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ABSTRACT 

This thesis esamines the implications of patterns of DNA sequence variation in a 

vmiety of marine vertebrate species of ecological and tishenes interest from Brazilian 

waters. 

The drgree of genetic variation in the marine and riverine dolphin Surah 

jZzrviurili.s from Brazilian waters kvas investigatsd. A unique genorype found only in 

Sufditr from the hmazon River suggests that the tieshwater form ma- be genrtically 

distinct frorn the marine form. The spscies is geneticallp diverse in the marine 

environment. but the occurrence of a common genotype in al1 six coastal locations dong 

the marine coast examined suggests that there is sufficient gene tlow in the marine region 

to prevent local differentiation. 

-4 previously unexarnined mitochondrial locus. COI (cytochrome oxidase 1). was 

used in combination with three other loci to re-invrstigatr phylogenetic relaticxhips of 

cetaceans. In this data set. the largest sequence yrt apptied to this problem. the 

controvrrsial -ililinkovitch Hypothesis that spem whales are more closely related to 

baleen whalrs than to toothed whales kvas not supported. Instead. four different clades 

with diffcrcrent tmonomic nnkings (Phpseteridati. Ziphiidae. Delphinida. and Mysticeti) 

were identitird. in agreement with the rraditional srparation of toothed and baleen whales 

as distinct clades. Results of the analysis are sensitive to locus combinations and method 

of phy logenetic reconstruction. 

The species of angel sharks (Sqwfinrr. Squatinidae) endemic to the continental 

shelf of Southem Brazil constitute a monophyletic group. The recently described species 



S. occlrlttr was found to be more closely related to S. guggenheim than to S. urgentina. 

This phylogeny helps to rxplain the cvolution of reproductive structures (number of 

ovarics) and patterns of vertical distribution in the water column (from deep to shallow 

waters) of squatinid sharks. 

Red snappcr (Lurjunw purpzircus) shows high sne t ic  diversity off the coast of 

northem Brazil. Two prnotypic clades have bcrn identifieci. one of which occurs 

northwttst and the other southeast of the discharge of the Amazon River mouth. This is in 

agreement with recent rnorphological and reproductive studies which suggest that L. 

plrrpzireio on the continental shelf of northem Brazil comprises two stock units 

occupying relativelp segregated territories. detined by differences in salinity and 

temperature. 

In contrast. the low genetic divttrsit'. of yrllowtin tuna ( Thlrnnzrs olbtictires ) from 

northeastern Brazilian waters agrees with the hypothesis that only a single stock of 

yellowtin tuna occurs in the south~vest equatorial ~ g i o n  of the Atlantic Ocean. The 

genetic hornogeneity of T. crihoctires in this area suggests that there is sufficient gene 

tlow in thrit a r a  to preLrent development of local stocks. 
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CHAPTER 1 

GENERAL INTRODUCTION 

1.1. Molecular Approach to Systematics 

Over the last several decadrs. biologists from many different fields have 

tumed to genes to study various processes that occur in biological systems. Since the 

discovecy of the rnolecular basis of inheritance. biomolecuIes have assumed an 

enlargeci role in evolutionmy and population genetics studies and a new science. 

called molrcular systematics. has emerged (Hillis and Moritz 1990: Hillis et al. 1996). 

Molecular systematics can be defined simply as the study of the divenity of 

oqanisrns and the relationships among them (Simpson 1961: Wiley 198 1) with the 

use of information from macromolecules. 

Three major areas of application of rnolecular information in systematics were 

identiticd by Hillis et al. (1996): (a) Grne evolution. including studies of the 

processes that genrratr nucleic acid sequence-level variation. research on the origin of 

nrw rillrles or new loci. and investigations of convergence and selection: (b) 

intnspecitic or populational studics. includiny the tracing of organismal and allelic 

gcnealogirs within species and studies of geographical variation. çene 80w. 

hybridizarion. and conservation genetics: and (c) intersprcific studies. such as the 

estimation of species phylogenies to evaluate macroevolutionary patterns and 

processes. 



.A large and diverse number of applications can be derived from these three 

areas: rcological and behavioral analyses. developmental studies. investigations of 

population genetics. and tavonornic and systematics applications (Avise 1994: Hillis 

et al. 1996). 

1.2. Molecu les versus Morphology in Systematics 

Because of the recent advances in rnolecular systematics. interest in 

morphological data as a phylogenetic tool seems to have declined. This is cerrainly uue 

if one looks at the number of articles on rnolecular systematics based on 

deoq-ri bonucleic acid ( DN A) and ri bonucleic acid (RNA) sequences. However. there 

has been considenble debate over whether rnolecular or morphological features are 

bettrr sources of information for rstirnating phylopeny (Panerson 1987: Hillis 1987: 

Cracraft and Mindel1 1989: Donoghue and Sandrrson 1992: Smith and S'sma 1994: 

klishlcrr 1 994: Fang el al. 1995: Moritz and Hillis 1 996). 

The size of the data set auilable from molecular data is one of the main 

advantages of molecular systematics (HiIlis and Moritz 1990). Each nucleotide position 

in a nucleic acid sequence c m  be considered a character. which means that the number 

of characters availablt: for analysis is immense. On the other hand. the set of 

morphological data with a genetic bais is a fraction of the rnolecular information. 

because al1 the genetic information of an organisrn is encoded in its DNA (Hillis 1987). 

The number of nucleotides in a living organisrn ranges fiorn 5 x 10' for the smallest 

viruses. through 13.2 .u Io6 for bacterial genornes. to 6 x 10' for protist genornes. to 



nearly 4 x 1 0' ' for some eukaryotes ( Hillis 198% Avise L 994). Although the potential of 

molecular information is enormous. real data are generally obtained from a smdl 

portion of the entire genome. The analysis of these data may result in c l a d o ~ s  thar 

retlect the cvolutionaiy history of the gencj. but perhaps not the evolutionq history of 

the organisms (Smith and Systma 1994; Moritz and Hills 1996 ). 

Because of the large size and diversity in rates of change in diffsrent portions of 

genomes. biornolecules can provide information about differences between major taxa. 

cg. rukqotes and prokqotes. In contrast. it is difficult to obtain the same t y e  of 

information from morphology. because morphological characters <ire shared among 

major groups of organisms. eukaryotes ~~e.rrst~s eubacteria for instance (Hillis 1987). 

One advantage of morphological over molecular approaches to systematics has 

been the routine application of morphological methods to collections of preserved 

specimens in museums. It is notable that. for many species of poorly knorvn organisms. 

the only knokn specimens are represented by the holotype of the species (Hillis 1987). 

.Another advantage of morphological data is that it permirs the inclusion of fossil data in 

phylopnetiç anaiysis. Wth  the development of new techniques (Handt et al. 1994: 

HQOS and Paabo 1993) it has been possible to sequence DNA from fossil bones of 

estinct pleistocene fauna (Taylor 1996). Molecular information also has been obtained 

tiom traditionally preserved rnuseurn specimens (Piiiibo et al. 1988; Hagelberg and 

Ckgg 199 1 : HageIberp et al 1994). partially cookrd meat (Baker et al. 1996). and exotic 

materials such as whale baleen plates (Kimura et ai. 1997) 



Thrre are clear advmtages to both molecular and rnorphologïcal methods of 

data andysis. Comparing the results obtained tiom both approaches to systematics is a 

way to mauimize information and to reconstruct the evolutionq history of the group 

srudied. Coincidence betvieen molecular and morphological results generally indicates 

that the phylogeny of the group has bern discowred. The recognition that both types of 

data c m  be reciprocally informative. and indeed assist each other. will help the study of 

systematics and svolution (Hillis 1987: Avise 1994). 

1.3. Polymerase Chain Reaction and DNA Sequencing 

-4 fundamental technical innovation that has made molecular systematics a fast- 

yrowing science was the advent of the polymerase chah reaction (PCR) (Mullis and 

Faloona 1987: Saiki et al. 1988). PCR is a technique that c m  generate hundreds of 

billions of identical molecules of DNA from a single molecule in just a few hours 

{ Mullis 1 C)90). 

The polyrnerase chain reaction is a cyclic process where. in each cycle. the 

numbcrr of DNA targrts doubles. The PCR cycle is rather simple and consists of three 

major steps: ( 1  ) the strands in sach target DNA duplex are first separated by heating 

(denaturation): (2) the reaction mixture is thrn coolrd to allow oligonucleotide pnmers. 

which are cornplementary to opposite strands of the target sequence. to bind to them 

(annealing): and finally. ( 3 )  a DNA polymerase enzyme. such as the T t q  polyrnense 

tiom the thermophilic bacterhm Thermirs ciqwtict,s. extend the primers by adding 

nucleotides to them to replicate the complementary strands of the DNA molrcule 



(extension) (Muliis 1990: Avise 1994: Pdurnbi 1996). The PCR has becorne fuily 

automated and cm bt: carried out with cornmercially available temperature cycles 

(Avise 1994). 

FraCments of DNA produced by PCR amplification cm be sequenced directly 

by manual or by autornated sequencing. using an autornated DNA sequencer machine 

(Hillis and Moritz 1990). Automated DNA sequencing is becoming more common as 

costs decrrase. The cornmercially available automated sequencers c m  use single-label 

and four-lane loading separation (Chen 1994). Fluorescent dpe-labeled primers. 

fmgrnents. which are detected by a tunable laser during electrophoresis. are used in this 

technique nther than radioactively labeled fragments used in manuai sequencing. 

1.4. Mitochondrial DNA 

I t  is not only the nucleus of cells that contains DNA. ~Mitochondria and 

çhloroplasts also have DNA molecules thai code for al1 of ribosomal RNA types and for 

some of the proteins involved in the hnction of these organelles (Lewin 1997). 

In most cukaiyotes. mitochodrial DNA (mtDNA) is a mal1 ( 1  6.000-1 8.000 

base pairs). double-stranded. circular duplex molecule that replicates 

ssmiconsrmatively and does not interact with çhromosomal proteins (Hughes 1990: 

Klug and Curnmings 1994). With some exceptions. animal mtDNA is constituted by a 

control reyion and 37 genes. which code for 23 transfer RNAs (tRNAs). two 

ribosomal RNAs (rRNAs). and 13 rnessenger RNAs (rnRNAs) speciijing proteins 



that are in\-olved in electron transport and oxidative phosphorylation (Wilson et al. 

1985: Avise 1994). 

blitochondrial DNA has been extensively used in interspecific evolutionary 

studies and in intraspeciîic or populational studies over the iast two decdes (Hughes 

1990: Hillis et al. 1996). The main reason for the initial use of mtDNA in molecular 

sysrrmatiçs was that the moleculr wns easier to puri@ than any speciiic segment of 

nuclcar DX.A dur to the high copy number in the mitochondria its distinctive density 

in an ultracentrifuge gradient. and its lack of introns and repetitive sequences (Wilson 

et al. 1985). 

Venebrate mtDNA has an effective mutation rate much higher than the 

nuclex DNA because of the inability of the mitochondria to repair replication errors 

and other DNX damage (Brown et al. 1979). This fast-evolving rate at the sequence 

level renders the mtDNA a useful molecule t'or study of evolutionq relationships 

betwveen and within species. 

Another advantage of usinp rntDNX in rnolecular systematics studies is that it 

is transmitted though materna1 lines (Avise 1994). This characteristic makrs the 

mtDNA Iielpful in identiQing lineages with common materna1 ancrstry. and in 

detrrmining the direction of gene flow betwveen populations (Wilson a al. 1985: 

Hughes. 1990). 

Three mitochondrial genes. cytochrome b (Cytb). cytochrome c oxidase 

subunit 1 (COI). c'ochrorne c oxidase subunit II (COII). are arnong the most used 



cenes for phylogenetic analyses together with D-loop genes and rRNA genes (Russo 
C 

et al. 1996). 

1.5. Cytochrome b and cytochrome c oxidase I genes 

C> tochrome b and cytochrornci c oxidase are proteins fomd in al1 organisms that 

c m -  out aerobic respiration (Adkins et al. 1996). They are part of the electron transport 

chain (Palumbi 1996). 

C'ochrome b is a fully functional monomer and the only protein encoded by 

the mi toc hondrial genome that constitutes complex III of the mitochondrial oxidative 

phosphorylation systsm (Hatefi 1985: lrwin et al. 1991 ). The h c t i o n  of complex III is 

to transfer rlectrons from dihydroubiquinone to cytochrome c. This reaction is 

associated with proton translocation across the mitochondrial imer membrane (Hatefi 

1985 ). 

The cytclchrorne b gens is the most widely used gene for phylogenetic work 

among w-tèbrate species and it is known to bt: variable enough for population questions 

and consenative enough for phylogenetic studies (Meyer and Wilson 1990: Meyer 

1994). This gene has been sequenced in many organisms. which makes it easy to 

compare sequences by accessing a DNA sequence database. The structure and function 

of cytochrome b is v r p  weli known. which is important for phylogenetic studies of the 

considention of tùnctionai constraints on gene product (Meyer 1994). 

The  molecular eeooltion of the cytochrome b gene in marnmals was examined 

by Invin et al. ( 199 1 ) and compared to the svolution of the protein in sharks (Martin and 



Palumbi 1993). These studies show-ed that the level of amino acid conservation varies 

significantly among different parts of the cytochrome b rnolecule (Palumbi 1996). 

Although cytochrome b is considered -slow' in trrms of amino acid substitutions. the 

rate of çvolution for silent substitutions in third codon positions is similar to that of 

other mitochondrid genes (Meyer 1994). 

Phylogenetic studies of venebrates using c'ochrome b are very common in the 

litenture. blolrcular phylogenies of chondrichthyes tishes were proposed by Martin and 

Palumbi ( 1993). Martin ( 1995) and Kitamun et al. ( 1996) based on the cytochrome b 

gene. Phylogenetic relationships in teleost fishes. such as tuna (Bartlett and Davidson 

199 1 : Block et al. 1993: Chow and Kishino 1995) and perciform fishes (Cantatore et al. 

1994) wrre  also studied using this gene. A molecular phylogeny of mamrnals  vas 

suygested based on cytochrome b by Invin et al. (1991). Evolutionary relationships in 

different orders of mammals were rilso studied using cytochrome b as a molecular 

markcir. such as artiodactyls (Invin et al. 199 1 : Gnur and Higgins 1994: Honeycutt et al. 

1995: Montgelard et al. 1997). carnivores (Arnason et al. 1995: Perry et al. 1995: Ledje 

and .Amason 1996: C m  and Peny 1997). and ceraceans (Arnason and Gullberg 1994. 

1996: bIilinkovitc11 et al. 1994. 1995: Hasqaw et al. 1997). 

C!+tochrorne c osidase is the terminal enzyme of the electron transport chain and 

is essential for crll respiration in aerobic organisms (Palumbi 19%: Tsukihara et al. 

1996). This o'tidase is a dimeric enzyme with sach monomer containing three subunits 

(COI. COII. COIII) encoded by mitochondrid grnes and ten encoded by nuclear genes 

(Cooper et al. 199 1: Adkins et al. 1996). The îiunction of cytochrome c oxidase is 



relatsd to pumping protons from the mauix side of the mitochondriai membrane toward 

the intermembrane space (Tsukihara et ai. 19%). 

The nucleotide sequence of the mitochondriai COI is highly conserved over 

man? taxa (Russo et al. 1996). which makes this gene ven; useful in phylogenetic 

reconstrucrion of deeprr evolutionary bnnches ( Pnlumbi 1996 ). The COI p n e  has been 

successtùlly used to investigate evolutionary relationships in invertebrates (Bessho et ai. 

1 992: Brown et al. t 994: Hdner et al. 1994: Stem 1994). gadid tishes (Kivlichan 1 997). 

cervines ( C m  19%) and primates (Adkins et al. 1996). 

The relative ekliciencies of ditTerent rnitochondrial genes and different tree- 

building methods in recovering a known vertebrate phylogeny were zvaluated by Russo 

et al. ( 1996). The genes that producrd the truest trees in most tree-building methods or 

alorithrns were the cytochrorne b genr and the nicotinmide adenine dinucleotide de- 

hydrogenase subunits 4 and 5 genes (NADH-4 and NADH-5). The COI g n e  did not 

produce comparable results. brcausr of the small extent of sequence divergence. The 

mitoc hondrial -nrs that showed the poorest ptxformance w r e  the COII. 'IADH- 1. and 

NADH-IL (Russc, et al. 1996: Russo 1997). 

1.6. Molecular systematics and population genetics of marine 

vertebrates 

The use of molecular systematics to study evolutionary relationships among 

species and population genetics within species of marine vertebntes has increased 

rapidly in the 1990's. Mitochondrial DNA. random amplified polymorphic DNA 



(RAPDs). and microsatellites are now common tools used to investigate evolution and 

population genetics of sharks. teleost tishes. and marine rnammals. 

blartin et al. (1992) obsened that ntes of mitochondrial DNA evolution in 

sharks are slow cornpared with mammais. klartin and Paiumbi ( 1993) d s o  investigated 

the evolution of the mitochondnai clochrome h gene in sharks. and Martin (1 995) 

studisd ntes. patterns and phylogenrtic inference of mtDNA sequence evolution in the 

same group. Molecular phylogenies for elasmobranch fishes (sharks. skates. rays and 

chimeras) were proposrd by Martin ( 1995). Dunn and Morrissey ( 1995) and Kitamura 

et al. ( 1996). but none of them included al1 the orders ofelasmobranchs. 

Many studiss have been performed on svolutionaq relationships among bony 

tishes. E~idence For a slower rate of molecular evolution in teleosts than in marnmals 

was tirst obsttmed in cytochrome h srquencrs in some perciformes (Cantatore r r  al. 

1994 ). .A molecular phylogeny for scombroids (mackerels. tunas. and billfishes) was 

proposed by Block sr al. ( 1 993 ) and phy logenetic relationships between tuna species 

Lvere studird by Chow and Kishino ( 1995). The population structure of the Atlantic cod 

tish ( G d r s  murhuu) was determined !y Carr et al. ( 1995) based on cytochrome 6 o n e  

srquences. and genrtic homogenrity in Greenland halibut (Rrinhurtlrizrs 

l?ippo,yio.s.soitles) in Nonh Amerka was identikd using the same mitochondrial o n e  

(Vis et al. 1997). 

.A molccular visw of pimiped relationships with particular emphasis on the true 

seals (Phocidae) kvas proposed by Amason et al. (1995) based on the complete 

sequsnces of the mitochondrid cytochrome b gene. Peny et al. (1995) and Cam and 



Prm.  ( 1 997) studied intra- and inter-familial systemûtic relationships of phocid seals 

using the same gene. 

Population studies in hurnpback whales have been performed using 

rnitochondrial DNA haplotypes (Baker et al. 1990). nuclear intron sequences and 

rntDNA (Palurnbi and Baker 1994: Baker et al. 1994). and microsatellites (Valsecchi et 

al. 1997: Prilsbell et al. 1997b). Population structure and dispersal patterns of the beluga 

tvhalt. have been dstermined in the western Nearctic (O-Coq-Crowe 1997) and in the 

Nonh .Atlantic (Brennin et al. 1997) using mtDNA sequences. blicrosatellite markers. 

which c m  br used for population studies. were isolated and characterized for beluga 

bvhales (Buchanan et al. 1996). sperm whales (Richard et al. 1996). baleen whales 

(PalsbaII et al. 19973). bottlenose dotphins (Shinohara et al. 1997). md for some 

twent).-four species of cetaceans ( Valsecchi and Amos 1 996). 

klolecuIar phylogenetic relationships arnong whales. dolphins and porpoises 

(order Cetacea) have been studied recently by Milinkovitch et al. (1993. 1994. 1995). 

Amason and Gullberg ( 1994. 1996) luid Hasegawa et al. ( 1997). By using myoglobin 

sequrnces. mitoc hondrial ribosomal RN..\ and C'b sequences. iMilinkovitch et al. 

( 1993. 1994. 1995) suggested that one group of roothed whales. the sperm rvhales 

(Ph\.srteridae). is more closely related to the baleen whales (Mysticeti) than to the other 

toothed \\-hales and dolphins (Odontoceti). Amason and Gullberg ( 1994. 1996) 

chal lrnged the klilinkovitcn hypothesis based on complete mtDNA cytochrorne b 

sequcnces. Hasegawa et al. (1997) evaluated the total rnotecular evidence for these 



hypotheses by applying the maximum likelihood methods to a data set constituted by 

12s. 16s. and C'b mtDNA sequences and myoglobin sequences. 

1.7. Science in BraziI 

In order to understand the current status of science in Brazil. it is necessq  to 

revirtw some history and place the country in the context of the Latin .knerican 

scientific community. 

Brazil is the largest of the twenty-seven countries of Latin America. with 35% 

( 158.7 million) of the total Latin American population (450 million) in 1990. 

Althougli the Latin American population is larger than the United States (US.)  or the 

European Union (ELT). Latin America's proportion of 

was only 1.4% in 1991 compared to 3 . 8 %  by the U S  

Scientitic Report 1993. .Ayala 1995). 

'world's scientific publications 

.. and 17.7% by the EU (World 

The meager scientific production by Latin ;\mericm countries seems to be a 

direct consequence of the lack of money invested for scientific research and 

development. Latin America invested 0.45% of the gross domestic product (GDP) in 

scientitic research and development in 1990. as compared with 2.9% in the U S .  and 

2.006 in the EU. Brazil invests. by far. the most money in scientific research and 

development. a total of 3.179 billion (U.S.$) in 1990. against 961 million (U.S.$) 

invested in the same year by Mexico. the second largest investor in Latin Amenca 

( World Scirntific Report 1993). 



Approximately 35% of the scientik papsrs from Latin Amenca came tkom 

Brazil in 1993. This is more than twice the production of the two runners-up. Mexico 

and Argentins (about 20%. each) and three times more than Chile (10%). However. 

the numbcr of publications per 10' inhabitants \vas 26.4 in BraziI. against 62.1 in 

Argentina. and 19.3 in Mexico (World Science Report 1993). One reason for this low 

rate was the late start to the process of industrialization in Brazil. Because of  this. 

access to higher education was until recently limited to the upper class. The tirst 

Brazilian univenity was formally founded onlp in 1920 (da Costa 1995). while 

Spanish Arnerica had 30 universities founded during the colonial penod of the 16" 

and 17"' crntury (Ayala 1995). Before the 1920's. Brazilian higher education was 

organized in Faculties. not integrated into univrrsity campuses. Brazilian universities 

implemsntsd the tirst graduate prograrns only in the 1960's. when they were subjected 

to major reforms under influence of the rn i l i t q  dictatorship (da Costa 1995). 

In the 1970's. Brazil had an econornic boom mainly because of heaw 

investrnttnts from multinational industries. [t  was knoun as the -decade of  growing' 

when the economy was rigidly controlled b!. the rnilitary govemment. D u h g  this 

timr. rrsearch in Bmzil was reasonably well-funded and large number of graduate 

students were sent abroad to train. However. a t'ew scientitk fields were favored by 

this poiicy. such as strategic areas of physics and engineering. essentially for the 

nuclear and space programs (da Costa 1995). 

.\île the end of the military dictatorship in 1985. Brazil was immersed in a 

deep economic crisis which devrloped during 21 years of rnilitary govemment. The 



political transition and the penistence of the economic cnsis until the middle 1990's 

funher impeded scientific research as the tèdenl govemment is rhe primary source of 

research hnding in Brazil. Because of the crisis. and a focus on short-term financial 

problerns. there was the consequent loss of a long-term developrnent of scientific 

researc h. 

With the stability of the econorny. squaiity of the Brazilian monetary currency 

with the CS.$. and a newly elected president in 1995. there was some real economic 

growth for the fkst time in two decades. Hoviever. in some scientific tields. the only 

option to conduct research is to leave the country tu study at international facilities. 

This \vas tme for the tield of molecillar systematics and population genetics of marine 

vertebrates. 

1.8. Status of molecular systematics and population genetics studies 

of marine vertebrates in Brazii. 

The Bnzilian coastline has about 8.500 km. most of hem in equatonal and 

tropical areas. The biodiversity of marine vertebrate species is manifold and rnany of 

these species are commercially exploited by fisheries (Fonteles-Filho 1989). 

Fisheries in Bmil vary according to geographic regions. In the no& and 

nonheast. fisheries are rssrntially artisanal and only a few resources are extensively 

exploited. Among these species. the fisheries of spiny lobster (Punzdinrs sp.). red 

snapper ( L ~ i ~ ~ ~ n u s  prpzireus). and shrimp (Penuezu sp.) are the rnost important. In the 

south and southeast. tishenes are more industrialized and many species. such as sardines 



(Clupeidae). tunas (Scombndae) and sharks (Carcharhinidae). are rxtensively exploited 

( Ivo and Sousa 1 988: Fonteles-Filho 1989: Salles i 997). 

.-ilthough total annual fisheries catches in Brazil are between 750.000- 1.000.000 

metric tons. stock structures of the major rxploited species have been linle studied 

and are essentially unknown (Fonteles-Filho 1989). Many species are treated as a 

single stock. although no scientific data are amilable to support this assurnption. 

Knowledyr of the stock structures of cconomically important species is essential to 

the management of tisheries (Fonteles-Filho 1989). To be treated as separate 

populations for management purposes. tïsh stocks rnust be shown <O be genetically as 

well ecologically distinct (Ovenden 1990: Utter 199 1; Dizon et al. 1992; Pepin and 

Cam 1993 ). Such studies are nreded for most commercial species in Brazilian waters. 

Somr marine vertebntes that were comrnercially exploited in the past are now 

symbois of environmental protection in Brazil. Whaling was an intense activity that 

exploitrd several species in Brazilian waters until 1987 when it \vas banned by federal 

law. Doiphins of al1 species that occur in Brazilian waters are now also protected. 

although many species have been taken as fisheries by-catch ( Alves-Jr. et al. 1996). The 

populational structures of whale and dolphin species in Brazilian waters are basically 

unknown. The identification of thesr populations and their geographic distributions is 

a basic priority as a guide to conservation actions. 

Molecular systematics is a powerful tool to study evolutionary relationships 

among and within species. and to investigate population structure specifically by 

direct analpis ol' DNA genes sequences Hillis et al. 1996). Unfortunately. the hi& 

5 



costs of rnolrcular techniques c m  limit their use in systematics and population genetics. 

In B a i l .  there are few îàcilities that are able to conduct such type of  studies. mainly 

due to the large initial investment necessary to establish a laboratory and the expense of 

maintaining the equipment and to keep projrcrs going. None of the appropriately 

equipped Iaboratories in Brazil are focused on molecular studies of marine vertebrates. 

.-1 nurnber of evolutionary and population studies have bren performed at the 

Genetics. Evolution and Molecular Systematics Laboratory in the Department of 

Biology at Mernorial University of Newfoundland with the use of molecular markes. 

Genetic and evolutionary relationships in Cervidae species and hybridization ben\-een 

species of North Amencan deer (0~locoilrii.s) (Carr and Hughes 1 993: Hughes and C m  

1993 ) were examined using the cytochrome b gem. Population genetics of holartic pine 

martsns (.Cl~rries) (Hicks and Carr 199 1 ,  1995: Carr and Hicks 1997). and Atlantic cod 

were also extensively studied using the cytochrorne b gene (Cam and Marshall 1991a 

199 1 b: Pepin and C m  1993: Carr et al. 1995: Crutcher 1996: Kidichan 1997). 

.-1 PhD program in Biolopy at the Genetics. Evolution and Molecular 

Systematics Labontory of the klsmorial University of Newtoundland provided me 

wi th the upponunity to investigats several important aspects of evo lutionary and 

population grnetics of several important groups of marine vertebrates in coastal 

Bnzil. As a young scientist of the -'Labontorio de Cièncias do Mar" at "Univenidade 

Federal do Ceara  in Brazil. which has a cooperation program with Mernorial 

University of Nrwfoundland. rny studies in Newfoundland became possible through a 



Graduate Scholarship in Marine Science from the Canadian International 

Development Agency (CIDA). 

The p r i m q  motivation for the work in this thesis was to investigate the 

implications of patterns of DNA sequence variation in a varie. of species of marine 

venebntes of ctcological and tisheries interest from Brazilian waters. To my 

knowledge. this thesis constitutes the tirst attempt to study molecular systematics and 

population genetics of marine vertebrates from Brazil using DNA technology. 

1.9. Statement of pro blems and objectives 

The species of initial interest in this project was Soraliu flt~viatilis, a common 

dolphin dong the entire Brazilian Coast. In northeastem Brazil. where I come from. 

this species is a tourist focus, that has been prornoted as symbol of ecological tourism 

by the government of Ceara State. but has also been subjected to fisheries by-catch 

and some occasionai hunting. Based on morphological. behavioral. and ecological 

variation. two populations or rcotypes. from marine and freshwater environments, 

have been described (Borobia et al. 199 1 : da Silva and Best 1994. 19%). However. 

no molrcular data for this species were available. In this thesis work. the fint project I 

undenook was to study the two ecotypes of S. /luviarilis in Brazilian waters the 

genetic variability in mitochondrial DNA sequences (C hapter 2). 

As I becarne aware of the power of molecular techniques. I also becarne very 

interested in studying other issues of molecular systematics, such as phylogenetic 

relationships among cetacean species. A consequence of this interest was the second 



thrsis project that was to investiyate the placement of the sperm whales within 

cetaceans. which has been debated since different genes or combination of genes have 

produced difrerent molecular phylogenies for the cetaceans. This snidy also allowed 

the construction of molecular phylogenies with the use of DNA sequences of several 

mitochondrial genes of cetacean species from Brazil and Canada. that were not 

previously examined. :Milinkovitch et al. ( 1993. 1994) suggested that sperm whales 

(Physeteridae. Odontoceti) are more closely related to baleen whales (Mysticeti) than 

to dolphins and toothed whales (Odontoceti ). .\mason and Gullberg ( 1994. 1996) 

suygrsted that there are f ve p r i m q  evolutionan lineages of extant cetaceans. These 

hypothesrs were rxamined with a nrw mitochondrial gene that has never been used to 

analyze cetacean phylogeny before (Chapter 3). 

With my successive travels to Brazil to collect samples for the two studies 

mentioned previously. 1 realized that i could csxpand my studies to molecular 

systematics and population genetics of some tish species that are exploited 

comrnercially. One group of interest \vas the ange1 sharks. which are one of the most 

important fishery resources from southcm Brazil. Phylogenrtic relationships of 

se\wal cryptic species occurriny in this arra u-ere investigated with the use of 

mitochondrial DNA sequences (Chapter 4). 

Bscause there is an increasing interest by Brazilian tïsheries scientists in using 

rnolecular techniques to examine stock structure of important species comrnercially. 1 

was asked to collaborate in two other projects that involved genetic analyses of red 

snappsr. Luijcinzrs purpureus. from northem Brai1 (Chapter 5). and yellowfin tuna. 



Th~mmis ulhricaes. tiom the southwest equatorial Atlantic ocean (Chapter 6) .  Red 

snapper is the second most important t'rshery resource in north and northeastem Brazil 

and tuna fisheries are a growing industry in the same region. The knowledge of the 

stock structure of these resources is essential for the management of fisheries in 

northern and northeastern Bmil .  



CHAPTER 2 

MITOCHONDRIAL DNA SEQUENCE VARIATION 
IN THE BRAZILIAN DOLPHIN Sotaiiafluviatiiis, FROM 

COASTAL WATERS 

2.1. Introduction 

The Brazilian dolphin Sornlîufluviurîlis (Gervais 1853). known in Portuguese 

as -'boto.- or "tucu?ti". is the most common dolphin in Brazilian coastd waters with a 

continuous distribution from Arnapa State in nonhem Brazil (Borobia et ai. 199 1 ) to 

Florianopolis. Santa Catarina State in southem Brazil (Sirnoes-Lopes 1988)(Figure 

2.1 ). In marine waters fluviatilis occurs dong the tropical and sub-tropical Atlantic 

coast lines of South and Centra1 Amsrica. with northern records in Honduras 

( I j058'N: 8j04Z'W) and southem limit in Florianopolis (77'3 YS: 48O34'W) (S imoes- 

Lopes 1988: da Silva and Best 19%). The species is also found in freshwater in the 

Orinoco and Amazon River systerns (da Silva and Best 1996: Vidal et al. 1997). 

The marine and riverine toms were once considered two subspecies. 

S flwicrri1i.v flwicrtilic. (Gervais 1853) und S. fllrviatilis guiunenses (van Bénéden 

1875) but now are considered two different toms or ecotypes (Borobia et al. 199 1 : da 

Silva 1994: da Silva and Best 1994, 1996). 

The marine ecotype is larger than the riverine S. fluviarîlis. The largest known 

specimens of freshwater Sofalia are considerably smaller than the asymptotic length 

for marine Sorriliu based on the VonBertalanf& grow-th mode1 (Borobia 1989). The 



Figure 2.1. Map of BraziI. showing the locations (a) and Brazilian States 

where samples of the dolphin SutaliujZuviutis were collected. 





largest recorded marine adults were a 2.06-rn female (Barros 199 1 ) and a 3.03-m male 

( Alves-Jr. et al. 1996). and the largest freshwater adults were a 1.52-m tèmale and a 

1 -49-m male (Best and da Silva 1 984). Borobia ( 1 989) suggested that the differences 

in size were a sufficient reason for the two forms should be considered separately for 

management purposes. 

The size differences betwern marine and freshwater ecotypes has been 

attributed to be a combination of energetic factors and food supply availability. A 

srnaller body size would be advantageous for freshwater Somliu. living in river waters 

that have almost no temperature changes and are poor in nutrients. particularly rivers 

with çkar waters. On the other hand. a larger body size would be advantageous for 

marine forms. living in cooler waters in an environment subjected to cornpetition and 

predation ( Borobia 1989: da Silva and Best 1996). 

Boro bia ( 1 989) iavestigated JO morphometric characters of the skulls of 

marine and freshrvater individuds and concluded that di fferentiation in morphologicd 

characters \vas due solely to differences in size. Diftèrences in size and skull measures 

were also observed arnong different 1ocatio1:s on the Brazilian Coast. 

In this chaptcr. the degree of genetic variation arnong S. flnviurilis from 

Brazilian coastal waters and between them and one specimen from the Arnazon River 

was invsstigated with the use of 401-base pair sequences of the rnitochondrial 

cytochrome b gene. A single sample of freshwater Sokzlicr was used in this study due 

to the difiiculty of obtaining more sarnples from this ecotype. 



2.2. Material and Methods 

2.2.1. Samples 

Tissue (muscle. liver or heart) samples of 30 individuais were obtained from 

six States in Brazil: three from Para (including one sarnple from the Amazon River). 

twelve from Ceara, two from Bahia. tive from Rio de Janeiro. six from Sào Paulo, 

and two tiom Santa Catarina State (Figure 2.1 ). Sarnples were collected by the author 

and colleagues in Brazil. 

2.2.2. DNA extraction 

DNA was isolated from frozen or DMSO-preserved specimens by an acid 

guanidium thiosul fate-phenol-c hlorofomi extraction procedure rnodi fied from 

Chomczynski and Sacchi (1987). DNA was extncted rvith chloroform-isoamyl 

alcohol (24: 1 ). precipitated with isopropanol. washed with 75% ethanoi. and 

resuspended in 5Opl distilled water. 

2.2.3. DNA amplification 

PCR (polymerase chah reaction) was uscd to ampli@ 40 1 -base pair sequences 

of the rnitochondrial DN.4 cytochrorne b gene. The primers used were L 14724 (Y- 

CGAAGCTTGATATGA&MACCATCGTTG-3 ') and Hl5149 (5'- 

GCCCCTCAGAATGATATTTGTCCTCA-Y) (Irwin et al., 199 1) for the cytochrorne 

b gene. Each amplification reaction was performed in a 100~1  solution containing: 



67mM Tris-HCl (pH 9.0). 1.96 miC1 ;\rlgC12. 9.94 rnM P-mercaptoethanol: 2 mivl of 

each dATP. dCTP. dGTP and dTTP: 0.4 piLI of each oligonucleotide primer: 1 to 3 

units oF.-lmpiirrq rv DNA Polymerase ( Perkin-Elrner Cetus. Mississauga ON): and 2 

pI of isolated DNA. One drop of light white mineral oil was placed in each tube to 

prevent rvapontion. Amplification rvas carried out in a Perkin-Elmer Cetus TC-1 

Themal Cycler as follows: initial denaturation at 9j°C for 5 minutes. followed bp 35 

cycles consisting of 93OC for 1 minute (denaturation). 40°C for 1 minute. W C  for 30 

seconds (annealing). 7Z0C for 2 minutes (extension). and a final step of 72OC for 10 

minutes. Electrophoresis o f  5p1 of PCR product was perfomed with 1 pl dye though 

2% NuSievr GTG agarose (FMC Bioproducts. Rockland. ME) gel in I . O M  TBE 

buftèr. PCR products were visualized by staining the gel rvith rthidium bromide and 

esposing tu ultraviokt (UV) light on an Ultraviolet Transilluminator (Ultra-violet 

Products Inc.. San Gabriel, CA) to check if success ful amplifications were obtained. 

Photographs were taken. 

2.2.4. Purification of PCR product 

PCR product DNA kvas purified using WizardTM Magic PCR Preps DNA 

Purification System (Promega Corp.. Madison. WI) following the manufacturer's 

instructions. Purified DNA was then quantiîïed with a DNA Fluororneter mode! TKO 

1 00 ( Hoefer Scientitic Instruments. San Francisco. CA). Measurement of DNA 

concentntiorn ( n d  p 1) were obtained using tluorochrome bis-benzimide-zole (Hoechst 

33258) which binds to DNA and allows rapid quantification. 



2.2.5. DNA Sequencing 

The optimum mass of DNA solution was determined by the fluororneter 

readings (DNA concentration(ng'p1) = 400 / (tluorometer reading x 0.4)) and dried 

under reduced pressure. Each sample was then resuspended in 7.3 pI of distilled HiO. 

9.5 pl of reaction premix (Applied Biosystems PE2iSiMTM Ready Reaction Dye Demy 

teminator Cycle Sequencing Kit) and 3.2 pl of ImM primer. The same primen used 

for PCR were used in separate reactions. Sequencing reactions were c h e d  out in a 

Perkin-Elmer TC4  Thermal Cycler in 25 cycles. on the following step-cycle profile: 

98°C for 1 second. 50°C for 15 seconds. and 60°C for 4 minutes. Excess primers and 

unincorporated dye were removed by passing the reaction product through a Sephadex 

G-50 spin column. The eluted DNA was then d k d  under reduced pressure and 

resuspended in 5 p1 of a 5: 1 mixture of dsionized formamide and 50 mM NazEDTA 

(Sigma Chernical Cc.. St. Louis. MO). Srquencing of both strands of the 401 base 

pair region \vas done on an AB1 3 7 X  (Applied Biosystems. Inc.. Foster City. CA) 

hutomated DNA Sequencer. Samplcs were ioaded into 6% poiyac~lamide ( 19: 1 

Bis). 7M urea gels. and clectrophoresed at 32 watts constant power for 11 houn. 

DNA sequence data were collected using the AB1 collection analysis software 

package version 1.0.1. Alignments of srquences were done by eye and 

complementary strands were compared using the Ssquence Navigator DNA sequence 

editor version 1 .O. 1. (Perkin Elmer. Inc.). Alignment of sequences in a publishable 

format \vas obtained frorn the Eyeball Sequence Editor (ESEE) version 3.0s (Cabot 

and Beckenbach 1989). 



2.2.6. Genetic Heterogeneity and Phylogenetic Analyses 

Genetic heterogeneity within samples \vas estimated by the nucleon diversity 

( h )  indes for non-selfing populations and nucleotide diversity (sr) index of Nei and 

Tajima (1981) as calculated by the Restriction Enzyme Analysis Package (RE.4P) 

( Mc Elroy et al. 199 1 ) from pairwise divergences calculated by the Phylogenetic 

Analyis Lsinp Parsimony (PAUP) [version 4.0d61j program of Swofford (1997). 

The nucltion diversity index is approximately cquivalent to the probability that two 

individuals chosen randomly will have diffèrent genotvpes. The nucleotide diversity 

index rneasures the average pairwise nucleotide difference between individuals within 

samples. and corrects h for the size of the nucleon examined (Nei 1987: Carr et. al. 

1995). Gsnetic heterogeneity among sarnples wsre tested with the Monte Car10 X' test 

of Roff and Betzen ( 1989) from REXP: 5000 resamplings of the data matrix were 

used. ?dasimum parsimony (heuristic search algorithm. tree-bisection-and- 

reconnection. with random addition and delayed-character-transformation 

optimization) nrtworks were obtained by bootstrap analysis for 1 .O00 replicates. and 

cluster analyses by the UPGMA and neighbor joining algorithrns were performed rvith 

P.4t;P. 



2.3. RESULTS 

Within the .CO1 -bp region examined. seven variable sites were identif'ted 

arnong the 30 dolphins sarnpled (Figure 2.2). Six substitutions occur at the third 

positions in their codons. Of these. four are pyrimidine transitions and two are purine 

transitions. The other substitution occurs at tïrst position and is a silent leucine codon 

pyrimidine transition. The variable nucleotide si tes identified here define six 

genotypes that differ by one to four nucleotide substitutions. AIthough a single sample 

was available from the Amazon River. the genotype of this sample was detected to be 

distinct at lsast three nucleotides differences from the other genotypes (Figure 2.3). 

Grnotype -4. the most common genotype. is found in samples frorn al1 

locations sxcept in the single sarnple from the Arnazon River. Genotype B was 

identitied in Ceari and Rio de Janeiro. genotype C only in Ceari, genotype D only in 

Bahia. genotype E in Siio Paulo and Santa Catarina. and genotype F only in the 

Arnazon River sample (Table 2.1 ). 

Tlie Monte Car10 X' test indicates signiticant di fferences of genotype 

distributions among the srven samples (X' = 57.76. df = 30. p < 0.05). However. thrre 

are no significant differences if the single Amazon River sarnple is rernoved from the 

malysis (X' = 26.84. df = 15. p > 0.05). or if dolphins from the northem (Para. Ceara. 

Bahia) and southern States (Rio de Janeiro. Sào Paulo, Santa Catarina) are poolsd 

sepanrcly and cornpared (northern iverslu. southern. X' = 5.13. df = 5. p > 0.05). 

The nucleon diversity (h )  and nucleotide diversity ( r r )  indices within samples 

are given in Table 7.2. The probability that any two dolphins chosen at random will 



have different genotypes is about 40% (mean nucleon diversity = 0.37). Among the 

current samples. those from Bahia and Santa Catarina have the highest nucleon 

diversitp. The mean value of 0.00 11 for the nucleotide diversity indicates that anp two 

dolphins chosen at random differ on average by about 0.5 nucleotide in the 401-bp 

region exarnined. 

Nucleotide divergences between sarnples from different locations are given in 

Table 2.3. This calculation includes a correction for nucleotide diversity within 

samplrs from the same location: a negative value indicates thar the average within- 

sample variation is greater than between-sample dit'ference ( C m  et al. 1995). This is 

the case in 4 of the 2 1 pairwise comp~sions .  

Both UPGMA and neighbor joining analyses (trees not s h o w )  of nucleotide 

divergence distance indicate that the genetic difterences that exist arnong S. jT~wiclrilif 

from coastal waters are not related to their geogaphic distribution in the marine 

environment. However. the sample from I\rnazon River was drtrctrd to be genetically 

distant from the others by both analyses. 



Figure 1.2. Variation in DNA sequence of six genotypes of Sotdiafluïiutilis 

within a -101-bp region of the mitochondd cytochrome b gene. Dots represent 

nucleotorides that are identical to that in the genorvpe A. The top line gives the inferred 

amino acid sequence according to the single letter code of the international Union of 

Biochemists. Numbers at the end of the first and second line indicate the position 

numbers in the protein and nuclrot ide sequences. respectively. 
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Figure 2.3. Phylogenetic relationships of  six genotypes among seven sample 

locations of Sorulicifl~~viatilis. A maximum parsimony network is shown. where each 

branch represents a single nucleotide substitution. Numbers in brackets indicate 

locations in which that genotype was found: l=Amazonas: 2=Para: 3=Ceûri: 

+Bahia: 5=Rio de Janeiro: 6=Sao Paulo: 7=Sta. Catarina. 



Table 2.1. Distribution of mtDNA genotypes of Sotuliu j l w i r ~ i l i s  among seven 

sarnpling locations in Brazilian waters. 

Local ity n A B C D E F 

Amazonas 1 O O O O O 1 

Para 3 - 7 O O O O O 

Csara 13 8 - 7 - O O O 1 

Bahia - 1 1 O O 1 O O 

Rio de Janeiro j 4 i O O 0 O 

S5o Paulo 6 5 O O O 1 O 

Sta. Catarina 2 1 O O O 1 O 



Table 2.2. Haplotype ( h )  and nucleotide (n)  diversity indices within samples of 

.~omliufltviuiis from seven sarnpling locations fiom Brazil. 

Locali ty Haplotype diversity Nucleotide diversity 

Amazonas 

Para 

Crara 

Bahia 

Rio de Janeiro 

sa0 PWIO 

S ta. Catarina 

Mean 





2.4. DISCUSSION 

Analysis of mitochondnal DNA sequence variation in S. fZtcviafiiis identified a 

high degree of polymorphism (seven genotypes in 30 samples) and çenetic diversity 

(global h = 0.37: global x = 0.0012). .4 comrnon genotype was present in al1 marine 

locations. Genotype proportions were significantly differentiated amongst sample 

populations when the Arnazon River sample is included. but not when this sample is 

excluded. Phy logenetic analyses o t' the seven genotypes identi fied a di fference 

between the single available Amazon River samplr and the marine samples. but did 

not providr an? indication that the genetic variation among marine S. flziviurilis is 

subdivided among geographic samples (Figure 2.3). 

These results supgest that the freshwater form of S. fluvhfifis may be 

genetically distinct from the marine Corm. This is in agreement with previous studies. 

based on menstic and morphornetric characters. that have identitied distinguishable 

ecotypes of S. jZrtvidli.s from ti-eshwater and marine water (Borobia 1989: Borobia et 

al. 1991 ). 

The presence of five different genotypes of S. fltiviutilis in the coastal waters 

of Brazil indicates that the species is genetically diverse in the area studied. The 

occurrence of a common genotype in al1 six locations dong the manne coast suggests 

that there is sufficient gene tlow in the marine region to prevent high genetic 

differentiation. 

The presence of the common genotype A in the mouth of the h a z o n  River 

(Para) suggests that individuals of  the marine ecotype c m  live in conditions of low 



salinit? as is found in the Amazon River discharge (Ivo et al. 1982). The presence of 

the genotype B between individuais frorn Ceara and Rio de Janeiro. suggests that 

there has been genetic exchange between mimals from these locations. The same is 

true for individuals between SZo Paulo and Santa Catarina. that have the identical 

genotype E. 

The genrtic structure of S #liwitrrilis diffen from that in Poniopuricr 

hluinvillri. another dolphin species sndernic to the coastal Atlantic waters of south 

America (with a range tiom the central coast of Brazil to central coast of Argentina). 

rvhich has been studied using mitochondrial DNA control region sequences (Secchi et 

al. 1998). That study identified rleven haplotypes. five exclusively from Rio de 

Janeiro and six found only in Rio Grande do Sul. and suggested that two populational 

stocks of P hftrinvillei occur dong the Brazilian coast. 

The observation that the two hypothesized ecotypes of S jluvirrrilis (Borobia 

et al. 199 1 : da Silva and Best 1994. 1996) may b r  genetically distinct should affect 

management decisions for conservation of rhis species in Brazil. Studies of stock 

assessrnent for S. fluvitrtilis should rreat the two ccotypes as different populations and 

conservation actions also should be based on the assumption of two populations. 

Becausr different gnotypes were identified in different sampling locations at the 

marine coast. further molecular studies with more samples from each location and the 

use of other grnes are necessary to identify the degree of phylogenetic relationship 

among these genotypes. 



2.5. CONCLUSIONS 

This study provides the tirst. albeit prel iminq.  genetic evidence that the two 

different ecotypes of S. fluvimilis in marine and freshwater in Brazil may be 

genetically distinct. The identification of tive different genotypes along the marine 

coast suggests that there is genetic diversitu in the species distribution. The 

occurrence of a common genotype in al1 six locations examined along the marine 

coast suggests that there is sufficienr gene tlow in that area to prevent significant 

genetic differentiation. Analyses of more samples throughout the area where S. 

jZ~ivi~iri1i.s is distributed. from both the Amazon River and the Brazilian marine coast. 

are required tto better characrerize the structure of  populations and to guide 

conservation actions more specifically. 



CHAPTER 3 

MOLECULAR PHYLOGENY OF CETACEANS AS 
SUGGESTED BY THE CYTOCHROME OXIDASE 1 GENE 

ALONE AND LN COMBINATION WITH OTHER 
IMITOCHONDRIAL GENES 

3.1. Introduction 

Whales. dolphins and porpoises (order Cetacea) are aquatic mammals that are 

among the most specialized of al1 living organisms. They inhabit al1 the oceans and 

some species also live in river systems. According to traditional classification. the 

order Cstacea inciudes three suborders: the extinct suborder Archaeoceti known only 

from fossil records: and the extant suborders Mysticeti. the filter-feeding baleen 

whales. and Odontoceti. which includes the toothed whales. dolphins and porpoises 

(Jefferson et al. 1993). 

The main morphological difterence between mysticetes and odontocetes that 

has been usrd to separate these two groups is the presencc of balren in the rnysticc.tes 

and teeth in the odontocetes. The presence of baleen has been interpreted as a 

synapomorphy (a shared denved character state: Hennig 1966) only found in extant 

rnysticetes (sorne extinct mysticete tava possesed teeth and may not have had baleen 

(Heyning 1997)). while the presence of teeth has been regarded as a syrnplesiomorphy 

(a shared ancestral character state: Hennig 1966) because other mammals have teeth 

(Milinkovitch 1995). 



Another difference is that odontocetes also have the ability to echolocate. with 

pulses of high frequency sound that are usrd to ssplore the environment and search 

for prey ( ILCN 199 1 ). According to Milinkovitch ( 1995) that ability \vas probably 

prescnr in the ancestor of al1 cetaceans. since baleen whales have a *-vestigial melon". 

one of the main components of the echolocation system. Echolocation in Odontoceti 

is considered to be a symplesiornorphy of Cetacea. 

Van Valen ( 1966) proposed that cetaceans arose from primitive condylarth 

mesonychids. an extinct group of ungulates. in the middle or iate Paleocene. Recently 

paleontological findings (Gingerich et al. 1990. 1994: Thewissen and Hussain 1993; 

Thewissen et al. 1994) and analysis of mitochondrial gene sequences also have 

suggested that the ungulates are the terrestrial rnammals most closely related to 

cetaceans (Amason et al. 199 1: Invin et al. 199 1: Douzery 1993: Milinkovitch et al. 

1993. 1994: Cao et al. 1994: Graur and Higgins 1994: Invin and Amason 1994; 

Arnason and Gullberg 1994. 1996: Montgelard et al. 1997). Artiodactlys were 

indicated to be more closely related to cetaceans than to perissodactyl ungulates 

(Czrlusniak et al. 1990; Gingench et al. 1990: Irwin et al. 1991: Milinkovitch et al. 

1993). Based on mitochondrial and nuclear gcne sequence data the semi-aquatic 

hippopotamid artiodactyls were proposed to be the closest extant relatives of 

cetaceans (Invin and Amason. 1994: Gatesy et al.. 1996; Amason and Gullberg. 1996: 

Gatesy 1997). but this hypothesis has been chailenged by Hasegawa and Adachi 

( 1996). Based on combined analysis of complrte mitochondrial cytochrome b and 1 I S  

rRNA scquences of 17 representatives of Artiodactyla and Cetacea a monophyletic 



Cctacea-Aniodactyla clade (defined as '-Cstartiodactyla") was proposed by 

Montgelard et al. ( 1997). 

Based on paleontological (Van Valen 1968: Barnes et al. 1985). chromosomal 

(Amason 1972. 1974. 1982: Kulu 1972) and rnolecular studies (Milinkovitch et al. 

1993. 1994. 1995: Amason and Gullberg 1994. 1996: Montgelard et al. 1997; Gatesy 

1997: Hasegawa et al. 1997). cetaceans have been considered to constitute a 

rnonophylrtic group. However. the fossil record is incomplete and the relationships 

m o n g  the Archaeoceti and the t ~ o  extant suborders are not well established (Barnes 

1981: Bames et al. 1985: Milinkovitch et al. 1994). The oldest supposed cetacean. 

Prikicerus NIuchz~~. is a 52 million-year-old tossil collec ted in Pakistan (Thewissen 

and Hussain 1993: Thewissen et al. 1994). It has been suggested that extant cetaceans 

srparated from the extinct archaeocetes 35-45 million years ago (Bames et al. 1985: 

Fordyce 1992: ~McLeod et al. 1993). but there is no clear evidence if the archaeocetes 

gave rise to one. both. or neither suborder of living cetaceans (Milinkovitch et al. 

1995). 

Rscently. a controversial hypothesis basrd on rnolecular phylogenetic analyses 

suggsstsd a sister relationship brtwrrn sperm whales (sub-order Odontocrti: 

superfami ly Physeteroidea) and balern whales ( sub-order Mysticeti). This hypothesis 

kvas tirst suggested based on an malysis of myoglobin amino acid sequences of ten 

cetacean species. and on an analysis of partial sequence data (93Obp) of mitochondrial 

1 3  and 16s ribosomal genes of 16 cetacean species (Milinkovitch et al. 1993). and 

later. based on combined partial sequence data ( l.532bp) of the same two ribosomal 



genes and partial cytochrorne b gene sequences of 31 species representative of d l  

major groups of cetaceans (Milinkovitch et al. 1994). The suggested paraphyly of 

toothed whales contnsted sharply with the traditional separation of cetaceans in sub- 

orders Odontoceti and Mysticeti. it also implied. on the assurnption that the molecular 

divergence rates of cetaceans and ungulates are sirnilar ( b u s  and Miyarnoto 199 1 : 

Arnason et al. 199 1: Allard et al. 1992). that the common ancestor of sperm whales 

and baleen whales lived only 10- 1 5 million pears ago instead of 3045 million years 

as prt-viouslp believed (Barnes et al. 1985: Milinkovitch et al. 1993). 

However. phylogenetic analyses based on the complete sequence of the 

mitochondriai cytochrome b gene of fourteen cetacean species (Arnason and Gullberg 

1994). and 28 species from al1 thirteen currently recognized families (Arnason and 

Gullberg 1996) did not identi. a close relationship between sperm whales and baleen 

whalss. Thrse authors claimed to have idtniiikd tive p r i m q  s w l u t i o n q  linrages 

of extant cetaceans. one represented by Mysticeti and four represented by the 

odontocete superfamilies Platanistoidea. Physeteroidea Ziphioidea and 

Drlphinoidra. Amason and Gullberg (1996) observed that their phylogeny \vas 

sensitive to ingroup representation and the choice of outgroup. Cytochrome b 

relationships arnong baleen whales. sperm whaies. and dolphins were also found ?O be 

sensitive to character weighting. to species sampling, and to choice of outgroup 

( Adachi and Hasegawa 1 995; Milinkovitch et al. 1 996). 

Hasegawa et al. (1997) used combined data from the mitochondrial 12s and 

16s rRNA. c~~ochrorne b. and nuclear rnyoglobin penes to study the relationships 



rirnong the major groups of cetaceans. The- concluded that. although the placement of 

Ziphioidea remains uncertain. their analyses strongly suggested that the toothed-whale 

monophyly should be revised. as was proposed bu Milinkovitch et al. ( 1  993. 1994). 

A recent cladisticd analysis based on 75 morphological characters from 

species of al1 families of extant cetaceans and some fossil taxa supponed the 

monophyly of the suborder Odontoceti including the sperm whale (Heyning 1997). 

In this chapter the hypotheses of Milinkovitch et al. ( 1993. 1994). of a sister 

relationship between spenn whales and balesn whales. and more specifically and 

Gullberg (1994. 1996). of five primary evolutionary lineages of extant cetaceans. 

were tested with the use of 495-base pair sequences of the cytochrome c oxidase 

subunit I (COlj and combinations of this sequence with those of the cytochrome b 

(Cytb). 1 ZS and 16s genes. 

3.2. Material and Methods 

3.2.1. Samples 

Tissue (muscle. liver or hem) samples of 15 cetacean species were obtained 

from Brazil and Canada. Al1 Canadian samples were provided by Dr. Jon Lien. of the 

Whalr Rrsearch Group (WRG) at the Mernorial University of Newfoundland (MUN). 

St. John's. New-foundland (NF). Samples from BraziI (BR) were collected by rnyseif 

and various other collectors at several locations in Brazil (Table 3.1). The samplr of 

Hippopottrrn~is trmphibius was tiorn the San Diego Zoo. San Diego. California. 



Table 3.1. Number of sarnples. date and location of collection of samples of cetaceans 

species used in this study. 

Species Date of 

collection 

Apr 92 

27 Aug 89 

21 Jun90 

Jan 95 

13 May 95 

01 Feb96 

3 1 Aug 86 

31 Oct 94 

Mar 95 

Jan 93 

03 May 89 

13 Jun 90 

28 Apr 89 

10 Oct 94 

Jan 95 

24 May 95 

04 Dec 94 

09 Jun 96 

26 Apr 96 

23 Nov 96 

-- 

Location 

- -  - 

Crab River. 

New foundland 

Portugal Cove. NF 

NewtOundIand 

Rio de Janeiro, BR 

Prainha. BR 

Barra Nova BR 

Newtoundland 

Rio Grande. BR 

Rio de Janeiro, BR 

Newfoundland 

Chance Cove, VF 

St. h t h o n y .  N F  

Newtoundland 

Arnold's Cove, NF 

Chance Cove. NF 

Pecém. BR 

Fortaleza. BR 

Taiba, BR 

[carai. BR 

Fortaleza. BR 



3.2.2. DNA extraction 

DNA was extracted with the same procedure as in 2 - 2 2  

3.2.3. DNA amplification 

PCR (polymerase chain reaction) was used to amplify 495-base pair sequences 

of the mitochondrial DNA cytochrorne midase 1 (COI) gene from the collected 

sarnples. The primers used were COIf-L (5.-CCTGCAGGAGGAGGAGAYCC-3') 

and COIr-H (Y-CCAGAGATTAGAGGGAATCAGTG-3') (Kessing et al. 1989). 

Amplification reactions were performed according to 2 -2.3. 

3.2.4. Purification of PCR product 

DNA was purified with the sarne procedure as in 2.7.4 

3.2.5. DNA Sequencing 

The DNA sequencing procedure was identical to that described in 2 - 7 5  

3.2.6. Phylogenetic Analyses 

I~itially. the cytochrome oxidase 1 (COI) srquences were analyzed based on 

sequsnce data of 16 species from seven h i l i e s  of al1 the major tavonomic groups of 

extant cetaceans: superfamilies Platanistoidea. Delphinoidea. Ziphioidea. and 

Physeteroidea (sub-order Odontoceti). and family Balaenopteridae (sub-order 

Mysticeti ). The sequence of the fin whale (Bdaenopiera physalirs) (GenBank 

accession number X6 1 145) was from Amason et al. ( 199 1 ). 



DNA sequences of seven non-cetacean mammals species were included as 

outgroups: these included four artiodactyls [hippopotamus (Hippopoiarnus 

crrnphihiïrs) (495-bp COI gene sequenced by myself). cow (Bos iuiîrtis: GenBank 

accession number VOO654)(Anderson et al. 1 987). mule deer ( Odocoileus hemionus) 

and caribou (Rcrngvkr mantus) (Cam 1998)l: two perissodacryls [the horse ( E y u t ~ s  

c~rbai lw)  (Xu and Arnason 1994: X79547) and the greater Indian rhinoceros 

(Rhinucer<~.s rrnicurnis) (Xu et al. 1996: X97X6) 1: and a menotyphlan insectivore. the 

hedgehog (Erincicrlcs europaezrs) (Krettek et al. 1995: X88898). The hedgehog was 

chosen as the extemal outgroup for the analyses because it is the species most 

distant& related ta the cetaceans. 

For subsequent analyses seven other data sets were used. including al1 the 

possible combinations of the COI gene togrther with the 12s and 16s rRNA. and 

c'ochrome b (Cytb) genes. DN.4 sequences of the 13s. 16s. and Cytb genes were 

obtained tiom the National Center for Biotechnology Information (NCBI) GenBank 

data base ( National Library of Medicine. Brthesda. MD). 

Tlie Cytb srquences of cetaceans iisrd in the combined analyses were from 

Amason and Gullbrrg (1994. 1996). and the 12s and 16s cetaceans sequences were 

fiom iLlilinkovitch et al. (1993. 1994). The Cytb sequences of Odocoileïrs hernionïa 

and H. trrnphibirrs used here were from lnvin et al. (199 1 )  and Montgelard et al. 

( 1997). rrspectively. The 12s and 16s sequences of Odocoiieus species were from 

Miyarnoto et ai. (1990). The Cytb. 12s and 16s sequences of B. rczurus were from 

Anderson et al. (1982). E. cabuZlrrs sequences were from Xu and Amason (1994). R. 



zînicorntm sequences were from Xu et al. ( 1996). and E. ritrupaurs sequences were 

fiom Krettek et al. ( 1995). 

Phy loeenetic analyses were performed wi th the P hy iogsnetic Analysis C sing 

Parsimony (PACP) [versions 4.0d59.4.0d60. -Lod6 11. prograrn of Swofford ( 1997). 

klauirnum parsimony (MP) trees were obtained with the heuristic search 

algorithm. tree-bisection-and-reconnection option. with 10 randorn addition and 

delayed-character-transformation optimization. Ratios of trmsversions (TV) to 

transitions (Ti) of 3: 1. 10: 1. and transversion only. were used for dl data sets 

analyzrd. Bootstrap analyses (Felsenstein 1985) were performed by means of the 

heuristic search algorith with 1 0 random tavon additions and the tree-bisection-and- 

reconnection option in each of 300 replicates. 

Neiyhbor-joining (NJ) analyses (Saitou and Yei 1987) were performed in al1 

data sets using distance matrices calculated with Tamura-Nri. Kimura 2-parameters. 

and maximum-likslihood parameters models in PAUP (Swofford 1997). 

Bootstrapping for NJ trees were performed using the same parameters used for MP 

anaiyses. rixcept for the nurnber of replicates (1.000 replicates). and the gamma 

distribution shape parameter (y). estirnated after the maximum Iikelihood analysis. 

Maximum-likelihood (ML) method (Frlsenstein 198 1 ) calculations, were 

prrformed on the COI data set and on al1 the combined data sets. using the Hasegawaa- 

Kishino-Yano (HKY) mode1 (Hasegawa et al. 1983) in PAUP (Swofford 1997). The 

ratio of TV to Ti and the gamma shape parameter (y) were tirst estimated by heuristic 

search and then used for the bootstrap analysis (300 replicates). 



3.3. RESULTS 

33.1. Phylogenetic analyses of COI sequences 

Among the 495-bp of the COI sequences of the cetaceans (Figure 3.1) and 

seven non-cetacean species. 164 characters were parsimony-informative (Table 3 2). 

The number of trees. trees length. consistency index (CI). and retention index (RI) for 

the threr ditferent choices of character weighting are also shown in Table 3.2. One of 

the trees obtained by the MP analyses of al1 23 taxa with ratio of transitions to 

transversions of 3 1 .  is shown in Figure 3.2.  The other twvo uees differ from that one 

only for the positions of the three Balarnoptrridar species. 

The results of the MP. NJ and ML analyses of the COI sequences support the 

hypothesis of a monophy letic proup constituted by the order Crtacea. In al1 analyses. 

no sister relationship between the sperm whale and the baleen whales was identified. 

The hippopotamus was observed to be the artiodactyl most closely related to 

the cetaceans according to MP analyses of COI gene sequences (Figure 3.2). This 

close relationship between hippopotamus and cetacrans was supported by bootstrap 

values of 55. 59 and 60. when transversions were weighted three and 10 times more 

than transitions. and whrn only transversions where considered respectively. 

However. N.J distance analyses did not show if rither the Hippopurcirnus or the 

ruminant genera (Bus. O ~ k ~ c o i i e u ~ .  and R~rn,gifc;r) are the closest relatives to cetaceans 

(Figure 3.3). ML analyses also did nor resolve which artiodactyl group is more closely 

relatrd to Cetacea (Figure 3.4). 



Figure 3.1. DNA sequence variation in a 495-bp region of the cytochrorne 

oxidase 1 mitochondrial gene of fifteen spccies of cetaceans and of Hippopotumus 

umphihius. obtained in this study. Dots represent nucleotides that are identical to the 

blue whale (Bctlrrenoprrra rnziscul~is) sequence. The top line gives the inferred amino 

acid sequence accordinp to the single letter code of the International Union of 

Biochemists (WB). Numbers at the end of the first and second line indicate the 

position numbers in the protein and nucleotide sequences. respectively. The cetacean 
- 

species corresponding to the genera listed are: Megaptern: .M. novaeangfine: 

Physet~r:  P. mcw-ocephalus: .blesoplodon: .CL hidrns: Ponroporia: P.  blainvillei: 

Delphinc<pter~rs: D. feuccrs: Phocoena: P. phocorna: Peponocephala: P. eiectra; 

Delphinz~s: D. tle1phi.s: Tursiops: T. trzrnc~~r~rs: Stenella: S. fkntalis: and Sorcdiu: 

S jZziviut if i-S. 
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AI1 phylogenetic analyses of the COI sequences identified four ciades 

corresponding to four major groups within the order Cetacea identified as: 

Phpseteridae. Ziphiidar. infraorder Delphinida. and suborder Mysticeti. The 

infraorder Delphinida was representrd bu the three tàmilies of the superfamily 

Delphinoidea (Delphinidae. Phocoenidae. Monodontidae) and the family 

Pontoporidae from the superfamily Platanistidae. The order Mysticeti was represented 

by specicies tiom the t'amily Balaenopteridae. 

The results show that the h i l y  Delphinidae and the superfamily 

Delphinoidea were both monophyletic. however. phylogenetic relationships within 

Delphinoidea were not resolved. A close relationship between Pontoporidae and 

Delphinoidea was also supported. but the bootstnp values were low. A monophyletic 

Mysticeti clade was strongly supported in the MP analyses by bootstrap values of 94. 

89. and 84. for trmsversion:transition (Tv:Ti) ratios of 3 : 1, 10: 1. and transversions 

onl?.. as ~ 3 2 1 1  as b?. the relationsliips nmony Ïts manbers. represented b> I'uur 

Brilxnoptrridae species ( Figure 3 -2  ). 

.A close relationship betwern baleen whaltts (Balaenopteridae) and the sperm 

whales (Ph-vserer) was not identified in an- of the MP analyses. No sister relationship 

was also identified between the beaked whales (.L;Ie~~opIodon) and the baleen whales. 

nor brtween the beakrd whales and the sperm rvhales. The phylogenetic relationships 

among the four major cetacean lineages (Delphinida. Ziphinoidea. Physeteroidea. and 

Mysticeti) were not resolved on the basis of the MP analyses. 



;\II three NJ bootstrap trees obtained were congruent with the maximum 

parsirnong trer in Figure 3.2. rxcrpt for the position of the Artiodactyla species. No 

support \vas obsrrved for a Hippopotarnus/Cctacea clade. The NJ bootstrap tree of 

maximum-likelihood distances is shown in Figure 3 -3. 

The ML analysis produced a single trer shown in Figure 3.4. Bootstrap values 

obtained after the estimation of the Tv:Ti ratio (6.17: 1 ) and the y shape parameter 

( -~0 .125)  were lower than the bootstrap values pielded by the MP analyses. This tree 

was essentially similar to the tree in Figure 3.2. but it did not resoive which group of 

Artiodactyla was most closely reiated to Cetacea. The most parsirnonious relationship 

of the tour cetacran clades obtained by ML was (Mysticrti (Physeteridae. Ziphiidae 

(Delphinida))). However. that relationship was not supported by bootstrap analyses 

(Figure 3.4). A close relationship between sperm and beaked whales suggested by the 

MP analysis did not obtain bootstnp support. wirh bootstrap value ofonly 43% 



Figure 3-2- One of the three maximum parsimony tree (heuristic search. 300 

replicates) based on the 495-bp sequences of the cytochrome oxidase I rnitochondrial 

eene of 16 cetaceans. four artiodactyls. and two perissodactyls. with the hedgehog 
C 

(order Lipotvphla) as outgroup. The other two trees differ frorn this one oniy in the 

positions of the three species of the genus Buiecrnoprera. The top numbers correspond 

to nucleotide differences between branches. The boaom values correspond to 

bootstrap values obtained by MP analysis in which transversions were weighted three 

tirnes more than transitions. The species corresponding to the genera in this figure are 

the sarne indicated in Figure 3.1. 
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Figure 3.3. Neighbor-joining tree of maximum-likelihood distances (Tv:Ti = 

6.17:l. y = 0.125) based on the 495-bp sequences of the cytochrome oxidase 1 

mitochondrial gene of 16 cetaceans. and seven non-cetaceans used as outgroups. 

Numbers indicate bootstrap values ( 1.000 replicates). The species corresponding to 

the genera in this tïgure are the sarne indicated in Figure 3.1. 
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Figure 3.4. Maximum-likelihood tree based on the 495-bp sequences o f  the 

cytoc hrome oxidase I mitochondrial gene of 16 cetaceans. and seven non-cetaceans 

used as outgroups. Numben indicate bootstrap values (300 replicates). The 

transversions were weighted 6.27: 1 more than transitions (ratio estimated previously 

by heunstic search and likelihood options). nie gamma shape distribution parameter 

was -/=0.135. which was also rstimated y heuristic search. The species 

corresponding to the genera in this figure are the same indicated in Figure 3.1. 
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3.3.2. Phylogenetic analyses of the combined gene sequences 

Al1 possible combinations of the COI gene sequence with the 12S, 16s. and 

the Cptb genes sequences (COI+ 12s. COI+ 16s. COI+Cytb. COI+ 1 ZS+ 16s. 

COI- 1 ISiCytb. COI+[ 6SKytb. and COI+ 12S+ l6S+Cytb) were analyzed using the 

same three methods (MP. NJ. and ML) used for the COI gene alone. In order to avoid 

rnisleading results due to different ratios of transversions to transitions in different 

genes (Hasrgawa et al. 199 1 ). MP analyses were performed in Tv:Ti ratios of 3: 1. 

10: 1. and transversions only. For the ML analyses. the Tv:Ti ratio vas estimated 

before bootstrapping. 'ùy heunstic search with no swapping. and using the HKY 

mode1 ( Hasegawa et al. i 985) in PAUP (Suofford 1997). 

Table 3.2 shows the numbrr of base pairs and parsimony-informative 

charactsrs in each of the cornbinrd data sets. The longest sequence data set was 

represented by the combined COI+ 1 l S +  l6S+Cytb Bene sequences. which contained 

2.548 total base pairs and 786 parsimony-informative characters. The 1MP parameters 

(numbrr of trees. tree lengths. CI. and RI) obtained for rach of the Tv:Ti ratios 

analyzsd. and the ML parameters estirnated (T\-:Ti. and y shape) are also shown in 

Table 3.2. 

In only two of 21 MP analyses on the combined data sets (Table 3.3). \vas 

~Milinkovitch's hypothesis (Milinkovitch et al 1993. 1994). which suggests that the 

sperm  hales (Physeteroidea) are more ciosely related to the baleen whales 

(Mysticeti) than to any other Odontoceti species. supported by bootstrap values. In the 

other eighteen MP analyses. Arnason's hypothcsis (Amason and Gullberg 1 994. 



1996). which suggests that there are five rvolutionary lineages of cetaceans and that 

there is no particular afinity between the sperm whales and the baleen whales 

(Amason and Gullberg 1994. 1996). was sustained (Table 3.3). The largest combined 

data set (COI+ 1 ? S i  l6SiCytb) producrd different results according to the Tv:Ti ratio 

used in the MP analyses. When Tv:Ti= 1 O: 1 and when TV only were considered. the 

bootstnp trees tàvored Amason's hypothesis with bootstrap values lower than 50 for 

the monophyletic group of Physrter and Balaenopteridae (Figure 3.5.a). However. 

when Tv:Ti=3: 1. Milinkovitch's hypothesis was supported with bootstrap value of 56 

(Figure 3.5.b). 

Maximum parsimony analyses of the combination of the COI and Cytb gene 

showed a close relationship between Hippoporumus and cetaceans. However. 

bootstnp values were low (55 and 50. for Tv:Ti=3 : 1. and 10: 1 ) (trees not shown). MP 

analyses of the combination of the COI and 12s gsne sequsncss Jici not suppon the 

hippopotamusiccrtacran relationship. Contrary to the result with COI+Cytb gene 

sequences. the bootstrap trees (not shown) supponed a ruminant/cetacean clade with 

bootstrap values of 71. 79 and 65. when TV where weighted three times and 10 times 

more than Ti. and when only Tv were çonsidrred. respectively. MP bootstrap trees 

(not shown) of the combination of the results with COI, 12s and Cytb gene sequences 

also supponed a mrninant/cetacean clade with bootstrap values of 63. 66 and 67. for 

the three 1'v:Ti weighting as above. respectively. A ML bootstrap tree (not shown) 

obtained for the combined COl+l?S+Cytb gene sequences also supponed a 

rurninantketacean clade ( bootstrap value of 52)  but the ML bootstrap tree obtained 



for the combined COI-12s gene sequences did not resolve if either Hippupo~arnus or 

the Ruminantia species are the closest relatives to Cetacea (trees not shown). 

N J analyses using three different methods ( Tamura-Nei. Kimura-2-parameters. 

and Maximum-likelihood parameters) on the combined data set produced nine 

bootstnp trees supporting Milinkovitch's hypothesis (9 of 2 1 analyses). Although. the 

majority of the NJ analyses on the combined data set gave support to h a s o n ' s  

hypothesis. Milinkovitch's hypothesis kvas favored on the largest combined data set 

(Table 3.3).  Figure 3.6 shows the NJ bootstrap tree (1.000 replicates) of maximum 

Iikelihood distances (Tv:Ti=3 -83: O .  9 for the combination ot' 

COt+l3-16S+Cytb genes. The monophyletiç clade Physrter+Balaenopteridae was 

favored by a bootstrap value of 89 (Table 3.3). 

M L  analyses supponed Amason's hypothesis on three of the seven combined 

data sets. When the COI gene sequence was combined with a single other C aene 

(COI+ 1 3 .  COI+ 16s. or COt+Cytb). the bootstrap tree obtained hvored Amason's 

hypothesk When the COI gene was combined with two or more genes. the bootstrap 

trees favored Milinkovitch's hypothesis. The ML analysis of the largest data set 

(COI-+ 12% l6S+Cytb) produced a single tree shown in Figure 3 -7. The monophyly of 

Physcter and Balaenopteridae was supportrd by bootstnp values of 81. with Tv:Ti = 

3.82: 1. and ;/=O. 195 (Table 3.3). 



Figure 3.j.a. Majority-rule bootstrap consensus tree (heuiistic search. 

maximum parsimony. 300 replicates) based on the 2.548-bp sequences of nine 

cetaceans. two artiodactyls. and two perissodacty 1s. using the hedgehog (order 

Lipotyphla) as outgroup. Numbers indicate bootstrap values. Tlie top values 

correspond to a MP bootstrap anaiysis in which TV were weighted 1 O times more than 

Ti. The bonom values correspond to a MP bootstrap analysis where only TV were 

considered. The species corresponding to the genera in this figure are the sarne 

indicatrd in Figure 3.1. 

Figure 3.5.b. Majority-mle bootstrap consensus tree (heuristic search. 

maximum parsimony. 300 replicates) based on the 2.548-bp sequences of the sarne 

species listed in Figure 3.5.a. Numbers indicate bootstrap values corresponding to a 

MP in which TV were weighted three times more than Ti. 
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Figure 3.6. Neigbbor-joining uee of maximum-likelihood distances (Tv:Ti = 

3.82: 1. -(=O. 195) based on the 2.548-bp sequences of the same species listed in Figure 

3 -5 .a. Numben indicate bootsuap values ( L -000 replicates). 
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Figure 3.7. btauimurn-likelihood tree based on the 2.548-bp sequences of the 

same species listed in Figure 3.5.a. Numbers indicate bootstrap values (300 

replicates). Transversions were weighted 3.82 times more than transitions. ratio 

rstirnated previously by heuristic search and likelihood options. The gamma shape 

distribution 

The species 

3.1. 

panmeter was y=0.195. value also estirnated by the same heuristic search. 

corresponding to the genera in this figure are the sarne indicated in Figure 
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3.4. DISCUSSION 

3.4.1. Monophyly of cetaceans 

Cetaceans are a monophplstic group. irrespective of the kind of phylogenrtic 

analysis (rnauimum parsimony. neighbor-joining. and maximum-likelihood) or of the 

gsnr sequences cornbinations used to perform in the present study. The monophyly of  

cetaceans \\.as previously observed in molecular phylogenies. using the 1 ZS and 16s  

renes (blilinkovitch et al. 1993) in combination with the Cytb gene (Milinkovitch et 
C 

al. 1994. 1995). in complete Cytb sequences (Arnason and Gullberg 1994. 1996; 

blilinkovitch et al. 1996). and in a recent morphological study (Heyning 1997). 

The degree of adaptation of whales and dolphins to undenvater life is unique 

among rnammals. The cetaceans as wrll as the manatees and dugongs (order Sirenia). 

are the only mammals that have becomr true marine mammals. Heyning (1997) 

identilied at least 17 synapomorphies of al1 cetaceans when cornpared to members of 

the ordsrs Artiodactyla Perissodactyla and Proboscidea. Some of the 

synapomorphies of cetaceans in relation to thrse mamrnalian orders are: a cornplete 

absence of hind limbs. front limbs modified into flippers lacking movement except at 

shoulder joint. the presence of blubber. and elongate rostrum with mesorostral gutter. 

and the presence of a melon (Heyning 1997). 



3.4.2. Phylogenetic relationships between Cetacea and Artiodactyla 

In al1 the phylogenetic analyses performed in the present study. the cetaceans 

were more closely related to the artiodactyls than to the perissodactyls. This sister 

relationship between Cetacea and Artiodactyla is in agreement with morphological 

studies (Novacek 1992). palaentological findings (Gingerich et al. 1990. 1994: 

Theu-isscn and Hussain 1993: Thewissen et al. 1994) and previous molecular studies 

(Invin et al. 199 1 : Milinkovitch et al. 1 993. 1994: Graur and Higgins 1994: Arnason 

and Gullberg 1996: Montgelard et al. 1 997). 

The maximum parsimony analyses of the COI and COI+Cytb gene sequences 

suggests that the Hippupuramirs crrnphihizrs is the artiodactyl most closely related to 

cetaceans. This close relationship between the cetaceans and the hippos might btt so 

strong that lnvin and Amason (1994) based on phylogenetic analyses of complete 

cytochromr b gene sequences suggested that the genus Hippoporurncrs is more closely 

related to Cetacea than to rnembers of the other suborders of Artiodactyla. which 

would make the order Artiodactyla paraphyletic. Other recent molecular studies based 

on mitochondrial genes (Arnason and Gullberg 1996: Hasegawa et al. 1997: 

Montgelard et al. 1997). the nuclear casein gene (Gatesy et al. 1996). and the gene for 

the blood-clotting protein -pfibrinogen (Gatesy 1997). also supported a 

CetacedHippopotamidae cIade. 

If the Hippopotamidae specirs are the closest relatives to extant cetaceans. as 

suggested by the COI MP analyses. then the shared aquatic specializations of these 

two groups of mammals can be interpreted as synapomorphies. due to descent from a 



common ancestor. Several potential synapomorphies of cetaceans plus hippos that 

could support the molecular data were suggested by Gatesy ( 1997). including the lack 

of sebaceous glands. and the absence of hair (Ling 1974). the lack of scrotal testes 

(Erksn et al.. 1994). and the nursinp of offspring undenvater (shared by 

Hippopurrrrnus urnphibilis and extant cetaceans)( S 1 ij per 1 962). 

Although there are numerous sirnilarities between fossil teeth of primitive 

cetaceans and mesonychian ungulatss (Thewissrn et al. 1994). there is no fossil 

evidence t'or a common ancestor between cetacrans and hippos. and evolutionary 

convergences are considered to be responsibls t'or the similiarities of aquatic 

spec ializations between cetaceans and hippos (Gatesy 1997). However. based on iMP 

and Xi analyses of the complete Cytb and 12s sequences Montgelard et al. (1997) 

calculared that the divergence between Cetacea and Hi ppopotarnidae (Ancodonta) 

occurred 53 million of years ago (iMya). Their susgestion was inconsistent with the 

fossil record. since the oldest fossil of a cstacsan (P~rkicrrzis inuchtrs) is known to be 

fiom 52 Mya (Thewissen and Hussain 1993: Thewissen et al. 1994). 

M P  analyses of the COI-13s and COI- 13SLCytb combined gene sequences 

did not support a Hippopotornidae!Crtacra clade. On the contraq. these analyses gave 

support for a Ruminantia/Cetacea monophyly. which ~ o u l d  also make the order 

Artiodüctyla paraphyletic. These results are not congruent with Montgelard et al. 

( 1997). but on the other hand. they are in agreement with Graur and Higgins ( 1  994) 

MP and NJ analyses of I l  nuclear-encoded protein gene sequences and t h e  

mitochondrial gene sequences (Cytb. 12s. ATPase 6. NADH- 1. and four-combined 



tRNXs). which suggested that members of the suborder Ruminantia (cows. deers. 

girat'fes. goats. and others) are more closely related to cetaceans than to members of 

the two other suborders of .Utiodactyla. Suiformes (pigs. peccaries. and 

hi ppo potarnus) and Ty Iopoda ( camels and Ilamas). These authors estirnated that 

Crtacea and Ruminantia diverged fiom each other 45-49 M y .  This assurnption is 

somewhat more recenr han the supposed divergence between Suiformes and 

Artiodactyla (-55-60 Mya) and Tylopoda and Artiodactyla (>45 Mya) (Webb and 

Taylor 1980). 

Both the Hippopotamidae/Cctacea clade ( Invin and Amason 1994) hypothesis 

and the RuminantiaKetacea clade (Graur and Higgins 1994) hypotheses were tested 

by Hasegawa and Adachi (1996) using maximum-likelihood methods for 

phyloptinetic analyses of several mitochondrial sene seqtiencr's (C'tb. 12s. .-ITPrisc. 6 .  

N h D H  drhydropnase I.  and four-combined tR'IAs). They concluded that "none of 

the proposrd hypotheses was convincingly supported by the rxisting sequence data 

when analyzed carefully by the ML method". 

The results of MP. NJ. and MP analyses in the present study did not favor 

sither of the hypotheses. Di fferent combinations of gene sequences generated 

different results. Based on them. this study is in agreement with Hasegawa and 

Adachi ( 1996) that more molecular data must be obtained and phylogenetic methods 

must be improved in order to obtain a confident molecular phylogeny able to resolve 

the relationships between Cetacra and suborders of Artiodactyla. In addition. the 



paleontological and rnorphological data must also be considered for reconstruction of 

a trur CetacedArtiodactyla phplogeny. 

3.43. The placement of Physeteridae within Cetacea 

The phylogenetic analyses performed in this srudy yielded different answers in 

relation to the placement of the sperm whales within Cetacea depending on the 

combination of gene sequences and the method of analysis used. When the COI 

sequencrs were analpzed alone. a sister relationship betwern the s p e m  whalrs 

-9 (Ph~:verw) and the mysticetes (Bahenopteridael was not identified (Figures 3.2- AL 

3.4). -411 analyses (MP. NJ. and 1ML) tkeored Amason's hypothesis (Amason and 

Gullbcrg 1994. 1996) and were contrxy to Milinkovitch's hypothesis (Milinkovitch 

et al. 1993. 1994). When the COI gene sequences were combined with one of the 

three othrr mitochondrial genes ( 12s. 16s. Cytb) sequences. al1 the phylogenetic 

analyses of the possible combined data sets also favored Arnason's hypothesis. 

Howrvrr. ~vhrn the COI sequences where combined with two or more Bene sequences 

the results sometimes tàvored Arnason's and sometimes tàvored Milinkovitch's 

hypothesis. depending of the type OF analysis performed (Table 3 -3). 

Milinkovitcli (1993) presrnted somr morphological evidence for his 

hypothesis of a close relationship betu-een sperm whales and baleen whales. based on 

DNA sequences of fragments of the 12s. 16s. and Cytb genes (Milinkovitch et ai. 

1993. 1994). A new morphological chancter was proposed by Milinkovitch ( 1995). 

.-the number of nasal passages distal to the bone nares". with two States: two nasd 



passages (ancestral state). present in baleen whales and sperm whales. and a single 

nasal passage (derived state) present in d l  odontocetes but not in the sperm whales. 

The presence of two nasal passages was considered a synapomorphy of baleen and 

s p e m  whalrs by this author. However. Hryning (1989. 1997) did not agree with 

blilinkovitch's assumption and coded this îèature as two characters: number of 

bIowholes and confluence of nasal passages. An intermediate state (single blowhole. 

nasal passages not confluent) present only in Physetendae was proposed by Hepning 

( 1997). 

Xnother morphological character pointed out by Milinkovitch ( 1 995) as 

supporting his hypothesis was the presence of a *-vestigial melon (the atrophied 

remnant of an acoustically tiinctioning melon)-' in rnysticetes. This small fatty 

structure in the sarne relative position as the melon of odontocetes was described by 

Heyning and Mead (1990) who hypothssized that its original tiinction was to allow 

the blou-holes to open smoothly with the contraction of the nasal plug. iMilinkovitchls 

assurnption that this îàtty structure is a "vestigial melon". regressed tiom a larger 

melon in an ancestor. should not be considered according to Heyning ( 1  997) because 

Milinkovitch (1995) did not provide any rvidence that supported his idea. In his 

cladistic analyses. Heyning (1997) identified thirteen characters that support the 

Odontoceti monophyiy (including the farnily P hyseteridae) with stong statistical 

support (CI= 0.92 ; Rk0.96). 

The supposition of Milinkovitch et al. (1993) that the cornmon ancestor of 

baleen whales and sperm whales might have lived between 10 and 15 million years 



auo - (Mua) \vas observed to be erroneous b>. ;\mason and Gullberg (1994) who 

showed that the separation between the lineages of the family Balaenidae (right 

whales) and the other three families of Mysticeti (Balaenopteridae. Xeobalaenidae. 

and Eschrichtiidae) occurred more than 17 M y a  based on an interpretation of the 

paleontological record of Mysticeti (Bames and McLeod. 1984: Barnes et al.. 1985). 

The oldest Physeteridae fossils from Early Miocene (-20 Mya) deposits in Patagonia 

Argentina (Bames et al.. 1985) also do not support the separation proposed by 

Milinkovitch et al. (1993). The relative rate of evolution implied by restriction 

enzyme maps of fourteen cetacean species (Ohland et al. 1995) was also concordant 

with the fossil-based phylogenies (Ford>.ce 1980: Barnes et al. 1985) and not 

concordant with .Milinkovitch et al. ( 199:. 1 994 ), 

If Milinkovirch's hypothesis were true and Mysticeti and Physeteridae are 

sister groups. then they rnust have shared a common ancestror during their evolution. 

A consequence of this assumption is that the Mysticeti Arst evolved the Physeteridae 

characteristics and later lost them. in order to develop a different feeding strategy. 

which implied loss of teeth. loss of echolocation. loss of spermaceti organ and 

devrloprnent of baleen plates (Ohland et al. 19953. This evolutionary scenario seems 

to be less parsimonious then the assumption that the Mysticeti evolved from an older 

toothed whale ancestor than tiom a common ancestor with the Physeteridae. 

Tlir iMP analpis of the Cytb pene by .Amason and Gullberg ( 1996) prod~iced 

an unresolvsd bootstrap tree with five major lineages of cetaceans. The results 

obtainsd using the COI gene sequence alone and the COI gene sequence combined 



with only one of the three other mitochondnal gene sequences are in agreement with 

Arnason's hypothesis. However. the analyses when more than two gene sequences 

were combined favored Milinkovitch's hypothesis. particularly when the NJ and ML 

methods uere used (Table 3 .3 ) .  

3 - 4 4  Monophyletic groups within Cetacea 

Four major groups of cetaceans. corresponding to the tavonornic groups 

Physetrridar. Ziphiidae. Delphinida. and Mysticeti. were identiiied by the 

ph? logenetic analyses of the COI grne sequences. However. phylogenetic 

relationships among the four groups could not be resolved by MP. NJ. or ML 

analyses. Five clades of extant cetaceans (the four obtained here plus Platanistidae) 

were idrntified by Arnason and Gullberg (1996) based on MP analyses of the 

cornplrte Cytb sequences of 28 cetaceans. These authon also concluded that the rates 

of molecular wolution of the Cytb gene of the tive groups were similar. based on the 

Iack of bootstrap support ro resolve the relarionships among them. 

Al1 phylogenetic analyses oF the COI sequences including al1 possible 

combination of gene sequences identified the Balaenopteridae (Mysticeti) as a 

rnonophyletic group. independent of the method used (MP. NJ. ML). The suborder 

Mysticeti was recognized as a monophyletic proup by al1 previous molecular studies 

usiny mitochondnal genes (Milinkovitcb et al. 1993. 1994. 1996; Arnason and 

Gullberg 1994. 1996; Hasegawa et al. 1997). The three Buiuenoptera species (B.  

uczrtorosrrcr~cr, B. musculrrs, and B. physalicv) constituted a monophy letic group. but 



the relationships among thern were undetermined by MP analyses of the COI 

sequenccs ( Figure 3 2). while NJ analyses ( Figure 3 3) and ML analyses (Figure 3 -4) 

produced two different combinations of relationships between these species. Strung 

support u-as obtained for a sister relationship between the hurnpback whde 

(.II. nuv~~.clrtrngliue) and the other baleen whales of the genus Bulaenopfera in al1 the 

phylogenetic analyses of the COI gene sequence alone and the combined gene 

sequence data sets. Relationships between B. rnciscuh~s, B. ph-vscrlu~., .I.I. no vueangliue. 

and E. ~-ohiisf~is (Eschrichtiidae) were also undetermined by the MP analyses of Cytb 

gens sequences of Arnason and Gullberg ( 1994). 

The phylogenetic position of the beaked whales (Ziphiidae). represented here 

by the grnus .Lfc'sopIodon. was undetermined by any of the COI gene sequence 

analyses. or by the majoritp of the analyses performed on the combined gene sequence 

data sets. When thère was bootstrap support tor the placement of the Ziphiidae as an 

outgroup ot' the other three cetacean clades (such as, in Figures 3.5.b and 3.6), 

bootstrap values were very low. Ali previous moIecu1a.r studies based on 

mitochondrial p n e  sequences (Milinkovitch et al. 1993. 1994. 1996: .4rnason and 

Gullbcrg 1994. 1996: Hasegawa et al. 1997) failed to determine the place of Ziphiidae 

within Crtacea with bootstrap support. The uncertair. placement of Ziphiidae was also 

observed in some morphological studies (Barnes 1984: Heyning i989), aithough a 

recent cladistic analysis OC morphological characters placed the Ziphiidae between the 

Physeteridae and the other Odontoceti h i l i e s  (Heyning 1997). 



Strong support was found for the monophyly of the fmily Delphinidae by al1 

the phylogenetic analyses of the COI gene sequences (Figures 3.2. 3.3. 3-4). Within 

the Delphinidae. the relationships among species were not well-resolved with the 

exception of a monophyletic group composed by four species (D. delphis. 

L. ulhirosrris. S. /ionfcrlis. T. rnrncurus) that was well-supported by MP (Figure 3.2)  

and N.J analyses (Figure 3.3) of COI gene sequences. A recent molecular study of the 

Famil? Delphinidae based on Cytb sequences (LeDuc 1997) was the first to resolve 

the phylogenetic relationships among specirs within this family that were not resolved 

by previous studies (Milinkovitch et al. 1994. Amrison and Gullberg 1996. Hasegawa 

et al. 1997). 

MP. NJ. and ML analyses of the COI gene sequence alone (with the exception 

of the MP analysis when Tv:Ti=j:l) and MP. 'IL and ML analyses of al1 the 

combined Bene sequence data sets (Figures 3.2 to 3.7) supported the monophyly of the 

superhmily Delphinoidea. which includes the families Delphinidae (dolphins). 

Phocornidar (porpoises). and Monodontidae (white whales). A Delphinoidea 

monophyletic proup was previously detected by molecular studies (Milinkovitch et al. 

1994: Arnason and Gullbrrg 1996: Hasegawa et al. 1997). 

.-\ sistrr relationship betwren Pontoporidrie (representrd b?; P. hirini~iliei) and 

Delphinoidea was supponed bp MP and ML bootstrap analyses of COI gene 

sequrnccs. This result is in agreement with previous molecular phylogenies that 

included the same species (Amason and Gullberg 1996; Hasegawa et al. 1997). 



3.4.5. COI alone versus COI combined with different mitochondrial 

genes 

Why do different combinations of mitochondrial gene sequences suggest 

difterent phylogenies for cetaceans. if there is only one historical reality ? 

Mitochondrial DNA sequences are considered to be a good molecular tool for 

inference of evolutionary relationships arnong marnmals because al1 mitochondrial 

renes art: inhsrited together without recornbination and there is no conhsion of 
C 

orthologous and paralogous genes (Cao et al. 1994: Simon et al. 1994: Honeycutt et 

al. 1995: Russo et al. 1996). However. it has been observeci that different 

mitochondrial genes can generate different phylogenies for the same group of 

organisms (Goodman et al. 1982. Hedges 1994: Russo et al. 1996). Combinations of 

difirent mitochondrial gene sequencrs should retlrct the evolution of a single genetic 

linkage group with the same phylogenetic Iiistory (Vogler and Welsh 1997). 

The difference between phylogenies obtainrd in this studp by the analyses of 

the COI yene sequence and by the combination of the COI genr sequence with 

sequences of different genes ma? be a consequence of the sampling properties of 

DNA sttquence data in phylogenetic analysis. a problem that was investigated by 

Cummings et al. (1 995). 

Thri assumption that increasing the quantity of DNA sequence data wiil 

improve the phylogenetic estimation of evolutionary trees is widespread (Churchill et 

al. 1993: Huelsenberg and Hillis 1993: Hasegawa et al. 1997). The assumption is that 

the historical signal will rise above misleading noise as more sequence is added 



(Naylor md Brown 1997). If this assumption were me. the most informative 

sequcnce set will combine the 495-bp fragment of COI gene sequence with the 

complete c'ochrome b gene sequence ( 1.1 JO-bp) and sequence fragments of the 1 ZS 

and 16s genes (91 3-bp). which together represent approximately 20% of the total 

mitochondrial genorne (2.548 of 12.234-bp) (Table 3.3). The results of the analyses of 

the 2.548-bp sequences agree with Milinkovitch's hypothesis. with the exception of 

the MP analyses where Tv:Ti = 1 0: 1 and TV only were considered (Figures 3.5. 3.6. 

3.7). 

However. Naylor and Brown ( 1997) showed a particular esample where 

increasing of amount of DNA ssqurnçe u f  rnitochondrial genrs may not represent 

accuratr l~ the svolution of the whols mitochondrial DNA. Their analysis used a 

phylogenetic parsimony analysis of the sntire protein-coding portion of the 

mitochondrial genome for a --well-accepted phylogeny". These authors did not obtain 

the '-txpected phylogeny" and achisved bootstrap support for incorrect placements of 

t a a .  

The phylogenetic analyses (MP. -Il. and IML) of the COI gene sequence alone 

in this study. and the M P  and NJ analyses of  the cytochrome b gene sequence alone 

(Amason and Gullberg 1994. 1996) did not support Milinkovitch's hypothesis. as 

well as the phylogenetic analyses of the COI gene sequence combined with a single 

genc sequencr ( 1 ?S. 16s. or Cytb). On the othrr hand. MP analyses and M L  analyses 

of the cytochromr b gene sequences (Milinkovitch et al. 1995, 1996; Hasegawa et al. 

1997) supported Milinkovitch's hypothesis. The MP analyses perfonned by 



Milinkovitch et al. (1996) based on the cytochrome b gene sequences suggested that 

charactcr weighting and species sampling intluenced the phylogenies obtained for the 

cetaceans. 

The efficiencies of different mitochondrial genes in recovering a known 

phylogrrny were evaluated by Russo et al. ( 1996). Among the thirteen genes analyzed. 

the --best genes" (the ones that produced the 'correct tree' in al1 tree-building methods 

or algorithms for both arnino acid and nucleotide sequence data) were the NADH4. 

NADH-5. and cytochrome b genes. The COI gene showed a relatively pood 

performance but nucleotide sequencrs sometimrs produced incorrect trees. probabiy 

due to its small extent of sequence divergence (Russo et ai. 1996). Naylor and Brown 

(1997) also andpzed the efficienciss of mitochondrial genes to estirnate a known 

phylogrny. superimposing the sequence data onto the accepted tree and measuring 

ho\\- well each site tits the tree. The- observed that the "best genes" were the ATPase 

6 and the YADH-rlL genes. and rhat the COI and the cytochrome b genes were among 

the intermediate rtficient genes. Among the '-best genes" proposed by Russo et al. 

( 1996) and by Naplor and Brown ( 1997) only the cytochrorne b has been gene used to 

study phylogenetic reiationships among cetaceans. 

Species sampling has a major impact on phylogenetic inference according to 

Lecointre et al. ( 1993). The present study presents the largest nucleotide data set ever 

assernbled for the order Cetacea: 2.548 bp (COI+ 1 ZS+ 16S+Cytb) versus 1. l N b p  

(completr cytochrome b) of Arnason and Gullberg ( 1996) and Hasegawa et al. ( 1997). 

and 1.35lbp (17S+l6S+Cytb) of Milinkovitch et al. (1994). However. the number of 



taxa presented here for the COI+ l 2 S 4  6StCytb data set (nine cetacecuis +. five non- 

cetacsans) is smaller than that used by bfilinkwitch et al. { 1994) (21 cetaceans - 

three non-cetaceans). .Amason and GulIberg ( 1996) (78 cetaceans + II non-cetaceans) 

and Hasegawa et al. (1997) (27 cetaceans 13 non cetaceans). The use of larger 

sequence data sets for construction of trers in which few taxa are used to represrnt 

strategic tavonomic groups has been cixtrnsivrly used (e-g. Meyer and Wilson 1990). 

however. the results and conclusions obtained could be different with the addition of 

more representatives of the sampled groups as was s h o w  by Lecointre et al. ( 1993). 

The use of fewer nucleotides per species and more species representing more 

tava of the groups studied was recomrnended by Lrcointre et al. (1993). because the 

impact of specirs sampling may be stronger than the impact of sequence variation. If 

this is correct. the analyses of the ssquttncr dara set t'or the COI gens ( 16 cetaceans - 
sevrn non-cetaceans) may be more powerful than the analyses tor the largest dara set 

(nine cetaceans + tlve non-cetaceans). 

In summaiy. the different phylogtnies obtainrd in this study. according to the 

different genrs (or combination of genes) used. may be a consequence of the sampling 

propenirs of DNA sequrnce data. of the efiiciencirs of different genes in recovering 

phylogenirs. and of the impact of species sampling in phylogenetic inference. 

3.4.6. MP versus NJ versus ML in Cetacea 

Uliy do diff'rent phylogrnetic nirthods suggrst Jifkrent phylugrnies tor 

cetaceans. if thsre is only one historical reality ? 



Bootstnpping was the method used in this study for testing the confidence of 

the phyiogenetic resuits and the robustness of the trees obtained. Bootstrap values 

have been extensively used as indicators of support for a monophyletic group since 

Felsenstein (1985) proposed to use bootstrapping to estimate confidence Iimits of 

intemal branches in phylogenetics analyses of DNA sequences ( Milinkovitch et al. 

1996). Bootstrapping is a random resarnpling of the data set with replacement. 

Bootstnp estimates are evaluated by counting the number of tirnes that each grouping 

of taxa occurs arnong the numerous replicates (Lrcointre et al. 1993: Swofford et al. 

1996). A bootstrap consensus tree contains a11 the major grouping of species (or 

nodes) and the supported nodes are those with bootstrap values superior to 50% in the 

tree (Lecointre et al. 1993). Three different trer-building methods were used in this 

study to obtain bootstnp consensus trees: maximum parsirnony. neighbor-joining. and 

maximum-li kelihood. 

The majority of the maximum parsimony (Swofford 1 993) analyses performed 

in the present study identitïed tour chdes of cetaceans (favoring Arnason's 

hypothesis) . but did not resolve the relationships among them (Table 3.3) .  The only 

exceptions were the MP analyses for the COI416S+Cytb sequences (trer not shown) 

and for the COI+ 1 Z S i  16SiCyrb cornbined gene sequences (Figure 3 A). which 

supportrd klilinkovitch's hypothesis. b~lasimum parsimony analysis has been the 

rnethod used most extensively to infer molecular phylogenies (Swofford et al. 1996). 

In this type of analysis. the rnost-parsirnonious tree is the one that requires the 

srnallest number of evolutionary changes to explain the differences among taxa 



(Avise 1 994). The parsirnony method for DNA sequence works by selecting trees that 

minirnize the total length. or the numbcr of tranformations frorn one character state to 

another (steps) necessary to explain a given set of data (Swofford et al. 1996). 

blasimum pmimony analyses performed in diis study were done with threr 

different ratios of Tv:Ti (3: 1. IO: 1. 1 :O) to assess the et'fect of different rates of 

evoiution between TV and Ti. blilinkovitch et al. (1995) observed that because 

Amason and Gullberg ( 1994) used a weightinp scheme based on codon position only 

and considered transitions and transversions to be equally intorrnative. their analyses 

could lead to erroneous results. blilinkovitch et al. ( 1993. 1994. 1995. 1996) used MP 

analyses with different Tv:Ti ratios in their molecular studies that showed a close 

rrlationship between sperm whales and baleen whales. Transition substitutions 

accumulate more quickly over rime than transversions. which increases sequence 

divergence. creates noise. and hides the phylogenetic s ipal  (De  SaHe et al. 1987: 

LMq-er and Wilson 1990: Invin et al. 1991: Hillis et al. 1994). The ratio of 

transversions to transitions (Tv:Ti) was not a major factor in the phylogenetic 

analpes prrformed here since in the majority of the analyses ..\mason's hypothesis 

mas supported. Onlp in two of 24 cases. were bootsrrap trees supponing 

iblilinkovitch's hypothesis obtained. In both cases the ratio Tv:Ti was 3: 1. This ratio 

presrnts the highest sequence divergence and noise among the Tv:Ti ratios used in 

this study. These results are in agreement with Milinkovitch et al. (1996) rvho 

observed that dilferent weighting schemes produced results very similar to those 



pieldrd by the unweighted searches. when informative taxa were included in the 

cytochrorne b gene analyses of cetaceans together with one or two outgroups. 

The neighbor joining method (Saitou and Nei 1987) yielded different 

bootstrap trees according to rvhich gene or cornbination of genes was analyzed and 

the method used to calculate the distance matrices (Table 3.3). Al1 the bootstrap 

results of the NJ analyses for the COI gene sequence alone or in combination with a 

single other gene sequence favored Amason's hypothesis. They were in agreement 

with the MP analyses for the same data sets. Amason and Gullberg ( 1994. 1996) did 

not use the neighbor joining method for crilculating distance matrices. but the' 

exmined the distance. in tenns of the percent sequence difference. within and among 

cetacean clades. Their results were consistent with their MP analyses of the 

cytochrome b gene. However. NJ trees produced frorn the maximum-likelihood 

distance matrices for the combined 11S+ 16S-iCytb gene sequences using PHYLIP 

(Felsrnstein 1993) supported a sister relationship between sperm whales and baleen 

whalss (Milinitovitch et al. 1994). .A11 the YJ analyses performed here using 

masimum-1 ikslihood distance matrix parameters for the COI gene sequence 

combined with two or more genrs ( E S .  16s. Cytb) agreed with Milinkovitch's 

hypothesis. 

W'lien the maximum-likeiihood method was used to bootstrap the tree with the 

maximum-likelihood ratio (Felsrnstein 198 1 ). using PAUP (Swofford 1997). 

different results were obtained according ro which set of sequence data was used. 

According to Hasegawa et al. ( 1  99 1 ). the ML method is known as the most efficient 



method to use in combined sequence data sets because it decreases the error due to 

different evolutionary rates arnong genes. The results were essentially similar to the 

ones obtained using NJ methods. The ML bootstrap trees for the COI sequence alone 

or combined with a single gene favored Amason's hypothesis. but the ML bootstrap 

trees for the COI combined with two or more genes supported MiIinkovitch's 

hypothesis (Table 3.3). Milinkovitch et al. f 1993. 1994. 1996) and Hasegawa et al. 

(1997) uscd the 41L method in thrir analyses of the cytochrome b gene sequence 

alone or combined with the 12s and 16s gene ssquences. but Arnason and Gullberg 

( 1994. 1996) did not use this method in their studies using the cytochrome b gene. 

According to Felsenstein ( 198 1 ). the maximum-likelihood method is superior to the 

other rnethods (MP. NJ) for achieving the correct phylogeny when rates of evoiution 

differ arnong lincages. The ML method was also found to be the most efficient when 

sequences of different genes were used in combination because it  decreases the erron 

due to differenr evolutionary rates among genes ( Hasegawa et al. 199 1. 1997). 

In general. MP malyses produced different phylogenies than NJ and ML 

analyses. when combination of three or more genes were used. These results suggest 

that molscular phylogenies for cetacrans are sensitive to the different rnethods of 

phylogenetic analysis. in addition to the combination of different rnitochondrial genes 

used in the analyses. 

I F  difFerent methods of phylogenetic analysis yielded different results, which 

rnethod is most efficient ? 



The stticienc?; of five msthods of ph'-iopsnetic analysis for a bur-tmon rrrr 

with equal rates of evolution was investigated by Hillis et al. (1994). Weighted 

parsirnony (an- weighting of transversions over transitions from 5:1 to infinity) 

required ten times more nucleorides to achievr the same performance as unweighted 

parsimon?. and 250 times more nucleotides than NJ with Kimura distance parameters. 

Givrn this result. the MP analyses where Tv:Ti = 103 performed here. which 

supportcd the Arnason's hypothesis. should be considered more efficient than the MP 

where Tv:Ti = 3: 1 and the NJ analyses using Kimura parameters. However. the use of 

only tour taxa in phylogenetic analyses (as \vas done by Hillis et al. 1994) is not 

recommsnded because the impact of species sampling on bootstrap results has been 

obstrned to be strong in 4-species trees (Lecointre et al. 1993). 

rlie relative efficiencies of tour different methods of analysis in recovering a 

kno\\.n ~vertebrate phylogeny was evaluated by Russo et al. (1996). They observed that 

among the tree-building methods tested (MP. NJ. ML. and minimum evolution). NJ 

tendrd to show small d . r ' ~  (topological distances of reconstructed trees form tme tree). 

uhereas ML tended to show large dyr's. However. these authors concluded that the 

efficiencies of the four methods in obtaining the 'correct tree' were approximatelp the 

same. The use of a "good gene-• or a large data set of nucleotide sequence or amino 

acid sequrnce sermed to be more important than the choice of the tree-building 

rnethod ( Russo et al., 1996). 



3.5. Conclusions 

..\ccording to the phylogenetic analyses performed in this study. the order 

Cetacea is monophyietic and the cetaceans are more closely related to the ktiodactyla 

than to the Perissodactyla. Four major clades were identified among cetaceans with 

different tavonomic rankings (Physeteridae. Ziphiidae, Delphinida. and Mysticeti). 

but the relationships among these four groups were not resolved. 

The results achieved in the present study suggest that molecular phylogenies 

for cetacrans are sensitive to different methods of phylogenetic analyses and to 

combinat ion of di fferent mitochondrial pnes. MP analyses produced different 

phylogenies than NJ and ML analyses. when combinations of three or more genes 

were used. NJ. using ML parameters. yielded the same results as ML analyses alone. 

Based on the results obtained in this study and on the arguments presented 

previously. 1 do not agree with klilinkovitc h's proposed reevaluation of the taxonomie 

classitication and reinterpretation of the morphological. physiological and behavioral 

svoiution of cetaceans (Milinkovitch et al. 1993. 1994: Milinkovitch 1995) and 

rejection of the traditional view of toothed-whale monophyly (Hasegawa et al. 1997). 

-4lthough these authors found some molecular evidence for close relationships 

betwsen baleen a-hales and sperm whales. based on phylognetic analyses of 

sequence fragments of three mitochondrial genes. their results were not supported by 

this study or by other studies using mitochondrial genes (Amason and Gullberg 1994. 

19%). 



For a 

classi tication 

rnorphological 

reevaluation and possible modification of the traditional tavonomic 

of the order Cetacra it will be nrcessary to combine molecular. 

and paleontological svidencr. P hy logenetic analyses pertormed by 

Milinkovitch et al. (1993. 1994) were weakly supponed by low bootstrap values. His 

attempt to provide morphological rvidence to suppon a MysricetVPhyseteridae clade 

( blilinkovitch 1 995 ) \vas strongly criticizrd by Heyning ( 1 997). who performed a 

cladistic analysis of a large number of rnorphological characters that strongly 

supported the rnonophyly of odontocetes. including Physetendae. Fossil records to 

support the existence of a cornmon ancestor of baleen whales and sperm whales have 

never been tound (Thewissen and Hussain 1993: Thewissen et al. 1994). 



CHAPTER 4 

PHYLOGENETIC RELATIONSHIPS OF ANGEL SHARKS 
(Squatinidae, Elasmobranchii) FROM SOUTHERN BRAZIL 

AS SUGGESTED BY THE MITOCHONDRIAL 
CYTOCHROME B GENE 

4.1. Introduction 

The famiiy Squatinidae. angel sharks. comprises a single genus that includes 

fifteen extant species. These species share a number of synapomorphic characten. 

including a tlattened body. a ray-like shape and a terminai mouth. Angel sharks are 

considered to be intermediate in forrn between sharks and rays because of their ray- 

like body shape (Compagne 1984: Boeckmann 1996). 

Three species of the genus Sqwtina (Dumeril 1806) are endemic to the 

continental shelf of southeastern South America. between latitudes 24"OO'S and 

12°00'S (Figure 4.1): Squatinu crrgentinu (Marini 1930). S. guggenheim (Marini 

1936) and S. occultu (Vooren and Silva 199 1). Fisheries for ange1 sharks are of great 

economic importance in Rio Grande do Sul State. Brazil. An average catch of 1.000 

metric tons/year has been recorded during the 80's. with maximum catch of 2.500 

metric tonsiyear in 1988 (Boeckmann 1996). 

These species share a number of synapomorphies such as the smooth-edged 

anterior nasal appendages without fringes (an appendix to the interna1 face of the 

nasal barbels) and a simple skin fold bordering the head anterolateraily without lobes. 

The? diffrr in tooth formula. shape and relative size of the pectoral fin. and presence 



Figure 4.1. Map of South Amenca showing the area of occurrence (in gray) of 

the thres species of angel sharks (Scpcciina ccryenrinu, S. guggenheim and S. occzrlfa). 

and the range of Bshing vessels that provided tissue samples of these species (in dark 

gray). Sarnples were collected in Rio Grande. Rio Grande do Sul State. Brazil. 





or absence of a donal row of spines. They also differ in their vertical distribution in 

the water column. feeding behavior. tècundity. body size at birth and at first maturity. 

and maximum size (Compagno. 1984: Vooren and Silva. 1991 ). 

Vooren and Silva (1991) recently described the species S. occttlra which 

diffen tiom crrgenrinu by  the shape and relative size of the pectoral fin. tiom 

S. gzrggenheirn by the lack of ri dorsal row of spines. and from both species by the 

tooth formula and color of the dorsal body surface. Before the description of S. 

O C C ~ ~ I C I  and the re-description of S. gzrggenheinz by Vooren and Silva ( 1991 ). onl!. one 

specics of .%pufinu was thought to occur in the southem coast of South Arnenca 

(Figueiredo 1977: Compagno 1984). whereas S. vccrrlra and S. gzggmheim were 

misidentikd as S. crrgrnrina in sorne studies (eg. Cousseau 1973: Rahn and Yesaki 

1976). 

Fttw genetic studies have been performed on the tàmily Squatinidae. Solé- 

Cava et al. ( 1983) and Soli-Cava and Lew ( 1987) examined allozymic differences 

arnong three morphotypes of the putative species Squurina mgenrinu in southem 

Brazil. and concluded that they represented three reproductively isoiated species. 

These studies were essential for the description of the new species Spcrtina occultu. 

and for the re-description of S. ~rrgenrin~~ and S. gzrggenhrirn by Vooren and Silva 

( 199 1 ). A study ot' forty enzymes encoded by 72 presumptive gene loci in the Pacific 

angel shark. Squdnu culifornicci. provided a baseiine description of elasmobranc h 

gene expression for comparative studies of other species of sharks and rays (Gaida 

1995). 



Elasrnobranchs (sharks and rays) are excellent organisrns for the study of 

molecular evolution in vertebrates because there is an abundant stratigraphie record 

available for this group (Maisey 1984: Cappetta 1987). which pennits accurate 

calibration of rates of DNA and protein sequrnce evolution (Martin and Palumbi 

1993). The rate of mitochondrial evolution in s h a h  is seven to eight-fold slower than 

the rate in marnmals as measured by nucleotide substitution in the cytochrome b and 

cytochrome oxidase genes (Martin et al. 1992). Molecular phylogenetic relationships 

within the subclass Elasrnobranchii (class Chondrichthyes) have been studied with the 

mitochondrial cytochrome b gene (Martin and Palumbi 1993: Martin 1995: Kitarnura 

et al. 1996). the 12s rnitochondrial gene (Dunn and Morrissey 1995). the nuclear 

small ribosomal subunit (18s rRNA) gene combined with a fragment of the 

mitochondrial cytochrorne b gene (Bemardi and Powers 1992). and the cytochrome b 

gene in combination with the NADH-2 gene (Naylor et al. 1997). 

Phylogsnttic analyses based on the cornpiete cytochrome b gene ( 1.1 J6bp J of 

13 sprcies of sharks indicated rhat the family Carcharhinidae (order 

Cacharhini formes) is monophylctic. as well as the family Lamnidae (order 

Lamnifomes). and that the genus fitrrodonnis (order Heterodontiformes) is more 

closely related to larnniform t11a.n to carcharhiniform sharks (Martin and Palumbi 

1993: Manin 1995). A molecular phylogeny of the prickly shark. Echinorhinus cookei 

(Echinorhinidae). based on the nuclear srnall ribosomal subunit ( L 8s r W A )  gene 

cornbined with a fragment of the rnitochondrial cytochrome b gene suggested that 

E. cookri is closely related to a sister group of Squalidae+Hexanchidae (Bemardi and 



Powers 1992). Interrelationships of larnniform sharks were investipated with the 

cytochrome b and the N m H - 2  gene (Naylor et al. 1997). 

Sharks and rays are traditionally known as two separated orders of 

chondrichthyes tishes (Bigelorv and Schroeder 1948. 1953). This view contrasts with 

the recent hypothesis (Compapo 1973. 1977. 1990) that sharks and nys  should not 

be sepanted into two different groups at the level of order or higher txva but nther 

that Elasmobranchii were diversitied into four rnonophyletic groups (Rajomorphii. 

including a11 rays. Squalomorphii. Squatinomorphii. and Galeomorphii). A molecular 

phylogenetic analysis based on the sequence of a 303-base pair region of the 13s 

rRNA gene of sharks tiom four different orders (Heterodontiforrnes. Lamniformes. 

Hexanchi formes. Squaliformes). a ray species (order Raj iformes). and a holocephalan 

species (ordrr Chimmriformes) providcd evidsncr for the separation of sharks and 

rays (Dunn  and Morrissey 1995). Another phylogeny based on the sequence of 732- 

base pair fragments of the mitochondrial cytochrome b gene also provided evidence 

for the dichotornous classification of sharks and rays into ttvo orders (Selachii and 

Batoidei) within the superorder Squalea ( Kitarnura et al. 1 996). 

Kitarnura et al. (1996) also identified a close relationship between the ange1 

sharii. Squcirinu nebulosa. and the saw shark. Prisriophorus juponicCusS and that the 

dog tish. Squcihrs jciponicus. was a sister species of a Sy riaiinu * Prisiiophorzis 

monophyletic group. Squatiformes. Squaliformes and Pristioriformes sharks are 

generally grouped as sibling taxa together with rays (Bigelow and Schroeder 1948, 

1953: Compagno 1973. 1977). 



In this chapter the evolutionary relationships of the three species of Squcllina 

from southem Brazil. and between them and other groups of sharks. were investigated 

with the use of 40 1-base pair sequences of the ç'ochrome b gene. 

4.2. Material and Methods 

4.2.1. Samples 

Tissue (muscle. iiver or hem) samples tiorn three individuals of each species 

of angel shark (S. urgentinif. S. gzrggenhrirn and S. occuita) from southern Brazil were 

collected by Clara Emilie Boeckmann. from the Department of Oceanography of the 

Fundaçiîo Universidade de Rio Grande. in Rio Grande do Sul State, Brazil. The 

samples were obtained from commercial tishing vessek, openting between latitudes 

30°00'S and 34°50'S. frorn March 1994 to August 1995. 

4.2.2. DNA extraction 

DNA was cxtracted with the samr procedurs as in 1 - 2 2  

4.2.3. DNA amplification 

PCR (polymense chain reaction) was used to ampliQ 101-base pair sequences 

of the mitochondrial DNA cytochrome b gene tiom each species. The primers used 

were L 14724 (5'-CGAAGC~GATATGAAAAACCATCGTTG-3') and Hl  5 149 

(5--GCCCCTCAGAATGATATTTGTCCTCA-33) of Irwin et al. ( 199 1 ). 

Amplification reactions were performed according to 2.2.3. 



4.2.1. Purification of PCR product 

DNA was purified with the same procedure as in 2.2.4. 

4-25. DNA Sequencing 

The DNA sequencing procedure was identical to that described in 2.2.5. 

4.2.6. P hy logenetic Analyses 

The DNA sequences of the three species of Sqzdatina (Squatiniformes) were 

analyzed together with those of twelve species of sharks: Sqricrins acanthias 

(Squal i formes). Curchurhinus piumhirus. C :  poroszis, Sphyna lewini. S. ribirro. 

Priontrcë glarrc~r. .b'egcrprion hrrr.irosrris, Gtrlrocvrdo cuvier (Carcharhiniformes), 

C iirchtrrodon ccrrchtrricrs. Lurnntr noisLrs. lstirtis oxyrynchus. and lsrrrus ptruczis 

(Larnniformes). One species of ray (Ci-oiuphr~ concrntrkzcs) was used as the 

outgroup. Phylogenetic analyses were performed with the Phylogenetic Analysis 

Cking Parsimony (PAUP) [version 4.Od6 11 program of Swofford (1  997). Maximum 

parsimony trees were obtained with the heuris tic search algori thm (tree-bisection-and- 

reconnection) with random addition and delayed-character-transformation 

optimization. Ratio of transversions (TV) to transitions (Ti) of 1 : 1. 3 : 1 and 5: 1 were 

used. Bootstrap analyses were performed by means of the heuristic search algorithm 

with 10 rmdom tavon additions and the tree-bisection-and-recomection option in 

each of 300 replicates. Neighbor-joining analysis (Saitou and Nei 1987) was also 

performed (bootstrap analysis with 1.000 replicates). using the maximum-likelihood 



distance panmeters. Sequence of Li-ulophirs concentricus (GenBank accession 

number 1127265) was frorn Martin ( 1995). Sequence of Sguuiz~s acanthias (Gen Bank 

accession number M9 1 184) was from Bemardi and Powers (1  992) with exception of 

the first 98 nucleotides positions. which were reconstnicted based on the sequences of 

the othrr tiAeen specirs (nucleotide positions that were constant across al1 species 

were retainrd and variable nucleotidrs rvere coded according to the ambiguity code of 

the International Union of Biochemists). The other elevrn sharks sequences (Gen 

Bank accession numbers L0803 1 to L08043) were tiom Martin and Palumbi (1993). 

4.3. RESULTS 

Within the JO 1 -bp fragment of the cytochrome b gene. 2 1 variable nucleotide 

sites w r e  identified among the three species of angel sharks (Figure 4.2). Of these. 

seventeen ( 8  1 .O%) were pyrimidine transitions (eleven at third positions and six at a 

first positions). three ( 14.3%) were purine transitions (two at third positions and one 

at tirst position). and one (4.79'0) kvas a transversion (at the third position). Only one 

of the obsrrved substitutions would result in an arnino acid substitution: the purine 

transition at nuclsotide 70 would result in the exchange of alanine for threonine. The 

srquences of S. g-zrggenheirn and S. occzrlro differed at five nucleotide sites while 

these two together differed tiorn S. ~lrgenrinu in sixteen sites. 

Among the 180 variable nucleotidcs in the 401-bp sequence data set of 15 

shark and a ray species. 153 parsimony-informative characters were identified. 

Because transitions accunulate &ter than transversions in animal mitochondriai 



DNA. different ratios of Tv:Ti were used in the MP analyses (Tv:Ti=l:l, 3 1 .  and 

5: l ) .  MP analyses that considered transversions only or were highly weighted for 

transversions (Tv:Ti= 1 O: 1. for sxample were no< performed in this study because 

only one transversion was identifieci rimong the Sqzrurina sequences. 

-4 sister relationship between S. Lgzïgg~nheirn and S. occnlta was identitied in 

both M P  (Figure 4.3) and NJ analyses (Figure 4.4). Bootstrap values that supported 

this monophyletic group were 95. 98. and 90 (for MP analysis with Tv:Ti=l : 1. 3: 1. 

and 5:l). and 93 (NJ analysis). Both MP and NJ analyses supponed a monophyletic 

group comprising the three species of Squtrtintt with bootstrap values of 100 (Figures 

4.3 and 4.4). 

In both MP and NJ analyses. the dogtish shark. S. ucunthias, was observed to 

br the sprcies more closely related to the three species of Sqzrutina from southem 

Brazi 1. 

Each MP analysis yitldrd only one shonest tree. MP analyses where 

transversions were weighted tive and three times more than transitions geenerated trees 

with length of 1 .?O7 and 846. respectively (CI = 0.5 10: RI = 0.630 for Tv:Ti=j: 1. and 

CI = 0.465: Ri = 0.506 for Tv:Ti=j:l). The tree for the MP analysis where transitions 

and transversions were equally weighted had a length of 563 (CI = 0.469: RI = 0.5 14). 

Figure 4.3 shows the maximum parsimony trer obtained from the analysis where 

Tv:Ti=;.l. The NJ tree obtained using matrices calculated with maximum-likelihood 

method (6=0.213: Tv:Ti=5.098) is shown in Figure 4.4. 



Figure 4.1. Variation in DNA sequence arnong the three species of  angel 

sharks (Sc-uarina argentina. S. giggenheim. und S. occulta) in a 401 -bp region of the 

cytochrorne b mitochondrid gene. Dots represent nucleotides that are identical to the 

S. urgenrinci sequence. The top line gives the inferred arnino acid sequence according 

to the single letter code OC the International Union of Biochemists. Numbers at the end 

of the first and second line indicate the position numbers in the protein and nucleotide 

sequrnces. respectively. 
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4.4. DISCUSSION 

Al1 the phylogenetic analyses performed in this study indicate that the 

Sqiiurinct species fiom southern Brazil constitute a monophyletic group. with Sqziulzis 

cicctnrhicis as the species more closely related to them among the species examined in 

this study. 

The newly descnbed species S. ucczrlro is more closely related to 

S. gzi,yIyt.nh~im than to S. urgenfinu in al1 the MP (,Figure 4.3) and N.J (Figure 4.4) 

analyses. although S. uccrilta and S. gziggenheim differ in rnorphological aspects (e.g. 

presence or absence of dorsal spines. tooth formula). in parameten of growth 

(maximum total length. rnavimurn total weight. total length and total weight at binh). 

and in parameters of reproduction ( frcundity. total length at sexual maturity. diameter 

and mass of the mature follicle) (Vooren and Silva 1991). tndividuals of S. occuita 

are larger and hravirr than S. gziggenhrim at al1 stages of Me. and they also have 

highsr îècundity than the latter. 

The molecular phylogeny obtained here suggests that the similarities between 

S. clccdttr and S. ~rrgentina are shared ancestral chancteristics. S. ucczrlra and 

S. ~irgenrinct have many similari tirs in parameters of  growth and reproduction. 

Furthemore. the spatial distributions of thesr two species overlap partially in the 

continental shelf of southem Brazil in depths of 60 to 200 meters. whereas 

S girgwnheirn rareiy is found in depths greater than 80 meters (Vooren and Silva 

1991 ). 



Previous biochemical studies. based on isozyme analysis and isoelectric 

focusing of sarcoplasrnic proteins. identified three genetic distinct r n o r p h o ~ e s  of the 

ansel sharks tiom southem Brazil (SolC-Cava and Lsvy 1987). Morphotypes 1 and II 

of Squcrrinu spp. were more closely related to each other than sither was to 

morphotype III. Howrver. the authors did not idrntie the species represented bl. rach 

morphotype. Later. morphotypes 1 and II were identified as S. guggenheim and S. 

occ~rl~ci. rrspectively. by Vooren and Silva (1991). The results obtained here based on 

cytochromr b sequences support the suggestion of a sister relationship between 

morphotypes I and 11 of Sqclltutinu spp. (Solk-Cava and Levy 1987). 

The close relationship between S. occzrlrrr and S. guggrnheim observed in this 

molecular study is supported by a reproductive characteristic. the number of 

functional ovaries. The present phylogeny suggests that a single fünctional o v q  is a 

synapomorphy between S. o~zrircr and S. grlggenheim. S. trrgenrincr is the only of the 

threr angel sharks spec ics from southem Brazil that maintains the "ancient c haracter" 

( Vooren and Silva 199 1 ) of paired functional ovarirs in the female. while S. occulrci 

and S. gzlggenheirn have a single functional ovary on the lefi-hand side of the body 

cavity. Other species of Sqticrtincr. such as S. jciponicu. S. h m r r i i .  and rnost 

specimens observed of S. cul~urnicu. possess only the left ovary functional. whereas 

S. oc~ikiru and S. squurinrz have two frinctional ovaries (Dodd et al. 1983: Natanson 

and Cailliet 1986). 

Ovaries are paired structures in most elasmobranchs. but it was observed that 

they cm be asymmetrical in adult sharks of the orders Carcharhiniformes. 



Pristiophoriformes and Squatinifornes ( Wourms 1977: Natason and Cailliet 1986: 

Wourms et al.. 1993). Phylogenetic analyses of rnitochondrial DNA sequences had 

shown that the angel sharks (Squatiniformes) and saw sharks (Pristiophonformes) are 

sister groups (Kitamura et al. 1996). 

The evolution of species with a single functional ovary fiom the ancestral 

condition tvith two functional ovaries seerns to have occurred in at least two 

independent evolutionary events. since the p hy logenetic analyses perfomed here 

sho wed that Squatiniformes and Carcharhini formes are genetically separated by 

another group of sharks (Squdi formes) that presrnt two functional ovaries. 

Vooren and Silva ( 199 1 ) suggested that speciation in ange1 sharks may occur 

with minor changes in body form. and major changes in parameters of growth and 

reproduction. The results of the present study suggested that S. occzdta and S. 

guggenhrirn. the two species that share the reproductive characteristic of a single 

hnctional o v q .  are the most closely related pair of species among the three species 

from southrm Brazil. S. urgenfino. which has two functional ovaries and has the 

highrst fec~indit); (range of 7 to 1 1 emb-os). is the only species that lives in depths 

lower than 200 meters (up to 5OOm). S. occrrlru is found in depths between 60 and 

700m and has an intemediate fecundity between the three species (4 to 10 embryos). 

whilr S. ,qzryyenheim occurs from zero to 60m and has the lowest fecundity (3 to 8 

rmbqos)  (Vooren and Silva 199 1 : Silva 1996). 



Figure 4.5. Hypothesis of evolution of three species of ange1 sharks 

(S. trrgenrinrr. S. gziggrnhrim. und S. occzilfa) from southem Brazil as predicted by 

mitochondrial cytochrome b gene sequences. 
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The present phylogenetic analysis suggests that evolution of the genus 

Squu~incr in southeastem South Amenca waters occurred from deeper to shailower 

waters (Figure 4.5). The results indicate that S. ttrgrnrina was the first species of 

Sqwrincr to occupy the continental shclf in depths of 200m or more. Fossil records 

suggrsr that the genus Squatinci has existed since the Upper Jurassic (Capetta 1987). 

S. occiilrcr and S. guggenheim have e~olved more recently and speciation probabl y 

occurred as an adaptation ro life in shallower waters on different types of sea bottom. 

The different color patterns observed in the three species have also been cited as 

rvidencc of adaptation to different types of oçem bonom (Vooren and Silva 199 1 ). If 

this suggestion is true. S. guggenhrim. the species that lives from O to 80m. is the 

most recent species arnong the three Sqrlcrrinu t'rom southern Brazil. 

4.5. CONCLUSIONS 

The phylogcnetic analyses pertormed in this study indicates that the three 

specirs of the genus Scp~rtirzu from continental shelf off southern Brazil constitute a 

monophyletic group. and that the most parsimonious interrelationship between these 

species is: (S.ttrgenrinct (S .  occirlrtr. S. gzrggenhrim)). Al1 the analyses suggest that the 

recrntly described species S. uccidrct is more closely related to S. guggmheim than to 

S. cirgenrinti. The results of this study suggest that evolution of the genus Squatincr in 

southsastem South American waters occurred tiorn deeper to shallower waters and 

from an ancestral condition of two titnctional ovaries to a derived condition of a 

single tùnctional o v q .  observed in the sister species S. occulla and S. guggenheim. 



CHAPTER 5 

GENETIC ANALYSIS OF THE STOCK STRUCTURE 
OF THE RED SNAPPER, Lutjonus purpureus, 

IN NORTHERN BRAZIL 

5.1. Introduction 

The Caribbean red snapprr ( Lutjtrnm pirrpwrirs. Poe? 1867) is one of 65 

specirs of the genus Liruimus (Bloch 1790). which inhabits the coral reeb and rocky 

areas in tropical and subtropical waters throughout the world (Allen 1985). This 

species is found only in the tropical western Atlantic Ocean. on tishing grounds of the 

continental sheifand oceanic banks in Central and South America from Honduras to 

northeastem Brazil. and in the Caribbean Sra (Carpenter and Nelson 1971: Allen 

l98S). 

The fishery for red snapper is the second rnost important in the north and 

northeastem Brrizilian coastal waters. atier the spiny lobster fishery (Ivo and Hanson 

1982). tn Brazilian waters. L. plrrpweirs has been commercially exploited since 1961 

with a maximum total annual catch of 7.517 mctric tons in 1977. and an average 

annual catch of 5,937 metric tons bettveen 1967 and 1987. Such catch levels are close 

to the maximum sustainable yield. rstimated at 6.3 1 O metric tondyear ( h o  and Sousa 

1988). AAer 1987 there was a quick decline in the snapper fishery until 1991 when 

the annual catch reached a minimum of 1.200 metric tons. Since 1992. a slow 

recovery of the fisheries has been recorded (Salles 1997). 



-4çcording to Allen (1985). spawning of L. purpurrus occurs mainly during 

spring ruid surnmer. but Ivo and Hanson (1982) found major concentrations of 

spawning frmales in nonhern and northeastern Brazilian waters in both iMarch/April 

and October. This could occur either because the species consists of one stock with 

two annual spawning periods. with each mature fernale spawning twice a year. or 

al trmatively. because it consists of two stocks de tined through differences in breeding 

tirne. with each group of fernales spûwning once a year. 

Based on reproduction. ferding habits and growth. Ivo and Hanson ( 1982) 

hypothesized that the red snapper population was segreçated in two stock units. 

separated by the discharge of the Amazon River as an environmental barrier dong the 

47"W meridian. Two sub-areas. Sa4 (43"-46"Wj and Sa-II (47"-49"W). with 

ocranographic and environmental differences were identified. each stock occup~ing 

one sub-area. Sa-I has an average sahliity of 36460 and water temperature of X°CI 

whereas Sa-II is characterized by very low salinit) of 20960. because of the influence 

of the iieshwater from the Amazon River. with temperature of 27°C ( h o  and Hanson 

1982). Rrcently. statistical differences were found to occur in five of sight 

morphometric relationships and one menstic relationship between individuals h m  

Sa4 and Sa-II (Salles 1997) in support of Ivo and Hanson's hypothesis (ho and 

Hanson 1982). 

Restriction rndonuclease analysis of mitochondrïal cytochrome b and 12s 

ribosomal RNA gene Frabg-nents have been used as a simple rnethod for species and 

stock identification of 13 species of western Atlantic snappers (Chow et al. 1993). 



The phy logenetic relationships of 11 species of snappers ( 1 O frcm the genus Luljuntrs) 

occumng in the western Atlantic Ocean were studied by Sarver et al. (1996) with 

DNA sequences from portions of two mitochondrial genes. 11s rRNA and 

cytochrome b. Srquence variation in L. pzrrpzrrrrïs was not examined by any of these 

studies. 

In the present chapter the occurrence of one or more stocks of L. pzïrpzrreirs in 

northem and nonheastem Brazil and the phylogenetic placement of this species 

among the western .Atlantic snappers iras investigated with the use of 307-bp 

sequences of the mitochondrial cytochrorne b gene. 

5.2. Material and 

5.2.1. Samples 

Tissue (musc 

Methods 

le or heart) sarnples were obtained of twelve red snappers 

(L. p~rprreiru) from northern Brazil caught between latitudes OYjO'N - 01°54'S. and 

longitudes 49"16'W - 4 3 3 ' W  (Figure 5.1). Al1 samples were collected by Mr. 

Rodrigo de Salles. from the Laboratorio de Ciências do Mar of the Universidade 

Federal do Cerua, Brzii. 

5.2.2. DNA extraction 

DI\IA was extracted with the same procedure as in 2.2.2. 



Figure 5.1. Map of northern Brazil showing the twelve locations where 

samples of red snapper (Lzrtjunrcs pzrrpzrreirs) were collected. The geographic 

coordinates for each sample are shown on Table 5.1. 





5.2.3. DNA amplification 

PCR (polymense chain reaction) was used to ampli@ 307-base pair sequences 

of the mitochondrial DNA cytochrome b gene h m  the collected sarnples. The 

primers used were L 14724 ( 5  '-CGXXtiCTTGAT,4TG.4-JL4-&S,CCCA TCGTTG-3 ' ) 

and CYTBH (5'-GGCiL-\ATAGG,AATT.ATCCATTC-3') (Invin et al. 199 1 : Pdumbi 

1 996 1. Ampli fication reactions were performed according to 2-23. 

52.4. Purification of PCR product 

DNA was purified with the same procedure as in 2.1.4. 

5.2.5. DNA Sequencing 

The DNA sequencing procedure \vas identical to that described in 7-25. 

5.2.6. Genetic Heterogeneity and Phylogenetic Analyses 

Grnetic heterogeneity amon- samples rvere trsted with the Monte Car10 X' 

test of Roff and Betzen (1989) from REAP (Restriction E n q m e  Analysis Package): 

5000 resarnplings of the data rnatris were used. Phylogenetic analyses were 

performed with the PAUP [version 4.Od611 program of Swofford (1997). Maximum 

parsirnon) trees were identified with the heuristic search algorithm (tree-bisection- 

and-reconnection) with random addition and delayed-character-transformation 

optimization. Tranvenions and transitions were weighted 3 1 .  Bootstrap analyses 

were prrlonned by means of the heuristic search algorithm with 10 random t a o n  

additions and the tree-bisection-and-recomection option in each of 300 repiicates. 



5.3. RESULTS 

Within the 307-bp amplified segment. tïve variable sites were identiîied 

among the twelve individual snapper. Ml substitutions occured in the third codon 

position and would not result in an amino acid substitution. Thesc variable sites 

define four genotypes that differ by one to three nucleotide substitutions (Figure 5.2). 

A maximum parsimony network identified two different monophyletic groups: one 

including genotypes A and B. and the other including genorypes C and D with 

booistrap value of 100?40 (Figure 5.3). 

Grnotvpe .A \vas found in fivr individuals collected northwestem of the 

Amazon River rnouth (samples LPOI-LPOS in Table 5.1) and in one individual 

collected in front of the river mouth (sample LP07). Genotype B was detected in two 

sarnplrs çollected just in fiont of the river mouth (LP06 and LP08). Gcnotype C was 

from threr simples collected southrastern of the Amazon River mouth (LP09-LP 1 1). 

and grnotype D was represented by a single individual (LP 12) frorn a southeastern 

location off Maranhao State (Table 5.1 : Figure 5.1 ). 

The Monte Carlo X' test indicates significant differences of genotype 

distributions betwern the samples from nonhwest and southeast of the Amazon River 

mouth 17. df = 3. p < 0.05). 

Bootstrap value of 99 for the L. pi1rpLirm.s genotypes were found when the)- 

werr analyzed dong with ten other species of the genus Lurjcinw from Sarver et al. 

(1996). L. cumpechanrrs was the species most closely related to L. pirrpurrus in the 

analysis (Figure 5.4). 



Figure 5.2. Variation in L. piirpziretrs DNA sequences within a 307-bp region 

of the mitochondrial cytochrome b gene. Dots represent nucleotides that are identical 

to genotype A. The top line gives the inferred amino acid sequence according to the 

single letter code specified by the International Union of Biochemists. Numbers at the 

end of the t h  and second line indicate the position numbers in the protein and 

nucleotide sequences. respectively. 
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Table 5.1. Date of collection. location. and genotyes of samples of red snappers 

(Lurjanris prrrpureus) used in this study 

Sarnple Code Date of  collection Location Geno type 

LPO 1 

LP02 

LP03 

LP04 

LP05 

LP06 

LP07 

LPOS 

LP09 

LPlO 

LPI  l 

L P I 3  

29 Mar 96 

29 Mar 96 

27 Mar 96 

26 Mar 96 

25 Mar 96 

12 ,Mar 96 

10 Mar 96 

10 Mar96 

O4 Feb 96 

03 Feb 96 

O3 Feb 96 

26 Jan 96 



Figure 5.3. Maximum parsimony network based on 307-bp sequences of the 

cytochrorne b mitochondrial DNA p n e  of 4 different genotypes (A.B,C.D) of 

Lutjcrnrrs pzrrpzrrerrs. Numben show nucleotide differences behveen branches. 

Bootstnp value is 100%. 
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5.4. DISCUSSION 

The identification of four different genotyprs among only twelve specimens of 

L. pzrrpzrrezrs sampled otT northern Brazil indicates that this species has hi& genetic 

diversity in the studied area. The clade consisting of two genotypes (A. B) northwest 

and two genotypes (C. D) southeast of  the discharge of the Amazon River mouth 

( d o n g  47OW) suppons a recent morphological study. which suggested that the L. 

pzcrpru-ez~ population on the continental shelf of nonhem BraziI comprises two stock 

units occupying relatively segregated tenitones (Salles. 1997). These results also 

agree with an sarlp study based on reproduction. growth and feeding habits of this 

species in northern Brazil (Ivo and Hanson. 1982). 

Biological features of the two stock units of L. prrrpzvrrt'i off northem Brazil 

have bern characterized by Salles ( 1997). The first stock unit. occumng east of 47"W. 

consists of snappen with a Iower growth rate and larger maximum and mean lengths 

than those found Leest of the Amazon River discharge. The second stock unit. 

occurring Lest of 47OW. consists of snappers with a higher growth rate and with 

smaller maximum and mean length than those lound eastem of 47"W (Salles, 1997). 

The rna..imum parsimony analysis with L. cpnoprerrrs. the less closely related 

species to L. pzwpzrrem among the Liirjunzrs species from western Atlantic (Sarger et 

al. 1996). as the outgroup. yielded three minimum length trees (one of them shown in 

Figure 5.4) that suggest that genotypes A and B are the basal genotypes in the studied 

area. These where probably the t int  new genotypes to occur in snappers that occupied 

the South .4merican continental shelf from northwest to southeast. migrating from the 



Caribbean Sea. This assumption is supported by the endemic distribution of 

L. ctrmprchanw.. the closest species to L. pzirpzireus. in the Gulf of Mexico and 

Atlantic coast of the US. (Allen 1985). L. prrrpzireus was frequently c o h s e d  with 

L. c~rmprchmzis in the Caribbean Sea due to their similar coloration and body 

proportions (Rivas 1966. Vergara 1980). 

The present phylogenetic analysis also suggests that genotypes C and D. ~vhich 

occupy waters with average temperaturc of lS°C and high salinit! of 36Xo .  probabl! 

is derived from the basai genotypes A and B. which occupy waters with average 

temperature of 27°C and low salinity of20%0 ( h o  and Hanson 1983: Salles. 1997). 

5.5. CONCLUSIONS 

Four di fferent genotypes of L. ptirpurrlrs are distributed off northern Brazil. 

The yrouping of two genotypes nonhwestem and two southeastem of the discharge of 

the Arnazon River mouth suggests that the L. pzrrpurezrs population on the continental 

shelf of northem Brazil comprises two stock units occupying areas with different 

salinitp and temperature conditions. Phylogenetic analysis suggests thar Gcnotyprs -4 

and B were the basal genotypes and the tirst to occupy the studied area. A sister 

relationship between L. pztrpuretrs and L. c~urnpechmirs was identified by maximum 

parsirnon? analysis in agreement with previous morphological studies. 



CHAPTER 6 

GENETIC ANALYSIS OF THE STOCK STRUCTURE OF THE 
YELLOWFIN TUNA, Thunnus albacares, IN THE SOUTHWEST 

EQUATORIAL ATLANTIC OCEAN 

6.1. Introduction 

The yellowfin tuna (Thunnits ulbucures. Bonnaterre 1788) is the most 

abundant species of tuna in the Equatorial Atlantic Ocean (Fonteneau 1991). Since 

the sarly seventies. it has been believed that there is a continuous distribution of 

T ulhucurrs in the equatorial Atlantic Ocean associated with East-West seasonal 

migration. This hypothesis is based upon longline and purse seine tïshenes CPUE 

(capture prr unit of effort) data and was first developed by Honma and Hisada ( 197 1)  

and tùrther elabonted by Yanez and Barbieri ( 1980) and Fonteneau ( 198 1 ). 

However. this mode1 of stock structure for yellowfin tuna was not accepted by 

the International Commission for Conservation of the Atlantic Tuna (ICCAT) in their 

reports. For practical reasons a "two stock" hypothesis has been used in most 

assessments (Fonteneau 1991). According to the ICCATœs hypothesis the two stocks 

are separated at No W. Furthermore. Mahon and Mahon (1987) suggested that rwo 

stocks esisted in the western Atlantic based on morphometnc parameters. These 

stocks would have distinct seasonality with one stock rnoving from the Caribbean Sea 

to the nonh coast of Brazil, and sometimes mixing with the other stock that cornes 

from Aftica. 



Transatlantic recoveries of tagged adult yellowfïn tuna (Bard and Scon 199 1 ) 

support the hypothesis of a single stock ( Honma and Hisada 197 1 : Yanez and Barbieri 

1980: Fonteneau 198 1 ). The LCCAT acknowledge that it wouid not be possible to 

accept the ~ w o  stock" hypothesis if Bard and Scott's ( 1991) results are true 

(Fonteneau 1991). 

.A number of molecular genetic studies have been carried out on the stock 

structure of tuna species. Similarities between rnitochondrial DNA sequences of 

albaçore tuna ( T .  crkrlungu) from the Atlantic and the Pacific were reported by Graves 

and Dizon (1989). who did not find any restriction endonuclease sites that could 

distinguish the two stocks. Restriction fragment length polymorphism (RFLP) 

analysis of rnitochondrial DNA of T. uibuc~rreii from the Pacific Ocean showed no 

evidcnce of genetic variation among individuals from distant geographic locations in 

the Pacific ocran (Scoles and Graves 1993). However. allozyme and restriction 

enpme analyses have suggested that stocks of of T. ofblrcnres are distinct in the 

Atlantic. indian. and Pacitic oceans ( Ward et al. 1997). 

Bartlett and Davidson ( 199 1 ) ubseneed intcrspeciiic variation in 307-base pair 

(bp) segments of the mitochondrial cytochrome b gcne between four species of tuna 

caught off the e s t  coast of Canada: Th~ïnn~rs thynnus (bluefin tuna). T. obeszïs 

(bigeye ). T. uibucures ( yel lo~vfïnfin) and 7: uiuliïngu (albacore). RFLP anal y sis of 

rnitochondrial DNA has shown that the bIuetin tuna (T. rhynnns orirnrufis) from the 

nonhem Pacific Ocean shares a larger number of restriction fiagrnent sites with the 

albacore than with its Atlantic correlate (T. thynnrrs rhynnzrs) (Chow and houe 1993). 



Block et al. (1993) presented the îïrst molecular phylogeny for the suborder 

Scombroidei (mackerels. ninas. and billfishes) based on a 600-bp region of the 

c~ochrornr  b yene. The monophyly of the genus Thirnnrrs. including T. ulbcxcures. T 

rntrccu~ii and 7 rhynnzrs. T. rrl~dzïngc~ and T.oheszis. was supponed by bootstrap 

results. h close relationship between T. txlbtrc~lres and a T. muc*c*u~vii + T. rhynnzrs clade 

w.s detected in this study and confirmed by Finnerty and Block (1993). A second 

molecular phylogeny for tuna species of the genus Thrtnnzrs based on partial 

srquences of the cytochrome b (297-bp) and ATPase (100-bp) genes was presented by 

Chow and Kishino ( 1995). They idrntitied a close relationship between ir ~Ibubactires 

and two others species of tuna ( 7'. trlrlunrictis and T. rongg00 not studied by Block et 

al. ( 1993 ) or Finneny and Block ( 1995). 

Preliminary studies in northeastern BraziI (02"36-S-04" 1 YS and 32"34- W- 

3 3"4YW). where tuna îïsheries is ri growing industry. have shown differences in four 

of 1 9 morphometric characters between the Brazilian and the African yellowfin tunas 

(Neiva 1992). 

In this chapter. partial nucleotide sequences ( J O  1 -bp) of the cytochrome b 

gene were used to investigate genetic variation in the T. dbtrccrres stock from the 

southwest rquatorial Atlantic Ocean off nonheastem Brazil. and the placement of the 

Brazilian yellowtin tuna among the species of the genus Thunnrrs. 



6.2. Material and Methods 

6.2.1. Samples 

Tissue (muscle. liver or hem) samples of 35 yellowfin tuna were collected in 

1 1  voyages of the Research Vesse1 (RV) -'Riobaldo" from March 1993 to Novernber 

1995. in the area betwveen latitudes 0 1 "00'N and 09°00'S and longitudes 29"00°W 

and 40°00'W in Bnzilian waters (Figure 6.1 1. .A11 samples were provided by Dr. Vera 

Lucia Vieira. from the Department of Fisheries Engineering of the Cniversidade 

Federal Rural de Pernarnbuco. Brazil. 

6.2.2. DNA extraction 

DNA was extracted with the same procedure as in 2.2.2. 

6.2.3. DNA amplification 

PCR ( polymense chain reaction) was used to amplie 40 1 -base pair sequences 

of the mitochondrial DNA cytochromc: b grne tiom the collected samples. The 

prirners used were L 14724 ( 5'-CG.\.\GCTTG,\TATG=l.4..i\AACCc=\TCGTTG-3' ) 

and H 15 149 (5'-GCCCCTCAG,.i\.A-rGAT.ATTTGTCCTC.4-3') (Invin et al. 199 1). 

Amplification reactions kvere pertormed according to 2.2.;. 

6.2.4. Purification of PCR product 

D-14 was purified with the same procedure as in 2.2.4. 



Figure 6.1. 4Iap of northem Brazil showing the areas (1-111) and sub-areas 

( 1 -60) in the southwest Equatorial &Atlantic where samples of yellowfin tuna ( n?rtnnrcs 

tdbtrcurcs) were collected. during the travels of the RV --Riobaldo". Routes of the 

cruises are sho~m by the lines in arrows. F.N. represents the Fernando de Noronha 

Islands. 





6.2.5. DNA Sequencing 

The DNA sequencing procedure was identical to that described in 2-25.  

6.2.6. Phylogenetic Analyses 

h consensus sequrnce of the genotypes of T ulbucurrs identitied by DNA 

sequencing was analyzed together with sequences of T. ofbucares frorn Canada 

(Bartlrtt and Davidson 1991) and the United States (Block et al. 1993). These 

sequrnces were analyzed alongside those of another six Thztnnus species (T. thynnzis, 

ir cikrlungcr. T. cctlunricza. T. rnuccoyii. 7: ohe.szt.s. i? ronggor) and three tuna species 

from othrr genen which were used as the outgroup (Eurhynnzts ufjinis. Kotsuivoniis 

prltrrnis. -4i~ïi.s thcccirci). Phylogenetic analyses were performed xith the PAUP 

[version 4.Od6 1 j p r o y m  of Stvofford ( 1997). Maximum parsimony trees were 

identitied with the hrunstic search algorithm (tree-bisection-and-reconnection) with 

random addition and dèlayed-charaçter-trclnsfomation optimization. Ratios of 

transwrsions to transitions of 1 0: 1. 3 : 1. and 1 : 1 were used. Bootstrap analyses were 

performed by means of the heuristic search algorithm with 10 random tavon additions 

and the tree-bisection-and-reconnection option in rach of 1 .O00 replicates. NJ anal ysis 

was performed using the Kimura-3-parameters (Saitou and Nei 1987). Sequences of 

T. L ~ ~ C I L ' L I ~ L ' S  from Canada was from Banlett and Davidson ( 199 1). Sequences of T. 

crr[rinricu.s and T. tongoll (Gen Bank accession numbers D63492 and D63493) were 

from Chow and Kishino (1995). Sequences of T. trlbuccrres from US.. T. thynnus. ir 

trlulitngcr. T. muccoyii, T. obobcsus (LI 1556-LI 1560) and E. qlfnis. K. pelamis. A. 

rhrccrrd(L1 1534. LI 1539. and LI 1532. respectively) were from Block et al. (1993). 



6.3. RESULTS 

Within the 401-bp amplified segment of the cytochrorne b gene. a single 

variable nucleotide site was identitied among the 35 sampled individuals of T. 

uibtrctrrcs (Figure 6.2) .  It was a silent third position pyrimidine (C-T) transition at the 

661h nucleotide position. 

The most common genotype (T-albac-O 1 ). identified by a thymine at position 

66. \vas round in 29 individuals. and the less common genotype (T.albac-02). 

identiîïrd by a cytosine at position 66. was observed in six individuals (Figure 6.2). 

Genotype T.albac-O1 was detected in Areas i (sub-areas 33. 36. 37). I I  (sub-areas 19. 

20). 111 (sub-areas 2. 4. 7. 8)  and '-Rochedos". while Genotype T-albac-O2 was 

observed in Area II (sub-areas 19. 20). Area III (sub-area 9) and "Rochedos" (Figure 

6.1). Threr T-albac-01 were sampled in the --Rochedos" area and one specimen in 

each of the sub areas 09. 19. and 20. 

The consensus sequence of the two genotypes differed in two positions from 

the 299-bp cytochrorne b sequrnce of yellowfin tunm frorn the emt coast of Canada 

(Bartlett and Davidson 1991). I t  also difkrs in three positions from the 286-bp 

fragment of the cytochrorne b sequence of the US. rast coast (Block et al. 1993). AI1 

substitutions are third position silrnt changes. 

The thres T. dbm-ares sequences (frorn Brazil. Canada. and U.S.) were ranked 

in a monophyletic group in ail the maximum parsirnony analyses with bootstrap 

values (BV) of 59. 55. and 57. respectively for Tv:Ti ratios of 10:l. 3 1  and 1:l .  



Another monophyletic group. constituted bu T. ihynnuu and T. rnuccoyii. was 

observed ( B V ~ 6 8 . 6 4 . 6 7 )  within a six-Thtrnntrs clade (trees not show). 

Figure 6.3 shows the phylogenetic tree resulting from neighbor-joining 

analysis using distance matrices çalculated by Kimun-7-parameters. The genetic 

distance brtwen the three genotypss of T trlhtrccrws was 0.003. Ysllowtin tuna korn 

Canada and t'.S. uere more clostily reIated to rach other than to the yellowIin tuna 

from Brazil. The species more closely related to T dhucures were T. orlnnri~*us and 

T ronggol. The rnonophyly of the genus Thunnus was supported by BV of 98. 

T. crldrmgcr was the only species not included in a monophyletic clade constituted by 

the othrr sis species of the genus. 



Figure 6.2. Variation in Brazilian Thwznzis uibacares mitochondrial DNA 

sequences within a 401-bp region of the c'ochrome b mitochondrial gene. Dots 

represent nuckotides that are identicai to genotype T-albac-01. The consensus 

srquence ( Thwwrs ulbucures-BR) used in the phylopnetic analysis has a total length 

of 386-base pairs and starts at the 133th position. and has the sarne length as the 

sequences obtained tiom GenBank. The top line gives the inferred amino acid 

srquence according to the single letter code specified by the intemationai Union of 

Biochemists. Numbers at the end of the first and second line indicate the position 

numbers in the protein and nucleotide sequrnces. respectively. 



M A S L  
T.albac-01 atg gca agc ctc 
T-albac-02 . . . . . . . . . . . .  
T-albac-BR . . . . . . . . . . . .  

R K T  
cga aaa act 

H P 
cac ccg 

K I 
aaa atc cta cta 

T P 
acc ccc 

S N 
tct aat 
. . . . . .  

A N D A  
T-albac-01 gct aac gac gca 
T.albac-02 . . . . . . . . . . . .  
T-albac-BR . . . . . . . . . . . .  

L V D  
cta gtt gac 

L P 
ctt cct 
. . .  ..C 
. * .  - - Y  

I S A W  
T.albac-01 atc tct gca tga 
T.albac-02 . . . . . . . . . . . .  
T.albac-BR . . . . . . . . . . . .  

W N F  
tga aac ttt 

G S 
ggc tca 
. . . . . .  

cta ctt ggc ctt 

C L I S  
T.albac-01 tgc ctt att tct 
T.albac-02 . . . . . . . . . . . .  

. . . . . . . . . . . .  T.albac-BR 

Q I L  
caa atc ctt 

T G 
aca gga 
. . . . . .  
. . . . . .  

cta ttc ctc gca 

E S 
gaa tca 

A F 
gcc ttc 
. . . . . .  
. . . . . .  

M H Y T  
T-albac-01 ata cac tac  acc 

. . . . . . . . . . . .  T-albac-02 
T-albac-BR . . . . . . . . . . . .  

P D V  
cct gat gtc gcc tca 

F G 
ttc ggt 
. . . . . .  
. . . . . .  

V A H I  
T.albac-Ol gta gcc cac att 
T.albac-02 . . . . . . . . . . . .  
T.albac-BR . . . . . . . . . . . .  

C R D  
tgc cga gat 

V N 
gtc aac tga ctc 

S F 
tct ttc 
. . . . . .  

F F 
ttc ttt 
. . . . . .  
. . . . . .  

I R N L  
T.albac-01 atc cgg aac ctc 
T.albac-02 . . . . . . . . . . . .  

. . . . . . . . . . . .  T.albac-BR 

H A N  
cac gca aac 

G L 
gga ctt 

I C I Y  
T-albac-01 atc tgc a tc  tac 
T.albac-02 . . . . . . . . . . . .  
T-albac-BR . . . . . . . . . . . .  

F H I  
ttc cac atc 

Y Y  
tac  tac  
. . . . . .  

G S Y L  
T.albac-01 ggc tct tac cta 
T-albac-02 . . . . . . . . . . . .  

. . . . . . . . . . . .  T-albac-BR 

Y K E  
tac aag gaa 

T W  
aca tga 
. . . . . .  
. . . . . .  

N I 
aac atc 

V L L L  
T.albac-01 gta ctc cta ctc 

. . . . . . . . . . . .  T-albac-02 

. . . . . . . . . . . .  T-albac-BR 

L V M  
cta gtt atg 

M T 
atg acc 

A F 
gcc ttc 
. . . . . .  
. . . . . .  

Y V L  
T.albac-01 tac gtc ctt cc 
T.albac-02 . . . . . . . . . . .  





r Thunnus albacares BR 

Thunnus albacares CA 
Thunnus albacares US 

- Thunnus atlanticus 
- Thunnus tonggol 

- Thunnus obesus 
Thunnus alalunga 

1 I Euthynnus affinis 



6.4. DISCUSSION 

The b e l  of nucleotide sequence divergence in yellowfin tuna frorn the 

nonheastem coast of Brazil is ven; low. The single nucleotide difference in a -IO 1 -bp 

fragment of the cytochrome b gene between the geno-pes T-albac-O 1 and T-albac-02 

is not enough to determine the presence of two stocks in the studied area. Previous 

study on the Pacific yellow~in tuna also did not detect significant genetic 

differentiation among individuals frorn grographically distant locations. including 

samples frorn the Pacific and Atlantic oceans (Scoles and Graves 1993). The presence 

of different stocks or populations in determined area is generally associated with a 

reasonable amount of genetic variation (Scoles and Graves 1993: Avise 1994). 

There is no indication that there are distinct stocks of T. ulhuccrres in the area 

studird. The grnetic homogeneity of ycllowfin tuna frorn the southwesr equatorial 

Atlantic suggests that the stock present in that area shares a cornmon gene pool. In 

two instances both genotypes were observed in the same sub-areas (19 and 20) of 

Area II  (Figure 6.1). which indicates that tuna with different genotypes probably 

travsI together in the sarne schooIs. 

Cornparison of mtDNA sequence data (Scoles and Graves 1993) with 

morphological data (Schaefer 1991. 1992) from the same locations in the Pacitic 

Ocean have shown that although morphornetric characters and gili-raker counts 

differed signiticantly. genetic differences were not observed. Scoles and Graves 

(1 993) suygested that the rnorphological variation among Pacific yellowfin tunas was 

the consequence of the phenotypic plasticity of this species. evidencing that 



rnorphological characters were environrnentdiy intluenced. Previous observation of 

greater rnorphological variation among yellowfin tuna From the Pacific than variation 

between the Atlantic and the Paciiic t u a s  (Schaefer and Walford 1950) also suppons 

this suggestion. 

T trlhacrrres is a migratory species (Collete and Naven 1993) and several 

studies of tagged adults have demonstntrd that they do make trans-Atlantic crossings 

(Bard and Scott 199 1 ) and c m  travrl large distances between repions in the Pücific 

(Fink and Bayliff I W O :  Bayliff 1981: Itano and Williams 1992). The circumtropical 

occurence of T. cribucures larvae in both Atlantic and Pacific oceans (Nishikawa et al. 

1983) suggests the existence of spawning areas throughout the tropical oceans and 

conssquently allows gene tlow betw-een distant Iocations (Scoles and Graves 1993). 

The results obtained in this study were in agreement with the hypothesis of 

prne tlow in the Atlantic Ocean (Homna and Hisada 1971). since different genotypes 

were obsenped in the same region. The nrighbor joining results (Figure 6.3) show that 

the genotypes found in North Atlantic and South Atlantic are distinct. 

The low frequency of occurrence of the gsnotype T-albac-02 is congruent with 

the concept that "unusual" mitochondrial DNA genotypes do not occur in high 

frequencies (Slatkin 1985). This condition has been observed in other fishes species. 

~vhere high gene How has been verified. such as marine catfishes of the farnily Ariidae 

(Avise et al. 1987). bluetish, Pornatomus sahtris (Graves et al. 1992). and Greenland 

halibut. Reinhurdtiirs hippoglossoidrs (Vis et al. 1997). 



6.5. CONCLUSIONS 

The low nucleotide variation in the rnitochondrial DNA sequences of 

T. ulhuctrres from northeastern Brazil is consistent with the hypothesis that thert: is 

only a single stock of yellowfin tuna in the southwest Atlantic Ocean. The genetic 

hornogeneity of the T. ulbucures stock occuring in the studied area suggests that the 

stock shares a common gene pool. It also implies that this species sustains sufficient 

gene tlow in that area to prevent genetic variation. These results are similar to those 

obtained in the Pacific Ocean by Scoles and Graves ( 1993). 



CHAPTER 7 

GENERAL DISCUSSION 

7.1. Evaluation of molecules as tools for systematic studies 

The DNA sequences of mitochondrial genes are suitable for this study because 

of their recognized efficiency in resolving molecular phylogenetic relationships within 

and arnong species. Molecular data obtained in the different chapten of this thesis 

were also compared with previous morphological data because both views are 

informative and should be considered (Hillis et al. 1996). The results obtained in this 

thesis support the effectiveness of molecules in studying systematics and population 

genetics of marine vertebrates. 

The use of the COI gene seqyences alone, and in combination with other 

rnitochondrial gene sequences. demonstrates that molecular phplogenies for cetaceans 

are sensitice both to the mitochondrial genes used and to the different methods of 

phylogenetic analyses. 

The c o c h o m e  b gene has been shown to be a versatile molecular probe for 

investigating phylogenetic relationships arnong species. as in angel shark species from 

southern Brazil. and stock structure within species. as in the dolphin S. jluvicirilis, 

yellowtin tuna ( T. tilhocmes) and red snapper (L. purpure~is) from Brazilian waters. 

These results show that the cytochrome b gene is sufficiently variable for population 

studies and -et sufficiently conservative for phylogenetic studies (Meyer and Wilson 

1990: Meyer- 1994). 



7.2. Genetic variation in Soialiufluviatis from Brazilian waters 

This study h a  provided the tirst genetic evidence that the freshwater and 

marine ecotypes may be distinct. If this distinction is confinned widi a larger number 

of samples it will be an important guide to conservation actions For Brazilian 

environmental authorities. which should treat the two ecotypes as different 

populations. Nthough the identification of five different genotypes in the species 

dong the marine coast indicated a the hi& genetic diversity. the occurrence of a 

common genotype in al1 six coastal locations suggests that there is sufficient gene 

tlow to prevent significant genetic differentiation in the marine environment. 

7.3. Molecular phylogeny of cetaceans and the placement of 

Physeteridae within Cetacea 

The presrnt study used the largest nucleotide data set rver assembled to 

examine phylogenetic relationships arnong crtaceans. combining DN.4 srquences of 

four mitochondrial genes. The results obtained in the present thesis show that the use 

of larger srquence data sets of few taxa for constniction of trees and the use of fewer 

nucleotides psr species and more species representing more taxa of the groups studied 

can yield different phylogenies (cf. Lecointre et al. 1993). Because the impact of 

species sampling may be stronger than the impact of sequence variation. the use of 

févier nucleotides per species and more species representing more taxa of the groups 



studied was recomrnended by Lecointre et al. ( 1993). If this assumption is correct the 

phyiogenrtic analyses of the COI sequence data may be the most accurate. 

One of the observations of the present study was that neighbor joining 

analyses using mauimum-likelihood parameters yielded essentially the sarne results as 

maximum-likelihood analyses alone. Although. the likelihood algorithm is considered 

to be superior to parsimony and neighbor joining methods as a means for estimating 

the 'correct phylogeny' when rates of evolution differ arnong lineages (Felsenstein 

198 1 ). maximum-likelihood is vrry cornputer time-intensive. If a neighbor joining 

analysis with mmirnum-likelihood parameters provides -'fui 

likelihood analyses in far less time. than neighbor joining may 

instead the longer timing method. 

1-blown" maxirnum- 

be lepitirnate to use 

The results in this thesis are not in agreement with the hypothesis of 

Milinkovitch et al. ( 1993. 1994) and Milinkovitch (1995) that baleen whales and 

sperrn whales should be included in a çommon clade. The results obtained by 

Milinkovitch et al. (1993. 1994) were controversial at first because they suggested a 

rrjection of the tradi tional view of toothed-whale monophy ly. However. this 

intcrpretation has not been substantially supported by subsequent rnorphological 

(Hq-ning 1997) and paleontological cvidencs (Thewissen and Hussain lL)93: 

Thewissen et al. 1994). Besides the present investigation. other molecular studies. 

such as those of ..\mason and Gullberg ( 1994. 1996) have produced analyses contrary 

to Milinkovitch's hypothesis. 



7.4. The  identification of phylogenetic relationships of ange1 sharks 

from southern Brazil 

The identification of relationships among the three species of ange1 sharks 

from southeastem South Arnerica is important as part of the rcological background 

for management of angel shark fisheries in Brazil. Among the three species. 

S ~~~'gent inc i  is the one that has shorvn the lorver number of individuals dong  the 

coastal ivaters of Rio Grande do Sul (Boeckmann 1996)- The rnolecular evidence that 

these species constitute a single clade with a coïnmon ancestor. and that S. argenrina 

is the oldest species. is important to the correct understanding of the phylogenetic 

relationships arnong these species of economical importance. This was the first study 

of rnolecular systematics of Brazilian shark species. 

7.5. Identification of stock structures of red snapper and yellowfin 

tuna in Brazilian waters and its importance to management of 

fis heries 

This study was the first that investigated the population structure of these two 

important commercial species. The obseneed diftèrences in genetic patterns between 

T. dboc~rres and L. pzuprezis ma. be attributed to their different life styles. and the 

characteristics of the areas where these species are distributed in Brazilian waters. 

Red snapper are distinct inhabitants of coral reef and rocky areas and do not exhibit 

long distance migrations (Allen 1985). The area where this species was sampled is 

highly inhenced by the freshwater discharge of the .4rnazon River and has different 



sub-areas with different salinin; and temperature (ho and Hanson 1982). The 

isolation of stocks in different sub-areas is likely responsible for the Iow level of g n e  

tlow and allows genetic variation that was detected by the presence of different 

oenotypes identiiied in the present study. Fisheries statistics and management should 2 

be basrd on the existence of the two stocks based on the results obtained in this study. 

as well as tinding of Ivo and Hanson (1982) and Salles (1997). Yellow-fh tuna is a 

pelagic migratory species able to make trans-Atlantic crossings (Bard and Scott 199 1 ) 

and travel large distances betwesn regions in the PaciAc (Fink and Bayliff 1970: 

Baylit't' 1984: Itano and WilIiams 1992). This chmcteristic allows a sufticient mount 

of gene tlow and prevents genetic variation. The pnetic identification of a single 

stock of yellowtin tuna is important for future regulation of this growing fisheries off 

northeastern Brazii. 

7.6. Future of molecuiar systematics and population genetics studies 

of marine vertebrates in Brazil 

The work described in this thesis was the tirst reaf attempt to study molecular 

systematics and population genetics of marine vertebrates from Brazil using DNA 

trchnology. Earlp studies of Brazilian species used riIIozyrnes and protein 

electrophoresis to study the systematics of fish species (e .g  Solé-Cava et al. 1983 and 

Solé-Cava and Lcvy 1987), but molccular techniques had never been used before in 

studirs of marine marnmals occumng in Brazilian waters or in studirs of fish species 

from the north and northern regions of the Brazilian Coast. 



Future studies on molecular s~stematics of other marine vertebrates tiom Brazil, 

such as manatees (order Sirenia) and seals (order Pinnipedia). are necessary to chri% 

the phylogrnetic relationships among species of these groups. Phylogenetic 

relationships of chondrichthyes and osteichthyes tishes economically exploited in Brazil 

s hould also be investigated. Other species of economical importance in Brazilian 

tishrries. such as sardines (Clupeidact). should be studied in relation to population 

cenetics <O guide ftshenes management. Population pnetic studies on the three species 
C 

used in this thesis (S. f2uvirrtili.s. T. ulhucures. and L. purpureus) should be improved 

with the inciusion of a larger number of samples and the DNA sequences orother genes. 
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