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ABSTRACT 

The usefulness of RAPDs (Random Amplified Polymorphie DNA) ta 

distinguish among different taxa of Lotus was evaluated. The following species 

were included: L. corniculatus, L. tenuis, L. alpinus, L. japonicus, and L. 

uliginosus. Several accessions for each species were studied. Following DNA 

extraction, amplification reactions were pertormed in a Hybaid DNA Thermal 

Cycler, and the product visualized according to a standard procedure. Twenty 

primers were uscd for each species/accession. Clear bands and several 

polymorphisms were obtained for ail primers. A phenogram was drawn based 

on the genetic distance among the species. L. alpinus appears as the most 

distant species from L. corniculatus, followed by L. uliginosus, L. tenuis, and 

L. japonicus. With the exception of L. alpinus, these findings are in agreement 

with previous experimental studies in the L. corniculatus group. The use of a 

greater number of primers and increased number of species may provide a 

greater resolution of the systematics of these taxa. 
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RÉSUMÉ 

l'~~ti'~,~ ,,~,~"".RAPD's \Handom Amplified Polymorphie DNA) pour distinguer 

différer'!'" k,~~'i"n_-, Je LofUS à été évaluée. Les espèces suivantes furent 

étudiées: __ ' ..... i 1~1 \'1 jitus, L tenuis, L. alpinus, L. japonicus et L. uliginosus. 

Pour chaque e$pè .... '3r plusie\.:rs accessions ont été testés. A la suite de 

l'extraJ$îion de rAn~~, è·-·: réactions d'amplification en chaîne ont été entreprises 

utilisant ·\~n cyr.I~.\ . "'1' ç ,"',' ,'-lybaid. Le produit fut par la suite visualiné, selon 

une procé ~ ,1 t
" 

·,l.: .. t ~ .• ' ;, li ,1gt amor ces ont été utilisées pour chaque 

espèce/acc~')' . , ",." ',- ·,:i,l·,l'.. '. 'andés ainsi que plusieurs polymorphismes ont 

été obtenus é've('; tuu'W' " ·lI1'iOrces. Un phénogramme fut dessiné à partir des 

distances génétiques entre les espèces. Lotus alpmus semble être l'espèce la 

plus distante de L. corniculatus, suivie de L. uliglnosus, L. tenuis et L. japonicus. 

A l'exception de L. alpinus, ces résultats sont en accord avec d'autres études 

expérimentales effectuées précédemment dans le groupe de L. corniculatus. 

L'utilisation d'un plus grand nombre d'amorces et d'espèces pourrait ainsi 

procurer un degré plus élevé de résolution qu'en à la systématique de ces 

taxons. 
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Claim to originality 

To the author's knowledge, the present work is the first to examine the 

genome relationships among Lotus speeies using Random Amplified 

Polymorphie DNA markers. 
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1. INTRODUCTION 

The genus Lotus (Leguminosae) is a large polymorphie group, comprising 

approximately 200 annual and perennial species (Grant, 1965). Birdsfoot Trefoil 

(Lotus corniculatus L.) is a tetraploid (2n = 24) forage legume which has distinct 

advantages for forage production on wet, aCid, or shallow soils. The agronomie 

advantages of Birdsfoot Trefoil have been weil reviewed (Seaney and Henson, 

1970; Grant and Marten, 1985). 

Various authors have proposed different species as the progenitors of the 

tetraploid cultivated species Lotus corniculatus. The arguments favoring one 

hypothesis or the other have been based upon the inheritance of the few 

genetic markers available or upon meiotic analyses of hybrids. Several diploid 

ancestors have been proposed including L. alpinus SChleich., L. japonicus 

(Regel> Larsen, L. tenuis Wald st. et Kit, and L. uliginosus Schkuhr. 

ln recent years, the availability of methods based on DNA markers has 

given origin to a new discipline called molecular systematics, in which species 

are classified according to DNA polymorphisms. The polymorphisms observed 

are visualized in acrylamide and agarose gels, providing unique information that 

is complementary to other traditional approaches of classification (for example, 

see Song et aL, 1988, Dally and Second, 1990, Wang et al., 1992). A variety 

of computer programs have also become available for generating phylogenetic 
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trees based on DNA information from different individuals, making the task of 

studying genome relationships more efficient and accurate. 

Despite ail the advances achieved in molecular genetic techniques and 

their application to the study of the systematics of plant species, to the author's 

knowledge none of the molecular approaches have been devoted to study 

genome relationships in the genus Lotus. Therefore, the purpose of this thesis 

is to make use of DNA polymorphisms to study genome relationships among 

different Lotus species in the Lotus corniculatus group and to use this 

information ~o aid in resolving the origin of the tetraploid species, Lotus 

corniculatus . 
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2. LITERA TURE REVIEW 

1. Genome relationships among Lotus species 

Several studies have been made to help in elucidating the origin of the 

tetraploid species L. corniculatus. It has been proposed that L. corniculatus is 

an autotetraploid of L. tenuis (Dawson, 1941), or an autotetraploid of L. alpinus 

(Larsen. 1954). The analysis of artificial autotetraploids of these species have 

been carried out by Tome and Johnson (1945); Raelson and Grant (1988) 

showed that these artificial tetraploids do not resernble L. corniculatus in 

morphology or fertility. Evidence suggests that L. corniculatus is indeed an 

allotetraploid involving at least two species. Stebbins (1950) proposed that L. 

corniculafus is a segmental allotetraploid. Somaroo and Grant (1972) proposed 

that L. japonicus and L. alpinus could be the ancestral species. based on the 

fact that the artificial amphidiploid (L. japonicus x L. alpinus)2 can be easily 

crossed with L. corniculatus, producing progeny with high fertility and meiotic 

regularity. Ross and Jones (1985) have proposed that either L. alpinus or L. 

tenuis could be the maternai parent of L. corniculatus, since the hybrid matched 

both species for rhizobium specificity, a character that is inherited maternally. 

Aaelson and Grant (1988) carri~,d out an isoenzyme survey for different 

accessions of four diploid Lotus species, L. alpinus, L. japonicus, L. tenuis and 

L. uliginosus. and the tetraploid L. corniculatus, ta determine whether isoenzyme 
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information could provide enough evidence to elucidate the origin of L. 

corniculatus; they found that the hybrids L. japon;cus x L. alpinus and L. tenuis 

x L. alpinus, or their reciprocal cross, contained ail the alleles found in L. 

co rnicula tus, whereas L. uliginosus was distinct from ail the other species for 

several isoenzyme alleles at several loci. 

Although these studies have shed sorne light on the question of the origin 

of the tetraploid, it is evident that further studies are necessary to solve some 

of the controversies. It is anticipated that the use of molecular techniques will 

help in elucidating some of these discrepancies. 

2. Methods based on Restriction Fragment Length Polymorphism (RFLP) 

ln recent years, much progress has been achieved in using 

methods based on DNA markers for genetic studies in several animal and plant 

species. The most common method used for the detection of DNA 

polymorphisms has been the restriction fragment length polymorphisms (RFLPs) 

(Bishop and Skolnick 1980, Botstein et al. 1980, Soller and Beckmann 1983). 

RFLPs are a product of changes in the bases within a restriction enzyme target 

site, deletion or insertion within a restriction fragment, or rearrangement of DNA 

(Welsh et al. 1991). These polymorphisms are DNA segments which are 

originated from only one of the parents, and have been proven ta be inherited 

in a Mendelian fashion. The major strength of RFLPs is that they have the 

4 



potential to identify an almost unlimited number of polymorphisms (Kan and 

Oozy. 1978; Botstein et aL, 1980). Despite their recognized power. analyses 

based upon RFLPs are normally very expensive and time consuming, and 

difficult to be used in species with large and complex genomes (Weining and 

Langridge. 1991). Furthermore, the need to construct specific probes that 

hybridize to multiple tandem-repetitive sequences is another complicating factor 

in this method. 

3. Methods based on the Polymerase Chain Reaction 

The introduction of the polymerase chain reaction (PCR) has dramatically 

modified the procedures and results in molecular genetics. It started with its 

introduction by Saiki et al. (1985), followed by Mullis and Faloona (1987). An 

extensive review of the technique is provided in Erlich et al. (1991) and the 

main features are summarized here. The polymerase chain reaction involves in 

vitro enzymatic synthesis of several millions of copies of a specific DNA 

segment, based on the annealing and extension of two oligonucleotide primers 

that flank the target region in duplex DNA. A PCR cycle involves three steps: 

denaturation of the DNA, primer binding. and DNA synthesis. Each ~:le of these 

steps is performed at a different temperature (typically 94° to 98°C, 3r to 65°C, 

and 72°C). After the denaturation of the DNA, each primer will hybridize to one 

of the two strands in a way that the extension from each 3' hydroxyl end will be 
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directed toward the other. Following annealing, the primers are extended on the 

template strand with a DNA polymerase. Each one of the newly synthesized 

DNA segments will become a template for the next round, resulting in the 

exponential accumulation of a discrete fragment with the terminus consisting of 

the 5' end of the primer. In about 20-30 cycles, it is possible to amplify the 

original sequence in the order of millions of copies (Van Brunt, 1990). 

The discovery of a thermostable DNA polymerase (Taq) trom the 

thermophilic bacterium Thermus aquaticus by Saiki et al. (1988) has significantly 

contributed to the proliferation of studies based on peR, since it enables 

multiple rounds of DNA synthesis, involving successive heating and cooling, 

without the need to add fresh enzymes each time. This was a significant 

advance compared to the initial studies that used the Klenow fragment of 

Escherichia coli DNA polymerase l, which is inactivated by high temperatures 

used for strand separation. Furthermore, amplification with Taq DNA 

polymerase significantly increased the specificity of the reaction, allowing the 

detection of many amplifications of the PCR product êlS a single ethidium 

bromide-stained band on an electrophoretic gel (Saiki et al., 1988). 

One of the main advantages of using methods based on PCR is that 

minute quantities of DNA can be used to obtain useful information, compared 

to the need for large amounts of high molecular size DNA that are required by 

methods based on Southern blotting (Southern, 1975). 
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Considerable advances have been made in studies of genome 

relationships using this powerful technique. The range of PCR applications is 

vast, including introduction of new nucleotide information via PCR primers, in 

vitro analysis of protein-DNA interactions (footprinting), mapping and sequencing 

in the Human Genome Project, gene expression, and molecular evolutionary 

studies in plants and animais (Erlich et al. 1991). 

ln plants, sorne new PCR applications have been reported in the 

literature. For example, Martin et al. (1991) isolated DNA sequences that are 

linked to important plant genes by PCR, in which synthetic primers were used 

to amplify random sequences from genomic DNA. The feasibility of the method 

is demonstrated by analyzing a pair of tomato near-isogenic lines that differ for 

a region on chromosome 5 that contains a gene (Pto) conferring resistance to 

Pseudomonas syringae. Of four amplified products that were further 

investigated, three were confirmed by segregation analysis to be tightly linked 

to the Pto gene. The linked sequences identified by this method can be very 

useful for detecting the presence of the target gene in plant populations. 

Guilluy et al. (1991) took advantage of PCR capability to isolate 

sequences associated with stigma self-incompatibility in Brassica oleracea. They 

used PCR amplifications with primers synthesized to the S6 cD NA sequence, 

to demonstrate the presence of mRNA homologous to the stigma 5-locus gene 

(SLG) in anthers during early microsporogenesis. 
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Weining and Langridge (1991) used PCR to reveal and map 

polymorphisms in Triticum aestivum, Hordeum vu/gare, and Seca/e cereale. 

Rieseberg et al. (1992) used PCR-amplified ehloroplast DNA fragments 

and subsequent eladistie and phenetie analyses to reeonstruct the evolutionary 

history of Datiscaceae. 

One of the constraints of the methods based purely on PCR (Amplifieci 

Sequence Polymorphism, ASPs) is that they reqUire specifie DNA target 

information to design the amplification primers. Several strategies have been 

used \0 overcome this limitation. Welsh and McClelland (1990) and Williams 

et al. (1990) have described simple methods for assessing genomic variability, 

and for construction of genomic maps, based on amplification of genomic DNA 

with single primers of arbitrary nucleotide sequence. These primers have been 

shown to detect polymorphisms in the absence of specifie nucleotide sequence 

information in DNA from bacterial, fungal (Neurospora crassa), human, and 

plant origins. The terms RAPD (random amplification of polymorphie DNA) 

(Williams et aL, 1990) and AP-PCR (arbitrary primed polymerase chain reaction) 

fingerprinting (Welsh and McClelland 1990) have been applied to identify these 

techniques. RAPD and AP-PCR differ only in the method of primer ehoice used; 

in RAPD, the oligonucleotides are randomly produced, whereas in AP-PCR the 

oligonucleotides are chosen arbitrarily from among specifically designed 

primers. Since RAPD does not require any DNA target information, it becomes 
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much less time and cost consuming than those solely based on PCR (Williams 

et aL, 1990). The observed fingerprints for a given DNA sample will depend on 

the length and sequence of the primer, as weil as on the optimization of 

reaction conditions such as reagent concentrations and annealing temperature. 

Since the likelihood of a primer binding to genomic DNA is (1I4)n, where n is the 

length in bases of the primer, oligonucleotides with shorter sequences of base 

pairs, such as used in RAPD, will provide a ~igher probability for priming 

events. Anollés et al. (1991) have reported DNA amplification with arbitrary 

primers as short as 5 nucleotides. They were able to produce detailed and 

relatively complex DNA profiles and detect DNA polymorphisms from a wide 

variety of organisms. 

ln the past two years several analyses have been performed using 

RAPD-PCR, to solve genome relationships among different individuals. 

Lankhorst et al. (1991) have adapted a RAPD assay for tomato, using a set of 

11 oligonucleotide decamer primers. The potential of the original RAPD assay 

to generate polymorphie DNA markers with a given set of primers was further 

increased by combining two primers in a single PCR. Comparisons of 

fingerprints of Lycopersicon esculentum, L. pennellii, and the L. esculentum 

chromosome 6 substitution line LA 1641, which carries chromosome 6 from L. 

pennellii, three chromosome 6-specific RAPD markers could be directly 

identified among the set of amplified DNA fragments. One of the RAPD markers 
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was found to be linked to the nematode resistance gene Mi, which was 

considered valuable for further studies in menatode resistance. 

Crowhurst et al. (1991) have used RAPDs to assess genome variability 

between 21 isolates from Fusarium salan; f. sp. cucurbltae races 1 and 2. 

Based on RAPD marker patterns the isolates fell into two distinct groups, 

corresponding to mating populations MPI and MPV. Four isolates that cou Id not 

be assigned to one or the other mating population by traditional means were 

distinguished by RAPD patterns, showing the value of thls method. 

Welsh et al. (1991) have determined the usefulness of AP-PCR in 

varietal identification and parentage determination of six maize inbreds and five 

hybrids derived from these inbreds. Results suggest that not only were they 

successful in their approach, but also that single-gel experiments could be 

carried out to identify the different varieties. 

Yao and Sink (1991) report progress towards mapping the asparagus 

genome using RFLP and RAPD markers. They have identified ni ne random 

primers screened in PCR which show genotype specifie polymorphism. The~e 

polymorphie DNA segments were amplified and visualized by eleetrophoresis, 

exeised from the gel, and reamplified using the same primer. FOllowing, 

reamplifieation, the DNAs were labeled with 32p and used as probes in RFLP. 

Two of the random primers evaluated showed specifie polymorphisms between 

Asparagus officinalis and Asparagus densiflorus that may be useful as selection 
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markers for somatic fusion products between these two spec;ies. 

Hu and Quiras (1991) used RAPD markars to identify braccoli and 

cauliflower cultivars fram different seed merchants. They foul1d greater 

differences for each crop between cultivars tram different seed companies th an 

from the cultivars sold within the same company. 

Quiras et al. (1991) reported the application of RAPD markers for genetic 

studies in Brassica. Of a total of 65 markers, 16 were determined to be in the 

A genome, 37 in the 8 genome, and 12 in the C genome. Of the 37 B-genome

specifie markers, 11 were mapped on four independent chromosomes of B. 

nigra with the aid of a B. napus-nigra disomic alien addition line. 

Weeden (1991) evaluated the potential of RAPD markers to augment 

studies on genetic mechanisms in plants. In his survey he examined species of 

the following genera: Pisum, Lens, Cicer, Lathyrus, Phaseolus, Lupinus, 

Cucu mis, Brassica, Silene, Vitis, and Malus. The frequency of observed 

polymorphisms correlated weil with other measures of genetic diversity. 

However, he found a significant noise level in RAPD data that interfered with 

the quantification of the diversity. 

No molecular systematic studies have been carried out in the genus 

Lotus and a preliminary exploration is attempted in this thesis. 
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3. MATERIALS AND METHODS 

The source of material for the present study was obtained fram the world 

Lotus collection maintained by W. F. Grant on the Macdonald Campus of McGiII 

University. A complete list of the species and accession numbers are presented 

in Table 1. The molecular analyses were performed according to the followlng 

procedures: 

DNA EXTRACTION - The method described in Appels and Dvorak 

(1982), modified by Doyle and Beachy (1985), was used for DNA extraction. In 

this procedure, 0.19 9 of fresh leaf tissue is ground in liquid nitrogen in a mortar 

and pestle. Then 1 ml of extraction butter (0.1 M NaCI, 0.1 M EDTA, 50 mM 

Tris-HGI pH 7.0) is added. The slurry is extracted with two volumes ot phenol

chloroform (1 :1) and precipitated with ethanol. RNA is elimmated trom the 

precipitate by treatment with DNAse-free pancreatic RNAse. Ethanol 

precipitation is used to collect RNA-free DNA. In soybean, thls procedure 

yielded from 50 to 100 mg of DNA per 0.19 9 of fresh leaf tissue (Doyle and 

Beachy, 1985). 

Taq AND DNA OPTIMUM CONCENTRATIONS - A series of assays 

wem carried out to evaluate both Taq polymerase and DNA concentration. For 

each species/accession, several assays were carried out to determine DNA 

concentrations in order to obtain between 20 and 25 ng of genomlc DNA. This 
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was accomplished by comparing the dilutions to a known genomic DNA 

standard after separation on a 1.20/0 agarose gel and staining with ethidium 

bromide. After the optimum DNA concentrations were established for each 

specieslaccession, the effect of the following Taq polymerase concentrations in 

Lotus were evaluated: 1.0 unit, 1.3 units, 1.5 units, and 2.3 units. 

PRIMERS - The arbitrary decamer oligonucleotides were obtained from 

Operon Technologies, Inc. (Alameda, CA, USA). The primers were used for the 

amplification of random DNA sequences. The nucleotide sequence of each 

primer is shown in Table 2. The criteria used to select these primers was the 

CG content which was between 50 and 70%. 

AMPLIFICA nON CONDITIONS - The amplification reactions were 

performed under conditions similar ta those used by Williams et al. (1990). A 

volume of 25 ,.11 was used, containing 10 mM Tris-Hel, pH 8.3, 50 mM Kcl, 2 

mMMgCI2, 100 f.lMeach of dATp, dCTp, dGTp, and genomic DNA, and 1.0 unit 

of Taq DNA polymerase (GIBCO BRL). The amplifications were carried out in 

a Hybaid DNA Thermal Cycler, programmed for 45 cycles of 1 minute at 94°C 

to denature, 1 minute at 35°C for the annealing primer, and 2 minutes at 72°C 

for extension. Tubes containing ail the reaction components except for the 

genomic DNA, were included as a control when a new primer was used. After 

the cycling was completed, 15 f.ll of each sample was run in 1 % agarose gel 

and visualized in the presence of ethidium bromide. The molecular 
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Table 1 - List of specles and accessions that were analysed. 

$peeles Accession Chromos. Orlgln 
number number 

L. tenuls 131 12 USDA, Ames, Iowa. 
Waldst. et Kit. Origin: Turkey. 

222 12 Plant Introduction 
Station, Geneva, N.Y. 
P.I. N° 246731. 
Origin: Spain. 

296 12 P.I.S., Geneya, N.Y. 
P.1. NQ 229569. 
Origin: Greeee. 

298 12 P.I.S., Geneya, N.Y. 
P.I. N9 251148. 
Origin: Yugoslavia. 

L. ullglnosus 865 12 Museum of Natural 
Schkuhr History, Paris, France, 

cultlvated. 
Origin: St. COme d'Olt, 
Ayeyson, France. 

854 12 Origin: Niedersachsen, 
Germany. 

201 12 Hortus Botanicus, 
Coimbra, Portugal. 

858 12 Origin: Hessen, 
Germany. 

L. comlculatus l. 554 24 P.l.S., Geneva, N.Y. 
Origin: Samsun, Turkey. 

279 24 P.I.S., Geneva, N.Y. 
P.1. Nil 161878, 
Argentina. 

247 24 Origln: Loir-et-Cher, 
Herbault, France. 

811 24 P.I.S., Geneva, N.Y .. 
P.1. N° 380896. 
Origin: Iran. 

Table 1, continued 
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Table 1, continued 

Specles Accession Chromos. Orlaln 
number nurnber 

L. jsponlcus 129 12 Origin: Gifu,Japan 
(Regel) Larsen Collecter: 1. 

Hlrayoshi. 

557 12 Origin: Iwaya, 
Awaji, Hyogo 
Prefecture, Japan. 
Collecter: Y. 
Huziwara. 

581 12 Origin: Jima 
Islands, Japan. N. 
Satomi. 

L •• 'plnus Schleich. 77 12 Origin: Valley of 
Emaney, Swiss 
Alps. 
Collecter: C. 
Favarger. 

L. comlculatus cv. 'Lee' 8764 24 Emile Lods 
Research Station, 
Macdonald 
Campus, McGill 
University . 
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standard used was the lambda DNA digested by EcoRllHind III. The gels were 

photographed under UV light with Polaroid film 655 or 667. 

DATA ANALYSES· The occurrence of polymorphisms detected by the 

analyses were scored as 1 and absences were scored as O. Therefore, a 

sequence of O's and 1 's was generated for each prirnerlspecies. The number 

of polymorphisms among species was expressed in terms of genetic distance. 

The programs Gendlst, Nelghbour, and Drawgram, written by J. Felsenstein 

of the University of Washington, were used to construct a phenogram. Gendlst 

calculates the genetic distance between individuals tested according to the 

method proposed by Nei (1972). This method makes the following assumptions: 

1) the differences between populations arise from genetic drift; 2) ail loci have 

the same rate of neutral mutation; 3) the genetic variability in the population is 

initially at equilibrium between mutation and genetic drift. The genetic distance 

D is given by the following expression: 

where mis surnmed over loci, i over alleles at the rn-th locus, and Pl ml is the 

frequency of the i-th allele at the m-th locus in population 1. According to the 

above specified assumptions, for a sample of many equivalent loci. Nei's 

genetic distance is expected to rise linearly with time. 

16 



The output of Gendist is used as an input to Nelghbor. This fast 

program constructs a tree by successive clustering of lineages, setting branch 

!engths as the lineages join. The tree does not assume an evolutionary clock, 

and therefore it is an unrooted tree. The average linkage method was chosen 

for clustering. The output consists of a tree file which is used as input into the 

program Drawgram to create the phenogram as shown in Figure 1 of the 

results. 
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Table 2. List of prlmers usec:l and respective ollgonucleotlde sequence. 

OLIGONUCLEOTIDE 
PRIMER SEQUENCE 

5' to 3' 

H-03 AGACGTCCAC 

H-04 GGAAGTCGCC 

H-05 AGTCGTCCCC 

H-07 CTGCATCGTG 

H-12 ACGCGCATGT 

H-13 GACGCCACAC 

H-14 ACCAGGTTGG 

H-19 CTGACCAGCC 

G-02 GGCACGGAGG 

G-08 TCACGTCCAC 

G-09 CTGACGTCAC 

G-10 AGGGCCGTCT 

G-12 CAGCTCACGA 

G-13 CTCTCCGCCA 

G-14 GGATGAGACC 

G-16 AGCGTCCTCC 

G-17 ACGACCAGCA 

G-18 GGCTCATGTG 

G-19 GTCAGGGCAA 

FCP4 TCCTAAGCGG 
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4. RESULTS AND DISCUSSION 

4.1. Optimum DNA and Taq concentration 

Figure 1 iIIustrates the visualization of the ideal DNA concentration 

tentatively obtained for each species. Approximately 120 assays were carried 

out to obtain the optimum concentration for each species. Figure 2 shows the 

results of Taq concentration for the species L. corniculatus accession 811. It 

can be observed that the concentrations of 1.3, 2.3, and 1.0 units give clear 

bands. This result was generally consistent for ail the species/accessions, and 

therefore the concentration of 1.0 unit was chosen arbitrarily for the analyses. 

4.2. Polymorphie bands 

RAPD polymorphisms were evaluated using 20, 1 O-base primers for each 

species/accession (see Table 2). None of these primers had been previously 

selected to be used :n Lotus. In order ta detect if the amplification products 

were reliable polymorphics, three replications were performed for each primer. 

Several polymorphic bands were observed for each primer. Most primers 

produced multibanded 'fingerprints' with sizes ranging from 300 bp to 3000 bp. 

Figures 3, 4, and 5 iIIustrate results obtained for primers H-03, H-Q4, and H-Q5, 

respectively. Primers H-03 (Figure 3) and H-05 (Figure 5) reproduced bands for 

ail accessions analyzed, whereas primer H-04 did not reproduce any band for 
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the accession 854 of L. uliginosus. The same results were obtélined for three 

replications pertormed for each primer. The negative control (sEie lane 17) did 

not produce any bands in Figures 3 and 5, but did exhibit a ver)' weak band in 

Figure 4. However, the latter band did not prevent the interpretation of the 

polymorphisms of the species. One clear difference can be detE!cted, between 

the accessions for the species L. uliginosus (Ianes 13-16) and the other 

species. These results are in agreement with the observations of the isoenzyme 

study of Raelson and Grant (1988), who excluded this spE!cies from the 

ancestry of L. corniculatus. As pointed out by those authors, suc:h an exclusion 

would lead to sorne conflicts, since this is the only species that contains tannin 

(Ross and Jones, 1985) and the phenolic compound delphinidin (Harney and 

Grant, 1965), components that are also present in L. cornicu/atus. Further 

evidence for differences between these species was found by Cn:>mpton (1982) 

who conducted an electron micrographic survey of pollen morpl1ology among 

species of the Loteae. Through principal component analysis of several 

morphological pollen characters for a number of taxa, he conc:luded that L. 

uliginosus is dissimilar to L. tenuis and L. corniculatus. 

Polymorphisms were also detected within ~he species. For example. on 

lane 16, the accession 865 of L. uliginosus appears distinct fram the other three 

accessions for this species on both Figures 3 and 5. Similarly, on Figure 3 and 

5 lane 7 indicates a clear polymorphism for the accession 557 of L. japonicus, 
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• which differs from the other two accessions for this species. It would be risky 

to infer that such accessions are wrongly classified based on the analyses of 

just a few primers. A more general analyses based on the performance of 

several primers combined is presented in the next section. 

A series of assays including ail primers for each specieslaccession was 

also carried out. Figure 6 iIIustrates the results obtained for L. corniculatus cv. 

'Leo' using twenty different primers. It can be observed that primers G-02, G-Q9, 

and G-20 failed to produce bands. However, analyses performed for ail 

specieslaccessions did not show any primer consistently yielding a smaller or 

larger number of bands. 

4.3. Genetic distance analysls 

The phenogram obtained for ail primers combined is presented in Figure 

7. The phylogenetic tree clusters species that are closely related and the 

topology of the tree portrays the relationships among the species/accessions. 

Lotus alpinus and L. uli~inosus appear as the most distant species from L. 

corniculatus, followed by L. tenuis and L. japonicus. Accessions within the same 

species genera!iy appear very closely related, which is good evidence for the 

quality of the experimental data. Apart from L. alpinus, the relationship among 

the species is similar to the arrangement of the species as determined by 

Raelson and Grant (1988). These results suggest that RAPDs could be more 
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sensitive than isoenzymes for phylogenetic studies in the genus Lotus. On the 

other hand, it should be pointed that only one accession of L. alpinus was 

included in the present study. Since variability within species cannot be ruled 

out, it would be advisable to include additional accessions of this species in 

future studies in order to confirm the present findings. 

Dallyand Second (1990) made a complete study of genome relationships 

in rice, using chloroplast DNA restriction patterns to study genetic distances 

which they compared to a cladistic-mutation analyses of the different 

accessions. They found that in general the results from both methods had a 

close congruence with each other. 

The results presented here are not intended to be a final analyses of the 

gcnomic relationships among the Lotus species which have been studied in this 

thesis. This study represents a first step in using DNA markers as a tool to 

implement studies of molecular systematics in this large genus. The inclusion 

of several other species in the L. corniculatus group not considered in the 

present study could help in elucidating the origin of the tetraploid L. 

corniculatus. Overall the power of RAPDs to reveal polymorphisms among Lotus 

species is clearly revealed. 
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1 2 3 ~ S 6 7 8 9 10" 12 13 14 15 16 17 18 

Figure 1. Visualization of optimum DNA concentration in 1.2% agarose 

gel. Note the similar response for ail species/accessions. Labels for each lane 

are as follows: a, b= markers; 1 = Lotus alpinus, 2-5 :1 Lotus corniculatus, 6-8= 

Lotus japonicus, 9-12 = Lotus tenuis, 13-16 • Lotus uliginosus. 
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234567 B 

Figure 2. Visualization of optimum Taq concentration in 1.20/0 agarose 

gel. Lanes 1 and 8: lambda DNA, lanes 2 and 7: empty, lane 3: 1.3 units, lane 

4: 2.3 units, lane 5: 1.0 unit, lane 5: 1.5 units . 
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a 1 2 3 4 5 6 7 8 910 Il 12 13 1415 16 17 b 

Figure 3. PCR fingerprint of several accessions of Lotus, using the 

primer H-03. Labels for each lane are as follows: a, b= markers; 1 = Lotus 

alpinus, 2-5 = Lotus corniculatus, 6-8= Lotus japonicus, 9-12 = Lotus te nuis, 13-

16 = Lotus uliginosus, 17 = negative control. Additional information is given in 

Table 1. 
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a 1 2 3 4 5 6 7 8 9 10 Il 12 13 14 15 16 17 b 

Figure 4. PCR fingerprint of several accessions of Lotus using the 

primer H-04. Labels for each lane are as follows: a, b= méirkers; 1 = Lotus 

alpinus, 2-5 == Lotus cornicula tus, 6-8= Lotus japonicus, 9-12 = Lotus fenuis, 13-

16 == Lotus uliginosus, 17 = negative control. Additional information is given in 

Table 1 . 
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a 1 2 3 4 5 6 7 8 9 10" 12 13 14 15 16 17 b 

Figure 5. PCA fingerprint of severa! accessions of Lotus using the 

primer H-04. Labels for each rane are as follows: a, b= markers; 1 - Lotus 

alpinus, 2-5 = Lotus corniculatus, 6-8= Lotus japonicus, 9-12 • Lotus tenuis, 13-

16 - Lotus uliginosust 17 = negative control. Additiona! information is given in 

Table 1 . 
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1234567111011121314151617181920 

Figure 6. PCR fingerprint of Lotus corniculatus cv. 'Leo' using twenty 

different primers, as follows: lane 1 = G-02, lane 2 • FCP-4, lane 3 - G-08, lane 

4. G-09, lane 5 = G-10, lane 6 = G-ll, lane 7. G-12, lane 8 = G··14, la ne 9 

- G-17, lane 10 = G-18, lane 11 = G-19, la ne 12. G-20, lane 13 - G-13, lane 

14 = H-03, lane 15 = H-05, lane 16 = H-15, lane 17 = H-14, lane 18 = H-16, 

lane 19 = H-04, lane 20 = H-13. 
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Figure 7. Phenogram showing the genetic distances among several 

specieslaccessions of Lotus. • Key to the letters: a - Lotus alpinus, b - Lotus 

cornieulatus 247, c - Lotu.:: comieu/atus 279, d • Lotus eornieulatus 554, e -= 

Lotus corniculatus 811, f -= Lotus japonicus 129, 9 = Lotus japonicus 557, h = 

Lotus japonicus 581, i • Lotus tenuis 131, j ~ Lotus tenuis 222, k -= Lotus tenuis 

296. 1 • Lotus tenuis 298. m - Lotus uliginosus, n =- Lotus uliginosus, 0 - Lotus 

uliginosus. p = Lotus uliginosus, q = Lotus eorniculatus cv. 'Leo'. 
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5. CONCLUSIONS 

The use of RAPDs to study genome relationships among Lotus species 

was examined. Clear bands were obtained for ail the accessions evaluated and 

several polymorphisms were detected. The species L. uliginosus showed 

sufficient differences to be excluded as an ancestral form of L. corniculatus, 

which confirms previous results from isoenzyme studies. 

ln this study L. alpinus is considered to be the most distantly related. 

While other studies have shown L. alpinus to be more closely related to L. 

corniculatus, this study wou Id suggest that further analyses of L. alpinus are 

required and that the morphological features of these closely related taxa should 

be investigated in light of the various experimental evidence. 

The study of additional accessions of these species and the use of an 

increased number of primers may provide a greater resolution of the 

relationships of these taxa. Additional species in the L. corniculatus group, not 

considered in this study should be investigated using RAPD markers. 

It is considered that the use of RAPDs is an excellent technique for 

delimiting taxa in the genus Lotus. 
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APPENDIX 

Following, is a more detailed description of the programs used in the 

phylogenetic analyses. 

The program Gendlst version 3.4 (copyright 1989-1991 by the University of 

Washington and by Joseph Felsenstein) computes genetic distances from gene 

frequencies. This program can be used to compute three different measures of 

genetic distance from a set of gene frequencies in different populations or 

species: Nei's genetic distance, Cavalli-Sforza's chord measure, and Reynolds, 

Weir, and Cockerham's genetic distance. In the present analysis Nei's genetic 

distance was chosen. The input data are presented in Table 3. It consists of the 

number of species evaluated, the number of loci, a line containing the numbers 

of alleles at each of the loci, and the gene frequences expressed by the 

absence or presence of polymorphysms expressed as sequences of O's and 1 's. 

The 20 prim ers are scored in sequence for each speciesJaccession. The 

following settings were chosen within Gendlst: 

A Input file contains ail alleles at each locus? One omitted at each locus 

N Use Nei genetic distance? Yes 

C Use Cavalli-Sforza chord measure? No 

R Use Reynolds genetic distance? No 

L Form of distance matrix? Square 
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Table 3. Input format of the data to be UIId ln GMcIlst. 

17 144" 

22222222222222222222222222222222222222222222222222 

22222222222222222222222222222222222222222222222222 

2222222222222222222222222222222222222222222~ 

a- 000110101110001010100000101001100010010000011 

10100000010100110000010110000000000011000101111000 

0100000000001000000111011010001111011000000000000 

b 000100101110001000100000101010000000000000011 

10000000110000101100001101010000000101010101000100 

0011000000001000000101010000001111000000010000000 

c 0000001011100010011000001000110000000100000000 

00000001100001110001011000100000000000001000001010 

011000000000000000100000000111111000000000000000 

d 000100101111001010100000100011000001010000101 

10000000010000101000000100010001000001000100000110 

0011010000001100001001010000001111000000010000000 

e 100000101101001000100000100011000000110000101 

00000001100100010000000001100101000001000100000101 

0000000000001000000000000000001111000000000000000 

f 1000000000000010001000011101000100001000000011 

00000001000010000000010010100000000010010000001010 

000000100001000010101000001001111000010000000100 

9 100000101010000000100000100010000100100000000 

01000000010000010000000000010001001001000100000100 
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1000000000001000000101010000101111000010000000000 

h 000000001010001001110001101100010000101000001 

10000000110000010000001001010001101001001001000101 

0000000100001000000111000001001111000000000000000 

1100001110100000001101001010000000000000100011 

00000001100001010000001010100010010010111010001010 

000000000001000000111000000001111001000000001000 

1000011001101000011101011011000000000000100011 

00000000100001010010000000000110000010001000001000 

000100000001000000111000000001111001100001110000 

k 1000010000000011000011010011100000000000010010 

00000000100100000010000000000000010110101000001000 

000001000000010000001000000001111000000001100010 

1000001001101000000101000010000000000000100010 

10000001000000010010001010100100000001111000000000 

000000001001000000101000110000111000001000000001 

m 100000000000000000100000011101000000010000000 

01011010010000000000010000000000001000000000000000 

0000000000000000100100100010001111000000100000001 

n 001000100010000000100000011101000000000100000 

00011000011000100000000001011000010100000010010000 

0000000010101101100100100010000111000000000000000 

o 001000100000010100000010111101001000010100001 

00011100010000000000000010011000010100100010000000 

0010010000011101100000000000001111100000000000000 

P 000000000000001000000000010110000000000000000 
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00000000000000000010000000000000011100100010000000 

0000100000001000010100000010000111000000000000000 

q 000000001000000000000000100000000001000000000 

10000000100000000000001000010000000000000000000100 

0011000000000000000100010000001111000000010000000 

* number ofspecies = 17, number of loci = 144 

** number of alleles at each loci = 2 

*** Key to letters: a = Lotus alpinus, tH! = Lotus oornk:ulatus, f-h = Lotus japonicus, i-I = Lotus tenu;s, 

m-p = Lotus uliginosus, q = Lotus comk:ulatus cv. 'Leo'. 
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Table 4. Sq ... matrlx of genetlc distances ........ l1l:I by Gendlst. 

17 

a' 0.0000 0.2693 0.3351 0.2970 0.3448 0.4590 0.3448 0.3848 

0.3351 0.3747 0.4700 0.4480 0.3951 0.4480 0.5155 0.4372 0.3848 

b 0.2693 0.0000 0.1740 0.1576 0.2693 0.2785 0.2336 0.2513 

0.1907 0.2970 0.3448 0.2877 0.3951 0.3646 0.4265 0.3351 0.1823 

c 0.3351 0.1740 0.0000 0.1991 0.2076 0.3064 0.2076 0.2785 

0.2693 0.3254 0.3747 0.3351 0.3064 0.3547 0.3951 0.3064 0.1740 

d 0.2970 0.1576 0.1991 0.0000 0.2249 0.3646 0.2424 0.3547 

0.2877 0.3254 0.3951 0.3951 0.4055 0.4159 0.3951 0.3848 0.2249 

e 0.3448 0.2693 0.2076 0.2249 0.0000 0.2424 0.1991 0.2693 

0.2785 0.3351 0.3254 0.3448 0.3159 0.4055 0.4055 0.2970 0.2513 

f 0.4590 0.2785 0.3064 0.3646 0.2424 0.0000 0.2424 0.1415 

0.2693 0.3254 0.3159 0.3351 0.3064 0.3747 0.4159 0.2513 0.2076 

9 0.3448 0.2336 0.2076 0.2424 0.1991 0.2424 0.0000 0.2336 

0.2249 0.2785 0.2877 0.3064 0.2603 0.3448 0.4055 0.2603 0.1991 

h 0.3848 0.2513 0.2785 0.3547 0.2693 0.1415 0.2336 0.0000 

0.1907 0.2785 0.3448 0.3646 0.3547 0.4055 0.4700 0.3351 0.2513 

0.3351 0.1907 0.2693 0.2877 0.2785 0.2693 0.2249 0.1907 

0.0000 0.1991 0.3351 0.2249 0.3646 0.3951 0.4812 0.3848 0.2785 

0.3747 0.2970 0.3254 0.3254 0.3351 0.3254 0.2785 0.2785 

0.1991 0.0000 0.2603 0.2603 0.3646 0.4159 0.4812 0.3646 0.3351 

k 0.4700 0.3448 0.3747 0.3951 0.3254 0.3159 0.2877 0.3448 

0.3351 0.2603 0.0000 0.3448 0.2970 0.4480 0.4265 0.2785 0.3064 

0.4480 0.2877 0.3351 0.3951 0.3448 0.3351 0.3064 0.3646 

41 

-----~---



\ 

0.2249 0.2603 0.3448 0.0000 0.3159 0.3646 0.4480 0.2970 0.3064 

m 0.3951 0.3951 0.3064 0.4055 0.3159 0.3064 0.2603 0.3547 

0.3646 0.3646 0.2970 0.3159 0.0000 0.2076 0.2785 0.1991 0.2424 

n 0.4480 0.3646 0.3547 0.4159 0.4055 0.3747 0.3448 0.4055 

0.3951 0.4159 0.4480 0.3646 0.2076 0.0000 0.1991 0.2249 0.3254 

o 0.5155 0.4265 0.3951 0.3951 0.4055 0.4159 0.4055 0.4700 

0.4812 0.4812 0.4265 0.4480 0.2785 0.1991 0.0000 0.2785 0.3254 

P 0.4372 0.3351 0.3064 0.3848 0.2970 0.2513 0.2603 0.335t 

0.3848 0.3646 0.2785 0.2970 0.1991 0.2249 0.2785 0.0000 0.2076 

q 0.3848 0.1823 0.1740 0.2249 0.2513 0.2076 0.1991 0.2513 

0.2785 0.3351 0.3064 0.3064 0.2424 0.3254 0.3254 0.2076 0.0000 

* Key as in Table 3 
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M Analyse multiple data sets? No 

o Terminal type (1 SM PC, VT52, ANSI)? 1 BM PC 

1 Print indications of progress of run? Ves 

Using these settings Gendlst will output a square matrix of genetic distances 

as shawn in Table 4. The first line contains the number of species, and each 

subsequent line contains the genetic distances for each species. The output is 

ready to be used by Nelghbor. 

The Nelghbor program (copyright 1991 by the University of Washington and 

by Joseph Felsenstein, written by Joseph Felsenstein) implements the 

Neighbor-Joining method and the UPGMA method of clustering. It constructs a 

tree by successive clustering of lineages. setting branch lengths as the lineages 

join. The tree is not rearranged thereafter. Since an evolutionary clock is not 

assumed, the generated tree is in fact unrooted. The following settings were 

chosen from the Neighbor menu: 

N Neighbor-joining or UPGMA tree? UPGMA 

0 Outgroup root? No 

L Lower-triangular data matrix? No 

R Upper-triangular data matrix? No 

S Subreplicates? No 

J Randomize input order of sequences? No. Use input order 

M Analyze multiple data sets? No 
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o Terminal type (IBM PC, ANSI, VT52)? IBM PC 

1 Print out the data at start of run? No 

2 Print indications of progress of run? Ves 

3 Print out tree? Yes 

4 Write out trees onto tree file? Ves 

The UPGMA option constructs a tree by successive (aglomerative) clustering 

using an average-linkage method of clustering. The output consists of a file 

containing a tree and the length of the interior segments, as shown in Table 5. 

The pro gram Drawgram (copyright 1990-1991 by Joseph Felsenstein, written 

by Joseph Felsenstein) uses the output file from Nelghbor to interactively plot 

a cladogram or phenogram-like rooted tree diagram. Several options available 

in this program allow the construction of the plot according to the particular 

needs of the user. ln particular, adjustments can be made for the orientation of 

the tree and branches, style of tree, label sizes and angles, tree depth, margin 

sizes, stem lengths, and placement of nodes in the tree. 

The following options trom the main menu were used to generate the trees 

shown in Figure 5: 

(1) Tree grows: Horizontally 

(f.) Style of tree: Phenogram 

(3) Use bran ch lengths: Ves 

(4) Angle of labels: 90.0 
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(5) Horizontal margins: 1.73 cm 

(6) Vertical margins: 2.24 cm 

(7) Depth/Breadth of tree: 0.53 

(8) Stem-Iength/tree depth: 0.05 

(9) Character ht 1 tip space: 0.3333 

(10) Ancestral nodes: Intermediate 

ln the generated phenogram, nodes are connected to other nodes and to tips 

by a horizontal and then a vertical line, giving a very good idea of horizontal 

levels. Option (3) refers to wh ether the tree has branch lengths that are being 

used in the diagram. If the tree that was produced had a full set of branch 

lengths, it will be assumed as a detault that the branch lengths are to be used 

in the diagram, unless the contrary is specitied. Option (7) specifies the ratio 

between the depth and the breadth of the tree. It is initially set near 0.5, ta 

approximate a v-shaped tree. Depth and breadth are described as if the tree 

grew vertically, so that depth is always measured from the 1'00t to the tip without 

including the labels. Option (10) controls the horizontal positions of the nodes 

and can greatly affect the appearance of the tree. It is not possible ta control 

the vertical positions insofar as the use or non-use of branch lengths are 

specified. The intermediate option within (10) horizontally places the node 

halfway between its immediate descendants. 
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Table 5. Tree flle generated using Nelghbor and options speclfled ln the 

ten 

17 Populations 

Neighbor..Joining/UPGMA method version 3.42 

UPGMA method 

Negative branch lengths allowed 

+ a* 

+-b 

+-2 

! +--d 

+-4 

! 1 +--c 

! +-3 

+-9 +--q 

! ! 

! ! +-e 

+-12 +-5 

-16 I! +-g 

! ! 

! ! +-f 

+-13 +-1 

+-h 

+-i 

+-14 ! +-6 
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• 

e 

f f +-10 +-j 

!! +--1 

1 1 

+-15 + k 

+-m 

+-8 

, +-p 

+-11 

! +-n 

+-7 

+-0 

Setween And 

16 a 

16 15 

15 14 

14 13 

13 12 

12 9 

9 4 

4 2 

2 b 

2 d 

4 3 

3 c 

3 q 

Length 

0.19510 

0.01466 

0.01521 

0.01595 

0.01258 

0.02195 

0.01720 

0.01874 

0.07880 

0.07880 

0.01054 

0.08700 

0.08700 
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, 

• 9 5 0.01519 

5 e 0.09955 

5 9 0.09955 

12 1 0.06594 

1 f 0.07075 

1 h 0.07075 

13 10 0.02798 

10 6 0.02175 

6 0.09955 

6 j 0.09955 

10 0.12130 

14 k 0.16523 

15 11 0.05675 

11 8 0.02414 

8 m 0.09955 

8 P 0.09955 

11 7 0.02414 

7 n 0.09955 

7 0 0.09955 

* Key as in Table 3 

48 


