diversity and relatedness between or within different

species, populations and individuals is important when study populations, quantitative

genetics, ecological genetics, conservation genetics and others (Weising et al. 1995;

Mueller and Wolfenbarger, 1999; Lowe et al. 2004). Factors such as natural selection,

mutation, genetic drift, genetic draft, artificial selection and migration can origin, maintain

and influenced genetic variation within and between populations (Gillespie, 2001), leading

to adaptation or speciation. The absence of genetic variation may result in a species lacking

the adaptive capacity to respond to environmental perturbations, which will ultimately lead

to extinction. So in which way can we measure/estimate genetic variation?

Classical strategies, such as comparative anatomy, physiology and others, were the

first form of estimating genetic variability, but through the years they have been

complemented with the development and application of molecular markers (Mueller and

Wolfenbarger, 1999; Weising et al. 1995), mostly due to the invention of one particularly

technique, Polymerase Chain Reaction-PCR, in 1985 by Kary Mullins (Mullins et al.

1985). PCR reaction simulates in vitro the replication process that occurs in vivo,

amplifying a single or a few copies of a piece of DNA across several orders of magnitude,

generating thousands to millions of copies of a particular DNA sequence. Günter (2004),

based on the premise that each individual has a unique DNA profile, defined genetic or

molecular markers as any specific segment of DNA whose base sequence is different

(polymorphic) in different organisms and so diagnosable for each. The several molecular
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techniques reveal sequence polymorphisms in organelle (chloroplast and mitochondria)

and nuclear genomes which can be used as highly informative markers for the structure and

dynamics of genomes at the level of populations and individuals.

An ideal marker that can be applied to all studies does not exist; all of them exhibit

both strengths and weaknesses being necessary to adjust one or more marker systems

depending of the specificity of the research. An ideal molecular marker should have the

following characteristics (Weising et al. 1995; de Vicente and Fulton, 2003):

1. A elevated degree of polymorphism;

2. Reproducible in any laboratory experiment, whether within experimental events in

the same laboratory or between different laboratories performing identical

experiments;

3. Codominant inheritance (distinguishing between homozygotes and heterozygotes);

4. Evenly distributed throughout the genome. The more distributed and dense the

genome coverage is, the better the assessment of polymorphism;

5. Discriminating, that is, able to detect differences between closely related

individuals;

6. Not subject to environmental influences. The inference of a marker’s genotype

should be independent of the environment in which the individual lives or its

developmental stage;

7. Neutral. The allele present at the marker locus is independent of, and has no effect

on, the selection pressure exerted on the individual. This is usually an assumption,

because no data are usually available to confirm or deny this property;

8. Inexpensive. Easy, fast and cheap in detecting across numerous individuals. If

possible, the equipment should be of multipurpose use in the experiment.

The DNA markers are the most used in the assessment of genetic diversity designed as

molecular markers, these can be arrange according to their evolution, as observe in table

I.1..

Software to analyze all these parameters have been developed, most of them without

any cost, to help better achievements in the analysis of molecular population studies. These

software accommodate a variety of molecular marker types, perform many different types

of analyses and the most common problem is to choose which one to utilize and the time

consuming preparation of the input data (Labate et al. 2000).
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Chronological Evolution Of DNA Markers
Year Acronym Nomenclature Reference
FIRST GENERATION DNA MARKERS
1974 RFLP Restriction Fragment Length Polymorphism Grodzicker et al. (1974)

1985 VNTR Variable Number Tandem Repeats Jeffreys et al. (1985)

1986 ASO Allele Specific Oligonucleotides Saiki et al. (1986)

1988 AS-PCR Allele Specific Polymerase Chain Reaction Landegren et al. (1988)

1988 OP Oligonucleotide Polymorphism Beckmann (1988)

1989 SSCP Single Stranded Conformational Polymorphism Orita et al. (1989)

1989 STS Sequence Tagged Site Olsen et al. (1989)

SECOND GENERATION DNA MARKERS
1990 RAPD Randomly Amplified Polymorphic DNA Williams et al. (1990)

1990 AP-PCR Arbitrarily Primed Polymerase Chain Reaction Welsh and McClelland
(1990)

1990 STMS Sequence Tagged Micro Satellite Sites Beckmann and Soller
(1990)

1991 RLGS Restriction Landmark Genome Scanning Hatada et al. (1991)

1992 CAPS Cleaved Amplified Polymorphic Sequence Akopyanz et al. (1992)

1992 DOP-
PCR

Degenerate Oligonucleotide Primer - PCR Telenius (1992)

1992 SSR Simple Sequence Repeats Akkaya et al. (1992)

1993 MAAP Multiple Arbitrary Amplicon Profiling Caetano-Anollés et al.
(1993)

1993 SCAR Sequence Characterized Amplified Region Paran and Michelmore
(1993)

NEW GENERATION DNA MARKERS
1994 ISSR Inter Simple Sequence Repeats Zietkiewicz et al (1994)

1994 SAMPL Selective Amplification Of Micro Satellite
Polymorphic Loci

Morgante and Vogel,
(1994)

1994 SNP Single Nucleotide Polymorphisms Jordan and Humphries
(1994)

1995 AFLP
(SRFA)

Amplified Fragment Length Polymorphism
(selective Restriction Fragment Amplification)

Vos et al. (1995)

1995 ASAP Allele Specific Associated Primers Gu et al. (1995)

1996 CFLP Cleavase Fragment Length Polymorphism Brow (1996)

1996 ISTR Inverse Sequence-tagged Repeats Rhode (1996)

1997 DAMD-
PCR

Directed Amplification Of Mini Satellite DNA-PCR Bebeli et al. 1997

1997 S-SAP Sequence-specific Amplified Polymorphism Waugh et al. (1997)

1998 RBIP Retrotransposon Based Insertional Polymorphism Flavell et al. (1998)

1999 IRAP Inter-retrotransposon Amplified Polymorphism Kalendar et al. (1999)

1999 REMAP Retrotransposon- Microsatellite Amplified
Polymorphism

Kalendar et al. (1999).

1999 MSAP Methylation Sensitive Amplification Polymorphism ------

2000 MITE Miniature Inverted-repeat Transposable Element Casa et al. (2000)

2000 TE-AFLP Three Endonuclease AFLP van der Wurff et al.
(2000)

2001 IMP Inter-MITE Polymorphisms Chang et al. (2001)

2001 SRAP Sequence-related Amplified Polymorphism Li and Quiros (2001)

Table I.1. Summary table of the different types of molecular markers (adapted from Maheswaran, 2014).
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One of the molecular markers technique is the Random Amplified Polymorphic

DNA (RAPD) (Williams et al. 1990; Welsh and McClelland 1990) that provides a useful

tool to study the genetic variability of a population. In their words: “…we describe a new

DNA polymorphism assay based on the amplification of random DNA segments with single

primers of arbitrary nucleotide sequence. These polymorphisms…are inherited in a

Mendelian fashion… and called RAPD markers” (Williams et al. 1990). Technically it is a

simple variation of the PCR method using arbitrary primers, decameres (10 bp) with a rate

of GC of about 50%. When the distance among some of these inverted repetitions is inside

the limits of PCR amplification, a series of fragments of different molecular weight will be

yielded. The theoretical number of produced fragments is directly related, among other

factors, to the genome size. For this reason, the theoretical number of generated fragments

would be very high and, consequently, also the polymorphism level, making them a useful

tool for the population analysis (e.g. Landry and Lapointe, 1996).

The RAPDs technique detects polymorphisms resulting from two sources (Williams

et al. 1990; Caetano-Annolles and Bassam, 1993): a) changes in one or more nucleotides

of the primer or the genomic DNA sequence (e.g. Mutations) that causes complete changes

in the pattern of DNA fragments amplified. The pattern obtained from DNA fragments

amplified, does not imply that all amplifications are the result of a perfect pairing between

the primer and the complementary DNA, or b) related to insertions or deletions in the

primer or the binding site of the primer in DNA strand.

The application of RAPDs has been widespread, including estimation of gene

diversity and the genetic structure of populations (Rodriguez et al. 1999; Gauer and

Cavalli-Molina, 2000; Toro et al. 2004), characterization of species and populations

(Callejas and Ochando, 1998; Warnke et al. 2000; Gallusser et al. 2004;), construction of

genetic maps (Yin et al. 2001), analyze phylogenetically relationships among species

(Stammers et al. 1995; Marillia and Scoles, 1996), the identification of markers linked to

certain genes (Bai et al.1995), or sex-specific markers (Lessells et al. 1998; Urasaki et al.

2002) and evaluation of genetic damage mediated by cytotoxic reagents (Atienzar et al.

2002; De Wolf et al. 2004). But with more limited uses in investigations of hybridization,

introgression and gene flow.

RAPDs are useful at the initial stages of an investigation. Although they have been

superseded by other techniques for more rigorous studies (Lowe et al. 2004), they remain
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an extremely sensitive method for detecting DNA variations and to establish phylogenetic

relationships among organisms in relatively close proximity (Callejas and Ochanda, 2002),

this technique presents advantages like:

1. Analysis of RAPDs is a simple, quickly and economic process;

2. Virtually unlimited number of markers;

3. Require little amounts of DNA;

4. Do not require a previous knowledge of the genome;

5. The universal primers used for amplifying regions of repetitive DNA can be used

in a wide range of species;

6. The banding pattern is generated both from coding and non-coding regions due to

the random distribution of the primer-annealing sites, screening all genome.

But as well some disadvantages such as:

Dominant markers;

Using the primers that induce short lower specificity;

Possibility of appearance of DNA fragments of equal size, amplified in different

individuals with different sequences;

High sensitivity to laboratory conditions (low reproducible).

The comigrating phenomena;

This technique was criticized on technical (Jones et al. 1997) and theoretical

(Harris, 1999) levels, mainly associated with dominance, reproducibility and product

homology. Through the years modifications of the technique were made to overtake these

limitations, being, SCARs (Sequence Characterized Amplified Regions) (Paran and

Michelmore, 1993) and RAMPO (Randomly Amplified Microsatellite Polymorphism)

(Ramser et al. 1997) two examples of RAPDs extension. Besides the alterations on the

methodology of the technique, it is important to keep in mind that RAPDs are dominant

markers, so statistics adaptations were needed. Since with the technique is impossible to

know the frequency of heterozygotes, which is used to estimate diversity statistics and if

the population study is in Hardy-Weinberg equilibrium, Lynch and Milligan (1994)

overcome these by developed a series of estimates of different parameters related with

population genetics. Besides the recommendation of Lynch and Milligan (1994) these

estimates are useful if: the observed fragments are dominant alleles and the absence of band

is indicative of a recessive allele and the genotypes are in Hardy- Weinberg equilibrium
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and each polymorphism is biallelic, i.e, all bands of the same size are produced by the same

dominant allele and all absences are indicative of the same recessive allele.

In marine bivalves, RAPD technique has been extensively used in the estimation of

genetic diversity and analysis of population structure, in several groups, such as in clams

(e.g. Donax spp - Adamkevicz and Harasewych, 1994; 1996; Arctica islandica - Holmes et

al. 2003), cockles (e.g. Cerastoderma edule/Cerastoderma Lamarcki - André et al. 1999;),

oysters (e.g. Crassostrea virginica - Hirschfeld et al. 1999; Crassostrea spp. – Crassostrea;

Crassostrea gigas - Aranishi and Okimoto, 2004), mussels (e.g. Mytilus spp. – Rego, 2002;

Perna canaliculus - Star et al.2003; Mytilus chilensis - Toro et al. 2004), scallops (e.g.

Ptacopecten magellanicus - Patwary et al. 1994; Pecten maximus - Heipel et al. 1998),

freshwater bivalves (Sleem et al. 2008).

I.2. REPETITIVE SEQUENCES

Eukaryotic genomes are constituted of both unique and repetitive DNA. The

repetitive fraction of the genome can be grouped according to their organization, tandemly

arrayed or dispersed/non-tandemly, and their repetitiveness, moderate or high repetitive, as

observe in Figure I.2. The interspersed repeats (non-tandemly) - individual repeat units that

are distributed around the genome in an apparently random fashion, includes the

transposable elements (Slamovits and Rossi, 2002; Wicker et al. 2007; Richard et al. 2008)

– and the tandemly repeated DNA sequences. Depending on the average size of the arrays

of repeat units, highly repetitive DNA can be grouped into three subclasses: satellite DNA

(satDNA), minisatellite and microsatellite DNA. Minisatellite and microsatellite DNA

constitute short, moderately repetitive, tandemly arranged sequences, while satellite DNAs

(satDNAs) can be present in the genome in millions of copies. In this tandem repeat

sequences group can be included the multigene families such as the ribosomal RNAs

(rRNA) as moderately repetitive DNAs (Charlesworth et al. 1994; Pavelitz et al. 1995).
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Figure I.2. Sequences present in eukaryotic genomes (unique DNA and repeated DNA sequences). Here it can be

visualized the classification of the repetitive elements present in the genome. REP, replication slippage; GCO, gene

conversion; WGD, whole genome duplication; SEG, segmental duplications; RTR, reverse transcription; TRA,

transposition (from Richard et al. 2008).

The chromosomal location of the different types of tandemly repeated DNA can

show a very restricted or highly dispersed pattern (centromeres, subtelomeric regions, and

non-centromeric heterochromatin), whereas different classes of interspersed repeat DNA

can show preferential location within different types of chromosome bands (Tyler-Smith

and Willard, 1993) (Figure I.3.).

Figure I.3. Chromosome localization of the several repetitive DNAs. LINEs, Long Interspersed Elements; rDNA,

ribosomal DNA (Tyler-Smith and Willard, 1993).

The understanding of content, distribution and evolution of repeated sequences is

an important topic, because they constitute a relevant portion of the eukaryotic genome
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including, bivalve mollusks. In this thesis cytogenetics and molecular studies, on mollusks

of the class Bivalvia, focused on two distinct repetitive sequences, the ribosomal DNA

(rDNA) sequences - moderate repetitive sequences with well know functions - and the

satellite DNA (satDNA) - a highly repetitive and often referred to as ‘selfish DNA’,

‘parasitic DNA’ or ‘junk DNA’, (Orgel and Crick, 1980), although nowadays there are on

growing evidences that these sequences may have important functional roles in a genome

(Kuhn, 2015).

I.2.1. RIBOSOMAL RNA MULTIGENE FAMILY (rDNA)

Ribosomal gene families play a very important role in the synthesis of proteins and

development, and therefore in the fitness, of organisms and in the evolution of species

(Vizoso et al. 2011).

Organization of the Ribosomal RNA Genes. In the great majority of higher eukaryotes,

the nuclear ribosomal DNA (rDNA) is organized into two distinct multigene families

comprising the so-called 45S and 5S rDNA repeats which code for the rRNA molecules.

The 45S rDNA tandemly arrayed repeat unit, also known as major rDNA, contain three

genes encoding nuclear rRNA, located in the nucleolar organizer region (NORs) on 1 or

more chromosomes. Each repeat unit is composed of three coding rRNAs (18S, 5.8S and

28S) separated by two internal transcribed spacers (ITS1 and ITS2), two external

transcribed spacers (ETS) and large non-transcribed spacer (NTS). Two repeat unit genes,

between the 28S and the next 18S, are separated by an intergenic spacer (IGS), constituted

by an ETS plus the NTS. The other multigene family known by minor rDNA family or 5S

rDNA, includes tandem repetitions of a conserved coding region (120 bp), 5S rDNA region

and a variable, in sequence and length, non-transcribed spacer (NTS) (Long and Dawid

1980; Drouin and Moniz de Sá, 1995).

The 5S rDNA genes, can be present in several copies ranging from 100 to 300000,

which is usually higher than the number of 45S rDNA genes, normally between 39 to 26000

(Neigeborn and Warner, 1990; Prokopowich et al. 2003). In Drosophila, for instance, there

is only one cluster of about 160 copies of 5S rDNA genes while in humans approximately

300–400 5S rDNA repeats are present in five clusters (on chromosomes 13, 14, 15, 21 and

22) usually referred to as nucleolar organizer regions (NORs). In the majority of eukaryotes

the 5S rDNA genes are located in separate repeat arrays from the major ribosomal genes



CHAPTER I GENERAL INTRODUCTION

37

(l8S-5.8S-28S) (Pelliccia et al. 1998). Although alternative arrangements have been

reported for 5S rDNA gene, including the presence of additional scattered 5S copies (Little

and Braaten, 1989), the linkage of 5S genes with other families such as 18–28S rDNA

(Gerbi, 1985), siRNAs (Manchado et al. 2006), trans-spliced leader and histone genes

(Drouin and Moniz de Sá 1995; Eirín-López et al. 2004), as well as with microsatellite

sequences (Cross and Rebordinos, 2005).

Evolution of the Ribosomal Gene Families. A multigene family is a group of genes that

have descended from a common ancestral gene and therefore have similar functions and

similar DNA sequences. The evolution of multigene families has been the subject of

controversy for many years, mainly because different and/or same multigene families can

have different types/mechanisms of evolution (Ganley and Kobayashi, 2007), become more

difficult to generalize.

Brown et al. (1972) proposed the concerted evolution model to explain the

evolution of this multigene family. According to this model all the members of a gene

family are assumed to evolve in a concerted manner rather than independently, and a

mutation occurring in a repeat spreads through the entire member genes by repeated

occurrence of unequal crossover or gene conversion (e.g. Nei and Rooney, 2005; Plohl et

al. 2008; López-Flores and Garrido-Ramos, 2012). Later, Nei and Hughes (1992) proposed

a long-term evolution following a Birth-and-Death model, to explain deviations from the

concerted evolution model, for example, found in 5S rDNA gene family. Within this model

new genes are created by gene duplication (diversification), some can specialize

(differentiate) and persist in the genomes as functional genes for a long time, or become

pseudogenes and accumulate deleterious mutations (pseudogenization). Homogeneity is

maintained by effects of strong purifying selection, resulting in a great differentiation of

the sequence of the gene, within and between species. Opposite to concerted evolution

model, in which the intragenomic divergence is very low, the birth-and-death model

presents an increase of intragenomic divergence due to paralogous variants of rDNA

sequences (Nei and Rooney, 2005; Vierna et al. 2009). Recently studies about evolution

of the 5S genes (in bivalves by Freire et al. 2010; and fishes by Pinhal et al. 2011; Merlo

et al. 2013; Chairi and Gonzalez, 2015) suggested a possible transition from a birth-and-

death to a concerted evolution model. Under this process, a multigene family both expands

because of gene duplication and contracts due to the loss of genes. Thus, copies of different
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genes accumulate differences, leading some of them to degenerated into pseudogenes, and

some others are completely eliminated (e.g. Vierna et al. 2010; Chairi and Gonzalez, 2015).

In a phylogenetic point of view, is possible to use the rRNA genes for inferences

across a broad taxonomic range, while the nucleotide sequences of the spacers are useful

in determining relationships between closely related species, due to their similarity in the

same species. Authors suggest that these regions evolve rapidly driven by the action of

intense evolutionary mechanisms, making this region an important target for studies

concerning the organization and evolution of multigene families and genomes and also

markers to trace recent events of evolution (Martins and Wasko, 2004).

I.2.2. SATELLITE DNA (satDNA)

Satellite DNA (satDNA) is one of the major components of the repeated DNA

fraction in the genome and is typically made up of tandemly repeated sequences. The term

satellite DNA (satDNA) arose/came up since they clearly differentiated from the rest of the

genomic DNA in the early experiments of separation by density gradients of complex

eukaryotic genomes (John, 1988). Although main questions are still unanswered about

satellite DNA (satDNA) and heterochromatin, it is clear that the evolutionary history of

eukaryotic genomes was largely influenced by the effect of this dynamic component of the

genome (Chaves et al. 2004).

Organization, composition and function of satDNA sequences. SatDNAs are highly

repeated DNA sequences, typically organized as long arrays of head-to-tail linked repeats

which can achieve up to several million copies in the genome (Charlesworth et al. 1994).

They can represent up to 20% of plant nuclear DNA, around 50% of some insect and rodent

genomes. However, the total abundance of satellites in most genomes is probably higher

than the estimated quantities. The lower amounts estimated might result both from the

indirect procedures used to quantify satDNA and from genomic projects in which satDNAs

are underrepresented (Phillippy et al. 2008). A satDNA family is characterized by a specific

monomer length, copy number and nucleotide sequence (repeating unit) which can be

highly variable between species or even within species exhibiting sequence polymorphisms

(e.g. Macas et al. 2002; Plohl et al. 2008). More than one satellite DNA usually exists in

a genome, and species differ in composition, nucleotide sequence, and/or copy number of

satellite families (Plohl et al. 2008). Interspecies differences in satellite DNA sequences
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can reflect phylogenetic relationships among taxa, because they can share a collection or

library of satellite sequences. To date, the identification and characterization of satDNAs,

in bivalve molluscs, have been carried out in: clams (e.g. Passamonti et al. 1998); scallops

(e.g. Canapa et al. 2000); oysters (e.g. Lopez-Flores et al. 2004; 2010) and mussels (e.g.

Martínez-Lage et al. 2005). Besides that, the investigation of satDNA at chromosome level

in related species is a useful tool to gain insight into karyological evolution (Lanfredi et al.

2001; Slamovits et al. 2001). The repeated arrays of satDNA can be localize in the

centromeric, pericentromeric and telomeric regions of chromosomes, but may also be found

in heterochromatin covering sex chromosomes and as intercalary DNA in autosomes (e.g.

López-Flores and Garrido-Ramos, 2012).

The potential functional roles of satellite DNAs in a genome are still under debate,

but is clear that this fraction of the genome is no longer considered junk DNA

(accumulating in genomes) (Ohno, 1972). It is assumed that satDNAs are related to

complex features of eukaryotic chromosomes like: role in the establishment and

maintenance of chromatin states by promoting heterochromatin assembly, influencing gene

expression, and contributing to epigenetic regulatory processes, as satellite repeats

transcribe and are a source of siRNA (small interfering RNA) (Plohl et al. 2008; López-

Flores and Garrido-Ramos, 2012).

SatDNA evolution and dynamics. In the genomic era, it became evident that satDNA

sequences are important and that exploring heterochromatin is indispensable to fully

understand the eukaryotic genome (Sun et al. 2004). SatDNA sequences exhibit high

variability, affecting monomer size, nucleotide sequence, chromosome organization and

location (Plohl et al. 2008), in other words, satDNA sequences have dynamic molecular

behavior promoted by concerted evolution, in which different mechanisms of DNA

turnover lead to rapid intraspecific homogenization of the occurring changes (Dover, 2002).

Dover (2002) proposed molecular drive as the two step process, sequence homogenization

and fixation, leading to concerted evolution. First, molecular mechanisms of non-reciprocal

exchange (unequal crossing over, gene conversion, rolling-circle replication and re-

insertion, and transposon- mediated exchange) act to spread new sequence variants

appearing in individual repeat units through a family of sequences. Second, the changes are

fixed in a population of random mating individuals by sexual reproduction. The molecular

drive links phylogeny with satDNA divergence, however, this link is not always established
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since the molecular-drive process depends on several intrinsic and extrinsic factors (Plohl

et al. 2012; López-Flores and Garrido-Ramos, 2012).

Studies revealed that specific patterns of evolution emerged together with particular

satDNAs from different species but with similar and/or equal mechanisms of

amplification/deletions, like the library model (Plohl et al. 2008), the feedback model

(Nijman and Lentra 2001), the Proximal Progressive-Expansion mode of evolution of

satellite DNA (Schueler and Sullivan 2006) and a coevolution model between satDNA

sequences and DNA-binding proteins in the centromeric region (Plohl et al. 2008).

I.3. CYTOGENETIC APPROACH IN BIVALVES

The economically importance of several Bivalves species, as well as the interest to

taxonomically organize and understand the evolution of Bivalves, makes them a

particularly interesting group to study. For all these reasons it is not surprising the

increasing amount of cytogenetic data in this group compared to other aquatic invertebrates

(Leitão and Chaves, 2008).

The cytogenetic publications within bivalves started with studies that concerned

only chromosome number and morphology, followed by the application of classical

cytogenetic banding techniques - techniques that allowed the identification of whole

chromosome or chromosomal specific parts - and today more reliable molecular

cytogenetic techniques are used, representing more than three quarts of all chromosomal

banding studies in bivalves (Thiriot-Quiévreux, 2002; Leitão and Chaves, 2008). Patterson

(1969) published a review were 23 karyotypes of bivalves species were presented. Some

years later, Thiriot-Quievreux (2002) in another review on the last 20 years of cytogenetic

in Bivalves, stated that approximately 200 species had been analyzed, specially

commercially important species. In the most recent review on cytogenetic in bivalves

performed by Leitão and Chaves (2008) it was not surprising to see that there was a great

increase in the number of studies, especially those using molecular cytogenetic procedures,

such as in situ digestion with restriction endonucleases (REs) and fluorescent in situ

hybridization (FISH).

The family Veneridae (Bivalvia, Heterodonta) and the family Ostreidae (Bivalvia,

Pteriomorphia) include more than hundred living species distributed worldwide and

adapted to a wide range of marine environments. Several species are of economic
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importance, being among the most highly produced mollusc species in the world by

aquaculture industry (http://www.fao.org/fishery/en).

The phylogenetic relationships among the species of these two families have been

investigated using both morphological and molecular features. In terms of characterizing

their chromosomes, current knowledge is growing: since the study of mitotic chromosome

numbers and karyotypes; to the development of new banding techniques like restriction

endonuclease banding pattern and the location of repetitive sequences (telomeric, rDNA

and/or histone gene), using FISH technique.

In the next tables I.1. and I.2. are presented all the works/studies involving

cytogenetic characterization of species belonging to the Veneridae (Bivalvia, Heterodonta)

and Ostreidae (Bivalvia, Pteriomorphia) families. Curiously most of the works/studies

using FISH are quiet recent, since year 2000 until today. Another curious fact is that,

although there are many studies using bivalves genome to isolated and characterize

satDNA, at the cytogenetic level the studies performed remain very scarce.
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Family/Species 2n Banding Technique References
NORs C Q G N Flcr RE FISH

Veneridae
Clausinella fasciata 38 rDNA (major)/rDNA

(minor)/ Histone genes
García-Souto et
al. 2015

Chamelea gallina 38 rDNA (major)/rDNA
(minor)/ Histone genes

García-Souto et
al. 2015

Dosinia exoleta 38  rDNA (major)  and
Telomeric

Hurtado and
Pasantes 2005

Dosinia lupinus 38 rDNA (major)/rDNA
(minor)/ Histone genes

García-Souto et
al. 2015

Mercenaria mercenaria 38 Telomeric
rDNA (major)

Wang and Guo
2001
Wang and Guo
2007

Ruditapes decussatus 38 
rDNA (major)
rDNA (minor)

Leitão et al.
2006
Hurtado et al.
2011
Hurtado et al.
2011

Ruditapes philippinarum 38 Repetitive DNA
family

Passamonti et
al. 1998

Petricola litophaga rDNA (major)/ rDNA
(minor)/ Histone genes

García-Souto et
al. 2015

Polititapes (Venerupis)
aurea

38  rDNA (major)/ rDNA
(minor)/ Histone genes

Carrilho et al.
2011

Polititapes (Venerupis)
rhomboides

38  rDNA (major)/rDNA
(minor)/ Histone genes

Carrilho et al.
2011

Venerupis corrugata
(pullastra)

38 rDNA (major)/rDNA
(minor)/ Histone genes

García-Souto et
al. 2015

Venus verrucosa 38 rDNA (major)/rDNA
(minor)/ Histone genes

García-Souto et
al. 2015

Venus casina 38 rDNA (major)/rDNA
(minor)/ Histone genes

García-Souto et
al. 2015

Table I.2. Summary table of all cytogenetics studies made in Veneridae (Bivalvia, Heterodonta).
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Family/Species 2n Banding Technique References
NORs C Q G N Flcr RE FISH

Ostreidae
Subfamily Ostreinae
Ostrea angasi 20   Li and

Hanvenhand 1997
Ostrea denselamellosa 20   Insua and Thiriot-

Quiévreux 1991
Ostrea edulis 20 


Thiriot-Quiévreux
and Insua 1992
Leitão et al. 2004

Ostrea puelchana 20  Insua and Thiriot-
Quiévreux 1993

Ostrea conchaphila 20 




Leitão et al. 2002

Leitão et al. 2004
Tiostrea chilensis 20  Ladron de Guevara

et al. 1994
Ostrea stentina 20    Pereira et al. 2011

Subfamily Crassostreinae
Crassostrea angulata 20 









rDNA (major)
GATA, Telomeric
and rDNA (minor)
Interspersed
repetitive DNA

Leitão et al. 1999a
Leitão et al. 1999b
Leitão et al. 2004,
2007
Cross et al. 2003
Cross et al. 2005
López-Flores et al.
2010

Crassostrea ariakensis 20  rDNA (major) Leitão et al. 1999a
Wang et al. 2004

Crassostrea gasar 20  Leitão et al. 1999a
Crassostrea gigas 20 



Satellite DNA
Telomeric
rDNA (major)
Centromeric Satellite
sequence
rDNA (major)

GGAT, GT and TA

Histone genes

Thiriot-Quiévreux
and Insua 1992
Leitão et al. 1999a
Leitão et al. 1999b,
2001
Leitão et al. 2004,
2007
Clabby et al. 1996

Guo and Allen
1997
Xu et al. 2001
Wang et al. 2001
Wang et al. 2004
Bouilly et al. 2005
Bouilly et al. 2008
Bouilly et al. 2010

Crassostrea sikamea 20  Leitão et al. 1999a
Crassostrea plicatula 20 rDNA (major) Wang et al. 2004

Crassostrea rhizophorae 20 rDNA (major) Wang et al. 2004
Wang and Guo
2001

Crassostrea virginica 20 


Telomeric

rDNA (major)
bacteriophage
P1clones
rDNA (ITS1 and
ITS2)
Telomeric
rDNA (major)
rDNA (minor)

Leitão et al. 1999a
Leitão et al. 1999b
Zhang et al. 1999
Wang et al. 2005a
Xu et al. 2001
Wang and Guo
2001
Wang et al. 2004
Wang et al. 2005b

Saccostrea commercialis 20  Leitão et al. 1999a

Table I.3. Summary table of all cytogenetics studies made in Ostreidae (Bivalvia, Pteriomorphia) .
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I.4. OBJECTIVES

The main goal of this thesis was the characterization of the genome of marine

bivalves with commercial importance, belonging to the Veneridae (Bivalvia, Heterodonta)

and Ostreidae (Bivalvia, Pteriomorphia) families, using molecular and cytogenetic

techniques, in order to:

1. estimate the genetic variation and differentiation between populations of

commercially important Portuguese bivalve species and in which way these data can be

used for conservation, management, hatchery or restocking programs of the species;

2. achieve the precise individual identification of all chromosome pairs, accurate

karyotypes of the species studied, by applying restriction enzyme banding and FISH;

3. physically locate major (18S-5.8S-28S) and minor (5S) rRNA genes to the

chromosomes of all studied species and perform comparative analysis of rRNA genes-

bearing chromosomes between species;

4. clarify the systematic relationships within the two families and the chromosome

evolutionary process using a cytogenetic approach;

5. integrate all the obtained data in order to clarify the taxonomic and phylogenetic

relationships and in last main goal contribute to better understand of genome evolution in

Bivalves.

This thesis is divided in 3 chapters: in Chapter I-Introduction a brief introduction

to the class Bivalvia is made, as well a short description of ways to measure genetic

variation using molecular markers, and finally characterization of some repetitive

sequences used in the cytogenetic approach; in Chapter II-Results, the results of the

different studies are presented as individual papers, being some of them already published,

and the others submitted or in final stage of preparation; and finally in Chapter III-

General Discussion general discussion is performed in order to integrate and correlate all

the results achieved and as well as point out some future considerations.
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Abstract

The selection of a DNA extraction method is a critical step when subsequent analysis

depends on the DNA quality and quantity. Unlike mammals, for which there have been

developed several capable DNA extraction methods, for molluscs the availability of

optimized genomic DNA extraction protocols is clearly insufficient Several aspects such

as animal physiology, the type (e.g. adductor muscle or gills) or quantity of tissue, can

explain the lack of efficiency (quality and yield) in molluscs genomic DNA extraction

procedure. In the attempt to overcome these aspects this work describes an efficient method

for molluscs genomic DNA extraction that was tested in several species from different

orders: Veneridae, Ostreidae, Anomiidae, Cardiidae (Bivalvia) and Muricidae

(Gastropoda), with different weight sample tissues. The isolated DNA was of high

molecular weight with high yield and purity, even with reduced quantities of tissue.

Moreover, the genomic DNA isolated demonstrated to be suitable for several downstream

molecular techniques, such as PCR, sequencing among others.

Keywords: Molluscs; DNA; QuickGene-810; DNA Yield; Concentration and Purity.
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1. Introduction

Reliability, feasibility and reproducibility of molecular genetics studies are often

limited by the preliminary step of DNA isolation. The obtainment of great amounts of high

quality DNA from small quantities of tissue is often a laborious task.

DNA extraction methods should ideally be straightforward, quick, efficient, and

reproducible while minimizing the potential for cross-contamination. It should also be

suitable for extracting multiple samples and generate minimal risk for the operator. Safety,

time and costs are also main considerations. DNA quality is a critical issue for most

amplification-based analysis, since the DNA amplification is influenced by the presence of

co-purifying inhibitors from matrix or extraction reagents, which can reduce subsequent

PCR efficiency. DNA damage may also occur during the extraction procedure due to

oxidation and enzymatic hydrolysis problems, associated with extraction buffers

formulation (Smith et al. 2005) and excessive mechanical shearing (Marmiroli et al. 2003).

The great majority of methods for DNA extraction were generated for human

(especially blood samples) and for other mammalian or plant species (Yue and Orban,

2001). The traditional methods for DNA extraction were time-consuming (Blin and

Stafford, 1976) and required the use of health hazard reagents and possible contaminants

of the extracted genomic DNA. Phenol-chloroform extraction (Köchl et al. 2005), salting

out procedure (Miller et al. 1988), silica-guanidinium thiocyanate method (Carter and

Milton, 1993; Höss and Pääbo, 1993), CTAB procedure (Tel-zur et al. 1999) and Chelex-

based extraction (Walsh et al. 1991) are the most used protocols. Nowadays, commercially

DNA extraction kits are available, employing a variety of solvents and/or specialised

columns containing DNA-binding substances, procedures are shorter and easier handling

and there is absence of toxic products use, such as phenol (Pepinski et al. 2002).

Genetic research in marine invertebrates, such molluscs, is scarce when compared to

mammals. There are several difficulties in the DNA extraction in molluscs that might

contribute to this gap, such as its physiology and the type of tissue used (e.g. adductor

muscle, foot muscle or gills). As an example, molluscs secrete mucopolysaccharides and

polyphenolic proteins which copurify with DNA and interfere with enzymatic processing

of nucleic acids (Winnepenninckx et al. 1993). Furthermore, molluscs do not often have

large tissue pieces, consequently the availability of optimized protocols for DNA extraction

is limited and alternative straightforward methods for genomic DNA extraction are crucial.
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Throughout the years, an increasing number of specific protocols have been applied

for DNA extraction from molluscs and related taxonomic groups. Essentially these

protocols present modifications from other methods of DNA extraction in mammals or

plants: the protocol presented by Winnepenninckx et al. (1993) was modified from a plant

DNA extraction protocol developed by Doyle and Doyle (1990); the QIAGEN DNeasy

Tissue Kit (Qiagen) and mi-Tissue Genomic DNA Isolation Kit (Metabion GmbH) have

been applied to molluscs DNA extraction by Vasta et al. (2000) and Popa et al. (2007)

respectively. More recently, some biotechnology companies have developed specific kits

for bivalves DNA extraction (e.g. E.Z.N.A Mollusc DNA kit from Omega Bio-Tek,

www.omegabiotek.com), but in general they still need laborious handling and use of toxic

reagents. The aim of our study was to develop an efficient and straightforward method for

molluscs DNA extraction that would allow the obtainment of high molecular weight DNA

with superior purity, especially using small quantities of tissue. The protocol here presented

does not involve the use of toxic reagents (e.g. phenol or chloroform). Moreover, the

resulting DNA is suitable for several molecular applications (e.g. PCR, cloning,

sequencing), namely in large genetic population studies of mollucs. This method stands on

the use of automatic system equipment (QuickGene-810) and the QuickGene DNA Tissue

kit, both developed by Fujifilm Life Science.

2. Results and Discussion

The Automatic Nucleic Acid Isolation System (QuickGene 810, Fujifilm Life Science)

associated with the modifications in QuickGene DNA Tissue kit were applied with great

success to different and large number of mollusc species. Developed originally for

mammalian and plant tissues, the important adaptations in critical steps that were

performed in this study, such as lyses (use of the Pestle Pellet and 3-4 hours of incubation)

and elution times (increase of elution time in the automatic nucleic-acid isolation system

QuickGene-810) ensured adequate digestion, elution and consequently the increasing of

DNA yield. The modifications introduced in the original protocol from QuickGene DNA

Tissue allowed to obtain superior yields of high quality genomic DNA from small amounts

of tissue, sufficiently pure and suitable for downstream molecular applications. The

automation of DNA extraction has the advantage of standardize sample treatment and

avoidance of error during routine sample handling and contamination due to intermediate
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process (Pepinski et al. 2002). The number of samples processed simultaneously (eight)

make this ideal for large genetic population studies keeping the reproducibility and quality

of the DNA isolated. This method did not generate hazardous waste (phenol and

chloroform) and does not require any specific safety procedures since the user is not

exposed to hazardous or noxious fumes, vapors or dusts.

2.1. Evaluation of the genomic DNA integrity by agarose gel electrophoresis

The integrity of all genomic DNA samples isolated from several individuals were

analysed by agarose gel electrophoresis. In figure 1 is possible to observe eleven examples

of genomic DNA isolated from several species (Crassostrea gigas, Ostrea stentina, O.

edulis, O. chilensis, Chamelea gallina, Ruditapes decussatus, Venerupis pullastra, V.

aurea, Anomia ephippium, Cerastoderma edule and Hexaplex trunculus) with almost no

DNA fragmentation and a high molecular weight band.

2.2. Evaluation of the genomic DNA quantity and quality by NanoDrop® ND-1000

(NanoDrop Technologies)

Purity, concentration and yield of genomic DNA samples were estimated with

NanoDrop® ND-1000 (NanoDrop Technologies) with the purpose of evaluate parameters

such as quality and quantity. The DNA purity and concentration was directly measured by

NanoDrop® ND-1000 system, while, the DNA yield was estimated, for each sample,

comparing the quantity of genomic DNA obtained with the quantity of tissue used (cf.

Material and Methods). The DNA isolation can be influenced by several factors like

species, tissue preservation method and extraction procedure. In molluscs this procedure is

known to be challenging due to the high amount of mucopolysaccharides and polyphenolic

proteins present in these animals tissues.

In table 1 is possible to analyse the concentration, yield and purity of genomic DNA

extracted from several species (N=100). One of the important features of this protocol is

the possibility of its application to a great variety of molluc species. The average

concentration of the total extracted genomic DNA of all samples was 271.8±64.5 ng.µl-1

(mean±SE), ranging from 200.7-370.3 ng.µl-1 (min-max). Typical DNA yield ranges from

1000-5000 ng.mg -1 in animal tissue. For the mollusc analysed in this study, the extraction

method generated adequate DNA yield, ranging from 823.6-5053.8 ng.mg-1 (mean±SE).

Indeed, is not easy to compare our results with the ones achieved by other methods and that

are already published for mollusc species, once most of them use different types of tissues

as gills, rectum and mantle. In fact, these tissues are easier for DNA isolation but in the end
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the DNA could be contaminated with alien DNA as for example from parasites.

Nevertheless, in recent works published [15, 16] with protocols for bivalves DNA

extraction the total DNA measured ranges between 0.5-250 µg, indicating similar values

of high molecular weight DNA using this protocol, a mean of 27.2± 6.5 µg (mean±SE).

There are several types of contaminations that can be acquired during the DNA

extraction protocols, depending on the origin of the biological sample (Winnepenninckx et

al. 1993; Doyle and Doyle, 1990) [12, 13]. Phenolics and other secondary compounds cause

damage of the DNA and/or inhibit enzymatic reactions. The quality of the samples

evaluated in terms of RNA/protein and chaotropic salt contamination was respectively,

1.88±0.04 and 1.83±0.12 (mean±SE) (Table 1), being all samples analyzed around the

optimal value, for both quality standards. These minor levels of salt, protein or RNA

contamination prevent interference in downstream molecular biology procedures and so, it

is very important to maintain its levels at minimum. Riemann et al. (1998) suggested that

quantity and quality of the isolated DNAs were slightly higher with manual extraction than

automatic extraction methods. In our experience we notice that the automatic extraction is

more efficient regarding the quality of genomic DNA, which is very important to

downstream molecular procedures.

One of the main objectives of the protocol presented was the maximization of this

process for small amounts of tissue, since one of the problems of genetic studies in molluscs

is the scarcity of tissue. All the data was clustered in 5 different groups of weights and the

mean of concentration, DNA yield and purity was quantified (Table 2). As it can be

observed in table 2, the data demonstrates that the total genomic DNA yield is optimal in

intervals of [0-5] and [5-10] mg, respectively 6887.30±613.72 and 3577.16±490.42 ng.mg-

1 (mean±SE), meaning that with small quantities of tissue it was possible to obtain the

highest yields of genomic DNA representing a prominent feature of this protocol.

Moreover,the same company (i.e. the QuickGene 610) developed a new automatic DNA

extraction system that allows a ten-fold starting amount (comparing with the QuickGene

810), so correspondingly bigger amounts of DNA may be achieved. However, this system

permits only the simultaneously handling of six samples.

2.3. Evaluation of the genomic DNA isolated in downstream applications

The genomic DNA obtained with the presented methodology was of high quality

regarding all standards employed. However and as described by different authors, the

quality and total DNA contents provided by NanoDrop do not accurately represents the
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quantity of DNA that is efficiently amplifiable by PCR (Gilbert et al. 2007; Santos et al.

2009). In order to analyze the quality of amplifiable DNA, we PCR amplified amplicons

for the histone H3 gene in all samples. We also performed a random PCR that would ideally

generate several DNA segments, like RAPDs, since this technique covers the entire

genome.

PCR conditions were optimized in the genomic DNA samples obtained by the present

method and the histone H3 gene was amplified with success in all species (Figure 2). This

technique was also successfully  applied in DNA extraction in population genetics studies

using RAPDs already published Joaquim et al. 2010; Pereira et al. 2011) (Figure 3).

Moreover, we also sequenced, with great success, specific genome fractions, major and

minor ribosomal genes isolated from genomic DNA prepared with the methodology here

described, being elucidative of the quality of the genomic DNA obtained. These sequences

are available in GenBank sequence database with the following access numbers:

JN797504, JN797505,  JN797506 and  JN797507.

3. Experimental Section

3.1. Sample Collection

Several species of bivalves, Chamelea gallina (N=10), Venerupis aurea (N=10), V.

pullastra (N=10), Ruditapes decussatus (N=10) (Bivalvia: Veneridae), Crassostrea gigas

(N=10), Ostrea stentina (N=10), Ostrea edulis (N=10), Ostrea chilensis (N=10) (Bivalvia:

Ostreidae), Anomia ephippium (N=5) (Bivalvia: Anomiidae), Cerastoderma edule (N=10)

(Bivalvia: Cardiidae) and one gastropod, Hexaplex trunculus (N=5) (Gastropoda:

Muricidae) (N = number of individuals), were collected from Ria Formosa populations,

Algarve, Portugal. After two days of depuration, the samples were processed and placed in

70% ethanol at -20 ºC, until further use.

3.2. DNA extraction protocol

Fresh adductor muscle tissue from different bivalves was used for DNA extraction,

while for gastropod Hexaplex trunculus egg capsules were used. To extract the genomic

DNA from all the animals we used the Automatic Nucleic Acid Isolation System

(QuickGene 810, Fujifilm Life Science). This system uses a porous ultra thin membrane

and an automatically pressurizing unit that promotes binding, washing and elution steps at

low pressure. In order to apply this system to the isolation of genomic DNA from molluscs,

several modifications were carried out: a) the use of the “Pestle Pellet” and the adaption of
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3-4 hours of incubation ensured a more efficient digestion; b) the increase of elution time

in the automatic nucleic-acid isolation system QuickGene-810 was more efficient for the

elution of genomic DNA, and consequently for the increasing of the DNA yield. Tissue

samples preserved in 70% ethanol, were washed with 1×PBS and distilled water for 10 min

each. A section of tissue (about 5-30 mg of tissue) was cut in small pieces followed by the

addition of 180 µl of MDT (tissue lysis buffer) and 20 µl of EDT (buffer with Proteinase

K) in a 2 ml eppendorf. The samples were homogenised with the aid of a “Pellet Pestle”,

vortexed briefly and incubated at 55 ºC between 3-4 hours. The eppendorfs were removed

from incubation and at this point if any debris are present at the lyses, is recommended to

remove it by centrifugation (10,000 g, 3 min). The supernatant was carefully transferred to

a new 2 ml eppendorf. A volume of 180 µl of LDT (buffer solution) was added and mixed

thoroughly. This procedure must be performed in a vortex during 15 sec and followed by a

quick spin down. The solution was then incubated at 70 ºC during 10 min and occasionally

mixed with a vortex. At the end of the incubation step, a quick spin down was performed.

An ethanol volume of 240 µl of 100% (v/v) was added and mixed very well. The lysate

was then transferred to a cartridge of the automatic nucleic-acid isolation system

QuickGene-810 and the “DNA tissue mode” was selected with a major modification in the

elution time to maximum. A standardized final volume of 100 µl was used and the samples

of genomic DNA were ready to be used immediately or stored a -20º C for several months.

3.2. DNA analysis

NanoDrop ND1000 Spectrophotometer (NanoDrop Technologies, Inc.) was used to

measure the absorbance. The values of absorbance (A) allowed estimating the purity,

concentration and yield of the genomic DNA samples. Pure DNA exhibited an A260/A280

ratio (RNA/protein contamination) and an A260/A230 ratio (chaotropic salt contamination)

in the range of 1.8–2.0. To compare the efficiency of DNA extraction on various tissue

weights, the DNA yield (DNAng /Tissue weightmg) was estimated.

To assess the DNA quality, several standard molecular laboratory procedures were

performed: a PCR for amplification of the histone H3 gene and RAPDs according to Zhang

et al. (2007) and Pereira et al. (2010), respectively. The integrity of the genomic DNA

samples extracted as well as the PCR amplification samples were analyzed by

electrophoresis on a 2% agarose gel with O'GeneRuler™ DNA Ladder Mix (Fermentas,

Glen Burnie, MD, USA). After electrophoresis run at 75 volts, for 1 hour, the DNA bands

were observed under UV light and the images were saved in a gel analyser (UVIDOC).
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4. Conclusions

Reliability, feasibility and reproducibility of molecular genetics studies are dependent

of high molecular weight and high quality genomic DNA with low levels of fragmentation

and DNA efficiently amplifiable by PCR. In this work, we obtained genomic DNA with

high purity and yield, with low salt contamination, from different small amounts of tissues

of molluscs. This protocol of genomic DNA extraction has a great potential to be applied

in different molecular studies, especially in genetic populations studies which require a

large number of DNA extractions, sometimes with low quantity of tissue, in reduced time,

with high quality of genomic DNA.
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Figures and Tables

Figure 1. Electrophoresis of DNA extracts in 1.0% agarose gel. Lines correspond to:

M- O'GeneRuler™ DNA Ladder Mix (Fermentas); 1- C. gallina; 2-V. aurea; 3-V.

pullastra; 4- R. decussatus; 5-C. gigas; 6-O. stentina; 7-O. edulis; 8-O. chilensis; 9-

A. ephippium; 10- C. edule; 11- H. trunculus.

Table 1. Concentration and purity of genomic DNA extracted from several

samples of different species.

Family Species names N

DNA
concentration

(mean±SE)
(ng.µl-1)

Amount
Tissue
(mean)
(mg)

DNA yield
(mean±SE)
(ng.mg-1)

Evaluation
RNA/protein

contamination
(A260/280 )

(mean±SE)

Evaluation of
chaotropic salt
contamination

(A260/230)
(mean±SE)

PCR

Ostreidae C.gigas 10 200,7±30,2 16,80 2386,3±778,0 1,91±0,03 1,99±0,07 +

O.stentina 10 370,3±118,6 16,80 3687,5±1111,6 1,92±0,03 1,94±0,05 +

O. edulis 10 331,6±44,2 16,80 3426,1±1136,4 1,85±0,04 1,72±0,10 +

O. chilensis 10 256,4±68,1 16,80 2795,5±1001,0 1,89±0,04 1,94±0,11 +

Veneridae C. gallina 10 279,7±60,8 16,80 2739,7±896,9 1,80±0,04 1,72±0,09 +

R. decussatus 10 246,1±44,6 16,80 2547,3±832,9 1,89±0,04 1,71±0,10 +

V. aurea 10 241,8±40,5 16,80 2634,1±923,4 1,91±0,03 1,74±0,09 +

V. pullastra 10 254,7±36,7 16,80 2688,4±890,7 1,93±0,05 1,78±0,13 +

Anomiidae A. ephippium 5 327,8±111,5 11,60 5053,8±2566,5 1,85±0,03 1,83±0,17 +

Cardiidae C. edule 10 244,7±52,3 16,80 2823,1±1155,5 1,85±0,03 1,86±0,12 +

Muricidae H. trunculus 5 247,1±89,7 30,00 823,6±299,0 1,90±0,04 1,90±0,21 +

Total 100 271,8±64,5 2695,8±884,5 1,88±0,04 1,83±0,12
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Table 2. Concentration and purity of genomic DNA extracted from several

samples clustered by weights.

Weight Class
(mg)

N

DNA
concentration

(mean±SE)
(ng.µl-1)

DNA yield
(mean±SE)
(ng.mg-1)

Evaluation
RNA/protein

contamination
(A260/280 )

(mean±SE)

Evaluation of
chaotropic salt
contamination

(A260/230)
(mean±SE)

[0-5] 25 344,8±30,7 6887,3±613,0 1,88±0,02 1,82±0,07

[5-10] 25 328,3±50,4 3577,2±490,4 1,90±0,03 1,82±0,05

[10-15] 25 259,0±62,8 1871,2±416,92 1,90±0,03 1,75±0,08

[15-20] 25 177,0±21,1 935,5±113,15,0 1,88±0,03 1,81±0,09

[20-25[ 25 245,3±38.0 771,3±159,1 1,84±0,04 1,91±0,05

Total 100 271,8±40,6 2808,8±358,6 1,88±0,04 1,82±0,12

Figure 2. Agarose gel electrophoresis of PCR amplification of histone H3 gene in

several molluscs species. Lines correspond to: M- O'GeneRuler™ DNA Ladder Mix

(Fermentas); 1-C. gallina;, 2-V. aurea; 3-V. pullastra; 4- R. decussatus; 5-C. gigas;

6-O. stentina; 7-O. edulis; 8-O. chilensis; 9- C. edule; 10- H. trunculus.
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Figure 3. Agarose gel electrophoresis of PCR amplification of RAPDs in Ruditapes

decussatus.
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Abstract

The clam Ruditapes decussatus is commercially important in the South of Portugal. The

Random Amplified Polymorphic DNA (RAPD) technique was applied to assess the genetic

diversity and population structure of two Portuguese populations occurring in the Ria

Formosa (Faro) and the Ria de Alvor, respectively. Twenty five individuals of each

population were investigated by RAPD profiles. Genetic diversity within populations,

measured by percentage of polymorphic loci (%P), varied between 68.57% (Alvor) and

73.88% (Faro). Shannon’s information index (H) and Nei´s gene diversity (h) were 0.281

and 0.176, respectively, for the Alvor population, and 0.356 and 0.234 for the Faro

population. Overall, genetic variation within R. decussatus populations was high. The total

genetic diversity (HT) was explained by a low variation between populations (GST=0.145),

which is consistent with high gene flow (Nm=2.9). The analysis of molecular variance

(AMOVA) showed that 65% of variability is within populations and 35% between

populations (ΦPT = 0.345; P>=0.001). The value of Nei’s genetic distance was 0.0881,

showing a low degree of population genetic distance, despite the different geographic

origin. This is the first study on the population genetics of R. decussatus by RAPD

technique. The results may be useful for restocking programs and aquaculture.

Keywords: RAPDs, Ruditapes decussatus, Genetic diversity, Genetic differentiation

Abbreviations: RAPDs, Random Amplified Polymorphic DNA; PCR, Polymerase Chain

Reaction; PBS, Phosphate Buffered Saline Solution; s, seconds; min, minutes; dNTPs,

Deoxyribonucleotide triphosphate; bp, base pair;
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1. Introduction

The grooved carpet shell clam, Ruditapes decussatus, is widely distributed along the

coastal and estuarine areas of Europe and North Africa. In Portugal, R. decussatus is among

the most common clam species found in the market for human consumption, and the one

with the highest economic importance. Its market price can reach four times the price of

other clam species (Fernández et al. 2000). About 80 % of shellfish production originates

from aquaculture, which is based on seed collected from natural recruitment banks and

planted by producers in ongrowing parks (Matias et al. 2009). In spite of the species’ great

commercial importance, studies on the genetic diversity are very scarce, regarding only to

allozymes (Worms et al. 1982; Jarne et al. 1988; Borsa et al. 1991; Jordaens at al. 2000).

A sustainable exploitation of the natural resource and improvement in aquaculture requires

a deeper knowledge of the genetic variability and genetic relationships of the different clam

populations.

The classical strategies for the evaluation of genetic variation, such as morphology and

embryology, have been outdated by the availability of molecular markers techniques

(Weising et al. 1995). In general, molecular markers are based on polymorphisms found in

DNA. The values obtained will be different for each individual, population or species,

depending of the resolution of the DNA markers used.

One of the molecular markers technique currently used is the Random Amplified

Polymorphic DNA (RAPD) (Williams et al. 1990; Welsh and McClelland 1990) that

provides a useful tool to study the genetic variability of a population. This technique

consists in the PCR (Polymerase Chain Reaction) amplification of small, inverted repeats

scattered in the genome, using a single, short primer of arbitrary sequence, allowing a scan

throughout the genome, more randomly than the conventional techniques. The ability to

examine genomic variation without previous sequence information (Williams et al. 1990),

the relatively low cost of the technique and the requirement of only some nanograms of

template DNA, represent the major advantages of the use of RAPD technique in population

studies. RAPDs have showed to be an extremely sensitive method for detecting DNA

variation and for the establishment of genetic relationships between closely related

organisms (Péres et al. 1998).  Among the multiple applications of RAPDs are their use in

population genetic studies (Haig et al. 1994), taxonomy (Chapco et al. 1992), determination

of paternity (Lewis and Snow 1992) and mapping (Michelmore et al. 1991). The two main
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and often mentioned disadvantages of this type of molecular markers are a lack of

reproducibility and the loss of complete genotypic information, due to the fact that most

RAPD bands are dominantly inherited. The potential use of RAPD analysis in phylogenetic

studies and population genetics has been documented in a wide variety of organisms

(Hadrys et al. 1992). In marine invertebrates, this technique has successfully been used in

analysing genetic polymorphisms at the interspecific level in oysters (Klinbunga et al.

2000) and mussels (Rego et al. 2002), and at the intraspecific level in scallops (Patwary et

al. 1994), abalone (Huang et al. 2000) and oysters (Hirschfeld et al. 1999; Klinbunga et al.

2001).

In the present study, RAPD profiling was applied to measure the genetic diversity and

interpopulational differentiation of two Portuguese populations of the clam R. decussatus.

2. Material and methods

2.1. Sample collection and DNA extraction

Ruditapes decussatus individuals were collected from two Portuguese populations, 25

individuals from Ria Formosa (Faro: 37° 2′ 0″ N, 7° 55′ 0″ W) and 25 individuals from Ria

de Alvor (Alvor: 37° 8′ 0″ N, 8° 36′ 0″ W), Algarve, South of Portugal. After two days of

depuration, the material was dissected and kept in 70% ethanol, until further use. The

protocol for DNA extraction followed the one by Pereira (2008), where 5-25 mg of

adductor muscle was placed in a 2 ml eppendorf, with 100 µl of 1× PBS and distilled water

for 10 min each. The tissue was cut in small pieces and homogenized with a Pestle Pellet

(Sigma). Afterwards, 180 µl MDT (Tissue Lysis Buffer), 20 µl EDT (Proteinase K) were

added and the samples were incubated overnight at 55ºC for complete digestion. After

centrifugation at 10000 rpm, for 3 min, at room temperature, the supernatant was

transferred to a new 2 ml eppendorf. The subsequent addition of 180 µl LDT (Lysis Buffer)

was followed by a 15 s vortexing, and a flash spin down. After incubation at 70º C for 10

min, 240 µl of absolute ethanol was added and the tubes were vortexed and spinned down.

Finally, the lysate was transferred to a cartridge of the automatic nucleic-acid isolation

system QuickGene-800 and the “DNA tissue mode” was selected.

2.2. PCR amplification

Several experiments were made to optimize the reproducibility of the RAPD assay,

closely following the protocol of Williams et al. (1990), in which concentrations of

template DNA, dNTPs, MgCl2 concentration and Taq polymerase were varied to determine
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which conditions produced the strongest and most reproducible patterns. Amplification

reactions were performed in volumes of 25 µl, containing: 50 ng of genomic template DNA,

100 µM of each dATP, dCTP, dGTP and dTTP, 0.2 µM of the primer and 0.5 units of Taq

DNA polymerase (Fermentas, Life Sciences). Amplification was performed in a Thermal

Cycler (T-personal, Biometra) in a total of 45 cycles: 1 min at 94ºC, 1 min at 30-36ºC and

2 min at 72ºC. The total volume of the PCR products were evaluated in 2% agarose gels

and visualized by ethidium bromide staining. After electrophoresis, DNA bands profiling

were observed under UV light and the images were saved in a gel analyzer (UVIDOC).

2.3. Data analysis

The genetic diversity within populations and the genetic differentiation between

populations where quantified using: GeneAlEx 6.1, Genetic Analysis Software (Peakall

and Smouse 2007) and POPGENE 3.2 (Yen et al. 1996) programs. The genetic diversity

within populations was estimated by calculating: percentage polymorphic loci (%P),

number of expected alleles (na), effective allele number (ne), Nei´s gene diversity (Nei,

1973) (h), Shannon's information index (H), total gene diversity (HT) and average gene

diversity within populations (HS).

In order to estimate the genetic differentiation between populations analogous of FST

fixation index measures such as coefficient of gene differentiation (GST) (Nei 1987) and

ΦPT (AMOVA) were used. The analysis of molecular variance (AMOVA) was calculated

with the software GeneAlEx 6.1 (Peakall and Smouse 2007) for variation among

individuals within populations and among populations. Due to the absence of assumptions,

AMOVA is widely applicable and powerful. The fact that allele frequencies are not

calculated, led to the application of this method to analyze dominant data type, like RAPDs

(Huff et al. 1993). The values of gene flow (Nm) (McDermott and McDonald 1993) and

standard genetic distance of Nei (1972) were estimated.

3. Results

3.1. Genetic diversity within populations

The application of RAPD technique to the genome of Ruditapes decussatus produces

a significant number of amplified fragments. Of the twenty screened primers, ten amplified

245 clear and reproducible bands (Table 1). 168 bands were amplified in the Alvor

population and 183 in the Faro population (Figure 1), with lengths ranging from 180 to

1500 bp. The primer OPE-15 generated the highest number of bands (21 bands in the Alvor
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population and 24 in the Faro population); primer OPE-02 in the Faro population and

primers OPE-01 and OPE-16 in the Alvor population, produced the lowest number of

bands/markers (Table 1). The two populations have 62 (Alvor) and 77 (Faro) private bands,

respectively.

A summary of the genetic diversity of the populations based on the RAPD markers is

presented in Table 2. Since dominant data have some shortcomings in calculation of genetic

diversity (Lowe et al. 2004), the method developed by Lynch and Milligan (1994) present

in GeneAlEx 6.1 Genetic Analysis Software (Peakall and Smouse 2007) was used to

calculate allele frequencies. The percentage of polymorphism (%P) of the two Portuguese

populations was 68.57% (Alvor) and 73.88% (Faro), while the number of expected alleles

(na) and the number of effective alleles (ne) were 1.371 and 1.267 for the Alvor, and 1.486

and 1.389 for the Faro population. Nei’s gene diversity index (h) and Shannon’s

information index (H) were estimated for the two populations of R. decussatus: the Alvor

population showed values of 0.176 and 0.281, while values for the Faro population were

0.234 and 0.356.

3.2. Population genetic structure

Genetic diversity based on all bands showed that the total gene diversity (HT),

measured in terms of the total expected heterozygosity, was 0.2396, the gene diversity

within populations (HS) was 0.2047, and gene diversity among populations (DST= HT-HS)

was 0.0349 (Table 3). Using these diversity indices it was possible to calculate the

coefficient of gene differentiation (GST=DST/HT=0.1450), which measures the proportion of

total genetic diversity occurring among populations and is analogous to Wright’s FST

values. This means that only approximately 14.5% of the genetic variation observed in this

study was due to differentiation among populations, while 85.5% is due to variation within

populations,

Estimates of GST also allows to estimate another genetic parameter, the gene flow

(Nm=0.5(1 - GST)/GST)) (McDermott and McDonald 1993), which was calculated to Nm =

2.9. According to Crow and Aoki (1984) gene flow values of Nm < 1 should be interpreted

as little or no gene flow. Thus, the value of Nm = 2.9 would suggest high genetic exchange

between the two populations studied.

AMOVA (Analysis of Molecular Variance) (Table 4) showed that 65% of the

variability was within populations whilst 35% was among them. Analogous to Wright’s
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FST is also the ΦPT value, estimated with AMOVA; it amounted to 0.345 (P>=0.001), based

on permutation across the full data set.

To compare the degree of genetic differentiation among populations, the standard

genetic distance of Nei (1972) was estimated. The value of Nei’s genetic distance was D =

0.0881, while the value of genetic identity was I = 0.9157, indicating low genetic

differentiation between the two populations.

4. Discussion

RAPD assay was used in order to analyze the genetic diversity and differentiation in

two southern Portuguese populations of Ruditapes decussatus. The technique was found to

be effective in revealing polymorphisms in this species, since all 10 random primers

produced at least one polymorphic fragment. The major limitations of this technique are its

lack of reproducibility (Ford-Lloyd and Painting 1996; Weising et al. 1994; Guadagnuolo

et al. 2001) and its sensitivity to small variations in PCR conditions. In order to overcome

these limitations, DNA of high quality was used and three repetitions were performed for

the same primers and individuals which generate the same results.

Genetic diversity within populations is of great concern to ecologists and geneticists.

A reduced genetic variation is thought to affect the ability of populations to adapt to

changing environments, thereby increasing their probability of extinction (Beardmore

1983). Waugh and Powell (1992) stated that the analysis of polymorphism by molecular

markers, could help to select priority areas for conservation and provide vital information

for the development of genetic sampling and improvement.

In total, the analysis of the genetic variability within populations by RAPDs based on

percentage of polymorphic loci (%P), effective allele numbers (na), expected numbers of

alleles (ne), Nei`s gene diversity (h) and Shannon`s Index (H) suggests that the two

populations present very high levels of genetic diversity. These results are similar to those

by Borsa and Thiriot-Quiévreux (1990), Passamonti et al. (1997) and Jordaens et al. (2000)

who studied populations of this species, especially the Azores population, using allozymes

as molecular markers. The high levels of genetic variation suggest that these bivalves are

phenotypically plastic and may respond adequately to changing environments. In contrast,

very low genetic differentiation was found among the two studied populations. Only 14.5%

(GST = 0.145) of the genetic variability was among populations, while 85.5% was within
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populations. The gene flow (Nm) value (Slatkin 1993) allows evaluating whether or not

each of the considered population of a species evolves as an independent unit. Theory

predicts that a global value of Nm>1 prevents random differentiation by genetic drift

(Slatkin 1993). The calculated level of gene flow (Nm = 2.9) would allow the two

populations to act as a single interbreeding population. However, this conclusion should be

considered cautiously because the mathematical assumptions underlying estimates of

genetic diversity and differentiation may not be completely realistic (Whitlock and

McCauly 1999). Similar results were obtained with the method of analysis of molecular

variance (AMOVA) that showed a high genetic variation within populations and low

genetic differentiation between them. However the value of fixation index (ΦPT =0.345),

suggested that the populations may have some structure, although the degree of

differentiation was not large. This differentiation may be due to geographical isolation or

hydrological factors.

The values of the distance and genetic identity (Nei 1972) estimated for the two

populations, were 0.9176 and 0.0860, respectively. These values support the high degree

of genetic identity and the low level of genetic differentiation of the two populations.

In conclusion, the two populations of R. decussatus studied presented high values of

genetic variability within populations and low values of genetic differentiation between

them, demonstrating a high degree of genetic homogeneity. The value of the gene flow

(Nm), GST and ΦPT quantification demonstrate that the exchange of genes between the two

populations is high. A high degree of genetic homogeneity among populations has also

been described for populations of other marine invertebrates, such as Concholepas

concholepas (Gallardo and Carrasco 1996), Ostrea chilensis (Toro and Aguila 1996) and

Venus antique (Gallardo et al. 1998). The high values found for the genetic diversity within

populations, associated with low values of genetic variation among populations, suggest

panmixy as the dominant mode of reproduction (Armbruster 1997, 1998; Fernández-Tajes

et al. 2007).

Mollusc species with extended larval planktonic phases are generally thought to

disperse further and to show higher rates of gene flow, larger geographic ranges, lower

levels of genetic differentiation among populations and high levels of genetic variation

within populations (Scheltema and Williams 1983; Waples 1987; Williams and Benzie

1993; Palumbi 1995). The life cycle of R. decussatus presents a larval planktonic stage,

which lasts about three weeks, followed by benthic juvenile and adult stages. During the
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larval phase, larvae can travel many miles driven by currents before settling in favourable

habitats.

Due to overexploitation, the R. decussatus population at Alvor suffered a strong

decline. This led to a restocking by man for commercial purposes with seed from other

local populations, mainly from the Ria Formosa population, which is the most important

source of R. decussatus natural seed (juveniles) for this activities. The dispersal of

planktonic larvae as well as the introduction of Ria Formosa seed in the Alvor population,

may have contributed to the low values of genetic differentiation between these two

populations. These results can be very useful in designing programmes for the management

of marine resources. Furthermore, studies on the genetic variability of R. decussatus should

be extended to a larger number of local population using other types of molecular markers

in order to provide a broader scientific for defining the best practices to improve a

sustainable aquaculture production.

Acknowledgements

This work was supported by a PhD grant Ref. SFRH/BD/27720/2006, a research

project Ref. PTDC/MAR/72163/2006 (European Union with a research project Ref.

FCOMP-01-0124-FEDER-007384) and the “Programa Ciência 2007/2008” of the Science

and Technology Foundation (FCT) from Portugal. We also wish to thank the

IPIMAR/Tavira, Portugal team for their local support in sampling and to the referee for

valuable comments that greatly improved the manuscript.



CHAPTER II RESULTS

84

References

1. Armbruster G (1997) Genetische Verarmung aufgrund von Populationseinbrüchen: Eine Analyse bei

der seltenen Landschneckenart Cochlicopa ninens (Gallenstein, 1848). Nature Landscape 72:444-446

2. Armbruster G (1998) Bei einer verbreiteten Landschnecke Cochlicopa lubrica (O. F. Müller), wird die

Frequenz von molekularen phänotypen durch Selbstbefruchtung und habitatspezifische Selektion

beeinflusst. Laufener Seminarbeiträge 2/98 der Bayerischen Akademie Naturschutz und

Landschaftspflege (ANL) 39-49

3. Beardmore JA (1983) Extinction, survival, and genetic variation. In  C. M. Schoenwald-Cox, S. M.

Chambers, B. MacBryde, and L. Thomas [eds.], Genetics and conservation, 125–151. Benjamin-

Cummings, Menlo Park, CA

4. Borsa P, Thiriot-Quievreux C (1990) Karyological and allozymic characterization of Ruditapes

philippinarum, R. aureus and R. decussatus (Bivalvia, Veneridae). Aquaculture 90:209-227

5. Borsa P, Zainui M, Delay B (1991) Heterozygote deficiency and population structure in the bivalve

Ruditapes decussatus. Heredity 66: l-8

6. Borsa P, Jousselin Y, Delay B (1992) Relationships between allozymic heterozygosity, body size, and

survival to natural anoxic stress in the palourde Ruditapes decussatus (Bivalvia: Veneridae). J Exp Mar

Biol Ecol 155:169-181

7. Borsa P, Jaren P, Belkhir K, Bonhomme F (1994) Genetic structure of the palourde Ruditapes

decussatus L. in Mediterranean. In: Beaumont AR (ed) Genetics and Evolution of Aquatic Organisms.

Chapman and Hall, London, pp. 103-113

8. Chapco W, Kelln RA, McFadyen DA (1992) Intraspecific mitochondrial DNA variation in the

migratory grasshopper, Melanoplus sanguinipes. Heredity 69:547–557

9. Crow JF, Aoki K (1984) Group selection for polygenic behavioral trait: estimating the degree of

population subdivision. Proc Natl Acad Sci USA 81:6073-6077

10. Fernández A, García T, Asensio L, Rodríguez MÁ, González I, Céspedes A, Hernández PE, Martín R

(2000) Identification of the clam species Ruditapes decussatus (Grooved Carpet Shell), Venerupis

pullastra (Pullet Carpet Shell) and Ruditapes philippinarum (Japanese Carpet Shell) by PCRRFLP. J.

Agric. Food Chem. 48: 3336–3341

11. Fernández-Tajes J, Gaspar M, Martínez-Patiño D, McDonough N, Roberts D, González-Tizón A,

Martínez-Lage A, Méndez J (2007) Genetic variation of the razor clam Ensis siliqua (Jeffreys, 1875)

along the European coast based on random amplified polymorphic DNA markers. Aquaculture Res

38:1205–1212

12. Ford-Lloyd B, Painting K (1996). Measuring Genetic Variation Using Molecular Markers. IPGRI,

Rome

13. Gallardo M, Carrasco J (1996) Genetic cohesiveness among population of Concholepas concholepas

(Gastropoda, Muricidae) in southern Chile. J Exp Mar Biol Ecol 197: 237-249

14. Gallardo M, Penaloza L, Clasing E (1998) Gene flow and allozymic population structure in the clam

Venus antique (King & Broderip), (Bivalvia, Veneriidae) from southern Chile. J Exp Mar Biol Ecol

230: 193-205



CHAPTER II RESULTS

85

15. Guadagnuolo, R, Savova-Bianchi, D, Felber, F (2001) Gene flow from wheat (Triticum aestivum L.) to

jointed goatgrass ( Aegilops cylindrica Host.), as revealed by RAPD and microsatellite markers. Theor

Appl Genet 103: 1–8

16. Hadrys H, Balick M, Schierwater B (1992) Applications of randomly amplified polymorphic DNA

(RAPD) in molecular ecology. Mol Ecol 1:55–63

17. Haig SM, Rhimer JM e Heckel DG (1994) Poppulation differentiation in randomly amplified

polymorphic DNA of red-cocked woodpeckers Picoides borealis. Mol Ecol 3: 581-595

18. Hirschfeld D, Dhar AK, Rask K, Alcivar-Warren A (1999) Genetic diversity in the eastern oyster

(Crassostrea virginica) from Massachusetts using RAPD technique. J Shellfish Res 18:121–125

19. Huang BX, Peakall R, Hanna PJ (2000) Analysis of genetic structure of blacklip abalone (Haliotis rubra)

populations using RAPD, minisatellite and microsatellite markers. Mar Biol 136: 207-216

20. Huff DR, Peakall R, Smouse PE (1983) RAPD Variation within and among Natural Populations of

Outcrossing Buffalograss [Buchloe dactyloides (Nutt.)] J. Theor Appl Genet 86: 927–934

21. Jarne P, Berrebi P, Guelorget O (1988) Variabilité génétique et morphometrique de cinc populations de

la palourde Ruditapes decussatus (mollusque, bivalve). Oceanol Acta 11:401-407

22. Jordaens K, De Wolf H, Willems T, Van Dongen S, Brito C, Frias Martins AM, Backeljau T (2000)

Loss of genetic variation in a strongly isolated Azorean population of the edible clam, Tapes decussates.

J Shellfish Res 19:29–34

23. Klinbunga S, Ampayup P, Tassanakajon A, Jarayabhand P, Yoosukh W (2000) Development of species-

specific markers of the tropical oyster (Crassostrea belcheri) in Thailand. Mar Biotechno 2:476-484

24. Klinbunga S, Ampayup P, Tassanakajon A, Jarayabhand P,  Yoosukh W (2001) Genetic diversity and

molecular markers of cupped oysters (Genera Crassostrea, Saccostrea and Striostrea) in Thailand

revealed by RAPD analysis. Mar Biotechnol 3:133-144

25. Klinbunga S, Khamnamtong N, Puanglarp N,TassanakajonA, Jarayabhand P, Hirono I, Aoki T,

Menasveta P (2003) Genetic diversity and molecular markers of the tropical abalone (Haliotis asinia)

inThailand. Mar Biotechnol 5:507-517

26. Lewis PO, Snow AA (1992) Deterministic paternity exclusion using RAPD markers. Mol Ecol 1:155-

60

27. Lowe AJ, Harris SA, Ashton P (2004) Ecological Genetics: Design, Analysis and Application.

Blackwell, Oxford

28. Lynch M, Milligan BG (1994) Analysis of population genetic structure with RAPD markers. Mol Ecol

3:91–99

29. Matias D, Joaquim S, Leitão A, Massapina C (2009) Effect of geographic origin, temperature and timing

of broodstock collection on conditioning, spawning success and larval viability of Ruditapes decussatus

(Linné, 1758). Aquacult Int 17: 257-271

30. McDonald BA, McDermott JM (1993) Population genetics of plant pathogenic fungi. Bioscience

43:311-319

31. Michelmore RW, Paran I, Kesseli RV (1991) Identification of markers linked to disease resistance genes

by bulked segregant analysis: A rapid method to detect markers in specific regions by using segregating

populations. Proc Natl Acad Sci USA 88: 9828-9832



CHAPTER II RESULTS

86

32. Nei M (1972) Genetic distance between populations. Am Nat 106:283–292

33. Nei M (1973) Analysis of gene diversity in subdivided populations. Proc Natl Acad Sci USA 70:3321–

3323

34. Nei M (1976) Mathematical models of speciation and genetic distance. In: Karlin S, Nevo E (eds)

Population Genetics and Ecology. Academic Press, New York, pp 723-766

35. Nei M (1978) The theory of genetic distance and evolution of human races. Jpn J Hum Genet 23: 341-

369

36. Nei M (1978). Estimation of average heterozygosity and genetic distance from a small number of

individuals. Genetics 89:583–590

37. Nei M (1987) Molecular evolutionary genetics. Columbia University Press, New York, pp 512

38. Palumbi SR (1995) Using genetics as an indirect estimator of larval dispersal. In: McEdwards L (ed)

Ecology of Marine Invertebrate Larvae. CRC Press Inc, Boca Raton, pp 369-387

39. Patwary MU, Kenchington EL, Bird CJ, Zouros E (1994) The use of random amplified polymorphic

DNA markers in genetic studies of the sea scallop Placopecten magellanicus (Gmellin, 1791). J Shellfish

Res 13: 547–553

40. Peakall R, Smouse PE (2006) GENEALEX 6: genetic analysis in Excel. Population genetic software

for teaching and research. Mol Ecol Notes 6:288-295

41. Pereira J (2008) Perfis de RAPD-PCR em populações de Ruditapes decussatus (Linnaeus, 1758) do sul

de Portugal: Avaliação da diversidade genética. Master thesis.

42. Péres T, Albornoz J, Domínguez A (1998) An evaluation of RAPD fragment reproducibility and nature.

Mol Ecol 7: 1347-1357.

43. Rego I, Martínez  A, González-Tizón A, Vieites J, Leira F, Méndez  J  (2002) PCR Technique for

Identification of Mussel Species. J Agr Food Chem 50 (7):1780 -1784

44. Scheltema RS, Williams IP (1983) Long distance dispersal of planktonic larvae and the biogeography

and evolution of some polynesian and western pacific mollusks. Bull Mar Sci 33: 545-565

45. Slatkin M (1993) Isolation by distance in equilibrium and nonequilibrium populations. Evolution

47:264-279

46. Toro J, Aguila P (1996) Genetic differentiation of populations of the oyster Ostrea chilensis in Southern

Chile. Aquat Living Resour 9:75-78

47. Waugh R, Powell W (1992) Using RAPD markers for crop improvement. Trends Biotechnal 10:186–

191

48. Waples RS (1987) A multispecies approach to the analysis of gene flow in marine shore fishes.

Evolution 41:385-400

49. Weising K, Nybom H, Wolff K, Meyer W (1995) DNA fingerprinting in plants and fungi. CRC Press,

London

50. Welsh  J, McClelland M (1990) Fingerprinting genomes using PCR with arbitrary primers. Nucleic

Acids Res 18:7213–7218

51. Whitlock MC, McCauley DE (1999) Indirect measures of gene flow and migration: FST doesn’t equal

1/(4Nm+1). Heredity 82:117-125



CHAPTER II RESULTS

87

52. Williams  JGK, Kubelik AR, Livak KJ, Rafalski JA, Tingey SV (1990) DNA polymorphisms amplified

by arbitrary primers are useful as genetic markers. Nucleic Acids Res 18:6531–6535

53. Williams ST, Benzie JAH (1993) Genetic consequences of long larval life in the starfish Linckia

laevigata (Echinodermata: Asteroidea) on the Great Barrier Reef. Mar Biol 117:71-77

54. Worms J,  Pasteur N (1982) Polymorphisme biochimique de la palourde, Venerupis decussata, de

1'étang du Pévost (France). Oceanol Acta 5:395-397

55. Yen FC, Yang R, Boyle TJ, Ye Z, Xiyan JM (2000). PopGene32, Microsoft Windowsbased freeware

for population. Genetic analysis, version 1.32, Molecular Biology and Biotechnology Centre, University

of Alberta, Edmonton



CHAPTER II RESULTS

88

Figures and Tables

Figure 1. Number of bands and mean heterozygosity in two Ruditapes decussatus

populations.

Table 1. Selected primers for the evaluation of genetic diversity in the two

populations of Ruditapes decussatus.

Name Sequence (5`-3`)
T

(ºC)
Alvor Faro

Number of
bands

Range of
bands

Number of
bands

Range of
bands

OPE-01 CCCAAGGTCC 33 12 250-900 20 380-1500
OPE-02 GGTGCGGGAA 36 15 300-880 10 520-1200
OPE-03 CCAGATGCAC 36 17 300-880 16 350-1100
OPE-06 AAGACCCCTC 36 22 250-1500 17 250-1100
OPE-10 CACCAGGTGA 36 17 250-1300 23 250-1500
OPE-11 GAGTCTCAGG 36 17 180-1200 18 180-1300
OPE-12 TTATCGCCCC 33 15 280-750 12 380-950
OPE-14 TGCGGCTGAG 33 20 320-1000 21 250-1000
OPE-15 ACGCACAACC 33 21 200-800 24 180-1000
OPE-16 GGTGACTGTG 36 12 320-850 21 200-1500
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Table 2. Genetic variation within two Portuguese populations of Ruditapes

decussatus. (N - number of sampled individuals; na - Number of expected  allels; ne

- effective allele number; h - Nei's gene diversity; H - mean Shannon's information

index; % P - percentage polymorphic loci calculated with all alleles included; SE -

standard error.

N na ne h H % P

Alvor 25
Mean 1.371 1.267 0.176 0.281 68.57%

SE 0.059 0.018 0.010 0.1654

Faro 25
Mean 1.486 1.389 0.234 0.356 73.88%

SE 0.056 0.023 0.012 0.017

Total 50 Mean 1.429 1.328 0.205 0.319 71.22%
SE 0.041 0.015 0.008 0.011

Table 3. Genetic variation among the Portuguese populations of Ruditapes decussatus,
based on the diversity indices of Nei (1973).

HT Total gene diversity 0.2396
HS Gene diversity within populations 0.2047
DST Gene diversity among populations 0.0349
GST Coefficient of gene differentiation 0.1450
Nm Gene flow 2.9

Table 4. Analysis of Molecular Variance (AMOVA) in the two Portuguese populations of
Ruditapes decussatus.

Source df SS Variance (%) Fixation index (ΦPT)

Among pops 1 463.320 35
0.345

Within pops 48 1569.520 65

Total 49 2032.840 100
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Abstract

Regardless of the high economic value and large geographic distribution of oysters, the

current knowledge of oysters taxonomic relationships and systematics is still limited,

particularly for flat oysters. In this study, the molecular cytogenetic characterization of

mitotic chromosomes of the Provence flat oyster or dwarf oyster, Ostrea stentina, was

performed through Giemsa staining, chromosome measurements, in situ restriction

endonuclease (RE) banding, C-banding, fluorescence in situ hybridization (FISH) with

major ribosomal RNA genes (ITS1) and telomeric sequence (TTAGGG)n. The karyotype

(2n=20) consisted of six metacentric (1, 3, 4, 6, 8 and 10) and four submetacentric (2, 5, 7

and 9) chromosome pairs. Chromosome treatment with HaeIII produced specific banding

patterns for all chromosomal pairs, confirming the efficiency of this restriction enzyme for

chromosome banding in oysters. Results for C-banding revealed the presence of

heterochromatin, in the telomeric regions of the short arms, on a large metacentric and on

a submetacentric chromosomal pairs. In situ hybridization with telomeric sequence

revealed bright hybridization signals in the telomeres of all chromosomes. The location of

the major ribosomal rDNA (ITS1) displayed the presence of two signals, in the telomeric

regions of the short arms of the largest metacentric chromosome and in a submetacentric

chromosome. The cytogenetic data obtained was used to perform a comparative

karyological analysis within the subfamily Ostreinae. It is also important to highlight that

this type of work can provide new insights on major genomic changes at chromosome level

within the flat oysters.

Keywords: Ostrea stentina; dwarf oyster, Ostreinae; karyotype; ribosomal genes; telomeric

sequence; C-banding; FISH

Abbreviations: PCR, Polymerase Chain Reaction; PBS, Phosphate Buffered Saline

Solution; s, seconds; min, minutes; dNTPs, Deoxyribonucleotide triphosphate; bp, base

pair; RE, restriction endonuclease; FISH, fluorescence in situ hybridization;
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1. Introduction

The Provence oyster, Ostrea stentina (Payradeau, 1826), also known as the dwarf

oyster, is present along the Atlantic and Mediterranean coasts of Europe, and along the

African Atlantic coast as far as South Africa (Lapègue et al. 2006). Studies on this flat

oyster species are very limited, mainly because it is a species of low commercial value due

to its small size.

Current knowledge of oyster systematics is still fragmentary, particularly in the

subfamily Ostreinae, the flat oysters. According to the classification of Harry (1985) based

on anatomy and shell morphology, the family Ostreidae includes three subfamilies:

Lophinae, Crassostreinae and Ostreinae. Within the subfamily Ostreinae, Harry (1985)

subdivided them into 4 tribes and 9 genera, and synonymize some previously described

species. O. stentina, was grouped with O. equestris and O. conchaphila forming the genus

Ostreola. However, the high morphological plasticity of oysters in the subfamily Ostreinae

greatly complicates their identification and classification. Several molecular phylogenetic

studies have questioned the validity of some of the tribes, genera and synonymization

proposed in Harry’s (1985). For instance, Lapègue et al. (2006) through sequence analysis

of a 16S mitochondrial fragment found that those three Ostreola species were nested in a

clade with other flat oyster species (i.e., O. puelchana, O. denselamellosa, O. algoensis, O.

chilensis) that were not included in the genus Ostreola by Harry (1985) synopsis. Further

Lapègue et al. (2006) also revealed that O. stentina, O. equestris and O. auporia were

closely related. Moreover, the diagnostic morphological characters of the genus Ostreola

have been questioned by Coan et al. (2000). Other similar studies (Josefowicz and

O’Foighil, 1998; Kirkendale et al. 2004; Lapègue et al. 2006; Shilts et al. 2007) proposed

the incorporation of Ostreola species (O. stentina, O. equestris and O. Conchaphila) in

genus Ostrea.

The identification of structural chromosomal features has proven useful in the

clarification of systematic and taxonomic relationships in bivalves (see Leitão and Chaves

2008 for review). Among the flat brooding oyster species, the Ostreinae, six species have

previously been karyologically investigated through karyotype description, AgNORs and

C-banding: O. edulis (Thiriot-Quiévreux, 1984), O. denselamellosa (Insua and Thiriot-

Quiévreux, 1991), O. puelchana (Insua and Thiriot-Quiévreux, 1993), O. chilensis (Ladron
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de Guevara et al. 1994), O. angasi (Li and Havenhand, 1997) and O. conchaphila (Leitão

et al. 2002).

In recent years cytogenetic studies in bivalves have expanded due to the introduction

of new molecular cytogenetic techniques such as in situ restriction endonuclease (RE)

banding and fluorescence in situ hybridization (FISH).

Recently three REs ApaI, HaeIII, and PstI were applied to the chromosomes of four

oyster species C. gigas, C. angulata, O. conchaphila and O. edulis, and the analysis of the

banding pattern in the karyotypes revealed a greater similarity within the genera Ostrea and

Crassostrea than between them (Leitão et al. 2004).

FISH is widely used for chromosome identification, gene mapping and studies on

chromosome rearrangement in a variety of organisms (Swiger and Tucker, 1996; Nath and

Johnson, 1999; Xu et al. 2001). Repetitive DNA sequences are ideal to use as FISH probes

because of their large target size. Telomere sequence (TTAGGG)n has been localized in

the chromosomes of several species of oysters, clams and mussels (for review see Leitão

and Chaves, 2008). Ribosomal DNA (rDNA) has both fast and slow evolving regions and

is particularly useful to infer taxonomic and phylogenetic relationships in bivalves (Mindell

and Honeycutt 1990). Indeed, in recent years there has been an increase in attention to the

structure and location of ribosomal genes in bivalve chromosomes and in using these genes

as a cytogenetic marker in taxonomic/evolutionary studies, including in the cupped oysters

Crassostreinae (e.g. Wang et al. 2004; Xu et al. 2001). However until now no fluorescent

in situ hybridization studies have been performed within Ostreinae.

In this study, we characterized, for the first time, the genome of O. stentina using

cytogenetic approaches, such as C-banding, in situ RE banding, FISH with major ribosomal

gene (ITS1) and telomere sequence (TTAGGG)n. Our cytogenetic data lend support to a

recent proposal to reorganize the subfamily Ostreinae, specifically in what concerns the

Ostrea and Ostreola genus. The cytogenetic data provided useful information for

karyological comparisons, and will give useful information insight on major genomic

changes at chromosome level within the flat oysters.

2. Materials and Methods

2.1. Biological material and chromosome preparation

The specimens used in this study were hatchery produced juveniles using as parents

O. stentina collected in Ria Formosa Lagoon (Portugal). Chromosomes metaphases were
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prepared from gill tissue. Twenty individuals (c.a. 1.5 cm length) were incubated for 8 h in

a 0.005% solution of colchicine in seawater. The material was fixed in a freshly prepared

mixture of absolute ethanol and acetic acid (3:1) with three changes of 20 min each. Fixed

pieces of gill from each individual were dissociated in 50% acetic acid with distilled water.

The suspension was dropped onto slides at 44ºC and air-dried (Thiriot-Quiévreux and

Ayraud, 1982). The slides for in situ restriction endonuclease banding and FISH

experiments were kept at -20ºC until further use.

2.2. Karyotyping

For conventional karyotype, gill preparations were stained with Giemsa (4%, pH 6.8)

for 10 minutes. Chromosome measurements of 10 suitable metaphases were made using

the software ImageJ® (version 1.32j). Relative length (100 x chromosome length / total

haploid length) and centromeric index (100 x length of short arm / total chromosome

length) were calculated. Terminology regarding to centromere position followed that of

Levan, Fredga & Sandberg (1964).

2.3. In situ restriction endonuclease banding

Slides were aged for 6h, in a dry incubator at 65ºC, before digestion with the restriction

enzyme HaeIII. The digestion was carried out as described by the manufacturer (Invitrogen,

Life Technologies) using 30 U of HaeIII in a total volume of 100µl. The solution was placed

on slides and covered with coverslips. Slides were then incubated in a humid chamber for

16h at 37ºC. Control slides were subjected to the same treatment as described above but

incubated without HaeIII. The slides were then washed in distilled water, air-dried, and

stained with Giemsa (1% solution, diluted in phosphate buffer at pH 6.8).

2.4. Constitutive heterochromatin

Constitutive heterochromatin regions (C-bands) were revealed using the method of

Sumner (1972) using as counterstain Propidium Iodide (PI).

2.5. Probe construction and labelling

Genomic DNA was extracted from ethanol-preserved adductor muscle as described by

Pereira (2008). For major ribosomal gene mapping we used ITS1, a specific probe

generated by PCR using the primers ITS1CA-CB (ITS1CA: 5´-

GTTTCCGTAGGTGAACCTG-3`; ITS1CB: 5`- CTCGTCTGATCTGAGGTCG-3)

(Heath et al. 1995). Amplification reactions were performed in volumes of 25 μL; the

reaction mixture contained 100 ng of genomic DNA, 200 µM of each dNTP, 1 μM of each

primer, 0.5 U of Taq polymerase (Fermentas, Life Sciencies) and the buffer recommended
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by the supplier. The thermal cycler program consisted of an initial denaturation of 3 min at

94ºC, 35 cycles at 94ºC for 30 s, 55ºC for 30 s and 68ºC for 45 min, and a final extension

step at 72ºC for 5 min. Labelling was obtained using a PCR procedure with the following

dNTP concentrations: 200 µM dATP, 200 µM dCTP, 200 µM dGTP, 150 µM dTTP and

50 µM dig-11-dUTP (Roche Molecular Biochemicals). Telomeric (TTAGGG)n probe were

generated by PCR and labelled with digoxigenin in the absence of a template as described

by Ijdo et al. (1991). PCR and labelling length products were evaluated by electrophoresis

in 2% agarose gels. Each probe was separately precipitated with ethanol and then dissolved

in hybridization solution.

2.6. Fluorescence in situ hybridization

Chromosome spreads were pre-treated with 0.005% pepsin in 10 mM HCl for 5 min

at 37ºC. The slides were fixed with 1% formaldehyde for 20 min and 3 washes in 1×PBS

solution for 5 min each at room temperature. Chromosome preparations were aged at 65ºC

overnight. The slides were then dehydrated in a graded ethanol series (70, 90 and 100%)

and air dried. The slides were denatured for 2 min at 65ºC in 70% formamide in 2×SSC.

Simultaneous denaturation of DNA probe was performed at 65ºC for 15 min and

immediately put on ice for 5 min. Hybridization, post-hybridization washes, and detection

was carried out according to Chaves et al. (2002). Digoxigenin-labelled probes were

detected with anti-digoxigenin-rhodamine Fab fragments antibody (Roche-Molecular

Biochemicals).

2.7. Microscopy and image processing

Chromosomes were observed with a Zeiss Axioplan 2 Imaging microscope, coupled

to an Axiocam digital camera with AxioVision software (version Rel. 4.5 – Zeiss).

Digitized photos were prepared for printing in Adobe Photoshop (version 5.0); contrast and

colour optimization were the functions used and affected the whole of the image equally.

3. Results

Analysis of 62 mitotic metaphase spreads from 20 individuals of O. stentina revealed

a diploid chromosome number of 2n=20. For karyotyping the chromosomes of the 10 best

spreads were used for chromosome measurements and classification (Table 1). The
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karyotype consists on 10 chromosome pairs. Pairs 1, 3, 4, 6, 8 and 10 are metacentric and

pairs 2, 5, 7 and 9 are submetacentric.

The application of the restriction enzyme HaeIII to chromosomes of O. stentina,

produced specific banding patterns, which allowed the precise organization of the

karyotype of this species (Figure 1). The banding pattern obtained was indeed consistent

between homologous chromosomes, in each chromosomal pair. In the control slides no

banding pattern was induced in the chromosomes: all chromosomes showed a standard

Giemsa staining.

The constitutive heterochromatin (CH) was analyzed with the C-banding technique

(Figure 2a). Telomeric C-bands were observed mostly in the telomeres of a metacentric

chromosome and a submetacentric chromosome. Positive C-banding staining was also

observed in the centromere of several chromosomal pairs (Figure 2a). PCR amplification

of ITS1 of the major ribosomal gene in O. stentina generated a single fragment of

approximately 850 bp in length. Fluorescence in situ hybridization with the major

ribosomal gene probe (ITS1) showed that this sequence is located on the telomeric regions

of two chromosomes (Figures 2b). Telomeric sequence (TTAGGG)n signals were located

at both ends of all chromosomes. Although bright hybridization signals were present in all

chromosomes, intensity varied among the different pairs. No hybridization signal was

observed at any interstitial chromosomal site (Figures 2c and 3).

All data obtained in this work was assembled in figure 3. Banding with the HaeIII

restriction enzyme (RE) produced specific banding patterns allowing an accurate

organization of the karyotype of O. stentina (Figure 1 and 3). C-bands produced by barium

hydroxide using propidium iodide (CBP) were observed in telomeres of the short arms of

a large metacentric chromosome (chromosome pair 3) and in the short arms of a

submetacentric chromosome (chromosome pair 5). Furthermore in chromosomes 1, 2, 7

and 8 was also observed positive C-banding staining in the centromere (Figures 2a and 3).

The major ribosomal DNA unit (ITS1), detected by FISH, was located at the telomeric

regions of the short arm of two chromosomes pairs, 3 and 7 (Figures 2b and 3). Both

chromosome pairs were polymorphic for this sequence.

4. Discussion

This is the first report on karyotype and chromosome measurements, of the dwarf

oyster, O. stentina (Table 1). The diploid chromosome number of 2n=20 is characteristic
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of the genus Ostrea and is the most common throughout the Ostreacea (for review see

Thirot-Quiévreux 2002).

The karyotype of O. stentina, with six metacentric and four submetacentric

chromosome pairs, revealed a karyotypic formula very similar to that of O. conchaphila,

presenting only differences in pairs 2 and 3 which are very similar in size. Leitão et al. in

2002, performed a karyotype comparison of six flat oyster species and highlighted the

following issues: i) a close similarity between O. edulis and O. angasi which had also been

previously pointed out by Li and Havenhand (1997), and ii) the unique karyotype of O.

puelchana due to the presence of a single telocentric chromosome pair. The three other

studied flat oyster species, O. denselamelosa, O. chilensis and O. conchaphila had related

karyotypes.  Ostreinae have karyotypes mostly with metacentric and submetacentric

chromosome pairs, suggesting that oyster species might have diverged through pericentric

inversions, reciprocal translocations or centromere reposition.

The comparison of the HaeIII RE banding pattern of O. stentina in this study (Figure

1 and 3) with those previously described for O. edulis and O. conchaphila (Leitão et al.

2004) revealed that although all three species showed a characteristic HaeIII RE banding

pattern, there were larger similarities between O. stentina and O. conchaphila than between

these two species and the O. edulis, mainly in chromosomal pairs 1, 9 and 10.

C-bands in O. stentina, were located in the telomeric regions of the short arms of

chromosomes 3 and 5 (Figure 2a and 3). A similar location was previously observed in O.

conchaphila (Leitão et al. 2002) and in O. denselamellosa in which  occasional telomeric

C-bands bands were also observed in pairs 3 and 5 (Insua and Thiriot-Quiévreux 1991).

The ribosomal genes (ITS1) in O. stentina are located on chromosomes 3 and 7 (Figure

2b and 3). We also detected polymorphisms on both chromosomes and variation in FISH

signals, as already described for other bivalve species (e.g. Martínez et al. 1996; Wang et

al. 2004; Guo and Wang, 2007).

Hybridization signals of the sequence (TTAGGG)n in O. stentina were located in the

telomeres of all chromosomes, with no interstitial signals observed. The same pattern had

previously been observed in the subfamily Crassostreinae, in C. angulata (Cross et al.

2005). On the other hand, in the mussel M. galloprovincialis (Plohl et al. 2002) the
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telomeric sequence showed interstitial positions in the chromosomes beyond telomeric

positions.

In order to infer cytotaxonomical relationships within Ostreinae, we constructed

ideograms, based on relative length and centromeric index values, number and location of

major ribosomal genes (either by FISH with ITS1 or Ag-NORs) and C- banding (Figure

4).

The karyological data obtained in the present study of O. stentina, highlighted a high

resemblance between O. stentina, O. conchaphila and O. denselamellosa, supporting the

incorporation of the Ostreola genus in to Ostrea suggested by Coan et al. (2000), Lapègue

et al. (2006) and Shilts et al. (2007). The comparison of the number and location of the

major ribosomal genes, some revealed by the silver nitrate technique, highlighted the

similarity between O. stentina and O. denselamelosa. Moreover, the simultaneous presence

of Ag-NORs/major ribosomal genes (ITS1) and C-bands features observed in chromosomal

pair 3 in this study had previously been observed within the subfamily Ostreinae in O.

denselamellosa (Insua and Thiriot-Quiévreux 1991) and in O. conchaphila (Leitão et al.

2002), which might corroborate the close relationship between these two species and O.

stentina suggested by Lapègue et al. (2006) and Shilts et al. (2007) studies  based on

sequence data analysis of 16S mitochondrial fragment and internal transcribed spacer (ITS-

1). Future cytogenetic characterization of others Ostreinae species could be useful in

shedding more light on this subject and on the clarification of the taxonomic relationships

in this important group of flat oyster species.

This is the first study using FISH in chromosomes of Ostreinae species. The

application of a large spectrum of probes to other species of this family will help us to

clarify taxonomic issues/relationships within the family, and identify changes on

chromosome number and structure to better comprehend the genome evolution of Bivalves.
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Figures and Tables

Figure 1. Example of a karyotype of Ostrea stentina banded with Hae III.

Figure 2. Banding and FISH in chromosomes of O. stentina. (a) C-banding; (b) FISH with

the rDNA probe (ITS1); (c) FISH with the telomeric probe (TTAGGG)n.



CHAPTER II RESULTS

106

Figure 3. In this figure is presented a compilation of all the data obtained for banding of

the O. stentina chromosomes: C-bands by barium hydroxide using propidium iodide

(CBP), banding with the Hae III restriction enzyme (RE), FISH with the telomeric probe

(TEL) and FISH with the rDNA probe (ITS1).
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Figure 4. Ideograms based on relative length, centromeric index values for O. stentina, O.

conchaphila, O. puelchana, O. denselamellosa, O. edulis, O. agansi and O. chilensis,

number and location of major ribosomal genes (either by FISH with ITS1 and Ag-NORs)

and C-banding.



CHAPTER II RESULTS

108

Table 1. Chromosome measurements and classification of O. Stentina (m=Metacentric;

sm=Submetacentric; m-sm=Metacentric-Submetacentric; sm-st=Submetacentric-

Subtelocentric).

Chromosome pair Relative length Centromeric index Classification

Mean SD Mean SD

1 12.51 0.81 45.08 1.34 m

2 11.83 0.53 33.32 1.13 sm

3 11.52 0.30 38.02 2.03 m-sm

4 11.36 0.53 40.66 2.21 m

5 10.34 0.41 33.86 2.40 sm

6 9.82 0.62 40.65 3.12 m

7 9.16 0.50 31.02 4.04 sm

8 8.63 0.48 37.72 1.63 m

9 7.85 0.89 27.41 3.74 sm-st

10 6.98 0.33 42.08 3.05 m
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Abstract

Bivalves are a group of marine invertebrates of great economic and ecological significance,

nonetheless the taxonomic classification of marine bivalves remains a difficult issue.

Therefore, multidisciplinary approaches using, among others, genetic (molecular and

cytogenetic) and morphological information are essential.  Major (18S-5.8S-28S) and

minor (5S) rDNA genes are two distinct families of ribosomal DNA genes in higher

eukaryotes usually organized into separate loci on the same or different chromosomes. In

a few species of oysters, mussels and scallops these rDNA genes have already been mapped

by fluorescent in situ hybridization - FISH - and proven useful to the clarification of bivalve

taxonomic relationships in these three groups. However, until now, only one study on the

chromosomal location of rDNA genes has been performed in the Ostreinae subfamily. In

order to overfill this lack, we determined the physical location of major and minor

ribossomal DNA genes as well as telomeric sequence in Ostrea edulis (Ostreidae,

Ostreinae) chromosomes. Besides that, also a detailed molecular analyses of 5S rRNA

sequences of O. edulis and O.stentina was made. The integration of our cytogenetic data

together with molecular studies, strongly suggest that a taxonomic reorganization of

subfamily Ostreinae (Harry, 1985) into only one clade, Ostrea.

Keywords: Ostrea edulis; Ostreinae; Taxonomic relationships; Ribosomal genes;

Telomeric sequence; C-banding
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1. Introduction

The Class Bivalvia represents the second largest Mollusc group and comprises several

families of great economical and social importance. The bivalve family Ostreidae has a

world wide distribution and includes species of high economic (Huber 2010;

http://www.fao.org/fishery/en). Although oysters are among the most studied groups and

their identity well defined in marine bivalves, there is an ongoing discussion regarding

specific taxa in this group, due to limited information on phylogeny and relationships

between the species (Ruesink et al, 2005; Huber 2010).

Harry (1985) classified the family Ostreidae in three subfamilies according to

morphological characteristics (shell and soft-parts): Lophinae, Ostreinae (flat oyster

species) and Crassostreinae (cupped oyster species). Within the subfamily Ostreinae, O.

stentina was grouped with O. equestris and O. conchaphila forming the genus Ostreola.

However, the high morphological plasticity of oysters in the flat oysters subfamily

Ostreinae difficulted their identification and classification.  Later studies based on

molecular and cytogenetic analysis offered new insights into evolution and systematics

within this subfamily (e.g. Jozefowicz and O’Foighil 1998; Lapègue et al. 2002; Leitão et

al. 2002; Pereira et al 2011; Salvi et al, 2014), specially concerning the debate on the

incorporation of the genus Ostreola (O. stentina, O. equestris and O. conchaphila) in the

genus Ostrea (harboring among others O. edulis).

Cytogenetic analyses are important as they provide information on the number and

morphology of chromosomes, the differential distribution of euchromatin-heterochromatin

regions, the occurrence of chromosomal re-arrangements along evolution, phylogenetic

relatedness between taxa, etc., and they help to clarify species status (e.g. Leitão and

Chaves 2008). For example the Classical cytogenetic technique of C-banding is used to

highlight regions of constitutive heterochromatin (CH), being useful in comparative

karyological analysis (e.g. John, 1988; Louzada et al. 2008). In fact, C-bands seem to be a

valuable evolutionary marker providing insights on the phylogenetic relationships of

related species (e.g. Chaves et al. 2000; Plohl et al. 2008).

More recent molecular cytogenetic techniques, like FISH, become a significant part of

genomic research to facilitate the construction of linkage maps, using for example the

repetitive fraction of genomic DNA, which are useful to identify loci of interest in

economic marine species (e.g. Perez-Garcia et al. 2014; Wang et al. 2015).
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Ribosomal and telomeric sequences are part of the repetitive DNA portion of

eukaryotic genomes. Generally, repetitive sequences comprise a large proportion of the

species genomes and have showed to be important for understanding species phylogenetic

relationships, genome evolution and nuclear organization (Biscotti et al. 2006; Richard et

al. 2008).

Ribosomal DNA (rDNA) is organized into multigene families that occur as clusters of

tandemly repeated units, with both fast and slow evolving regions. In higher eukaryotes,

the ribosomal DNA is organized into two distinct classes, the minor 5S rRNA genes and

the major 45S genes.The 5S rDNA unit is constituted by highly conserved 120pb nucleotide

coding sequences, separated from each other by non-transcribed spacer (NTS) which are

highly variable in length and sequence (Rogers and Bendich, 1987; Pendas et al. 1994;

Drouin and Sa, 1995). Major rDNA repeats consist of a transcriptional unit which codes

for the 18S, 5.8S, and 28S rRNAs, separated by two internal transcribed spacers (ITS1 and

ITS2) and an intergenic spacer (IGS).Telomeric DNA consists of tandemly repeated and

highly conserved sequence motifs of 5–8 bp (TTAGGG)n, that have been localized in the

chromosomes of several species of bivalves, namely in oysters, clams and mussels (cf.

Leitão and Chaves, 2008). Although this sequence was found mostly in the terminal regions

of bivalve chromosomes, the presence on interstitial positions was described by Plohl et al.

(2002) in the bivalve M. galloprovincialis.

Recently, there has been an increasing attention to the structure and location of

ribosomal genes in bivalve chromosomes and in using these genes as cytogenetic markers

in taxonomic/evolutionary studies, including in the cupped oysters subfamily

Crassostreinae (e.g., Xu et al. 2001; Wang et al. 2004). However in the Ostreinae

subfamily, the physical localization of the major ribosomal sequence was only performed

in one specie: Ostrea stentina (Pereira et al. 2011).

The evolution of this multigene family is controversial, and so far 3 models were

proposed to explain it: 1) the concerted evolution model; 2) the birth and death model; and

3) the mixed effects model (see review by Eírin-López et al. 2012). In bivalves, recent

studies, compared and analyzed 5S rRNA sequences of several species in order to find

orthologous sequences to putative transcriptional regulatory regions already found in other

species (e.g., Insua et al. 1998; Freire et al. 2004; Vierna et al. 2011). Studies revealed new

conserved regions that may be involved in specific bivalves’ transcription process and

simultaneously the use of this broad comparison allowed the proposal or support of theories
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which explain the evolution of ribosomal DNA sequences (e.g. Vizoso et al. 2011; Vierna

et al. 2011).

In this study, we characterized the genome of the commercially important flat oyster

O. edulis through the physical location of repetitive DNA sequences [ribosomal (ITS1 and

5S) and telomeric (TTAGGG)n]. We also analyzed the 5S rDNA sequence of O. edulis and

other Ostreinae species O. stentina . A phylogenetic network was constructed based in 5S

rRNA gene sequences from several bivalves.

2. Material and Methods

2.1. Biological material and chromosome preparation

The specimens used in this study were O. edulis juveniles, hatchery produced at the

experimental bivalve hatchery of the Portuguese Institute for the Ocean and the

Atmosphere (IPMA) in Tavira (Portugal), from progenitors collected in the Ria Formosa

Lagoon (Portugal) and acclimated at the same facilities for one week. Chromosome

preparations, obtained from gill tissue, were prepared following Pereira et al. (2011). The

slides for FISH experiments were kept at -20ºC until further use.

2.2. CBP banding

CBP banding [C-bands by Barium Hydroxide using Propidium Iodide (PI)] was done

according to the standard procedure of Sumner (1972) followed by counterstaining the

chromosomes with PI (1.5 mg/ml).

2.3. Probe construction and labelling

Genomic DNA was extracted from ethanol-preserved adductor muscle as described by

Pereira et al. (2011). For 5S rDNA and ITS1, probes were generated by PCR using specific

primers (Table 1). Telomeric (TTAGGG)n probe was generated and labelled by PCR in the

absence of a template, as described by Ijdo et al. (1991). Telomeric and 5S rDNA probes

were labelled with digoxigenin-11-dUTP (Roche Molecular Biochemicals), and ITS1 was

labelled with biotin-16-dUTP (Roche Molecular Biochemicals).

2.4. Fluorescent in situ hybridization

The pre-treatment, dehydration, fixation, denaturation, hybrization and pos-

hybridization washings of chromosome preparations were realized according to Pereira et

al. 2011. Digoxigenin-labelled probes were detected with anti-digoxigenin-rhodamine Fab

fragments antibody (Roche-Molecular Biochemicals), biotin labelled probe were detected
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using FITC conjugated with avidin (Vector Laboratories) and DAPI antifade was used as

counterstaining (Vector Laboratories).

2.5. Microscopy and image processing

Chromosomes were observed with a Zeiss Axioplan 2 Imaging microscope and images

were acquired with an Axiocam digital camera with AxioVision software (version Rel. 4.5

– Zeiss). Digitised photos were prepared for printing in Adobe Photoshop (version 7.0);

contrast and colour optimization were the functions used and affected the whole of the

image equally.

2.6. Sequence and Phylogenetic analysis of ribosomal sequences

PCR amplification was performed using specific primers for each sequence (Table 1).

Amplification products were extracted from the agarose gel and purified using QIAquick

PCR Purification Kit (QUIAGEN) and direct sequenced in both strands. The obtained

nucleotide sequences have been deposited in the GeneBank database with accession

numbers JN797504; JN797506; JN797507; JN797505. A total of two equal 5S rDNA

repeat units (encompassing coding and spacer sequences) belonging to O. edulis and O.

stentina were analyzed.  For further sequence and phylogenetic analysis, available 5S

rDNA sequences from all Bivalvia were retrieved from GenBank (see Supplementary

Material for details). These analyses were performed using BLAST algorithm/search

(Altschul et al. 1990), ClustalX2 (Thompson et al. 1997), BIOEDIT (Hall 1999), MEGA 5

(Tamura, Peterson, Stecher, Nei, and Kumar 2011). All available sequences of 5S rRNA

gene were used in the construction of the phylogenetic network in SplitsTree 4 (Huson and

Bryant, 2006), generating a neighbor-net analysis with 1000 boostrap.

3. Results

3.1. Cytogenetic analysis

Giemsa and DAPI-staining were used in the examination/study of O. edulis

metaphases, revealing a diploid chromosome number of 2n=20, and a karyotype with five

metacentric (1, 2, 3, 5, and 6) and five submetacentric (4, 7, 8, 9, and 10) chromosome

pairs, as previously described by Thiriot-Quiévreux (1984).

Chromosome C-banding in O. edulis showed an abundant presence of constitutive

heterochromatin in: a) the telomeric region of the long arm of one of the smallest

submetacentric chromosome pairs (chromosome 9); b) the centromeric region of the largest

metacentric chromosome pair (chromosome 1); c) in both the centromeres and the
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telomeres of the largest submetacentric chromosome pair (chromosome 4) (Figure 1a; 1b).

In the 99 mitotic metaphases analyzed, the constitutive heterochromatin was also observed,

but inconsistently, in centromeric and telomeric positions in other chromosomal pairs.

Physical map of telomeric DNA and ribosomal sequences, ITS1 and 5S rDNA, was

performed in O. edulis chromosomes using fluorescent in situ hybridization. ITS1 region

in situ hybridization revealed the location of the major ribosomal genes in three

chromosome pairs but with only five loci (Figure 1c). Specifically, the hybridization signals

were present in the terminal region of the long arms of both homologues of two

submetacentric chromosomal pairs, identified as pairs 7 and 10. Interestingly, in almost all

analyzed metaphases physical mapping of the ITS1 revealed a fifth signal in a

submetacentric chromosome (chromosome 4).  It was also possible to observe that the

clusters of major rDNA clusters occur in DAPI negative regions (Figure 1d). Finally, 5S

rDNA sequence showed strong hybridization signals in the largest metacentric

chromosomal pair (chromosome pair 2) and in the submetacentric chromosomal pair 4

(Figure 1e). In chromosome pair 4 the ribosomal loci was present in a proximal centromere

region  while in  chromosome pair 2 the hybridization signal was found in the telomeric

region. Double hybridization using major rDNA (ITS1) and 5S rDNA probes was

performed in order to precise our analysis, and it confirmed that both classes of rDNA

clusters were present in the submetacentric chromosome pair 4, being one in the telomeric

region and other near the centromere, respectively. However, the other two clusters of

major ribosomal DNA were located on different chromosomes than the 5S rDNA (Figure

1f).

Telomeric DNA probe (TTAGGG)n showed hybridization signals at the telomeric

region of all  chromosomes and no interstitial signals were observed (Figure 1g)

Chromosome morphology, distribution of C-bands, major rDNA, 5S rDNA gene

clusters and Ag-NORs chromosomal locations (data previously published) are summarized

in the ideograms of figure 1h.

3.2. Characterization and Analysis of Ostreinae ribosomal sequences

The 5S rDNA unit was analyzed for O. edulis and for O. stentina, being these the only

species from Ostreinae subfamily with available data regarding these sequences.

Comparison with sequences from other bivalve species was also performed. Parameters

such as sequence length, G/C content and pairwise identity were studied and all results are

summarized in table 2. Regarding the 5S rDNA unit, the comparison with available bivalve
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sequences allowed the identification of a highly conserved region of 120 bp, usually

referred as coding region or 5S rRNA gene, which starts with 5´- GTC and ends with GAC-

3´, and a nontranscribed spacer, NTS, with a length of 245 bp and 298 bp, respectively in

O. edulis and O. stentina. The complete repeat unit consists of about 365 bp in O. edulis

and 418 bp in O. stentina. The length of the ITS1 regions was 277 bp in the two species,

and the primers designed allowed to have the complete sequence of 5.8S and partial regions

of 18S and ITS2. The G/C content (Table 2), was generally higher in the coding regions

than in non-transcribed regions in both species. The alignment of the 5S rRNA unit of these

two flat oysters’ sequences showed a pairwise identity of 73.1%. As expected, the

alignment of the coding region revealed a higher identity (94.0%) while the NTS region

presented 62.2% identical positions.

Eukaryotic 5S rRNA control internal promoters (ICR), involved in the transcription,

were here identified for the first time in sequences 5S rRNA gene of O. edulis and O.

stentina, as showed in figure 2.  Highly similar orthologous sequences to the four internal

control regions (ICRs) of D. melanogaster (Sharp and Gracia 1988) were observed in the

positions: 2-18bp, ICRI; 37-44bp, ICRII; 47-60bp, ICRIII; 79-99bp, ICRIV. Internal

control regions (Pieler et al. 1987) with high homology with Box A (52-60 bp),

intermediate element –IE (69-74bp) and Box C (78-89bp) of X. leavis were also found.

Comparisons of aligned nucleotide sequences of the 5S rRNA gene, present in figure 2,

revealed that the polymorphic sites were mainly present outside de ICR/Box region, in the

beginning and in the end of the gene. The ICR/Box regions are quite conserved among the

analyzed sequences with just few nucleotide substitutions.. By comparison possible

upstream and downstream regulatory regions were observed in the two sequences of O.

edulis and O. stentina (Figure 3).  The two sequences of oysters revealed two of the most

known control signals described in several species: TATA-like motif (upstream) and the T

rich tail or stretch (downstream). While the TATA box, possible initiation promoter, in O.

edulis appears in a characteristic position (about 30 to 26 bp), in O. stentina this motif is

localized more upstream, presenting (about 100 bp). Regarding the T-rich region that

possibly acts as a terminator sequence, it was observed mostly at the end of 5S rRNA gene

sequence, being sometimes composed by more than four thymidine nucleotides, as seen in

figure 3.

The phylogenetic reconstruction, using NeighborNet analysis, based on the 5S rRNA

gene, had as the main objective the clustering of the most common groups in bivalves. The
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network revealed that within bivalves some sequences clustered according to the systematic

class they belong to, but some groups appeared unclear. In figure 4, we can clearly

distinguish two main groups, the Pteriomorphia, formed by Mussels, Oysters, Scallops and

Heterodonta, formed by Clams, Cockles and Razor Clams. Some species appear, however,

in the network “displaced“ from their systematic position, as the case of O. edulis and some

species which belong to the Razor Clams group.

4. Discussion

4.1. Cytogenetic Analysis

The diploid number of 2n=20 and the karyotype reported here for O. edulis confirms

the previous results by Thiriot-Quiévreux (1984). Besides the common trait of 2n=20,

Ostreidae species also present karyotypes with mainly metacentric and submetacentric

chromosomes (Thiriot-Quiévreux, 2002).

The distribution of CH has been previously analyzed in four Ostreinae species: O.

denselamellosa (Insua and Thiriot-Quiévreux, 1991), O. angasi (Li and Havenhand, 1997),

O. conchaphila (Leitão et al. 2002), and O. stentina (Pereira et al. 2011). When comparing

the location of this genome fraction in O. edulis with the other Ostreinae studied species, it

can be observed a similar distribution of CH regions with O. angasi, O. denselamellosa,

and O. conchaphila particularly at chromosome pairs 1, 4 and 9.

Fluorescent in situ hybridization of the major rDNA probe in O. edulis showed its

presence in three submetacentric chromosome pairs, curiously, Thiriot-Quiévreux and

Insua (1992) detected merely two Ag-NORs in O. edulis chromosomes. The transcription

is a process that do not occur at the same time in all sites of major ribosomal loci,

consequently not all loci are active and the silver staining technique only detects the

transcriptionally active NORs at the preceding interphase (Howell 1977; Cross et al. 2003;

López-Piñón et al. 2005). This limitation may, indeed, lead to several heteromorphisms,

such as different number of Ag-stained NORs per genome (e.g. Thiriot-Quiévreux and

Insua, 1992).

In the genus Ostrea, the chromosomal localization of the major ribosomal genes has

only been performed in one species, O. stentina which presented minus two hybridization

signals (Pereira et al. 2011).  Comparing with the other Pteriomorphia species studied until

now, the number of signals varied between 2 (1 chromosome pair) in Crassostrea (Cross
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et al. 2005) to 2-4 signals (1 or 2 chromosome pairs) in Pectinidae (Wang and Guo, 2004)

and Mytilidae (Pérez-García et al. 2010a,b).

The physical mapping of 5S rDNA sequence has only been performed, until now, in

16 bivalve species (e.g. Pérez-García et al. 2010; Gonzàlez-Tizón et al, 2014). O. edulis

genome shows two 5S rDNA clusters on two chromosome pairs, chromosome 2 and 4, with

telomeric and centromeric location, respectively. Regarding Ostreidae, 5S study is

restricted to merely two species of Crassostrea, displaying in their chromosomes two

clusters of 5S rDNA in different chromosome regions in each species (Cross et al. 2005;

Wang et al. 2005), while no Ostrea species has been characterized until now.

The variation in the number and distribution of the major rDNA FISH signals,

observed in O. edulis chromosomes, is a common trait in bivalves, being previously

observed, for example, in some cupped oysters  (Cross et al. 2005)  and Pectinidae species

(Insua et al. 2006). The existence of polymorphic loci, due to no signal on one of the pairs

of chromosomes or existence of a stronger signal on one of the homologous chromosomes,

can be explain by random variation in FISH or differences (loss or gain) in the number of

sequences repeats (Xu et al. 2001; Gonzàlez-Tizón et al. 2013), originated by processes as

unequal meiotic crossovers and sister chromatid exchanges (Insua and Méndez, 1998; Insua

et al. 2006; Cross et al. 2005). Interestingly, the latest molecular studies suggested a

differential genomic organisation of these multigene families, a presence of one or few

major loci containing several repeats and a more dispersed organisation of the 5S rDNA

loci containing less repeats (Vierna et al. 2011; Gonzàlez-Tizón et al. 2013).

The double FISH demonstrated that one of the chromosomes bearing the 5S rDNA

also presented one loci for the major rDNA (chromosome pair 4). The other rDNA clusters

were located in different chromosome pairs (chromosome pairs 7 and 10 for ITS1 rDNA;

chromosome pair 2 for 5S rDNA). This is the first report on the occurrence of major and

minor rDNA clusters on the same chromosomal pairs in the Ostreidae family. This co-

localization had, however, already been reported in other bivalve species like Chlamys

farreri (Family: Pectinidae) (Wang and Guo 2004) and Brachidontes rodriguezi (Family:

Mytilidae) (Pérez-García et al. 2010b). There still no clear significance to such an

association and/or interspersion involving repeated units of different multigene families,

although some authors related this association with some functional role in nucleolus

organization (e.g. Kaplan et al. 1993) or being the result of a unequal crossing-over with

consequent heteromorphism, which, according to some authors (Dover 1986; Liu and
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Fredga 1999), is important in the maintenance of a conserved and multiple array. Taking

into account that in most vertebrate species a colocalization of 18S–28S and 5S rDNAs is

not the rule, but rather the exception (Mandrioli et al. 2000; Sola et al. 2000), this possibility

may be true only for some species.

The characterization and physical location of the telomeric sequence (TTAGGG)n

repeat was performed, in several bivalve species (e.g. Plohl et al. 2002; Cross et al. 2005;

Pasantes et al. 2011). In the Ostreinae subfamily, the telomeric sequence has been reported

only in the telomeric regions of the chromosomes and no interstitial telomeric sequences

were observed either in the present study or previously in O. stentina (Pereira et al. 2011).

The cytogenetic results obtained in this study, highlighted the proximity between O.

edulis and O. angasi previously pointed out by Li and Havenhand (1997) and Leitão et al.

(2002). These two species similarity is supported not only by karyotype comparison but

also by the similar location of Ag-NORs (Leitão et al. 2002) and rDNA loci. Moreover O.

edulis showed a similar distribution of CH regions with O. denselamellosa and O.

conchaphila, demonstrating the close relationship between the species of this group. On

the other side, and taking in consideration the karyological data, Ag-NORs, rDNA genes

and C-bands features, it seems that O. stentina and O. conchaphila, revealed enough

differences to consider them in the same subgenus, as porposed Harry classification.

The molecular studies performed so far are congruent with our results, indeed, Salvi et

al (2014) using molecular markers suggested the formation of certain clades, with a

proximity between O.edulis and O. angasi, obtained as well in this study. Moreover, the

formation of another group containing O. edulis , O. denselamellosa and O. conchaphila

was identified. On the other hand, the molecular analysis made by Lapegue et al (2006)

showed that O. conchaphila and O. stentina are not sister taxa, as previously pointed by

Harry in his morphologically classification.

Other studies, using karyological data, Ag-NORs, rDNA genes and C-bands features,

also suggested a close similarity display in species of flat oyster like for example the high

resemblance between O. stentina, O. conchaphila and O. denselamellosa (Leitão et al.

2002; Pereira et al. 2011).

Based in our cytogenetic approach, the previous morphology-based phylogeny and

taxonomy assumptions of the subfamily Ostreinae (Harry, 1985) are incongruent. The

proximity and distance of Ostreinae species, from a cytogenetic point of view, suggest that

all the three genus of the Ostreinae subfamily should become only one, Ostrea. The idea of
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reorganization of this systematic clade with the “absorption” of all genus in the genus

Ostrea is not new and it was suggested by Kirkendale et al. (2004) and Coan et al. (2000)

based in molecular studies. The integration of the cytogenetic results with the molecular

ones seems to better clarify the taxonomic relationships within the Ostreinae family.

4.2. Characterization and Analysis of Ostreidae ribosomal sequences

Nuclear ribosomal DNA is composed of the major ribosomal genes (encoding 18S,

5.8S, and 28S rRNA), their spacers (ITS1 and ITS2), the 5S ribosomal gene (encoding 5S

rRNA), and its spacer (NTS). Within each repeat of 5S rDNA a highly conserved coding

regions with 120 nucleotides is present (5S rRNA gene), as well as a high polymorphic

region in length and composition, the non-transcribed spacer (NTS). In this study, we

analyzed in particular the ribosomal sequences of O. edulis and of the related species O.

stentina and compared them with other species with available sequences. Although we only

have two identical sequences of each species, it was possible to observe in the alignment

of 5S rDNA sequences from different taxa, the conserved coding region with 120

nucleotides, which is very usual among eukaryotes.  Regarding the NTS region of the

sequences, as expected, they have lower similarity (Table1 and Supplementary Material.).

The variability observed in this region, in length and composition, is also present in other

bivalves families, for example in the family Mytilidae, which presented several

types/families of 5S rDNA,α, β, δ, ε and γ (e.g. Insua et al. 2001; Martins & Galetti

2001).The NTS region can display the high variability within and between individuals,

species and taxa. In X. laevis two distinct and non-homologous 5S NTS regions were

associated with the two types of 5S rRNA, one of which exhibits a developmentally distinct

pattern of expression (oocyte) (Fedorov and Brown 1978; Miller et al. 1978). Several

studies in different phylogenetic groups (e.g. Martins and Galetti, 2001; Martins and

Wasko, 2004; Vizoso et al. 2011) clearly showed that duplications, deletions and insertions

are the main sources of 5S rDNA units size, specially affecting the NTS. For that reason,

the length of 5S rDNA repeat sequence is often reported as approximate values or narrow

ranges for species (e.g. 1.6-1.7 kb in mouse-Suzuki et al. 1996).

The pairwise identity between O. edulis and O. stentina 5S rDNA sequence was about

73%. Despite the differences, the G/C content is similar for both species (44%), with NTS

region having lower G/C content than the 5S rRNA gene (Table 2.). This variation in G/C

distribution has also been observed in other bivalves (e.g. Insua et al. 2001; Vizoso et al.

2011); mammals (Suzuki et al. 1996) or amphibians (Pieler et al. 1987). Some authors
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(Cheng et al. 2006; Vierna et al. 2010) suggested that the higher G/C content in the most

conserved region, the 5S rRNA gene, is due to secondary structure stability. The G/C

content of NTS and ITS regions is very low and since ITS regions are known to transcribe

and have secondary structure it was proposed this reason for such differences (Vizoso et

al. 2011).

The 5S ribosomal DNA is transcribed by RNA polymerase III and is characterized by

presenting the transcription control elements within the transcribed region (type I

promoters). In the genomic coding region of these two oysters it was possible to identify

orthologous sequences to D. melanogaster ICRs (Sharp and 1988) and X. laevis set Box

A-IE-Box C (Pieler et al. 1987), which serve as the internal promoter sites for RNA

Polymerase III transcription factors (Figure 2). The Box A is a general internal control

sequence for RNA polymerase III while, the intermediate element (IE) and the Box C are

specific to the 5S rRNA transcription. As it is known, the first step of transcription initiation

complex is the binding of TFIIIA to the 5S rRNA gene, followed by the linkage of TFIIIC

to the TFIIIA and the Box A in the sequence. In the end the TFIIIB binds and interacts with

TFIIIA and TFIIIC (Pieler et al. 1987; Veldhoen et al. 1994; Alberts et al. 2004). As already

pointed out (as previously mentioned) in the results section, the ICR/Box regions are quite

conserved among the analyzed species with just a few base substitutions. Studies in D.

melanogaster revealed that a point-mutation within an internal control region of 5S rRNA

gene results in loss of transcription function (Sharp et al. 1984), and that is why these

regions are so conserved, since a point modification can indeed represent a fail in

transcription process. As far as we know, this is the first time that putative transcriptional

regulatory elements are described in these two species of oysters. The presence and

conservation of these regulatory elements leads to the hypothesis that these sequences are

functional genes. But although the 5S rRNA gene belongs to type I promoters, the presence

of internal promoters is not self-sufficient to carry out transcription (Vizoso et al. 2011).

As already stated, the NTS region is highly polymorphic, but it is possible to observe

conserved elements that may be involved in 5S rRNA transcription initiation and

termination (Campbell and Setzer, 1992). The TATA-like motif is involved in the

expression of the 5S rRNA genes in several species, like for example S. pombe (Hamada

et al. 2001), D. melanogaster (Sharp and Garcia 1988) and S. salar (Pendás et al. 1994)

usually located upstream the gene sequence. Although we only have two sequences, it’s

possible to observe the presence of TATA motif upstream the coding region in both species
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(Figure 3). In the case of O. edulis, the putative regulatory motif was found in the usual

position (30 to 24) for this sequence  (Vizoso et al. 2011) while in O. stentina the first

TATA motif upstream the gene appears only at  position 100. However, if we observe the

30 bp position in O. stentina it is possible to discern a substitution of a TATAA for TCTAA,

although more sequences are need for a more reliable analysis. Raha et al. (2010) proposed

that this region may be involved in RNA polymerase III transcription together with RNA

polymerase II like transcription factors, although functional assays are needed to know the

real role of these TATA-like motifs.  Another conserved region located inside of the NTS

region and that has demonstrated to play an important role in regulation of the 5S rRNA

gene transcription is the T-rich stretch/tail/region. These conserved motifs, constituted by

four or more thyminide, are found some base pairs downstream the gene region, as

observed in figure 3 in the studied sequences. They are related with transcription

termination signal, which is required for a functional eukaryotic transcription mediated by

RNA polymerase III (Huang and Maraia, 2001; Korn and Brown, 1978).

A phylogenetic network analysis of the 5S rRNA gene sequence within Bivalvia was

performed. This analysis clearly demonstrated that the relationships within this group are

not straightforward, although a good separation between the Ptermorphia (III) and

Heterodonta (II) subclasses was distinguishable in the network (Figure 4). But when

zooming in into the network, it is also clear that some species did not cluster together

according to previously determined systematic groups, like for example O. edulis and the

individuals from razor clams (Ensis sp). Although some studies have considered the

usefulness of the nucleotide sequences of the 5S rDNA non-transcribed spacers as

phylogenetic or population markers, (Suzuki et al. 1994, Pendás et al. 1995, Baker et al.

2000), phylogenetic interpretations have to be cautious since the 5S rDNA family shows a

complex organization with the presence of paralogous copies in the genome (Vizoso et al.

2011).

In summary, this study clarifies, the taxonomic incongruence of the subfamily

Ostreinae (Harry, 1985). From a cytogenetic point of view it suggest that all the three genus

of the Ostreinae subfamily should become only one, Ostrea, suggested as well by

Kirkendale et al. (2004) and Coan et al. (2000) based in molecular studies. Furthermore,

provides more insights into the chromosomal distribution of repetitive sequences, in

particular ribosomal genes families in species of Ostreinae family. The striking similarity
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and clear differences among the chromosomal distribution of these rDNA regions make

them promising markers for the further study of chromosome evolution within Ostreinae.
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Figures and Tables

Figure 1. Cytogenetic characterization of O. edulis chromosomes: (a-b)-C-bands by

barium hydroxide using propidium iodide (CBP). C-banding appeared mainly on the

telomeric position on the chromosomes; (c-g)-Physical mapping of 5S rDNA, major rDNA

and telomeric sequence on O. edulis chromosomes counterstained with DAPI; (h)-

Ideogram based on relative length, centromeric index values for O. edulis, number and

location of ribosomal genes and C-banding.
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Figure 2. Schematic comparison of the control elements involved in the transcription of 5S

rDNA using (a) D. melanogaster (Pieler et al. 1987) and (b) X. laevis (Sharp and Garcia

1988) sequences as comparison.
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Figure 3. Sequences of the upstream putative regulatory region - conserved TATA-like

motif (pink box)- in O.stentina and O. edulis.
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Figure 4. Phylogenetic network of the 5S rDNA coding region within Bivalvia: (I)

Outgroups (II) Heterodonta species (III) Ptermorphia species.
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Table 1. PCR specific primers for 5S rDNA and ITS1 sequences.

Table 2. Characterization of O. edulis and O.stentina 5S rDNA and ITS1 sequences based

in sequence length, G/C content and pairwise identity.

Ostrea edulis Ostrea stentina
Sequence Region Length

(bp)
G/C Content

(%)
Length

(bp)
G/C Content

(bp)
Similarity

(%)

5S rDNA Total 365 44.66 418 44.02 73.1
5S rRNA 120 53.3 120 51.67 94

NTS 245 40.41 298 40.94 62.2

Partial
major
rDNA

Total 724 49,31 717 49,23 97.1
18S 33 48.48 36 41.67 81.8
ITS1 277 43.68 277 44,77 94.9
5.8S 157 56.05 157 56.05 100
ITS2 257 51,46 247 51.01 99.7

Region Primer Sequence Cycles Denaturation Annealing Extension

5S
5SF ACCGGTGTTTTCAACGTGAT

35 94ºC-45 s 50ºC-45 s 72ºC- 2 min
5SR CGTCCGATCACCGAAGTTAA
ITS1
ITS1CA GTTTCCGTAGGTGAACCTG

35 94ºC-30 s 55ºC-30 s 72ºC- 45 S
ITS1CB CTCGTCTGATCTGAGGTCG
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Abstract

The understanding of content, distribution and evolution of repeated sequences is an

important topic. The ribosomal RNA (rRNA) multigene families and satellite DNA

(satDNA) sequences constitute a relevant portion of the eukaryotic genome which made

them an interesting marker for cytogenetic studies especially in Bivalves. Although the

family Veneridae comprises 10 % of the species of marine bivalves, their chromosomes are

poorly studied. One example is Chamelea gallina (Bivalvia: Veneridae), a species with

commercial ecological importance, but for which the cytogenetic studies are remain scarce.

In order to improve future discussion on the evolution of these sequences as well as study

the phylogenetic relationships and unveil the chromosome evolutionary history of species

of this family, we isolated, characterized and physically mapped a new satellite DNA

family and ribosomal RNA probes to chromosomes of C. gallina.

Keywords: Chamelea gallina; Veneridae; Ribosomal Genes; satDNA; FISH
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1. Introduction

Veneridae is one of the most diverse and important group of bivalves commonly

known as clams. They constitute a large and diverse family, with over 800 species

described, being some of them edible bivalves, harvested from natural beds and/or

cultivated around the world to increase the production and cover the market demand. The

commercial and economic pressure associated with this family urges the need for

conservation measures (species and populations), as well as to improve the practices of

management and production of these clams using the fields of molecular biology and

genetics (Mikkelsen et al. 2006).

Molecular cytogenetic studies in bivalves have greatly progressed in recent years,

allowing inferring phylogenetic relationships and unveiling chromosome evolutionary

history. Although chromosome banding helps to overcome difficulties in the accurate

identification of chromosomes, special due to of similar chromosome size and morphology,

it is clear that was fluorescent in situ Hybridization (FISH) technique which allow

unequivocally chromosome identification in Bivalves (e.g. Leitão and Chaves, 2008).

Tandem repeat sequences, namely satellite DNA (satDNA) and ribosomal genes

(rDNA) that are present in the genome in high copy numbers are ideal for use as FISH

probes due to their large target size.

Satellite DNA is a highly repetitive DNA organized in long tandem repeats being

present in constitutive heterochromatin (Charlesworth, Sniegowski and Stephan 1994)

mostly localize in centromeric, pericentromeric and telomeric regions of eukaryotic

chromosomes (Charlesworth, Sniegowski and Stephan, 1994). Although its function is still

unclear, several studies have associated satellite DNA with heterochromatin organization

and centromeric function (Ugarković and Plohl, 2002).

In the great majority of higher eukaryotes, the nuclear ribosomal DNA (rDNA) is

organized into two distinct multigene families comprising the so-called 45S and 5S rDNA

repeats which codify for the rRNA molecules used in the biogenesis of the ribosome. The

45S rDNA repeat contains the genes that are transcribed into 18S, 5.8S and 26S-28S rRNA

and its spacers (IGS, ITS1 and ITS2), whereas 5S rDNA encodes the 5S rRNA transcribing

region and a variable nontranscribed spacer (NTS) (Long and Dawid 1980; Drouin and

Moniz de Sá, 1995).

The striped venus clam, Chamelea gallina, is a fairly common clam species in the

Atlantic Ocean, being one of the most harvested species in the region. In this study a new
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satellite DNA family and ribosomal genes of C. gallina were isolated, characterized and

their physical mapping was performed in order to discuss not only the evolution of the

sequences itself but as well their relationship but also their role in the karyological

evolution of this species.

2. Materials and Methods

2.1. Sampling

Samples of C. gallina were collected at the coast of Algarve (South of Portugal) and

after two days of depuration, the samples were processed and placed in 70% ethanol at -20

ºC, until further use. Genomic DNA was extracted from ethanol-preserved adductor muscle

as described by Pereira et al. (2011).

2.2. Isolation and Characterization of satDNA sequences

To identify major repetitive DNA sequences of C. gallina a strategy, following Plohl

et al. (2008), for satellite DNA detection and characterization based in genomic DNA

digestion with restriction endonucleases, colony lift, followed by sequence analysis of

randomly cloned monomers or short multimers, was adopted. Genomic libraries were

constructed after partial digestion of C. gallina DNA with HaeIII restriction enzyme, being

the product cloned and labelled. The colony-lift hybridization as based in Plohl et al. (2008)

protocol, in which twenty five colonies showed strong hybridization, being selected for

isolation of plasmidic DNA. Two other colony-lift hybridization procedures were made:

one with the satellite DNA sequence BIV160 (Plohl et al. 2010) and the second with the

labeled HaeIII restriction product. Basically, the first experiment allow to exclude the

possibility that some of the fragments represented a sequence that had already isolated, in

this case the satellite DNA sequence BIV160 (Plohl et al. 2010). The second hybridization

with the labeled HaeIII restriction product confirmed that the isolated inserts derived in

fact from the HaeIII restriction product. Afterwards, the bioinformatics analysis was made

using the alignment tool BLASTN against GenBank database and the sequence analysis

using the BIO EDIT sequence alignment editor (Hall 1999) and Vector NTI Advanced,

version 10.3.1 (Invitrogen Life Science).

2.3. Probe and chromosome preparation and Fluorescence in situ

For 5S rDNA and ITS1 specific probes were generated by PCR using the primers 5SA-

B (5SA: 5´-AACACCGGTTCTCGTCCGATC-3´; 5SB: 5´-

CAACGTGATATGGTCGTAGAC-3`) (Cross et al. 2005) and ITS1CA-CB (ITS1CA: 5´-
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GTTTCCGTAGGTGAACCTG-3`; ITS1CB: 5`- CTCGTCTGATCTGAGGTCG-3)

(Heath et al. 1995) respectively. Probe construction was performed following the method

previously published by Pereira et al. 2011. The new satDNA sequence was labeled by

DIG-Nick Translation Mix (Roche) according to the manufacture procedures. FISH

experiments followed Pereira et al. 2011.

C. gallina chromosome metaphases were prepared from gill tissue following the

procedure of Thiriot-Quiévreux and Ayraud (1982).

2.4. Microscopy and image processing

Chromosomes were observed with a Zeiss Axioplan 2 Imaging microscope, coupled

to an Axiocam digital camera with AxioVision software (version Rel. 4.5 – Zeiss).

Digitized photos were prepared for printing in Adobe Photoshop (version 5.0); contrast and

colour optimization were the functions used and affected the whole of the image equally.

3. Results and Discussion

3.1. Molecular and cytogenetic characterization of a new repetitive DNA sequence in C.

gallina

The satellite DNA detection protocol reveled twenty five colonies of interest, in which

all of them do not show any relationship with the satellite DNA sequence BIV160 (Plohl

et al. 2010) and eight were chosen to sequencing since they show some interesting after the

colony-lift hybridization with HaeIII restriction product.

The bioinformatics analysis of the 8 clones sequenced showed that clones ChgHae4,

ChgHae19 and ChgHae22 display similarity with D. trunculus DTHS2 satellite DNA

family (Plohl and Cornudella, 1997) and the clone ChgHae10 revealed to be related with

the D. trunculus DTHS3 satellite DNA family (Plohl and Cornudella, 1997). The other four

clones - ChgHae2, ChgHae11, ChgHae23 and ChgHae24 – did not disclosed any

significant similarity with any available DNA sequences. The particularly interest of these

four clones was that they presented internal repetitive motifs, and no similarity between the

four clones were found. The clone with more internal repetitive sequence was the

ChgHae24 which was, for that reason, chosen for the molecular and cytogenetic study in

C. gallina.

The ChgHae24 sequence had a total size of 1100 bp, in which was found 4 internal

repeats with a length between 172–174 bp (Figure 1). The sequence alignment of the

internal repeats showed a high identity between them (Identical Sites: 78.9%; Pairwise
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Identity: 88.4%), so is most likely to be the same monomeric unit of a satellite DNA family.

Regarding the nucleotide constitution the percentage of A/T was ~64% on average, with

several visible runs of A/T bp but without any internal direct or reverse repeating elements.

These special characteristics, 170 bp and a high percentage of AT, of this sequence are

coincident with other satDNA families (e.g. mouse - Radic et al. 1987; ants - Lorite et al.

2002; bivalves - López-Flores et al. 2004; Plohl et al. 2010) and could be related the

capacity of the repeat unit to acquire stable curvatures, found in centromeric DNAs (Radic

et al. 1992). Ugarković et al. 1989, proposed that aging of satellite sequences leads to the

accumulation of AT nucleotides, so a higher percentage of GC nucleotides would suggested

more recent origin.

The chromosomal distribution of ChgHae24 sequence made by FISH revealed that the

satellite sequence is present in blocks in some chromosome pairs, in diffuse hybridization

signals in others and at least in 3 chromosome pairs no hybridization signal was observed

(Figure 2a and b). The distribution of the satellite sequence varied between subterminal,

terminal, centromeric and (peri)centromeric regions, presenting in some chromosomes

several of the above  locations.

The studies regarding cytogenetic location of satDNA sequences in bivalves are scarce,

and in species of the Veneridae family, only one work was previously published

(Passamonti et al. 1998). A highly tandemly repetitive DNA family - phBclII400 – revealed

mainly pericentromeric localization in chromosomes of R. Philippinarium (Passamonti et

al. 1998). In 2015, Petraccioli et al. using a novel repetitive DNA family - PjHhaI - as a

probe revealed strong hybridization signals on restricted regions of all the bivalents of

Pecten jacobaeus. Plohl et al. (2008) using FISH analysis revealed the subtelomeric and

telomeric location of the satellite DNA family - DTF2 - in D. trunculus chromosomes. The

subtelomeric location of a satellite DNA was also observed in chromosomes of the genus

Mytilus (Martínez-Lage et al. 2002). In the genome of oysters at least 3 different types of

repetitive DNA satellite have been identified so far, exemplified by the telomeric position

displayed by the satellite sequence Cg170 in C. gigas and the interspersed hybridization

with BclI in O. edulis (López-Flores et al. 2010). Although our results, apparently, do not

revealed any particular chromosomal feature in the distribution of satDNA sequence, it is

well know that repeated DNA are responsible for most of the changes in chromosome size

and structure during the evolution and divergence of species (Flavell, 1986). In particular

it has been suggested that tandemly repeated sequences may facilitate chromosome
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rearrangements promoting or preventing centric fusion (Redi et al. 1990, Bradley and

Wichman 1994, Garrido-Ramos et al. 1995). So, a detailed karyotype characterization

should be conducted in this species in order to ascertain if the satellite DNA sequences are

involved in the chromosome rearrangements on this genomes.

3.2 Physical mapping of ribosomal genes in C. gallina chromosomes

The chromosome number in C. gallina was firstly described by Rasotto et al. (1981)

as 2n=30. However the same authors also highlighted that this diploid number should be

kept in reserve due to difficulties in the bivalent count. Later, Corni and Trentini (1986)

reported a diploid chromosome number of 2n=38 for this species. A conservative trend for

the chromosome number is evident in the family Veneridae, since the 13 species of the

family Veneridae examined so far all have 2n=38 (cf. Leitão and Chaves, 2008; García-

Souto et al. 2015). Our cytogenetic analysis, confirmed that the karyotype of C. gallina is

composed by fifteen chromosome pairs regarded as submetacentric or metacentric, and four

pairs as acrocentric, with 2n=38 chromosomes as previously reported by Corni e Trentini

(1986) (Figure 3a). In fact almost all karyotypes described in the clams group are

characterized by a high presence of metacentric or submetacentric homologous pairs.

However, in a few species such as Circe scripta, R. decussatus and R. philippinarum, (e.g.

García-Souto et al. 2015) karyotype discrepancies regarding composition were observed

among authors mainly resulting from the analysis of chromosomes that differ in the

condensation degree and imprecise centromere location when chromosomes were

measured

The chromosomal location of the major ribosomal genes (ITS1) and minor ribosomal

genes (5S rDNA) was analyzed in several metaphase plates of C. gallina and the results are

according to García-Souto et al. 2015 results. One major rDNA signal observed on the

centromeric region of a small submetacentric chromosome pair (Figure 3b) and two minor

rDNA signals located on the long arms of one submetacentric and one metacentric

chromosome pair were observed (Figure 3c). The localization of ribosomal loci, by silver

staining and/or FISH, was made in about 50 species of bivalves (cf. Leitão and Chaves,

2008) and in the Veneridae family the presence of a single major rDNA cluster is quite

usual, being the exception found in this group the Mercenaria mercenaria (Wang and Guo

2007), with signal in two chromosome pairs. The position of these sequences in the

chromosomes in this group is highly divergent among Veneridae species, range between
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interstitial, sub-terminal or terminal positions, being the centromeric position only present

in Clausinella fasciata and Petricola litophaga (García-Souto et al. 2015).

The 5s rDNA loci is variable between one to three signals (e.g. Hurtado et al. 2011;

García-Souto et al. 2015), only presented in terminal and interstitial positions of Veneridae

chromosomes. García-Souto et al. 2015 conclude that the clams of the family Veneridae

showed variation in both number and chromosomal location of the minor rDNA clusters

but only in location of the major rDNA clusters. The organization of this multigene families

are not in accordance with the taxonomic distribution of the species of the family

Veneridae; indeed  species belonging to the same clade or subfamily showed major and

minor rDNA clusters differing in number and chromosome location.

Comparing this results with other bivalves families, we can found some differences,

while in heterodonta, species showed one to four major rDNA and two to five 5S rDNA

clusters (e.g. Insua et al. 1999; Leitão and Chaves, 2008; Pérez-García et al. 2014), the

Pteromorphia species presented one or two major and 5S rDNA clusters (e.g. Leitão and

Chaves, 2008; Pereira et al. 2011). It seems that the evolution of the major rDNA regions

in venerid clams are different from other bivalve groups, more variable, either in number

or/and position of these sequences (García-Souto et al. 2015). In contrast the 5S rDNA

genes have a more common trace between the several groups of bivalves, a highly variable

gene, dynamics that are explain to transposition and/or unequal crossover (Eickbush and

Eickbush, 2007).

Cytogenetic markers, such as repetitive sequences, like ribosomal RNA (rRNA) and

satDNA, present multiple copies of genes in eukaryotic genomes are considered good

chromosomes specific probes for this clear identification. In the case of C. gallina this work

describes the use of FISH analysis to better distinguish chromosomes on this clam species,

the use of rDNA gene clusters (major and minor) and new satDNA sequence allowed to

distinguish specific pairs of chromosomes. The accurate identification of bivalves

chromosomes is important when study phylogenetic relationships and unveiling

chromosome evolutionary history trough chromosome changes in this group of organism.
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Figure and Tables

Figure 1. Multiple-sequence alignments of ChgHae24 internal repeats sequenced from C.

gallina. The complete sequence consensus is shown and the green boxes show runs of AT

content in the sequences.

Fig2. Chromosomal location of 5S rDNA and major rDNA on C. gallina. (a) C. gallina DAPI-stained

chromosomes showing a diploid number of 2n=38; (b) FISH using a ITS1 gene probe (green) shows one

cluster of ribossomal gene on the centromere of one chromosome pair; (c) FISH using a 5S rDNA probe (red)

reveals the presence of two clusters of 5S rDNA on two chromosome pairs.

Figure 2. Physical mapping of repetitive DNA sequences on C. gallina chromosomes (a-

b) Fluorescent in situ hybridization of the ChgHae24 probe (red) on mitotic metaphase

chromosomes of C. gallina counter-stained with DAPI.
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Figure 3. Physical mapping of repetitive DNA sequences on C. gallina chromosomes (a)

C. gallina DAPI-stained chromosomes showing a diploid number of 2n=38; (b) FISH using

a ITS1 gene probe (green) shows one cluster of ribossomal gene on the centromere of one

chromosome pair; (c) FISH using a 5S rDNA probe (red) reveals the presence of two

clusters of 5S rDNA on two chromosome pairs.



CHAPTER II RESULTS

150



CHAPTER
III

GENERAL DISCUSSION



CHAPTER III GENERAL DISCUSSION

153

The class Bivalvia is one of the largest, most diverse and important group in the

animal kingdom, with a high  number of invertebrate marine species with high economic

and ecological importance, that are subject to over exploration and degradation. It is then

important to support the improvement of resource conservation and management, but also

maintain the levels of aquaculture production and commercialization to cover the market

demand. In order to achieve those goals is important to well classify the class Bivalvia,

mainly the classification in subfamilies and genera which is sometimes equivocal, as well

as, limited information on phylogeny and relationships between the species, mainly since

most of the studies have been based essentially on adult morphology (Barucca et al. 2004).

Research in marine bivalves, using molecular genetics approaches, can provide

essential information to access their biodiversity, which is indispensable for its

conservation especially when they are commercially exploited, contribute to improve the

taxonomy classification and phylogenetic relationships. It is, however, important to use

multidisciplinary approaches combining morphological, molecular and cytogenetic

characters to achieve all the previously objectives.

The aim of this thesis was then to analyse the genome of commercially important

bivalve species using molecular and cytogenetic techniques, to obtain relevant data, and

integrate them in multidisciplinary analyzes which can contribute to a more accurate

research in marine bivalves.

This general discussion chapter will be divided in two parts according to the work

developed. The first part will report the results obtained using DNA-based genetic markers,

more precisely the use of RAPDs to determine and analyse the genetic variation of the

entire genome of different populations of one Veneridae specie. The second part of the

discussion is dedicated to the analysis of the data acquired through the application of

molecular cytogenetic techniques, using repetitive sequences, in oysters and clams

genomes. In general the main aim is to discuss in which way these approaches can

contribute to a better knowledge of these genomes, the applicability of obtained data and

uncover future resolutions.
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III.1. EVALUATION OF GENETIC VARIATION USING MOLECULAR MARKERS

In the first part of this thesis a RAPD (Williams et al. 1990; Welsh and McClelland,

1990) assay was used in order to analyze the genetic diversity and differentiation in

different populations of Ruditapes decussatus (family Veneridae).

Molecular genetic markers can be used to assess genetic variation in a group of

individuals or populations, estimating the most different parameters using diverse software

analysis of molecular population studies (e.g. Labate et al. 2000; Lowe et al. 2004). Waugh

and Powell (1992) stated that the analysis of polymorphism by molecular markers could

help to select priority areas for conservation and provide vital information for the

development of genetic sampling and improvement. RAPD markers have been widely used

for estimating genetic diversity and genetic structure in many species and have proved to

be a powerful tool (Bussell, 1999; Ouborg et al. 1999; Chen et al. 2005).

In this work the methodology of RAPDs showed to be effective in revealing

polymorphisms in the studied species, since all random primers produced at least one

polymorphic fragment. We are aware of the major limitations of this technique, like its lack

of reproducibility (Ford-Lloyd and Painting, 1996; Weising et al. 1995; Guadagnuolo et al.

2001) and its sensitivity to small variations in PCR conditions, but it was possible to

overcome these, using high quality genomic DNA (Results II.1: Paper I) and performing

experiments repetitions for the same primer and individual in which similar results were

generated.

The results of molecular population studies made in R. decussatus (Results II.1.:

Paper II) are summarized in table III.1. Observing the table III.1., the genetic diversity

within populations presents high levels of genetic variability in the populations of R.

decussatus . Comparing with other bivalves studies, there is a slightly difference between

V. senegalensis portuguese populations (Joaquim et al. 2010), maybe explained by the

lower number of individuals and primers used in the V. senegalensis experiments. In

mussels (Mytilus galloprovincialis) populations in Southern California (Li Ma et al. 2000)

or in European populations of the razor clams Ensis siliqua (Fernández-Tajes et al. 2007)

the values obtained are slightly lower.

Despite the importance of the analysis of genetic variability and population

structure in managing exploited populations, the genetic status of R. decussatus populations

is poorly studied. Studies using allozymes, (Borsa and Thiriot-Quievreux, 1990; Borsa et
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al. 1992; Passamonti et al. 1997 and Jordaens et al. 2000); introns ( Cordero et al. 2008

and Gharbi et al. 2010); mitochondrial loci (Gharbi et al. 2010) and microsatellite (Borrell

et al. 2012), present high levels of genetic diversity within these populations. The ability

of a species to respond adaptively to environmental changes and, therefore, to long-term

survival depends on the levels of genetic variability within populations (Qian et al. 2001;

Sofia et al. 2006). The high genetic variability found in both populations R. decussatus

suggests that they have a gene pool with sufficient genetic plasticity to support changes in

the environmental conditions without endangering the species survival.

The analysis of population structure of this exploited species (Table III.1.) revealed

low genetic differentiation, when comparing the two populations. Similar levels of genetic

differentiation, using the same molecular methodology, were previously observed in other

bivalves species (greenshell mussel - Star et al. 2003; amethyst gem clam - Casu et al.

2005; razor clams - Fernández-Tajes et al. 2007; V. senegalensis – Joaquim et al. 2010).

The population genetic structure of species is stated by mating and reproductive system,

gene flow (dispersal of larvae), genetic drift, environmental selection or adaptation,

bottlenecks, and founder effects among others (e.g., Bierne et al. 1998; Holmes et al. 2004).

R. decussatus

Ria

Alvor

Ria

Formosa

Genetic diversity within populations

% Polymorphic loci 68.57 73.88

n0 Observed number of alleles 1.371 1.486

ne Effective number of alleles 1.267 1.389

h Nei´s gene diversity 0.176 0.234

H
Shannon´s information

index

0.281 0.356

Population genetic structure

HT Total gene diversity 0.2396

HS

Gene diversity within

populations
0.2047

DST

Gene diversity among

populations
0.0349

GST

Coefficient of gene

differentiation
0.1450

Nm Gene flow 2.9

Table III.1. Summary table of final values of genetic diversity within and between populations.
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To summarize, the populations of R. decussatus present a high degree of genetic

variability within the populations and low level of genetic differentiation among them. As

in most marine bivalves, they are characterized by high fecundity, large population sizes,

external fertilization with broadcast spawning, and extensive larval dispersal (Bierne et al.

1998). At a first view, the results generated from the studied populations suggests a

‘‘canonical’’ model of population genetics known as panmixia, without inbreeding,

proposed for other bivalve populations (e.g., Bierne et al. 1998; Fernández-Tajes et al.

2007). This model requires an intense gene flow (Nm) between populations without

geographic barriers in order to allow them to evolve together (Armbruster, 1997; Ward,

2006). Traditionally, levels of Nm/1 are thought to be sufficient to prevent population

genetic differentiation (Slatkin, 1987). Thus, the number of migrants between the studied

populations (Nm = 4.057) may suggest that larval exchange could be responsible for the

genetic similarities between them. Fernández-Tajes et al. (2007) reported a gene flow of

the same magnitude among Galician populations of E. siliqua and they suggested that these

populations acted as a single interbreeding population. However, some authors (Whitlock

and McCauley 1999) believe that these results should be interpreted carefully, since Nm is

calculated based on the Fst value and the genetic plasticity of both populations (high genetic

variability) can contribute to their similarity. So what could explain the high degrees of

genetic homogeneity found in these populations?

R. decussatus are an actaeplanic species with great dispersal capacity of larvae,

special in lagoon systems with possibility to drift to coastal waters, and usually show higher

rates of gene flow, lower levels of genetic differentiation between populations and high

levels of genetic variation within populations (Scheltema and Williams, 1983; Waples,

1987; Williams and Benzie, 1993; Palumbi, 1995). However these arguments do not seem

sufficient, in both studies, to overtake the geographically distanced and other oceanic

physical constraints (e.g., variation in water temperature, salinity, predation, and currents).

So the hypotheses of larval exchange between the populations of each species studied

appears to not be enough to justify such high degree of genetic homogenization, and

moreover natural dispersal is not always the operating transport mechanism (Levin, 2006).

The genetic structure of natural populations can be significantly affected by

anthropogenic activities (e.g. Palumbi, 1996; Simmons et al. 2006). The R. decussatus

population of Ria de Alvor suffer overexploitation and the demanding of specie, due to

commercial purposes, required the  restocking by human with seeds from other local. In
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this case, mainly from the Ria Formosa population, because of the proximity and as well

because Ria Formosa is the most important source of R. decussatus natural seed (juveniles).

This hypothesis can lead us to suggest that the high levels of Nm between the two

populations can result from historically genotypic and allelic similarities between the

individuals from these regions and do not reflect the present day value of Nm. This

hypothesis was already conjectured by Star et al. (2003) for New Zeland Perna canaliculus

populations and Joaquim et al. (2010) in portuguese populations of V. senegalensis. Bell

et al. (2005) and Gaffney (2006) underline the importance of genetic knowledge of the

species/populations to an efficient management of marine invertebrate fisheries or

restoration projects. In our study, R. decussatus population of Ria Formosa still presents a

high intra-population genetic variability, it should be the one preferentially selected as

broodstock for aquaculture purposes and for subsequent restocking programs.

III.2. CYTOGENETIC APPROACH IN BIVALVES USING REPETITIVE SEQUENCES

Genomes are constantly changing, and they evolve either by point changes in

nucleotide sequences or by chromosome rearrangements marking major evolutionary steps.

The dynamics of chromosomal evolution are only possible to understand if we know how

genomes are organized and which types of chromosomal rearrangements are implicated in

macro-evolutionary events, reproductive isolation and speciation (White, 1978; King,

1993; Navarro and Barton, 2003). Clearly, significant evolutionarily extensive

reorganization of the genomes (changes in chromosome number and structure) must have

occurred during the evolution of Bivalves, allowing the reproductive isolation and

differentiation of the large number of species (Wang and Guo, 2004; Leitão and Chaves,

2008).

Molecular cytogenetic studies in bivalves have greatly increased through the years,

mainly due to the introduction of more accurate molecular techniques, which overcome the

difficulties placed by the biological nature of Bivalves. Although, chromosome banding

help to overcome difficulties, mainly due to similar chromosome size and morphology, in

the accurate identification of chromosomes in bivalves, it is clear that it was Fluorescent

In Situ Hybridization (FISH) which allow unequivocally chromosome identification, gene

mapping, clarification of the phylogenetic relationships and studies on chromosome

rearrangement in a variety of organisms. In this section of the thesis will be discussed the
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data obtained by applying molecular cytogenetic techniques to the genome of two species

of flat oysters (O. stentina and O. edulis) and in one species of clam, C. gallina. In order to

better follow the discussion, a summary of the most important considerations for each study

is presented below:

1. O. edulis and O. stentina both display a diploid chromosome number with 2n=20,

which is characteristic of the genus Ostrea and is the most common throughout the

Ostreacea (for review see Thirot-Quiévreux, 2002).

2. The dwarf oyster, O. stentina, karyotype is composed by six metacentric and four

submetacentric chromosome pairs, being this the first report on karyotype and chromosome

measurements in this species. O. edulis karyotype presents five metacentric (1, 2, 3, 5, and

6) and five submetacentric (4, 7, 8, 9, and 10) chromosome pairs (Thiriot-Quiévreux, 1984).

Ostreinae have karyotypes mostly with metacentric and submetacentric chromosome pairs,

suggesting that oyster species might have diverged through pericentric inversions,

reciprocal translocations or centromere reposition.

3. Karyotype comparison with other species revealed: a) O. stentina and O.

conchaphila have a very similar karyotypic formula, presenting only differences in pairs 2

and 3 which are very similar in size; b) the unique karyotype of O. puelchana due to the

presence of a single telocentric chromosome pair; c) the close similarity between O. edulis

and O. angasi, previously pointed out by Li and Havenhand (1997); d) O. denselamelosa,

O. chilensis and O. conchaphila had related karyotypes.

4. RE banding comparison discolsed a larger similarity between O. stentina and O.

conchaphila than between these two species and O. edulis.

5. C-banding analysis showed: a) that C-bands in O. stentina have a similar location

that in O. conchaphila (Leitão et al. 2002) and in O. denselamellosa (Insua and Thiriot-

Quiévreux 1991): b) O. edulis have a similar distribution of CH regions than O. angasi, O.

denselamellosa, and O. conchaphila.

6. FISH analysis revealed: a) that the major ribosomal gene (ITS1) is located on

chromosomes 3 and 7 in O. stentina and chromosomes 4, 7 and 10, in O. edulis; b) the 5S

rDNA cluster is located in the chromosomes 2 and 4 in O. edulis.

7. The analysis of 5S rDNA sequence in the two oysters revealed: a) a highly

conserved region of 120 bp versus a highly polymorphic region of NTS; b) presence of

orthologous sequences to transcription control elements; c) in a phylogenetic network the
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separation between the Ptermorphia and Heterodonta subclasses, as well as, the clustering

of systematic groups.

8. The isolation and characterization of a new repetitive DNA sequence - ChgHae24

- in C. gallina. The monomer appears to have ~170 bp, presents a high AT content, and

includes a homologous region to the mammals CENP-B box.

9. Physical mapping of ChgHae24 showed the presence of this satellite sequence in

blocks in some chromosome pairs, diffuse hybridization signals in others and at least in 3

chromosome pairs no hybridization signal is found. The distribution of the satellite

sequence varied between sub and terminal, centromeric and (peri)centromeric regions,

being that in some chromosomes is possible to have several locations.

10. The ribosomal sequences 5S rDNA and ITS are presented in different chromosomes

in the C. gallina karyotype, according to García-Souto et al. (2015) data. FISH analysis

revealed: a) the major ribosomal genes (ITS1) is located on the centromeric region of a

small submetacentric chromosome pair; b) the 5S rDNA clusters are localized on the long

arms of one submetacentric and one metacentric chromosome pair.
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Figure III.1. Ideograms from Ostreinae species.
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Figure III.2. Cytogenetic characterization of bivalves chromosomes: (a-b)-Physical mapping major rDNA (a) and

telomeric sequence (b) on O. stentina chromosomes counterstained with DAPI; (c-f)-Physical mapping of major

rDNA(c), 5S rDNA (d), both (e) and telomeric (f) sequence on O. edulis chromosomes counterstained with DAPI; (g-i)-

Physical mapping of major rDNA(g), 5S rDNA (h), and ChgHae24 satDNA (f) sequence on C. gallina chromosomes

counterstained with DAPI.
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Cytogenetic approach study within Ostreinae group. As already pointed out, there is an

ongoing discussion regarding specific taxa in this group, due to limited information on

phylogeny and relationships between the species (Ruesink et al. 2005; Huber, 2010). The

integration of cytogenetic data to assess the Ostreinae systematic and taxonomic

problematic was one of the objectives of this thesis. To achieve that purpose, ideograms

were constructed (Figure III.1.) based on relative length and centromeric index values,

number and location of ribosomal genes (either by FISH or Ag-NORs) and C- banding.

The Provence oyster, O. stentina, and the European flat oyster, O. edulis, belong to

the group of flat oysters. Based on anatomy and shell morphology, Harry (1985) classified

the family Ostreidae and divided them in three subfamilies: Lophinae, Crassostreinae and

Ostreinae. Within the subfamily Ostreinae, Harry (1985) subdivided them into 4 tribes and

9 genera, and synonymize some previously described species. O. stentina, was grouped

with O. equestris and O. conchaphila forming the genus Ostreola. However, the high

morphological plasticity of oysters in the subfamily Ostreinae greatly complicates their

identification and classification. Current knowledge of oyster systematics is still

fragmentary, particularly in the subfamily Ostreinae (flat oysters) but several molecular

phylogenetic studies (Josefowicz and O’Foighil, 1998; Kirkendale et al. 2004; Lapègue et

al. 2006; Shilts et al. 2007) have questioned the validity of some of the tribes, genera and

synonymization proposed by Harry (1985) and suggested the incorporation of the Ostreola

genus into Ostrea (Coan et al. 2000; Lapègue et al. 2006; Shilts et al. 2007).

The analysis of cytogenetic results, revealed a high homogeneity between this

species of flat oysters, either by one similar characteristic or by the conjugation of several

analyses, which foresees a close relationship between species. For example, the

karyological, C-banding and FISH data highlighted a high resemblance between O.

stentina, O. conchaphila and O. denselamellosa. The cytogenetic results of this thesis also

highlighted the proximity between O. edulis and O. angasi previously pointed out by Li

and Havenhand (1997) and Leitão et al. (2002). Some of these similarities are also

corroborated by molecular studies, based on sequence data analysis of 16S mitochondrial

fragment and internal transcribed spacer (ITS1), in these species (Lapègue et al. 2006;

Shilts et al. 2007). The analysis of obtained data supported the reorganization of this

systematic clade with the “absorption” of genus Ostreola in the genus Ostrea, suggested by

Coan et al. (2000), Kirkendale et al.(2004), Lapègue et al. (2006) and Shilts et al. (2007).

The results of this thesis are the first publications, using FISH, in chromosomes of
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Ostreinae species. However future cytogenetic characterization of others Ostreinae species

would be important in shedding more light in the clarification of taxonomic

issues/relationships within the group of flat oyster species.

Organization, Evolution and Phylogenetic inferences based on 5S rDNA in

Ostreinae. In order to understand the dynamics and evolution of 5S rRNA gene arrays, first

it is important to understand the structure and organization of 5S rDNA in the genome of

Bivalves. Studies on the 5S rDNA repeat organization can provide interesting insights for

the comprehension of genome evolution, dynamics of repetitive sequences in the genome

and the practical employment of 5S rDNA as genetic markers. Although the number of 5S

rDNA analyzed sequences is to low to allow any general assumption of the evolution of

these sequences in this sub-familiy, the obtained data provide useful information for future

studies. The analysis of 5S rDNA sequences (O. edulis and O. edulis) revealed:

a) a highly conserved coding region with 120 nucleotides (5S rRNA gene), as well

as a high polymorphic region in length and composition, the nontranscribed spacer (NTS).

This conserved region was identified by the alignment of our isolated 5S rDNA sequences

with 5S rDNA available in Bivalves. At same time, it was possible to observe a lower

similarity (varies in length and composition) between the NTS regions. It is usual that the

NTS region displays high variability within and between individuals, species and taxa,

mainly due to duplications, deletions and insertions, (e.g. Martins and Galetti, 2001;

Martins and Wasko, 2004; Vizoso et al. 2011). In some bivalves families this variation of

NTS regions lead to the origin of 5S rDNA variants like for example, in the family

Mytilidae, characteristic of a long-term evolution of 5S ribosomal DNA by birth-and-death

(Insua et al. 2001; Vizoso et al. 2011).

b) a lower content of GC in the NTS region compared with the 5S rRNA gene. It is

not well understood in which way these differences are important for the sequence, but

some authors (Cheng et al. 2005; Vierna et al. 2010) suggested that the higher G/C content

in the most conserved region, the 5S rRNA gene, is due to secondary structure stability,

necessary to transcription efficiency.

c) orthologous sequences to transcription control elements such as: 1) Internal

promoter sites for RNA Polymerase III transcription factors, similar to D. melanogaster

ICRs - Internal Control Regions - (Sharp and Garcia, 1988) and X. laevis set Box A-IE-

Box C (Pieler et al. 1987); 2) Conserved elements that may be involved in 5S rRNA
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transcription initiation and termination (Campbell and Setzer, 1992), like TATA-like motif

(Hamada et al. 2001; Sharp and Garcia, 1988; Pendás et al. 1994) and T-rich

stretch/tail/region (e.g. Huang and Maraia, 2001), respectively.

As far as we know this is the first time that putative transcriptional regulatory

elements are described in these two species of oysters. All these regions are quite conserved

among the analyzed species, with just a few base substitutions, suggesting the viability of

these being functional 5S rDNA genes. Although, some studies show that a point-mutation

within an internal control region of 5S rRNA gene can result in loss of transcription

function (Sharp et al. 1984) and the presence of internal promoters is not self-sufficient to

carry out transcription (Vizoso et al. 2011).

Since the number of sequences and individuals in the studies performed in O.

stentina and O. edulis was quite low, no strong/genuine discussion could be performed,

however the great similarity (lack of variability) observed between sequences from each

species could indicate to concerted evolution model to explain the evolution of rDNA

family in these species. Although, the model of concerted evolution was assumed for this

multigene families during years, recent molecular studies  present a different model of

evolution for rDNA and other multigene families (e.g. Histone), birth-and-death evolution

or mixed process of concerted and birth-and-death evolution (Nei and Rooney, 2005).

Curiously the occurrence of this evolution pattern has been predominantly registered in

experiments using lower eukaryotes such as fungi (Rooney and Ward, 2005), plants (Kellog

and Appels, 1995) and invertebrates, special in bivalves (e.g. family Pharidae–Vierna et al.

2010; family Mytilidae –Vizoso et al. 2011).

A phylogenetic network analysis of the 5S rRNA gene sequence within Bivalvia

was performed and allowed a clearly distinguishable separation between the Ptermorphia

and Heterodonta subclasses. A more carefully observation into the network, revealed that

some species did not cluster together according to previously determined systematic

groups, like for example O. edulis and the individuals from razor clams (Ensis sp.) (Vierna

et al. 2010). Although some studies have considered the usefulness of the nucleotide

sequences of the 5S rDNA gene and non-transcribed spacers as phylogenetic or population

markers (Suzuki et al. 1994, Pendás et al. 1995, Baker et al. 2000), phylogenetic

interpretations have to be cautious since the 5S rDNA family has highly nucleotide

conservation, small size and shows a complex organization with the presence of paralogous

copies in the genome (Martins and Wasko, 2004).
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Importance of the study of satDNA sequences. Constitutive heterochromatin is

thought to be “hotspots” for structural chromosome rearrangements (John, 1988, Chaves et

al. 2004) and from its constituents, satellite DNAs, is most likely the responsible for

promoting genomic plasticity and consequently high rates of chromosome rearrangements

(Slamovits and Rossi, 2002). Several studies in satDNA have shown that these highly

repetitive sequences evolve in a concert way and present specific modes of evolution

promoted by their ability to change its copy number and to move throughout the genome

(e.g. Reig et al. 1992; Caraballo et al. 2010), what suggests their implication in the

origination of chromosome alterations. Due to this pattern of evolution, satDNA sequences

have important consequences in taxonomic and phylogenetic analyses (Elder and Turner,

1995).

Studies of satDNAs in genome of Bivalves are scare and until now used as

molecular markers for taxonomic (Canapa et al. 2000; Lapégue et al. 2002; Martínez-Lage

et al. 2002; Klinbunga et al. 2003), phylogenetic (Littlewood, 1994; Josefowicz and

O’Foighil, 1998; O’Foighil and Taylor, 2000) as well as phylogenetic and taxonomic

analyses (Muchmore et al. 1998; López-Flores et al. 2004).

In this thesis we describe the characterization and mapping of a repetitive DNA

sequence ChgHae24 in the clam C. gallina was performed. The ChgHae24 sequence has a

length of ~170 bp and high percentage of AT nucleotides. As observed for ribosomal genes,

the content of AT/GC is not well clarify, although it is known that in the genome of species,

satellite families with different origin and GC/AT value can coexistence (Sola and Gornung

2001; Kuznetsova et al. 2006; Odierna et al. 2006). Ugarković et al. 1989, suggested that

aging of satellite sequences leads to accumulation of AT nucleotides, meaning that

sequences with more recent origin have a higher percentage of GC nucleotides. Further

works (Radic et al. 1992; López-Flores et al. 2004) suggested that satellite DNA families

with a sequence length of around 170 bp and high percentage of AT content can be related

to the capacity of the repeat unit to acquire stable curvatures, this being an important feature

for centromeric DNAs (Radic et al. 1992).

In addition to the molecular characterization, the ChgHae24 sequence was physical

mapped into the chromosomes of C. gallina. The chromosomes preparations revealed that

this sequence is present in all chromosomes but is more representative in 12-14

chromosome pairs and with diffuse hybridization signals in the rest. The distribution of the

satellite sequence varied between sub and terminal, centromeric and (peri)centromeric
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regions, being that in some chromosomes is was possible to present several locations. The

studies regarding cytogenetic location of repetitive sequences in bivalves are scarce, and

particularly in species of the Veneridae family, indeed only one work was previously

published (Passamonti et al. 1998). In that study a highly tandemly repetitive DNA family

- phBclII400 – revealed mainly pericentromeric localization in chromosomes of R.

philippinarium. In bivalves, in general, Petrović et al. (2009) disclosed the sub and

telomeric location of the satellite DNA family - DTF2 - in Donax trunculus chromosomes.

The subtelomeric location of a satellite DNA was also observed in chromosomes of the

genus Mytilus (Martínez-Lage et al. 2002). In the genome of oysters so far, at least 3

different types of repetitive satellite DNAwere identified.The telomeric and submetacentric

position displayed by the satellite sequence Cg170 in C. gigas and the interspersed

hybridization with BclI in O. edulis (López-Flores et al. 2010).

The chromosomal localization of the ribosomal genes in C. gallina chromosomes

was also studied, as demonstrated in figure 3.4. The major ribosomal genes (ITS1) present

one signal on the centromeric region of a small submetacentric chromosome pair while the

5S rDNA hybridize in two clusters located on the long arms of two submetacentric

chromosome pairs. The presence of a single major rDNA cluster is quite usual in Veneridae

species, with exception presenting two signals: Mercenaria mercenaria (Wang and Guo,

2007). The position of these sequences in the chromosomes of Veneridae species is highly

divergent among species, being this the first work reporting a centromeric position.

Regarding the 5S rDNA repetitive sequence, this is the first report showing two signals in

different chromosome pairs in the Veneridae family, since the most common is a single

cluster like in the species of V. aurea, T. rhomboides, R. decussatus and R. philippinarum

(Hurtado et al. 2011). The diversification of different positions of the physical located

sequences in Veneridae species, suggest that considerable chromosomal changes may have

occurred during the evolution of Veneridae. In both cases the results can allow the

identification of individual chromosomal pairs and be useful markers for population

studies.

Although is known that the fraction of repetitive genome in bivalves is lower than

in vertebrates, is certain that they may participate in several cellular process, such as

centromeric functions. The study of this compartment of tandemly repeated DNA

(sequence, abundance and genomic distribution) is important to better understand species

relationships, evolution and the generation of new diversity.
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