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ABSTRACT 

In recent years it has become possible to study the relation

ships between organisms by a comparison of the extent to which their 

nucleic acids cross-hybridize. However, few studies have been con

ducted attempting to apply this technique to a taxonomic investigation 

of the species contained within one eukaryotic genus and for this rea

son experiments were conducted to determine the practicality of apply

ing the technique of nucleic acid hybridization to a systematic analysis 

of a genus. The genus Cucurbita, a small genus containing much genetic, 

morphological, and ecological diversity, was chosen because of readily 

available plant material and because it has been subjected to extensive 

taxonomic analysis. Experiments were designed to characterize some of 

the physical properties of Cucurbita DNA, to determine whether the 

genomic content of sequences coding for ribosomal RNA could be useful 

as a taxonomic tool, and to detect differences between the DNAs of dif

ferent species by DNA/DNA hybridization. 

It was found that all species of Cucurbita have DNAs which band 

in CsCl at 1.696 g/cc and dense satellite component banding at 1.707 

g/cc. This satellite contains sequences coding for ribosomal RNA. 

These buoyant densities correspond to 35% and 47% mole percent guanine 

+ cytosine, respectively. Thermal denaturation studies of Cucurbita 

DNAs also reveal a base composition low in guanine + cytosine. Because 

Cucurbita DNAs do not appear to differ to any great extent in base com

position, this seems to indicate that the evolution that has taken 

x 
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place within this genus has been due to base sequence divergence in the 

DNA of species within this genus. 

Hybridization of isotopically labeled ribosomal RNA to DNA 

demonstrated that Cucurbita species all contain a high proportion of 

nucleotide sequences complementary to ribosomal RNA when compared to 

other organisms. Although the genomic proportion of sequences coding 

for ribosomal RNA varied from 1.357» to 3.00% for species in the genus, 

no correlation was evident between these values and the taxonomy of the 

genus. It is concluded, therefore, that the genomic content of ribo

somal RNA is not a useful taxonomic tool in this instance. The fact 

that the Cucurbita DNAs hybridize to a relatively large extent with 

ribosomal RNA probably accounts for the presence of the satellite in 

the DNAs of this genus. 

Intergeneric DNA/DNA hybridizations comparing Cucurbita. tobacco, 

and Chinese cabbage DNA demonstrated these species could be readily dis

tinguished by the extent of cross-hybridization. Only small differences 

in the thermal stability of DNA/DNA heteroduplexes were found however, 

and these only in duplexes formed under nonstringent conditions. From 

these studies it was concluded that Chinese cabbage and tobacco are 

more closely related to Cucurbita than to each other, demonstrating the 

usefulness of DNA/DNA hybridization studies in arranging genera sys

tematically. 

DNA/DNA hybridization experiments between species of the genus 

Cucurbita revealed differences in redundant nucleotide sequences con

tained within Cucurbita genomes. Quantitative differences were 



xii 

obtained in extent.of hybridization but only small differences in the 

thermal stability of DNA/DNA heteroduplexes as compared to the homo-

duplexes were observed. These results indicate that portions of Cu-

curbita genomes have diverged to such an extent that DNA/DNA hybrids 

cannot be formed. However, those sequences which do hybridize have 

diverged little from each other. From the intrageneric cross-

hybridization experiments systematic relationships between Cucurbita 

species were established. These relationships agreed with those in

ferred from other methods of taxonomic analysis. It is concluded that 

DNA/DNA hybridization experiments are useful as a tool to arrange sys

tematically species contained within one genus of higher organisms. 



INTRODUCTION 

Shortly after the elucidation of the double-stranded structure 

of DNA by Watson and Crick (1953), techniques were established which 

enabled the formation of nucleic acid hybrids. Marmur and Doty (1961) 

demonstrated that the two strands of DNA could be separated and, when 

incubated under appropriate conditions, the separated strands could re-

anneal to form the original double-stranded structure. This is the 

guiding principle for nucleic acid hybridization experiments. DNA is 

denatured and placed under annealing conditions with either another DNA 

or RNA. The degree of hybridization between heterologous strands can 

then be assessed by a number of techniques. 

Nucleic acid hybridization studies have been applied to many 

areas of biology. In one, systematic biology, this technique has been 

used to determine the degree of nucleotide sequence divergence that has 

taken place during evolution. It has been applied to taxonomic studies 

of viruses, bacteria, plants, and animals. Techniques have been de

veloped for estimating the extent of divergence of species by comparing 

the extent and fidelity of homologous and heterologous hybridization re

actions. However, the vast majority of these studies have compared or

ganisms on broad taxonomic levels (kingdom, family, and genus). Few 

studies have dealt with systematic relationships between members of a 

single genus. 

The purpose of the research reported in this dissertation, 

therefore, was to determine if nucleic acid hybridization techniques 

1 
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would yield useful information when applied to a systematic analysis of 

species in one genus. The genus Cucurbita (squash, pumpkin, and gourds) 

was chosen because plant material was readily made available through 

the generosity of Professor William Bemis (Department of Horticulture, 

The University of Arizona). The genus contains a large amount of mor

phological, genetic, and ecological diversity. Moreover, much phylo-

genetic analysis has been performed on it by a variety of methods 

(Whitaker and Bemis 1965; Hurd, Linsley, and Whitaker 1971; Bemis et 

al. 1970). Research was designed: (l) to characterize the DNA of spe

cies in the genus with respect to buoyant density in cesium chloride 

(CsCl), mole percent of guanine + cytosine (7o GC), mean thermal dis

sociation temperature (Tm), and presence of satellite components; (2) 

to determine whether the genomic content of sequences coding for ribo-

somal RNA (rRNA) can be used to arrange species within the genus sys

tematically; and (3) to ascertain whether or not the DNAs of the various 

species can be distinguished from each other by DNA/DNA hybridization 

reactions and whether, as a consequence, taxonomic relationships can be 

deduced. 

The results show that species of Cucurbita contain DNAs of the 

same buoyant density in CsCl and hence base composition. All species 

have a dense satellite DNA component which contains cistrons coding for 

ribosomal RNA (Matsuda, Siegel, and Lightfoot 1970). Hybridization 

studies of DNA/rRNA have demonstrated that the genomic content of se

quences coding for rRNA cannot be used as a taxonomic tool for this 

group of plants. Finally, DNA/DNA hybridization experiments reveal 
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differences in portions of Cucurbita genomes which hybridize to each 

other in heterologous reactions and that the phylogenetic relationships 

deduced from these differences follow established taxonomic groupings. 



LITERATURE REVIEW 

Nucleic Acid Hybridization Techniques 

Development of Techniques for 
Nucleic Acid Hybridization 

The first DNA/DNA hybridization experiments were performed by 

Schildkraut, Marmur, and Doty (1961). These investigators annealed 

various bacterial DNAs to each other and analyzed the annealing mix

tures in CsCl gradients (Meselson, Stahl, and Vinograd 1957). Hybrid 

DNA bands were formed in CsCl and it was concluded that the technique 

of DNA/DNA hybridization would be a useful tool in estimating the de

gree of similarity between various DNAs. Using a similar method, Hall 

and Spiegelman (1961) reported the first successful DNA/RNA hybridiza

tion experiments. Isotopically labeled RNA was annealed to DNA and the 

mixture analyzed in CsCl gradients. It was observed that the RNA co-

banded with the DNA in the gradient. The most likely explanation was 

that RNA formed a hybrid molecule with the DNA. 

Because of the lengthy and costly procedure of CsCl density 

gradient centrifugation, researchers explored simpler methods to assess 

the results of hybridization studies. Bautz and Hall (1962) bound de

natured DNA to a phosphocellulose surface and incubated the immobilized 

DNA with RNA so that complementary sequences would anneal to the bound 

DNA. The technique as originally devised was only applicable to phage 

DNA because glucosyl residues are necessary for binding of the DNA to 

the phosphocellulose and only some phage DNAs are glucosylated. The 

4 
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technique of immobilizing DNA for hybridization reactions was made uni

versally applicable by Bolton and McCarthy (1962) and McCarthy and Bol

ton (1963). These investigators trapped denatured DNA in agar gels 

which could then be used in DNA/DNA or DNA/RNA hybridization experi

ments. Binding of DNA to agar requires no special property of the DNA; 

hence any type of DNA could be used in hybridizations with DNA agar. 

Nygaard and Hall (1963) developed a simple method for the de

tection and quantitation of DNA/RNA hybrids from liquid annealing so

lutions based on the observation that DNA/RNA hybrids and single-

stranded DNA adhere to nitrocellulose membranes but RNA does not. 

Gillespie and Spiegelman (1965) took advantage of the fact that single-

stranded DNA sticks to nitrocellulose membranes and simplified hybridi

zations involving bound DNA by replacing DNA agar with DNA membranes. 

Denatured DNA was embedded into nitrocellulose filter membranes and 

these were incubated with labeled RNA. At the end of the annealing 

period the filters were washed, dried, and analyzed for radioactivity 

to measure the amount of hybridization. This technique was only appli

cable to DNA/RNA hybridization studies because labeled DNA used in 

DNA/DNA hybridization experiments would also bind to the membranes. 

Denhardt (1966) and Warnaar and Cohen (1966) independently de

veloped techniques for conducting DNA/DNA hybridizations with DNA-

membranes. Denhardt (1966) coated DNA membranes with a mixture of 

bovine serum albumin, ficoll, and polyvinylpyrrolidone. This mixture, 

called PM, prevents other single-stranded DNA from sticking to the DNA 

membranes except that DNA which is annealing to the membrane bound DNA. 



Warnaar and Cohen (1966) took advantage of an observation of Klamerth 

(1965) that unhybridized single-stranded DNA could be released from 

nitrocellulose by use of low ionic strength buffers. Thus no precoat-

ing of the DNA membranes was necessary and all that was required was to 

wash the filters at the end of the annealing period in a low ionip 

strength buffer to remove nonspecifically bound DNA. 

Recently, hydroxyapatite (HAP) chromatography has been used to 

detect DNA/DNA and DNA/RNA hybrids that have been formed in liquid hy

bridization reactions (Britten and Kohne 1968, Kohne 1968), Under ap

propriate conditions double-stranded DNA/DNA and DNA/RNA hybrids will 

bind to HAP, whereas unhybridized, single-stranded nucleic acids pass 

through the column, This technique offers easy detection of hybrids in 

liquid hybridization reactions where the kinetics of hybridization has 

been explored in detail (Wetmur and Davidson 1968, Britten and Kohne 

1968). 

The technique of nucleic acid hybridization has been extended 

to use in cytological preparations. Pardue and Gall (1969) conducted 

DNA/DNA hybridization reactions _in_ situ while John, Birnstiel, and 

Jones (1969) have performed in situ DNA/RNA hybridization experiments. 

It is thus possible to localize chromosomal regions which are comple

mentary to a specific nucleic acid. 

In summary, techniques for DNA/DNA and DNA/RNA hybridization 

experiments have been developed in the last ten years. Membrane hy

bridization techniques involve embedding denatured DNA in nitrocellu

lose membranes and incubating the DMA membranes with labeled DNA or 



RNA so that complementary regions will anneal. Hybridization reactions 

conducted in liquid are generally analyzed by HAP chromatography which 

allows detection of the DNA/DNA or DNA/RNA hybrids that have been 

formed. For cytological localization of a hybridizing sequence, in 

situ DNA/DNA or DNA/RNA hybridizations are conducted. 

Molecular Organization 
of Eukaryotic Genomes 

Studies on the renaturation kinetics of eukaryotic DNAs have 

provided insight into the nucleotide sequence organization within plant 

and animal genomes (Wetmur and Davidson 1968, Britten and Kohne 1968, 

Britten and Kohne 1970). These investigators established that the re

naturation rate of a nucleic acid is inversely proportional to the num

ber of base pairs it contains in nonrepeating sequences. The DNA of a 

virus thus renatures much more rapidly than the DNA of a eukaryote be

cause the latter contains many more unique base sequences than the 

former. The DNA of a eukaryote generally does not reanneal at a uniform 

rate because it contains both repidly renaturing, repetitious sequences 

as well as unique sequences which, because of their low concentration, 

reanneal slowly. Britten and Kohne (1968) have shown that the DNAs of 

eukaryotes contain different classes of DNA, depending on the degree of 

base sequence repetition.they contain. There are families of fast re

naturing DNA sequences which are highly repetitious (1,000,000 copies 

or more), families of intermediately renaturing sequences which are re

peated 1,000 to 1,000,000 times, and families of slowly renaturing se

quences which are not repeated at all. Organisms vary in the percentage 
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of each sequence frequency class: plants contain a large proportion of 

repetitious sequences (Bendich 1969) while Drosophila contains a low 

proportion (Laird and McCarthy 1968). 

The complexity of DNA has been defined by Wetmur and Davidson 

(1968) as the number of base pairs a DNA contains in nonrepeating se

quences per cell. Because of the large complexity of eukaryotic DNAs, 

long annealing times and high reactant concentrations are needed to 

achieve complete renaturation. Many early hybridization experiments 

employing eukaryotic DNAs were performed using short time intervals and 

low nucleic acid concentration. Thus, they only measured the comple

mentarity of iterated nucleotide sequences (Britten 1969). Melli and 

Bishop (1969) experimentally confirmed this by observing that only 

rapidly renaturing components of rat liver DNA hybridized to cRNA (cRNA 

is RNA transcribed from DNA with a DNA-dependent RNA polymerase). To 

compare total genomic sequences or RNA transcribed from unique se

quences, liquid hybridizations are used with high nucleic acid concen

trations and long annealing periods. The resulting hybrids are most 

conveniently analyzed by HAP chromatography (Kohne 1970; Kohne, Chiscon, 

and Hoyer 1970; Laird, McConaughy, and McCarthy 1969; Melli et al. 

1971; Gelderman, Rake, and Britten 1968; Davidson and Hough 1968; 

Davidson and Hough 1971; Brown and Church 1971; Hahn and Laird 1971; 

Gelderman, Rake, and Britten 1971). 

In conclusion, the genome of eukaryotes contains both unique 

and redundant nucleotide sequences. Nucleic acid hybridization exper-

ments using DNA agar or DNA membranes generally measure only iterated 
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portions of the genome. In order to study unique DNA sequences, liquid 

hybridization reactions are usually- conducted and the hybrids detected 

by HAP chromatography. 

Conditions and Specificity of Nucleic 
Acid Hybridization Reactions 

In experiments where taxonomic comparisons are being made, high 

specificity of nucleic acid hybridization is frequently desired. When 

incubating eukaryotic nucleic acids under certain annealing conditions, 

extensive base mispairing can occur between families of different but 

related redundant base sequences (Britten and Kohne 1968). It is pos

sible to minimize base pair mismatching by using experimental conditions 

which favor the formation of perfectly paired bases. The fidelity of 

base sequence matching has been found to depend partially on the temper

ature and salt concentration used during the annealing reactions. 

The temperature at which nucleic acid hybridization experiments 

are performed greatly affect the T of the resulting duplexes (McCarthy 

and McConaughy 1968, Church and McCarthy 1968, McConaughy and McCarthy 

1970, McCarthy and Church 1970). The higher the temperature, the more 

stringent the hybridization conditions. Hybrids formed at stringent 

temperatures or their equivalent (65-75°) have higher Tm's than du

plexes formed under nonstringent conditions (65° or lower). This re

sults from the fact that extensive base mismatching occurs at 

nonstringent conditions. Laird et al. (1969) as well as Kohne et al. 

(1970) have shown that a 1° lowering of T in a duplex is the result of 
m 

1.5% base mispairing (when comparing homologous to heterologous duplexes). 
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Stringency-of nucleic acid hybridization experiments is also 

affected by the cation salt concentration (McCarthy and Church 1970, 

Shearer and McCarthy 1970, Church and McCarthy 1968). For a given an

nealing temperature a higher cation salt concentration will result in 

more base mispairing than a lower salt concentration. Hybrids formed 

at 65 in 6 x SSC (SSC is 0.15 M sodium chloride plus 0,015 M sodium 

citrate) will have lower T 's than hybrids formed at 65° in 1 x SSC. 

Particular attention must be given, therefore, to the conditions used 

in nucleic acid hybridization studies. Generally high temperatures and 

low cation salt concentrations will produce the most specificity in nu

cleic acid hybridization studies. 

Application of Nucleic Acid 
Hybridization to Systematic Biology 

Investigators have used DNA/DNA and DNA/RNA hybridization stud

ies in order to establish taxonomic relationships between organisms. 

Attempts also have been made to compare the rate of nucleotide sequence 

evolution with the rate of amino acid sequence change (Laird et al, 

1969, Kohne et al. 1970). Most studies have dealt with only redundant 

portions of the genomes under investigation. These experiments have 

been conducted using DNA agar or DNA membrane techniques. A few, 

though, have also attempted to measure the degree of nucleotide sequence 

change in the unique nucleotide sequences. The immense literature in 

this area prevents a comprehensive review, and thus only those studies 

dealing with the evolution of higher plants will be discussed in de

tail. For a comprehensive review of this entire area, see Hoyer and 
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Roberts (1967) and. Hoyer, McCarthy, and Bolton (1964). For the evolu

tion of various other organisms as studied by nucleic acid hybridiza

tion, see the following: (1) Drosophila - Laird and McCarthy (1968), 

Robertson, Chipchase, and Thi Man (1969), Entingh (1970); (2) Rodents -

McConaughy and McCarthy (1970), McClaren and Walker (1968), 1970), 

Walker (1968), Hennig and Walker (1970), Rice (1970a,b,c); (3) Bacteria 

- Moore and McCarthy (1969a,b), Chilton and McCarthy (1969), Weissman 

et al. (1966), Brenner et al. (1966), Gross and Wayne (1970), Rogul et 

al. (1970), Seidler and Mandel (1971); (4) Primates - Kohne (1970), 

Kohne et al. (1970); (5) Artiodactyls - Laird et al. (1969); (6) Yeast 

- Bicknell and Douglas (1970), Bak and Stenderup (1969), Dutta et al. 

(1967). 

Relatedness among various higher plant species has been inves

tigated by Dendich and Bolton (1967) and Dutta et al. (1967) using the 

DNA agar technique. Bendich and Bolton (1967) studied plants from the 

dicotyledon legume family as well as some of the monocotyledon cereals. 

The former are dicots while the latter are monocots. The DNAs from 

members of the legume family hybridized better to each other than they 

did to that of tobacco, a nonlegume, and not at all to the DNA of the 

monocot rye. Within the monocots much nucleotide pequence divergence 

was found, more so than the diversity found within the dicots. From 

these studies it was concluded that nucleic acid hybridization can pro

duce meaningful taxonomic results; the DNAs from closely related plants 

hybridized better to each other than to more distantly related plant 

DNA. 
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Dutta et al. (1967) obtained similar results to those of Ben-

dich and Bolton (1967) demonstrating that wheat DNA hybridized better 

to that of another monocot, corn, than it did to several DNAs of 

dicots, such as radish and cabbage. No explanation is available, how

ever, for the finding of some cross-hybridization between monocot and 

dicot DNA in the latter study and none in the former. 

Bendich and McCarthy (1970a; also see Bendich 1969) performed 

nucleic acid hybridization experiments in order to establish phylo-

genetic relationships among several of the cereals. They utilized the 

DNA membrane technique to measure differences in the redundant portions 

of plant genomes. Quantitative measurements of hybridization between 

rye, barley, oats, and wheat were made as well as thermal stability 

measurements of the heterologous duplexes that were formed. Differ

ences in absolute amount of hybridization were obtained between the 

DNAs of the four cereal grains and the thermal stabilities of the 

heterologous hybrids reflected the differences in extent of hybridiza

tion; that is, the greater the extent of hybridization between two 

DNAs, the greater the T of the hybrid formed. From their data, a 

phylogeny was deduced in which rye was more closely related to wheat 

than to barley and only remotely related to oats. Moreover, wheat and 

barley appeared more closely related to rye and to each other than to 

oats. These data agree with relationships established by classical 

methods. 

All the DNAs compared in the above study involved members of 

different plant genera. Bendich and McCarthy (1970b) attempted to 
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establish relationships -between different biotypes of wheat (diploid, 

tetraploid, and hexaploid) and one of their presumed ancestors, Aegil-

ops squarrosa. Wheat biotypes consist of a polyploid series: Triticum 

monococcum (diploid with the A genome), T. turgidum (tetraploid with 

the AB genome), and T. aestivum (hexaploid with the ABD genome). The D 

genome of T. aestivum is presumed to originate from A. squarrosa (dip

loid with D genome). Bendich and McCarthy (1970a) failed to detect 

differences between these DNAs using DNA membrane hybridizations under 

relatively nonstringent conditions. Using very stringent hybridization 

conditions, Bendich and McCarthy (1970b) obtained small differences in 

absolute amount of hybridization as well as minor differences in T of 
m 

the heterologous duplexes as compared to the homologous ones. In no 

case did a T difference of more than 1° occur. Hybridization experi

ments designed to anneal the DNA to completion (liquid hybridizations 

and analysis on HAP) revealed larger differences between the different 

biotypes of wheat. These differences were smaller, however, than dif

ferences obtained in hybridization of wheat biotype DNA to the DNA of 

A. squarrosa. Thus DNAs from species contained within the same genus 

hybridize better to each other than to a species of another genus. 

Bendich and McCarthy (1970b) concluded that hybridization studies are 

sensitive enough to distinguish the DNAs of species contained within one 

genus if stringent hybridization conditions are used and annealing of 

the complete genome is performed. 

The study of Bendich and McCarthy (1970b) is the only series of 

experiments which compare species within one genus of higher plants 
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using nucleic acid hybridization methods, This study confined itself 

to a plant genus, the members of which are part of an allopolyploid 

series. In all other higher organisms only comparisons of species 

within the genus Drosophila and Mus have been made by nucleic acid 

hybridization techniques. Species within the genus Drosophila were 

distinguished by DNA/DNA hybridizations (Laird and McCarthy 1968, En-

tingh 1970) and DNA/RNA hybridizations (Robertson et al. 1969) using 

membrane hybridizations. McClaren and Walker (1970), using the MA 

agar technique readily distinguished species within the genus Mus. 

Thus, species contained within animal genera studied could be dis

tinguished by membrane and agar hybridization methods, but the one 

plant genus examined could not. This may be due to the fact that the 

plant genus was a polyploid series of different species. 

Taxonomy of the Genus.Cucurbjta. 

The family Cucurbitaceae consists of five subfamilies, one of 

which is the Cucurbiteae (Whitaker and Davis 1962). In the Cucurbiteae 

there are five genera: Citrullus (watermelon), Cucumis (cucumber and 

muskmelon), Lagenaria (white-flowered gourd), Luffa (dish-rag gourd), 

and Cucurbita (pumpkin, squash, and gourds). Within the genus Cucur

bjta there are 27 wild and 5 cultivated species (Hurd, Linsley, and 

Whitaker 19 71). All species are indigenous to North and Souch America 

and their archaeological record dates back 10,000 years. Whitaker and 

Bemis (1965) have pointed out that the genus offers advantages for sys

tematic research, among which are the following: it is a small plant 

genus confined to a limited geographical'area, only genie evolution 



15 

must have taken place as all species have 20 pairs of small chromo

somes, and both cultivated and wild species exist in the genus growing 

in diverse ecotypes. 

Genetic cross-compatibility studies and numerical taxonomy have 

provided insight into the taxonomic relationships between Cucurbita 

species (Whitaker and Bemis 1965, Rhodes et al. 1968, Bemis et al. 19 70, 

Hurd et al. 1971). Table 1 presents the taxonomic groupings of Cu

curbita species, their geographical location, and the type of habitat 

in which they grow. There are five major species groups, each consist

ing of two or more species. The other species groups contain only one 

member. The taxonomic groupings in Table 1 have been derived from 

numerical taxonomy. Hurd et al. (1971) have established similar taxo

nomic groupings from the relationship of Cucurbita species to the gourd 

bees, Peponapis and Xenoglossa. The only difference in systematic re

lationships derived by the two techniques has been for C_. ecuadorensis. 

Rhodes et al. (1968) place C_. ecuadorensis in a group by itself with 

close affinity to the Lundelliana group on the basis of numerical tax

onomy, and Hurd et al. (1971) place this species in the Maxima species 

group. More work will be needed to resolve this discrepancy. 

Hurd et al. (1971) provided some insight into the relationships 

between the species groups. They state that the Sororia, Pepo, and 

Digitata groups are related by common ancestry. The Maxima species 

group, along with the Ficifolia and Foetidissima groups, is more closely 

related to the ancestoral species of this genus. 



Table 1. Taxonomic groupings, habitat, and geographical location of Cucurbita species. 

Species Groupa Species Habitat13 Geographical Location*3 

Digitata 

c. 
c. 
c. 
c. 
c. 

digitata 
palmata 
cylindrata 
californica 
cordata 

Xerophytic 
tl 
11 
H 
I *  

New Mexico, Arizona 
Southern California 
Baja California 
S. California, Arizona 
Baja California 

Pepo 
c. 
c. 

pepo 
texana 

Cultivated 
Mesophytic 

Northern Mexico, U.S. 
Central Texas 

Maxima c. 
c. 

andreana 
maxima 

Mesophytic 
Cultivated 

Argentina, Bolivia 
Argentina, Chile, Bol. 

Sororia 

c. 
c. 
c. 
c. 

sororia 
mixta 
palmeri 
gracilor 

Mesophytic 
Cultivated 
Mesophytic 

tf 

Oaxaca, Mexico 
Mexico, Central Amer. 
Culiacan, Mexico 
Mexico, Mexico 

Lundelliana 
c. 
c. 
c. 

lundelliana 
martinezii 
okeechobeensis 

Tropical 
1! 
I t  

Guatemala, Brit. Hond. 
Vera Cruz, Mexico 
Florida 

Ecuadorensis c. ecuadorensis Tropical Ecuador 

Moschata c. moschata Cultivated Mexico, Central Amer. 

Ficifolia c. ficifolia Cultivated Mexico, Central Amer. 

Pedatifolia c. pedatifolia Mesophytic Quaretaro, Mexico 

Foetidissima c. foetidissima Xerophytic N. Mexico, Ariz., S. Mex, 

a. Taken from Rhodes et al. (1968) and Bemis et al. (1970). 

b. Taken from Whitaker and Bemis (1965). 



In summary,• the genus Cucurbita consists of both wild and cul

tivated species. The species are indigenous to the New Work and have 

been associated with man for 10,000 years. Species within the genus 

grow in a large variety of ecotypes and geographical locations, and 

they seem to have a unique relationship with the squash and gourd bees. 

Five major species have been established by classical taxonomic methods. 



MATERIALS AND METHODS 

Plant Material Used in Nucleic 
Acid Hybridization Studies 

Hybridization experiments -were conducted in which the following 

plant material was used: 

Nicotiana tabacum L. cv. 'Samsun' (tobacco) 

Brassica pekinesis Lour. Rupr. cv. 'Wong Bole1 (Chinese cabbage) 

Cucurbita pepo L. cv.'Small Sugar'(pumpkin) 

c. maxima Duch. cv. 'Banana' (squash) 

c. moschata Duch. cv. 'Butternut' (squash) 

c. disitata Bail. 

c. palmata Wats. 

£. okeechobeensis Bail. 

c. andreana Naud. 

c. martinezii Bail, 

c. ecuadorensis Whit. 

c. sororia Bail. 

c. mixta Pans. 

c. texana Gr. 

C. pedatifolia Bail. 

C. cylindrata Bail. 

c. cordata Wats. 

c. gracilor Bail. 

C. palmeri Bail. 



C. lundell-iana Bail. 

JC. ficifolia Bou. 

C. foetidissima HBK 

DNA Extraction 

DNA was extracted from nuclear pellets isolated from the leaves 

of seedlings or mature plants. A crude nuclear pellet was obtained by-

grinding washed leaves in a chilled meat grinder or chopping them with 

an electric knife (General Electric) modified for use with razor blades. 

Usually one volume of Sucrose I chopping buffer (Marcus and Feeley 

1964) was used per gram of fresh leaf material. Sucrose I is 0.5 M su

crose (Merck, RNAase free), 0.01 M MgCl^, 0.01 M CaCI^, 0.05 M Tris-

HC1, and 0.005 M mercaptoethanol, final pH, 8.2. Sometimes diethyl-

pyrocarbonate was added to 17» as a nuclease inhibitor (Solymosy et al. 

1968). After chopping, the material was further ground to a slurry in 

a chilled mortar and pestle. This was also done to the leaf macerate 

from the meat grinder. The macerate was passed through two layers of 

cheesecloth and glasswool and centrifuged at 1,000 x in the SS-34 

head of a Sorvall RC-2 Ultracentrifuge. The resulting pellets contain

ing chloroplasts and nuclei, were suspended in Sucrose I buffer con

taining 3.5% triton X-100 (Rohm and Haas) to solubilize chloroplastic 

material. The nuclei were pelleted and resuspended repeatedly in this 

manner until all green chloroplastic material was solubilized and a 

grey-brown nuclear pellet was obtained. 

Nuclear pellets were suspended in SSC (0.15 M NaCl and 0.015 M 

Na citrate, pH 7.2) containing 17° SDS (sodium dodecyl sulfate) and 
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0.02 M EDTA (ethylenediamine tetraacetate). The suspension was stirred 

with a glass rod until viscous, indicating the nuclear membranes had 

been broken and was then incubated at 50° for 1-2 hours in a water 

bath. At the end of the incubation period the suspension was depro-

teinized by repeated extractions at 0° with 1 x SSC saturated phenol 

(redistilled reagent grade). The aqueous-phenol phases were separated 

by centrifugation at 10,000 rpm in a Sorvall RC-2 centrifuge. When no 

more protein appeared at the aqueous-phenol interface, the nucleic acid 

solution was extracted with chloroform:isoamyl alcohol (24:1) to remove 

phenol and residual protein from the aqueous layer. Two volumes of 

cold 957o ethanol were added to the aqueous phase and the DNA was 

spooled from the solution with a glass rod. Sometimes it was necessary 

to pellet the nucleic acid at 10,000 rpm when the DNA quantity was 

small or unspoolable. The DNA was resuspended in 1-2 ml of 1/10 x SSC. 

The DNA solution was made to 1 x SSC by adding one-tenth volume 

of 10 x SSC. RNAase (Worthington, electrophoretically purified) that 

had been pretreated at 95° for 10 minutes to remove DNAase was added to 

100 }ig/ml and the solution was incubated for 2 hours at 37°. The reac

tion was stopped by adding an equal volume of phenol and RNAase, and 

other residual protein was denatured by repeated extractions with 

phenol. When no protein appeared at the phenol-aqueous interface, the 

nucleic acids were extracted with an equal volume of chloroform:isoamyl 

alcohol (24:1) after which the DNA was spooled from the aqueous layer 

by addition of 2 volumes of cold 957<> ethanol with the aid of a glass 



rod. The purified DNA was resuspended in 1 ml of 1/10 x SSC over a 

drop of chloroform to inhibit bacterial growth. 

A UV absorbance spectrum was taken of each extracted DNA sam

ple to determine its purity and concentration. This was done with the 

aid of a Gilford Model 240 Spectrophotometer in quartz cuvettes (1-cm 

pathlength, 1.3-ml volume). The DNA was judged suitable for use if the 

260:230 nm maximum-minimum absorbance ratio was greater than 2.00. The 

DNA concentration was estimated by assuming that a 1 mg/ml solution of 

DNA in a 1-cm pathlength has an OD of 20 at 260 nm (Eigner and Doty 

1958). 

Isotopic Labeling of DNA 

3 
Plant leaf nuclear DNA was isotopically labeled with 5-C H^-

thymidine (Schwartz, specific activity 18 C/mM). Leaves were prepared 

for labeling according to the procedure of Zaitlin, Spencer, and Whit-

feld (1968). Commonly 5 g of leaf material were washed with distilled 

water containing 27o SDS. The washed leaves were placed under distilled 

water and slices approximately 1-2 mm apart were made with a razor 

blade. The slices extended from the midribs to the edge of the leaf. 

The sliced leaves were blotted dry and placed in large petri dishes 

that had been previously autoclaved. Approximately 10 ml of 0.05 M 

2-(N-morpholino)ethanesulfonic acid (MES buffer, Calbiochem), pH 5.8, 

containing 300 ug of cephaloridine and 30 ug of rimacidin (Francki, 

Zaitlin, and Jensen 1971), and 250 >iC of H-thymidine was added to each 

petri dish. The leaves were left in covered petri dishes for 24-36 

hours under a fluorescent light bank at room temperature. The MES 
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buffer was added as needed to keep the leaves moist. After the label

ing period the leaves were washed, dried, and the nuclear DNA extracted 

as described. After extraction and purification, the specific activity-

was taken by spotting a known amount of DNA on a nitrocellulose membrane 

(Schleicher and Schuell, Bac-T-Flex, B-6). The membrane was dried and 

counted in a Packard Tri-Carb Liquid scintillation spectrometer as noted 

in the section on scintillation counting. The specific activity is ex

pressed as counts per minute (cpm)/pg DNA. 

Gel Filtration Chromatography 

In order to further purify DNA, gel filtration chromatography on 

Sepharose 4B (Pharmacia) was sometimes used. A 1 x 10-cm column was 

packed with Sepharose 4B in degassed 1/10 x SSC. Sepharose 4B has a mo-

6 6 
lecular weight exclusion limit of 2 x 10 - 4 x 10 daltons. Thus, 

molecules such as DNA with a molecular weight greater than this will be 

excluded from the Sepharose beads and eluted in the void volume, while 

molecules such as protein, RNA, peptides, and nucleotides will be held 

up in the column. 

DNA in a small volume of 1/10 x SSC was added to the top of the 

column. DNA was eluted from the column with degassed 1/10 x SSC and 

1 ml fractions collected. The eluate was monitored for absorbance (OD) 

at 260 nm and the first UV absorbance peak was collected. DNA usually 

eluted in fractions 4-6. 
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Preparative CsCl Density 
Gradient Centrifugation 

The DNA not purified by gel filtration through Sepharose 4B was 

purified by banding in CsCl. A 1.700 g/cc solution was made by adding 

9.8 g of CsCl (Pierce, Sequanol grade) to 7.86 ml of 0.05 M Tris-HCl, 

pH 8.2, containing 200-800 pg of DNA. The density was adjusted to 

1.700 g/cc with the aid of a Zeiss Abbe refractometer; a refractive in

dex of 1.400 at 20° equals a density of 1.700 g/cc (ift, Voet, and 

Vinograd 1961). The DNA solutions were loaded to the top of 2%" x 5/8" 

polyallomer tubes that were presilicladed to prevent DNA from sticking 

to the sides. The DNA was centrifuged in a number 50 aluminum angle 

head rotor of a Spinco ultracentrifuge at 35,000 rpm at 20° for 65 

hours after which the rotor was allowed to decelerate without braking 

(Flamm, Bond, and Burr 1966). The DNA solution was passed through an 

Isco Model UA-2 UV Analyzer and the 254 nm absorbance peak was col

lected and diluted immediately with 1 x SSC. The DNA was pelleted from 

the solution by overnight centrifugation at 35,000 rpm and resuspended 

in 1 ml of 1/10 x SSC. 

Analytical CsCl Density 
Gradient Centrifugation 

A DNA solution was made up in 1 x SSC with CsCl so that a den

sity of 1.700 g/cc was attained. Routinely, 0.75 g of CsCl was added 

to 0.6 ml of SSC containing 1 ug of Micrococcus lysodeilcticus DNA as a 

marker and 3 ug of plant DNA. The density of the solution was adjusted 

to 1.700 g/cc with the aid of a Zeiss Abbe refractometer at 20°. The 

solution was loaded into an analytical ultracentrifuge cell containing 
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a 12-mm epon centerpiece and centrifuged at 44,000 rpm for 18 hours at 

20° in the AN-F rotor of a Spinco Model E Analytical Ultracentrifuge. 

Ultraviolet (UV) photographs of the banded DNA were taken on Kodak com

mercial film and the resulting negatives traced on a Beckman Model RB 

Analytrol equipped with a film densitometer. The buoyant densities of 

the plant DNAs were calculated according to the method of Sueoka 

(1961). 

Determination of Bacterial Components 
in Labeled Plant DNA 

A CsCl solution was prepared by adding 4.07 g of CsCl to 3.25 

ml of 0.05 M Tris-HCl buffer, pH 8.2 containing 100 jig of tobacco DNA 

and 1 jig of labeled Cucurbita DNA (2,000-18,000 cpm). The density of 

the solution was adjusted to 1.700 g/cc as described in the previous 

section and the DNA solution loaded into 2%" x 5/8" silicladed poly-

allomer tubes. The tubes were filled to the top with heavy mineral 

oil. The DNA solutions were centrifuged for 65 hours at 20° as noted 

in the section on preparative CsCl density gradient centrifugation. 

The bottom of the tube was then pierced with a 20-gauge needle and 18 

drop fractions collected with the aid of a vacuum device. The frac

tions were diluted with 1 x SSC to 1 ml and the OD at 260 nm recorded 

for each fraction. The radioactivity of the fractions were determined 

as noted in the section on scintillation counting and the cpm vs. OD 

plotted for each fraction. The labeled plant DNA was judged to be free 

of contaminating bacterial nucleic acids if the cpm profile was co

incident with the OD profile. This follows from the fact that all 
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should be in the tritiated plant DNA, which provides the absorbing ma

terial. 

Band Sedimentation Velocity of Plant DNA 

The molecular weights of plant DNAs were measured by analyti

cal band sedimentation in a Spinco Model E Analytical Ultracentrifuge 

according to the procedure of Studier (1965). The DNA (10 ;ig/ml) in 

0.9 M NaCI and 0.1 M NaOH, pH 12.0, was centrifuged at 30,000 rpm in 

the AN-E rotor using a 30-mm epon centerpiece. Ultraviolet photographs 

were taken of the sedimenting single-stranded DNA at regular intervals 

on Kodak commercial film. The negatives were traced on a Beckman Model 

RB Analytrol equipped with a film densitometer attachment and the S°Q ̂  

was determined by the technique of Markham (1965). The single-stranded 

piece size of the DNA can be determined by the following formula of 

Studier (1965): S° = 0.058 M^*^, where Sofl is the sedimentation 
20, w ' 20,w 

coefficient in alkali and M is the single-stranded molecular weight. 

Denaturation of DNA 

The DNA in 2 x SSC was denatured according to Gillespie and 

Spiegelman (1965). To the DNA solution was added 1/10 volume of 0.1 M 

NaOH so that the pH was raised to 12.0. The denatured DNA was allowed 

to stand for 20 minutes at room temperature after which it was placed 

on ice. The solution was then neutralized with 0.15 volumes of 1 M 

K^PO^ and its hyperchromicity measured spectrophotometrically (usually 

38-40%). 



DNA/DNA Hybridization 

The DNA was hybridized to heterologous DNA according to the 

procedures of Denhardt (1966) or Warnaar and Cohen (1966). 

Warnaar and Cohen Technique 

Approximately 50 jig of denatured DNA was brought to a concen

tration of 10 ;ig/ml in 2 x SSC and immobilized by vacuum filtration on 

Bac-T-Flex B-6 nitrocellulose membranes (Schleicher and Schuell). The 

membranes were then washed with 60 ml of 2 x SSC and they were air-dried 

for 1-2 hours. Four 6-mm discs were punched from the membranes with a 

paper punch (Bendich 1969) so that each disc contained 14% of the total 

DNA in the membranes. The discs were vacuum-dried at 80° for 2 hours 

and hybridized with labeled DNA as noted below. After hybridization the 

discs were washed three times (5 minutes each) in 0.003 M Tris-HCl buf

fer, pH 9.4, to remove unhybridized single-stranded DNA from the discs. 

Denhardt Technique 

Denatured DNA was imbedded on nitrocellulose membranes as noted 

in the previous section. After punching out 6-mm discs from the mem

branes, the discs were incubated in Denhardt's PM for 2 hours; PM con

sists of 0.02% ficoll (Pharmacia), 0.02% polyvinylpyrrolidone (Sigma), 

and 0.02% bovine serum albumin (Armour fraction V) in 3 x SSC. After 

incubation in PM, the discs were baked for 16 hours at 65°. This pro

cedure is effective in preventing single-stranded DNA from sticking to 

the discs except in specific hybridization reactions. After hybridiza

tion of the discs as noted below, the discs were washed 3 times (5 min

utes each) in 2 x SSC at 70°. 
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Hybridization of DNA 
Discs to Labeled DNA 

Labeled DNA was sheared by passage through a 27-gauge needle 

ten times. The sheared DNA was denatured and brought to 1.5 jig/ml in 

2 x SSC. The DNA immobilized on nitrocellulose discs was annealed to 

3 
the H-DNA in 1-dram specimen vials that had been presilicladed. Each 

vial contained 0.2 ml of 2 x SSC containing 0.1% SDS and 0.3 pg of la

beled DNA. The ratio of labeled DNA to immobilized DNA was 1:20 in 

order to minimize self-annealing of the DNA in solution. The 2 x SSC 

was overlaid with heavy mineral oil to prevent evaporation, and the an

nealing reaction carried out for 18 hours at 60° or 70°. After anneal

ing, the discs were washed as described for either the Warnaar and 

Cohen or Denhardt methods. The discs were dried and counted in a scin

tillation counter to determine the amount of hybridization. 

Ribosomal RNA Extraction 

Ribosomal RNA was extracted from purified ribosomes of tobacco 

leaves. Ribosomes were obtained by grinding young leaf material in two 

volumes (w/v) of ribosome grinding buffer (RGB). This buffer consisted 

of 0.05 M Tris-HCl, 0.01 M KC1, 0.01 M MgCl^, and 0.004 M mercapto-

ethanol, pH 7.5, The resulting grindate was passed through two layers 

of Miracloth (Calbiochem) and Triton X-100 was added to 4%. The brei 

was then centrifuged at 10,000 rpm in a Sorvall RC-2 ultracentrifuge 

for 15 minutes and the ribosomes were pelleted from the supernatant 

solution by centrifugation at 45,000 rpm in the 50 Ti rotor of a Spinco 

Model L ultracentrifuge for 1 hour. The ribosomal pellets were 
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suspended in 2 ml of M/15 phosphate buffer containing l7o SDS and the 

suspended pellets were clarified by centrifugation at 5,000 rpm for 5 

minutes. During the entire extraction procedure, the temperature was 

kept at 0-4°. 

The RNA in the ribosomes was SDS-phenol extracted until no pro

tein remained at the phenol-water interface. This involved adding 

equal volumes of M/15 phosphate buffer, pH 7.0, saturated, redistilled 

phenol to the resuspended ribosome solution, shaking for 15 minutes, 

and separating the aqueous and phenol layers by centrifugation at 

10,000 rpm for 15 minutes. Phenol was removed from the aqueous layer 

by shaking with 3 volumes of cold ether (Malinkrodt) several times, and 

the ether was removed by aspiration or by bubbling ̂  through the aque

ous layer. The aqueous layer, containing RNA, was acidified by adding 

a few drops of 3 M sodium acetate buffer, pH 4.0, and the RNA was pre

cipitated from the solution by adding 2.5 volumes of cold 95% ethanol. 

The RNA precipitate was pelleted at 10,000 rpm for 10 minutes in a 

Sorvall RC-2 ultracentrifuge and the pellet resuspended in 1/10 x SSC, 

High molecular weight rRNA (25s,23s,18s, and 16s) was separated from 

low molecular weight RNA (4s and 5s) by the procedure of Baltimore 

(1966), To the resuspended RNA an equal volume of 4 M LiCl was added, 

and the high molecular weight rRNA was allowed to precipitate overnight 

at 4°. The precipitate was collected by centrifugation at 10,000 rpm 

and resuspended in 1 ml of 1/10 x SSC. After resuspension was com

plete, the solution was made to 2 x SSC by adding an appropriate vol

ume of 10 x SSC. 



A UV absorption spectrum was taken of the rRNA to determine its 

purity and concentration. Ribosomal RNA was judged to be pure if its 

260 nm : 230 nm ratio was greater than 2.0. The concentration of rRNA 

was determined by assuming that a 1 mg/ml solution of rRNA has an ab-

sorbance of 25 in a 1-cm pathlength at 260 nm. 

Isotopic Labeling of rRNA 

3 
Uridine-5- H was purchased from Schwartz BioResearch (20 C/mM). 

Young leaves of tobacco were prepared for isotope incorporation by the 

procedure of Zaitlin et al. (1968) as outlined in the section on label

ing of DNA. The leaves were placed in sterile petri dishes and 10 ml 

3 
of 0.01 M KH^PO^ containing 1 mC of H-uridine was added to each dish. 

The leaves were allowed to take up the label for 36-48 hours under a 

fluorescent light bank at room temperature. The leaves were then 

washed and the rRNA extracted as noted above. The specific activity 

3 
was determined by spotting a known quantity of H-rRNA onto a nitro

cellulose membrane, drying the membrane, and counting the membrane in 

a liquid scintillation spectrometer. 

Gel Electrophoresis of rRNA 

Isotopically labeled rRNA was subjected to polyacrylamide gel 

electrophoresis according to the procedure of Bishop, Claybrook, and 

Spiegelman (1967). Polyacrylamide gels (2.47») were made in the follow

ing manner: 4 ml of a stock solution of acrylamide (15% acrylamide, 

0.757« bis-acrylamide, both recrystallized from acetone) were added to 

8.33 ml of 3 E buffer (0.12 M Tris-HCl, 0.06 M sodium acetate, 0.003 M 



EDTA, 6 ml of glacial acetic acid, 0.2% SDS, pH 7.2), and 12.45 ml of 

distilled water. The solution was degassed and 0.02 ml of NjN.N^N'-

tetramethylethylenediamine (TEMED) plus 0.2 ml of fresh 10% ammonium 

persulfate added. The gels were allowed to polymerize for 1 hour and 

afterwards pre-run for 2 hours in E buffer at 5 mA/gel in a Canalco 

Model 6 gel electrophoresis apparatus with a Beckman Duostat power sup

ply. Twenty jig of unlabeled E_. coli rRNA (an optical marker) was mixed 

with 2 pg of labeled tobacco rRNA and the mixture electrophoresed for 3 

hours at 5 mA/gel. The gels were then soaked for 1 hour in distilled 

water before scanning for absorbance at 260 nm in a Gilford Model 240 

spectrophotometer equipped with a Model 2410 linear transport device and 

a Heathkit spectrorecorder Model EUW-20A. The gels were frozen on Dry 

Ice and sliced into 1 mm discs with a bank of evenly spaced stainless 

steel razor blades. Each slice was digested in 1 ml of 30% ^2^2 anĉ  

counted for radioactivity after the addition of 10 ml of scintillation 

fluid as noted in the section on scintillation counting. 

DNA/rRNA Hybridization 

Annealing of rRNA to DNA was conducted by the procedure of 

Gillespie and Spiegelman (1965). A known quantity of DNA was denatured 

and immobilized on nitrocellulose membranes (Schleicher and Schuell, 

B-6) by vacuum filtration. The membranes were air-dried for 1-2 hours 

after being washed on one side with 60 ml of 2 x SSC. The membranes 

o 3 
were baked in a vacuum oven at 80 for 2 hours and annealed to H-rRNA 

in autoclaved scintillation vials. Usually 1 ̂ jg of DNA was annealed to 
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0.5-1 pg of H-rRNA in 1 ml of 2 x SSC at 68° for 18 hours. After the 

hybridization period, the membranes were batch-washed for 15 minutes 

each in 6 x SSC at 50°, 2 x SSC, 2 x SSC containing 20 jig/ml of RNAase 

A, and 2 x SSC, the last three at room temperature (Birnstiel et al. 

1968). After washing, the membranes were dried and counted in a scin

tillation spectrometer. 

Thermal Stability of DNA/DNA Hybrids 

The thermal stability of DNA/DNA hybrids was determined by a 

modification of the procedure of Church and McCarthy (1968), After 

hybridization and washing, membranes containing DNA/DNA hybrids were 

placed in a 60° temperature-controlled water bath equipped with an im

mersion heater and thermoregulator (Chemical Rubber Company) for 10 

minutes and then placed on ice. The membranes were taken out of the 

vials, placed in other vials containing 2 ml of 1 x SSC, and incuba

tion continued for 10 minutes at 65 . This operation was repeated at 

5° increments until boiling was attained (97-98 in Tucson). The 

radioactivity in each vial was counted (representing the amount of 

hybrid dissociated at that temperature), and the cumulative percent 

counts were plotted as a function of temperature. The mean thermal 

dissociation or Tm was that temperature at which 50% of the counts on 

the membrane were released. 

Thermal Denaturation of Native DNA 

The thermal denaturation profile of native DNA was obtained by 

simultaneously recording the temperature of the DNA solution and its 
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absorbance at 260 nm in a Gilford Model 2000 recording spectrophotom

eter. Commonly 30 pg of DNA was placed in a 3-ml quartz-stoppered cu

vette with a 1-cm pathlength. A temperature gradient was established 

around the cuvette with the aid of a Haacke temperature circulator. 

The relative absorbance of the DNA was plotted for each temperature 

increment (1°) and the T taken as that temperature which produced a 

50% increase in relative absorbance. 

Scintillation Counting 

All radioactivity was counted in a Packard Tri-Carb liquid 

scintillation spectrometer using a 65% gain to count tritium and a 

window setting of 50-1,000. 

Membrane-Bound Samples 

Samples bound to nitrocellulose membranes were air-dried for 

one-half hour in an oven and the dried filters were placed in linear 

polyethylene scintillation vials to which 10 ml of scintillation fluid 

were added. The scintillation fluid consisted of 0.5% PPO (2,5-

diphenyloxazole) and 0.0l7o POPOP (l,4-bis[2-(5-phenyloxazolyl) benzene]) 

in toluene (MCB, reagent grade). Background for linear polyethylene 

vials was usually 10-12 cpm. 

Aqueous Samples 

Aqueous samples were counted in glass or linear polyethylene 

scintillation vials. The samples were added to 10-15 ml of scintilla

tion fluid, cooled in the scintillation counter for 1 hour, and counted 

at the channel settings noted above. The scintillation fluid for 



aqueous samples consisted of 0.0l7o POPOP and 0.5% PPO in 33% Triton 

X-100 and 67% toluene. Background depended on whether glass or linear 

polyethylene vials were used. Glass vials usually had backgrounds of 

20-25 cpm, while polyethylene vials had backgrounds of 10-12 cpm. 



RESULTS 

Physical Properties of Cucurbita DNA 

The buoyant densities in CsCl and mean thermal dissociation 

temperatures of DNAs from various species in the genus Cucurbita were 

determined in order to establish if detectable differences existed in 

the physical properties of these DNAs. A determination was also made 

if other Cucurbita DNAs had a dense satellite component like that pres

ent in C. pepo (Matsuda and Siegel 196 7). 

The results of isopycnic analysis of several plant DNAs are 

shown in Figure 1. Cucurbita DNA bands at 1.696 g/cc in CsCl and has 

a dense satellite band at 1.707 g/cc. This satellite has been shown 

recently by Thornburg (1971) to contain sequences coding for 16s, 18s, 

23s, 25s, and 5s rRNA. Moreover, there is a possibility that sequences 

coding for some 4s transfer RNA species are also located in this satel

lite DNA. The DNAs of all Cucurbita species examined produced this 

banding pattern in CsCl. The DNA from some other plant species are 

also shown in Figure 1 to compare with the banding pattern of Cucurbita 

DNA, Tobacco DNA bands at 1.696 g/cc in CsCl and no significant amounts 

of satellite are visible. Chinese cabbage DNA bands at 1.696 g/cc and 

has a dense shoulder instead of a defined peak at 1.707 g/cc. Thorn

burg (1968) has demonstrated that this shoulder is enriched in sequences 

for coding for rRNA. 

34 



Figure 1, Microdensitometer tracings of plant DNAs banded in analyti
cal CsCl gradients. 

Two pg of plant DNA and 1 of Micrococcus lysodeikticus 
marker DNA were centrifuged for 18 hours in a Spinco Model 
E analytical ultracentrifuge at 44,000 rpm. UV photographs 
were taken of the banded DNA and the negatives traced on a 
Beckman Model RB Analytrol equipped with a film densitom
eter. 
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Figure 1. Microdensitometor tracings of plant DNAs 
analytical CsCl gradients. 

banded in 
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It is interesting that all species in the genus Cucurbita have 

a prominent satellite DNA. Bendich and McCarthy (1970c) as well as 

Jaworski (1971) and Vedel (19 71) have shown that DNA of Cucumis sativus 

(Cucumis is another genus in the family Cucurbitaceae) also has a dense 

satellite band at 1.706 g/cc, and Jaworski (1971) has shown that this 

satellite contains sequences coding for rRNA. The possibility arises, 

therefore, that all plants in the family Cucurbitaceae may contain DNAs 

with a dense rDNA satellite component. Results with DNA in the genus 

Cucurbita contrast that of the genus Nicotiana. Lightfoot (1972) has 

shown that some species in this genus contain dense satellite DNAs 

whereas others do not. Those species that do contain a satellite are 

diploid. Those that do not are natural alio or autotetraploids. 

Table 2 gives the buoyant density for the main and satellite 

bands of Cucurbita DNAs in CsCl. The main band varied from 1.694-1.696 

g/cc while the buoyant densities of the satellite varied from 1.705-

1.708 g/cc. The differences in buoyant density for the main band and 

satellite band of the several species are not considered significant 

because six independent determinations of the buoyant density for C_. 

pepo produced a similar range in values for both the satellite and main 

band components. 

Schildkraut, Marmur, and Doty (1962) demonstrated that the base 

composition of a DNA is related to its buoyant density by the equation: 

BD - 1.660 pjcc 
GC „ 0-098 
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Table 2. Buoyant densities of Cucurbita DNAs. 

Species Group Species Main Banda Satellite Band 

Digitata c .  digitata 1 .696  1 .707  
c .  cylindrata 1 .695  1 .707  
c .  cordata 1 .694  1 .707  
c .  palmata 1 .695  1 .707  

Pepo c .  pepo 1 .696  1 .707  
c .  texana 1 .695  1 .706  

Sororia c .  sororia 1 .695  1 .706  
c .  palmeri 1 .695  1 .705  
c .  mixta 1 .694  1 .705  
c .  gracilor 1 .695  1 .706  

Maxima c .  maxima 1 .694  1 .708  
c .  andreana 1 .694  1 .707  

Lundelliana c .  lundelliana 1 .696  1 .707  
C. martinezii 1 .695  1 .706  
C. okeechobeensis 1 .696  1 .706  

Ecuadorensis C. ecuadorensis 1 .695  1 .706  

Moschata C. moschata 1 .695  1 .706  

Foetidissima c .  foetidissima 1 .695  1 .706  

Ficifolia C. ficifolia 1 .695  1 .707  

Pedatifolia C. pedatifolia 1 .695  1 .706  

a. Buoyant density expressed in g/cc. See legend to Figure 
1 for details of experiments. 



where BD is buoyant density of the DNA and GC is the mole fraction of 

guanine plus cytosine in the DNA. From the data in Table 2, the per

cent GC of Cucurbita DNAs was calculated using the above formula. The 

main band had an average percent GC of 36, while the dense satellite 

DNA had an average percent GC of 47. These results show that the DNAs 

of species in the genus Cucurbita contain approximately the same base 

composition. This is not surprising because as Sueoka (1965) has 

pointed out the DNAs from higher organisms vary much less in base com

position than do prokaryotic DNAs. Moreover, Biswas and Sarkar (1970) 

recently demonstrated that plant DNAs do not differ appreciably in base 

composition. 

The T of a native DNA can also be used to calculate its per-
m 

cent GC (Mandel and Marmur 1968). For this reason, the thermal dena-

turation characteristics of some Cucurbita DNAs were determined. 

Figures 2 and 3 show thermal denaturation profiles of C_. andreana 

(Maxima species group) and C_. mixta (Sororia species group). The Tm 

values in 0.5 x SSC are 77.8° and 76.6°, respectively corresponding to 

337« and 31°/> GC. By buoyant density data the percent GC for these DNAs 

is 36. Both methods, therefore, reveal a low GC content for Cucurbita 

DNA but the two methods yield somewhat different estimates. This may 

be due to the presence of minor bases in Cucurbita DNAs (Mandel and 

Marmur 1968). 

Characterization of Labeled Nucleic Acids 

Nucleic acid hybridization experiments require isotopically 

labeled nucleic acids in order to quantitate the extent and fideltiy 
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Figure 2. Thermal denaturation profile of C. andreana native DNA. 

Thirty ^ig of DNA in 0.5 x SSC was placed in 1-cm pathlength cuvettes 
with a 3-ml capacity. The temperature of the DNA solution was raised 
from ambient to boiling and the temperature and absorbance at 260 nm 
recorded continuously on a Gilford Model 2000 recording spectrophotom
eter. 
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Figure 3. Thermal denaturation profile of C_. mixta native DNA. 

See legend to Figure 2 for experimental details. 



of hybridization. Bendich (1969) has shown that labeled plant DNA and 

RNA can easily become contaminated with labeled bacterial nucleic acids. 

Because the presence of nonhomologous radioactive nucleic acids greatly 

affect interpretation of experimental results, labeled DNA and RNA 

preparations were routinely checked for the presence of bacterial nu

cleic acids before use in hybridization studies. 

Tritium-labeled tobacco leaf rRNA, prepared from ribosomes, was 

3 
monitored by mixing 2 yig of H-rRNA (specific activity of 54,300 cpm/^jg) 

with 20 pg of unlabeled E_. coli rRNA. The mixture was subjected to 

electrophoresis for 4 hours on 2.47» polyacrylamide gels: the gels were 

scanned for absorbance at 260 nm and then sliced for analysis of iso

tope distribution. If labeled bacterial RNA is present in the plant 

rRNA preparations, label should be present in the 23s and 16s regions 

of the gel as indicated by the 23s and 16s IS. coli rRNAs serving as 

markers. 

Figure 4 presents the results of such an experiment. The marker 

23s and 16s rRNAs are demonstrated by the profile. Both 25s and 

23s plant rRNAs are demonstrated by the radioactivity profile. Plant 

leaves contain 16s, 18s, 23s, and 25s rRHA (Loening and Ingle 1967). 

In this case the smaller rRNA componenents have been degraded; this 

has been a common experience for ribosome extracted rRNAs from plant 

leaves; rRNA preparations from total leaf extracts usually remain in

tact. Little or no contaminating rRNA is present in labeled plant rRNA 

preparations as shown by the relatively low counts in the 23s region 

3 
compared to the 25s. All H-rRNA preparations were analyzed in this 



3 
Figure 4. Co-electrophoresis of tobacco H-rRNA and unlabeled E_. coli rRNA. 

3 
Twenty jig of E. coli rRNA and 2 pg of tobacco H-rRNA (specific activity 
of 54,300 cpm/jig) were electrophoresed for 4 hours at 5 mA/gel on 2.47o 
polyacrylamide gels. After electrophoresis the gels were scanned for 
C®260 and sliced into 1-mm fractions. Each slice was analyzed for radio
activity content. 
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manner, and only those judged free of contaminating bacterial nucleic 

acids were used for hybridization experiments. 

Isotopically labeled plant DNA preparations were analyzed for 

the presence of labeled nonhomologous DNA contaminants by mixing a 

small amount of labeled DNA (1 pg) with 100 ̂ig of unlabeled tobacco DNA 

as a density marker and the mixture was subjected to preparative iso-

pycnic centrifugation. After reaching equilibrium the CsCl gradients 

were fractionated and the an̂  the amount of isotope in each frac

tion were determined. 

Figure 5 shows a preparation of C_. palmata labeled DNA that was 

contaminated with isotopically labeled nonhomologous DNA. Tobacco DNA 

forms a sharp band midway in the gradient as indicated by the OD pro-

3 
file. The bulk of H-C. palmata DNA co-banded with the tobacco DNA as 

expected (tobacco and pumpkin DNAs have the same buoyant density in 

CsCl as shown in Figure 1). An additional DNA component of high spe

cific activity was present, however, in fractions 2-6. This component 

is similar to the high GC component found by Bendich (1969) which has 

been shown to be Pseudomonas DNA. Figure 6 presents results of a CsCl 

3 
gradient containing H-C. pepo DNA which lacks this component. In this 

gradient C_. pepo co-bands with tobacco DNA. The dense satellite DNA of 

C. pepo is indicated by the shoulder in fractions 7-10, 

Most labeled DNA preparations lacked a contaminant and when 

they were present they never comprised more than 157.. of the total 

radioactivity. No general rule was found for eliminating the bacterial 

DNA from the labeled plant DNA preparations. When they were present, 



Figure 5. 
3 Preparative CsCl gradient of H-C_. palmata DNA and unlabeled tobacco DNA. 

3 
One hundred jig of tobacco DNA and 1 jig of H-C. palmata DNA (specific 
activity of 16,000 cpm/jig) in 0.05 M Tris-HCl, pH 8.2, was adjusted to 
a density of 1.700 g/cc with CsCl. The solution was centrifuged for 65 
hours at 35,000 rpm in a Spinco Model L ultracentrifuge. Eighteen drop 
fractions were collected from the bottom of the centrifuge tubes and 
each fraction was analyzed for C®260 anĉ  radioactivity content. 
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Figure 5. Preparative CsCl gradient of H-C. palmata DNA and unlabeled tobacco DNA. 



3 
Figure 6. Preparative CsGl gradient of H-C_. pepo DNA and unlabeled tobacco DNA. 

Details of experiment in legent to Figure 5. Specific activity of C_. 
pepo DNA was 35,820 cpm/jig. 
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Figure 6, Preparative CsCl gradient of H-C_. pepo DNA and unlabeled tobacco DNA, 



however, the plant DNA preparations were either discarded or the con

taminating component separated from the bulk of the DNA by collecting 

those fractions of the preparative CsCl density gradient which lacked 

the contaminant. 

Retention of DNA on Nitrocellulose Membranes 

Gillespie and Spiegelman (1965) have shown that 957= of the DNA 

embedded on nitrocellulose membranes remained on the membranes at the 

conclusion of the hybridization experiment. Recently, DeLey and Tijat 

(1970) have stated that DNA is released from nitrocellulose membranes 

during high temperature hybridization reactions (greater than 60°). 

Moreover, Vodkin (19 71) demonstrated only 73% retention on nitrocellu

lose membranes when using plant DNA for hybridization reactions. Re

tention experiments were conducted with labeled plant DNA in order to 

determine how well the DNAs remained bound to nitrocellulose membranes 

under the experimental conditions reported here. 

Isotopically labeled C_. sorori.a DNA was denatured and 1.8 pg 

3 
(7706 cpm) was embedded on nitrocellulose membranes. The H-DNA mem

branes were either washed and air-dried or_ washed, air-dried, vacuum 

oven-dried at 80°, and mock-hybridized to unlabeled plant leaf rRNA for 

18 hours at 68°. The membranes were then counted for radioactivity in 

a scintillation counter and the percentage of counts left on the mem

branes determined. The results (Table 3) show that only 4% of the DNA 

aliquot initially added to the membrane failed to bind, and that after 

18 hours of hybridization at high temperature and thorough washing only 

an additional 6% of the DNA was lost from the membrane. 
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Table 3. Retention of Cucurbita DNA on nitrocellulose membranes. 

Treatment Membrane CPM % Total Counts3 Average 

Air dry 1 7357 96 

2 7400 96 96 

3 7341 95 

Mock hybridization 1 7191 93 

2 6931 90 90 

3 6711 87 

3 
a. 1.8 jig of H~C. sororia (specific activity 4,280 cpm/yg) or 

7706 cpm was placed on each membrane. 
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These results are similar to those of Gillespie and Spiegelman 

(1965) indicating a high retention of DNA on nitrocellulose membranes 

and little loss during hybridization. The low retention of other re

searchers may possibly be attributed to low molecular weight DNA being 

used in the hybridization experiments because low molecular weight DNA 

will not bind to nitrocellulose as readily as high molecular weight DNA 

(Gillespie and Spiegelman 1965). No correction was made for loss of 

DNA from the membranes in subsequent hybridization experiments. 

Hybridization of Cucurbita DNA to rRNA 

It has been shown that plant genomes differ greatly in their 

percentage of nucleotide sequences coding for rRNA (Matsuda and Siegel 

1967, Matsuda et al. 1970, Vodkin 1971, Bendich and McCarthy 1970c). 

The reason for these differences is unknown. Lightfoot (1971) demon

strated a correlation between chromosome number and hybridization to 

rRNA for species within the genus Nicotiana. but no correlation was 

found between percent hybridization to rRNA and taxonomic groupings of 

species within the genus Nicotiana. In order to determine if differ

ences existed in the percentage of sequences coding for rRNA in the 

DNA of various Cucurbita species and to see if the genomic content of 

sequences coding for rRNA could be used to arrange species in the genus 

Cucurbita systematically, rRNA was hybridized to the DNA of Cucurbita 

species. 

A saturation hybridization experiment was first performed with 

the DNA of a single species to determine the ratio of DNA/RNA necessary 

to saturate Cucurbita DNA with rRNA. Nitrocellulose membranes were 



embedded with 1 jag of C_. pepo DNA and the DNA membranes were hybridized 

3 
to increasing amounts of H-tobacco rRNA [it has been shown by Matsuda 

and Siegel (1967) as well as Vodkin (19 71) that dicot DNAs when satur

ated with homologous or heterologous rRNAs in hybridization experiments 

give the same saturation values]. Figure 7 presents the results of the 

saturation of C_. pepo DNA with rRNA. A saturation value of approxi

mately 2.00% was attained vith an input of 0.5 of rRNA. This was a 

DNA/RNA ratio of 2.00. This value is in agreement with that of Vod

kin (1971) who found that 1.957» of C_. pepo DNA was complementary to C_. 

pepo rRNA. Another way to plot the data in Figure 7 is presented in 

Figure 8. By plotting the concentration of rRNA (;ig/ml) versus the 

concentration of rRNA/7° hybridization, a straight line results (Bishop 

et al.1969). The inverse of the slope of this line is the saturation 

value of the DNA at infinite rRNA concentration. The slope of the line 

in Figure 8 is 0.47, the inverse of which is 2.13. Thus, 2.13% of C_. 

pepo DNA is complementary to rRNA. 

DNAs, respresentative of all species groups in the genus Cu-

curbita, were hybridized at saturation to tobacco rRNA. Table 4 pre

sents results of hybridization experiments comparing percentage of 

Cucurbit DNAs complementary to rRNA. 

It is immediately evident that Cucurbita DNAs hybridize differ

ently to rRNA with the proportion of DNA being complementary to rRNA 

ranging from 1.35% to 3.00% for the different species. These values 

taken as a group are higher than that for the DNAs of most other organ

isms that have been examined. For instance, the range of values of 
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Figure 7. Saturation curve of C_. pepo DNA with tobacco H-rRNA, 

One jig of DNA was annealed to increasing amounts gf labeled tobacco rRNA (spe
cific activity of 7200 cpm/jag) for 18 hours at 68 in 1 ml of 2 x SSC, o 
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Figure 8. Saturation curve of Figure 7 transformed according to Bishop et al. (1969). 

The slope of line is 0.470 and the inverse is 2.13. 
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Table 4. Relative percent homology of Cucurbita DNAs to rRNA. 

Species Group Species Exp. 1 Exp. 2 Exp. 3 Average 

Sororia 

Pepo 

C. sororia 

C mixta 

C. pepo 

C. texana 

1.71 

2.51 

2.56 

1.65 

2.30 

2 .00  

1 .66  

2 . 6 6  

2.49 

1 .66  

1.69 

2.49 

2 . 2 0  

1 .66  

Maxima C. maxima 

C. andreana 

3.25 

1.65 1.50 

2.75 

2 .00  

3.00 

1.72 

Digitata C. palmata 

C. digitata 1 . 6 1  1.55 

Lundelliana C. okeechobeensis 1.37' 1.40 

C. martinezii 1.72 1.65 

1.50 1.50 

1.58 

1.39 

1.69 

Ecuadorensis C. ecuadorensis 

Moschata C. moschata 

1.67 

1.37 

1.75 1.71 

1.33 1.35 

Pedatifolia C. pedatifolia 1.71 1.45 1.58 

a. 1 >ig of DNA was hybridized to 1 of H-tobacco rRNA 
(specific activity of 54,300 cpm/>ig) at 68 for 18 hours in 1 ml of 
2 x SSC. At the end of the annealing period the membranes were washed, 
RNAase treated, dried, and counted in a scintillation spectrometer. 
Each value represents an average of three replicates within each ex
periment. Nonspecific hybridization was monitored by hybridizing mem
branes lacking DNA to labeled rRNA. 
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Nicotiana species is 0.3% to 0.9% (Lightfoot 19 72) and that for cotton, 

wheat, and barley are 0.7%, 0.7%, and 0.4%, respectively (Vodkin 1971). 

Values for other organisms are: 0.27% for Drosophila melanogaster. 

0.03% for HeLa cell DNA, 0.06% for Xenopus laevis. and 0.3% for Chiamy-

domonas reinhardi (Sinclair and Brown 1971), Yeast DNA contains 2.4% 

of its sequences complementary to rRNA (Schweizer, MacKechnie, and Hal-

vorson 1969). For values of most other organisms, see Birnstiel, Chip-

chase, and Spiers (1971) as well as Sinclair and Brown (1971). 

An examination of the data in Table 4 shows that no taxonomic 

relationships can be established between Cucurbita species using per

cent homology of DNA to rRNA. For example, C.. andreana and C_. maxima 

are members of the Maxima species group (Bemis et al. 19 70) and one 

might expect the DNAs of the two species to hybridize equally to rRNA 

but they do not; 1.72% of C_. andreana DNA is complementary to rRNA, 

while the value for C_. maxima DNA is 3.007o. Moreover, if the percent 

homology to rRNA is to be a useful taxonomic tool, each species group 

would have to have a hybridization value different from that of other 

species groups. This also is clearly not the case: C. sororia. a mem

ber of the Sororia species group has 1.69% of its genome complementary 

to rRNA, while C_. andreana. a member of the Maxima species group has a 

similar hybridization value. These results, then, are in agreement 

with those of Lightfoot (1972) in that the genomic content of sequences 

coding for rRNA cannot be used to arrange species within a genus sys

tematically. 
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DNA/DNA Hybridization Studies 
With Plant DNA 

Cross-hybridization of plant DNAs using the DNA membrane hy

bridization hybridization method were performed to test whether this 

technique would be useful to establish taxonomic relationships between 

plant species. Intergeneric comparisons were first made in order to 

establish that hybridization techniques can discriminate between more 

distantly related organisms. These studies involved tobacco (Nicotiana 

tabacum). Chinese cabbage (Brassica pekinesis), and pumpkin (Cucurbita 

maxima) DNAs. The DNA/DNA hybridization studies were then conducted 

using DNA from species in the genus Cucurbita to determine if closely 

related organisms could be differentiated. Before presenting the re

sults, however, several factors in performing DNA/DNA hybridization 

studies on nitrocellulose membranes will be discussed. 

McCarthy (1967) as well as McCarthy and McConaughy (1968) have 

established conditions for DNA/DNA hybridization studies using DNA 

membranes. These researchers utilized the procedure of Denhardt (1966) 

for DNA/DNA hybridization. It was pointed out that a large excess of 

filter-bound DNA to DNA in solution is necessary in order to minimize 

duplex formation of the latter. A ratio of filter-bound DNA/DNA in so

lution of 10 was established to be satisfactory in this regard. McCarthy 

and McConaughy (1968) also pointed out the necessity for having the la

beled solution DNA of low molecular weight because if DNA of high molec

ular weight is used in annealing studies large aggregates with a high 

degree of mispaired regions are formed. Using sheared DNA as one of 

the reactants in an annealing study prevents the formation of aggregates 
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and facilitates the formation of well-paired hybrids. Because of these 

factors, preliminary experiments were conducted in order to establish 

the size of labeled DNA used in the hybridization experiments and the 

best ratio of membrane-bound/unbound DNA. It was also decided to com

pare the Denhardt (1966) DNA/DNA hybridization procedure with that of 

Warnaar and Cohen (1966) to see if the relationships established be

tween plant DNAs were independent of the hybridization technique used. 

Band Sedimentation Velocity 
Studies of Plant DNA 

Band sedimentation velocity studies on tobacco DNA were per

formed in an analytical centrifuge to measure the single-stranded piece 

size of sheared and unsheared DNA (Studier 1965). Table 5 gives the 

O 
S _ _  v a l u e s  a n d  t h e i r  d e r i v e d  m o l e c u l a r  w e i g h t s  f o r  s h e a r e d  a n d  u n -20, w ° 

sheared DNA. 

Unsheared tobacco DNA has an average S°Q ̂  value in alkali of 

21.5 which corresponds to a single-stranded piece size of 3.4 x 10^ 

O 
daltons or 9,500 bases. Sheared DNA has an average S q̂ w value in al

kali of 12.75, corresponding to a molecular weight of 9 x 10"* daltons 

or 2,650 bases. Shearing of DNA through a 27-gauge needle thus reduces 

the size of single-stranded DNA to somewhat less than 10 daltons. All 

labeled DNAs used in DNA/DNA hybridization studies were sheared by pas

sage through a 27-gauge needle ten times and thus each piece contained 

2,600 bases on the average. 
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Table 5. Sedimentation coefficients and molecular weights for sheared 
and unsheared tobacco DNA. 

DNA Run 
20xw 

Molecular Weight Bases 

Unsheared 21.33 

22.02 

3.2 x 10 daltons 

3.6 x 106 daltons 

9,000 

10,000 

Sheared 12.01 

13.50 

7.95 x 10 daltons 

1.02 x 10^ daltons 

2,300 

3,000 

a. Tobacco DNA (10 pg/ml) was sheared by passage through a 27-
gauge needle ten times. Both sheared and unsheared DNA (0.5 jjg) were 
sedimented through alkaline salt solution (0.9 M NaCl + 0.1 M NaOIl) at 
30,000 rpm. UV photographs were taken at regular intervals and from 
microdensitometer traces of the negatives the sedimentation values were 
calculated. The S values were corrected for the temperature and vis
cosity relative to water at 20 . 

O 
b. Obtained by the following formula of Studier (1965): S2Q 

= 0.0538 where M is the molecular weight m daltons and 
S° is the sedimentation coefficient obtained in alkali. 
20, w 

c. The molecular weight of one base is assumed to be 350 dal
tons. 
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Homologous DNA/DNA Saturation Experiment 

In order to determine appropriate conditions for comparative 

DNA/DNA hybridization experiments, a determination was made of the sat

uration curve obtained when a constant small amount of labeled DNA in 

solution was incubated with increasing amounts of membrane-immobilized 

DNA. Figures 9 and 10 show the results of a saturation-hybridization 

experiment using C_. palmata DNA and employing the Denhardt (1966) 

technique. 

It appears that the amount of DNA in solution which hybridizes 

to the membrane-bound DNA plateaus at a filter-bound DNA/free DNA ratio 

of 20 (6 jig on the filter and 0.3 jig in the solution). This corre

sponds to approximately 10% of the DNA in solution hybridizing. By 

converting the data in Figure 9 to a linear saturation plot by the 

method of Bishop et al. (1969), a maximum of 15% of the DNA in solution 

would be expected to hybridize to an infinite amount of membrane-bound 

DNA (the reciprocal of 0.068, which is the slope). On the basis of the 

experiment shown in Figure 9, it was decided to conduct all other 

homologous and heterologous DNA/DNA hybridization experiments at a 

membrane-bound/solution DNA ratio of 20 and to incubate 6 jig of 

membrane-bound DNA with 0.3 jig of DNA in solution. 

Comparison of Denhardt. and Warnaar 
ancl Cohen Hybridization Procedures 

Denhardt (1966) as well as Warnaar and Cohen (1966) developed 

techniques to perform DNA/DNA hybridization studies (see Material and 

Methods section). One of these techniques, that of Warnaar and Cohen 



Figure 9. Homologous DNA/DNA hybridization saturation curve with C. palmata DNA. 

3 
Three-tenths >ig of H-C_. palmata DNA was annealed to C_. palmata DNA 
membranes with increasing amounts of DNA embedded in them. Annealing 
was conducted in 0.2 ml of 2 x SSC at 70° for 18 hours. 
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.6-

.0-

fjLQ DNA/ MEMBRANE 

Figure 10, Homologous DNA/DNA saturation curve of Figure 9 trans
formed according to Bishop et al. (1969). 

Slope of line in Figure 10 is 0.068. 
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(1966), is simpler and less time consuming than the other. However, 

many of the investigators who have compared the sequence homologies of 

various DNAs from an evolutionary standpoint have used the Denhardt 

(1966) technique. Therefore, it was decided to compare these two tech

niques to determine if they yield the same results. 

Table 6 presents the results of an experiment in which mem

branes embedded with (3. maxima. C. palmata. tobacco, and Chinese cab-

3 
bage DNA were hybridized to H-C. maxima DNA in solution by the two 

methods under comparison. It is seen that the relative hybridization 

values obtained by the two methods are the same when compared with the 

homologous hybridization value, although the absolute values are some

what different. The main interest in this work is in the comparative 

hybridization values and because these are the same with the two 

methods and because of the simplicity of the Warnaar and Cohen (1966) 

hybridization procedure, it was used in all subsequent hybridization 

experiments. 

DNA/PNA Hybridization Experiments Com
paring DNAs From Different Plant Genera 

DNA/DNA hybridization studies were performed in order to estab

lish systematic relationships between DNAs representing three different 

plant genera. These experiments were conducted using stringent hybridi

zation conditions which permit only closely related base sequences to 

anneal and which minimize base sequence mispairing (Church and McCarthy 

1968). That DNA/DNA hybridization using DNA membranes permits distinc

tion between plants in different families can be seen in Table 7. Not 



Table 6. A comparison of two DNA/DNA hybridization techniques. 

Warnaar and Cohen Denhardt 
.a ~ ~ . 

DNA c, 7T ... Relative „ , ... Relative 
/o Hybridization T7 , . ,. . . /° Hybridization ,, , ... 

/o HyD3rxdi.za.tion lo HyD3riQ.izati.0n 

C. maxima 8.27 100b 5.23 100 

C. palmata 6.48 78 4.15 79 

Tobacco 1.11 13 0.75 14 

Chinese cabbage 2.29 28 1.61 31 

a. Six ;jg of DNA for each species was bound to nitrocellulose membranes. The membranes 
were hybridized to ^H-C_. maxima DNA (specific activity of 9300 cpm/ug) by either the Denhardt (1966) 
procedure or the method of Warnaar and Cohen (1966). Annealing was for 18 hours at 70 in 2 x SSC. 

b. C_. maxima hybridization taken as 10CT/° in the homologous annealing reaction. 
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Table 7. DNA/DNA hybridization of DNAs from different plant genera. 

3H-DNAb 

Filter-Bound DNAa . 
C. maxima Tobacco 

C. maxima 100° 28 

C. palmata 78 26 

Tobacco 13 100 

Chinese cabbage 28 7 

E. coli 2 2 

a. See legend to Table 6 for details. Warnaar and Cohen 
(1966) hybridization technique used here. 

b. Specific activity of maxima DNA is 9300 cpm/pg. Spe
cific activity of tobacco DNA is 2390 cpm/pg. 

c. Homologous hybridization values were 8.27% for C_. maxima 
and 15% for tobacco. Each value represents an average of four repli
cates. A homologous hybridization range of 88-1127o was typical. 
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only can species in different families be distinguished from each other 

by this method but so can two species of the same genus. 

Homologous DNA/DNA hybridization reactions always produced the 

greatest amount of hybridization. Of those sequences which hybridized 

to C. maxima DNA in the homologous reaction, 787° hybridized to C_. pal-

mata, 137o to tobacco, 28% to Chinese cabbage, and 27° to E_. coli. This 

last value is probably due to nonspecific hybridization. Of those se

quences which hybridized to tobacco DNA, only 267o and 287° also hybrid

ized to C. maxima and C_. palmata, respectively. Moreover, tobacco and 

Chinese cabbage DNA had 77° of the hybridizing sequences in common, 

while tobacco and E. coli had 27°. These results show that DNAs from 

distantly related plants can be readily distinguished by DNA/DNA hy

bridization. Furthermore, DNA/DNA hybridization is sensitive enough to 

reveal differences between closely related plant species. An examina

tion of Table 7 shows that C_, maxima and C_, palmata DNAs are more 

closely related to each other because C_. maxima and C_. palmata are in 

the same genus while the other DNAs are members of different genera. 

These data also reveal that tobacco and Chinese cabbage DNA are more 

closely related to pumpkin DNA than to each other and that two species 

of Cucurbits have approximately the same number of sequences in common 

with tobacco DNA, 

It is to be noted that the reciprocal hybridization values for 

3 
C. maxima and tobacco DNAs are not the same ( H-C_. maxima DNA - un-

3 
labeled tobacco DNA duplexes, 137°; H-tobacco DNA - unlabeled C_. maxima 

DNA duplexes, 287°). The lack of reciprocity in hybridization values 
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has been observed by Bendich and McCarthy (1970a) as well as Searcy 

(1970). Searcy has proposed two hypotheses to explain this phenomenon. 

If the two hybridizing DNAs have different genome sizes then the pro

portion of sequences held in common between the two DNAs will be larger 

for the DNA having the smaller genome size. Alternatively, if this is 

a greater degree of redundancy for those sequences held in common be

tween the two DNAs than for those which are not, reciprocal hybridiza

tion values will be different. Thus, the lack of reciprocity may 

result from C_. maxima having a smaller genome size than tobacco or more 

redundancy for a particular nucleotide sequence held in common with to

bacco. Keener (1971) has preliminary results showing that an auto-

tetraploid of C_. maxima has less DNA/cell than tobacco. If this result 

is confirmed, C^. maxima has a smaller size than tobacco. This alone is 

sufficient to explain the lack of agreement in reciprocal hybridization 

values. 

DNA/DNA Hybridization Experiments Be-
tween Species of the Genus Cucurbita 

From the data in Table 7 it is obvious that differences can be 

found for DNAs in the same plant genus by use of DNA/DNA hybridization 

experiments and, thus, comparisons were made between several DNAs from 

species in the genus Cucurbita in an attempt to verify systematic re

lationships established by other methods. Cross-hybridization experi

ments were conducted using four labeled Cucurbita DNAs: C_. maxima. C. 

lundelliana. C^. palmata. and C, pepo. and nine unlabeled DNAs, repre

sentative of all major species groups, were also used. Table 8 pre

sents the extent of cross-hybridization found. 



Table 8. DNA/DNA hybridization of DNAs from species in the genus Cucurbita. 

Species . 3H-DNAb 

Group Filter-Bound DNA c. palmata C. maxima C. pepo C. lundelliana 

Exp. 1 Exp. 2 

Digitata c. palmata 100° 100 74 68 72 
c. digitata 86 - 51 - -

Maxima c. 
c. 

maxima 
andreana 

75 
73 

100 87 105 

Pepo c. pepo - - 82 100 99 

Sororia c. 
c. 

sororia 
mixta 

70 
66 

- - -

Lundelliana 

o
 a
 

lundelliana 
okeechobeensis 

"" 

75 
87 100 

a. Six pg of unlabeled DNA were bound to nitrocellulose membranes and annealed to 0.3 pg of 
labeled DNA in 0.2 ml of 2 x SSC for 18 hours at 70° by the method of Warnaar and Cohen (1966). 

3 
b. Specific activities of H-DNAs were: C. palmata (Exp. 1), 920 cpm/pg; C. palmata (Exp. 

2), 16,130 cpm/pg; C. maxima. 9,300 cpm/pg; C. pepo. 35,820 cpm/ug; and C. lundelliana. 11,530 
cpm/jig. 

c. Homologous hybridization values were 18.6%. for C. maxima, 10.9% for C. palmata (Exp. 1), 
8.5% for C. palmata (Exp. 2), 11.2% for C_. pepo. and 9.27<> for C_. lundel liana. 

CTi 
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It can be seen that DNAs of species from different species 

groups can be distinguished from each other. Surprisingly, two DNAs 

from species within the same species group can also be differentiated 

(i.e., C. palmata and C_. digitata hybridized to H-C_. palmata). The 

DNAs from a given species group also hybridize equally as well to a 

DNA from a member of another species group (i.e., (3. maxima and C_. 

3 
andreana hybridized to H-C_, palmata). This, however, was not the case 

3 
for C_. digitata and C_. palmata hybridized to H-C_, maxima. The reason 

for this discrepancy is unknown. Reciprocal hybridizations give simi

lar hybridization values indicating similar genome sizes and no large 

differences in redundancy for any nucleotide sequences held in common 

(Searcy 1970). The systematic relationships derived from these DNA/DNA 

hybridization experiments will be dealt with in the Discussion section. 

Homologous and Heterologous Thermal Stability 
Measurements of Plant DNA/DNA Duplexes 

The DNA/DNA hybridization experiments which measure cross-

hybridization between DNAs do not discriminate between duplexes of dif

ferent thermal stabilities. Those experiments measure all base se

quences sufficiently similar to hybridize (Church and McCarthy 1968). 

In order to assess the degree of nucleotide sequence divergence between 

families of DNA sequences that organisms have in common, measurements 

of hybrid DNA thermal stability are useful (Shearer and McCarthy 1970). 

Thermal Stability Measurements 
of Intergeneric DNA/DNA Duplexes 

Figure 11 presents integral plots of the thermal stability of 

DNA/DNA heteroduplexes between tobacco, Chinese cabbage, and pumpkin 



Figure 11. Thermal elution profiles of intergeneric_DNA/'DNA duplexes formed under 
stringent hybridization conditions with maxima DNA. 

O 
Membranes containing DNA/DNA hybrids formed at 70 were placed in 2 ml 
of 1 x SSC and incubated from 60° to boiling for 10 minutes at 5° in
crements. The amount of radioactivity eluted at each temperature was 
determined. T refers to total counts eluted from the membranes. Spe
cific activity of ^H-C. maxima DNA was 9,300 cpm/jig. 
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DNAs. It is evident from Figure 11 that the heterologous DNA/DNA du

plexes have similar thermal stabilities to that of the homologous £. 

maxima DNA/DNA duplex. This surprising result indicates that little 

base sequence divergence has occurred between those DNA sequences which 

were able to form hybrid duplexes at 70°. Table 9 presents the T 

values for the various DNA/DNA duplexes. Although the T values are 

similar, the T value for an intrageneric DNA/DNA duplex is higher than 

that of an intergeneric duplex. It is to be noted that the thermal 

stability of all DNA/DNA hybrid duplexes is quite high when compared 

to that of native DNA. This is surprising because hybridization on 

nitrocellulose membranes involves only families of redundant base se

quences and that these families are thought to contain different but 

related base sequences (Britten and Kohne 1968). Thus, one might ex

pect the T of a hybrid DNA to be lower than that of native DNA because 

of mismatching between the related base sequences. The T for native 

£. andreana DNA in 0.5 x SSC is 77.8° (Figure 2), and extrapolation of 

this value to that which would be obtained in 1 x SSC, the salt used 

in hybrid thermal stability measurements, gives a T for native C. an

dreana DNA of 83° (Mandel and Marmur 1968). The T values for DNA/DNA 

duplexes were approximately equal to this value, indicating little base 

pair mismatching and perfect hybrid formation (Britten and Kohne 1968). 

It is possible, though that, because of the stringent conditions em

ployed, little mismatching has occurred and most of the hybridizing se

quences are of high GC content. Laird et al. (1969) as well as Kohne 

et al. (1970) have established that a 1° difference in T between 



Table 9. T values for intergeneric DNA/DNA heteroduplexes formed with labeled C. maxima DNA. 
m — 

DNA 
70 

Reduction in T 
m 

60°  

Reduction in T 

C_. maxima 

C_. palmata 

Tobacco 

Chinese cabbage 

83.4 

83.2 

82.4 

82.2 

0 .2  

1 . 0  

1 .2  

8 2 . 2  

77.8 

79.6 

4.4 

2 . 6  

a. Details presented in legend to Figure 11. 

b. Homologous T minus heterologous T .  
m m 
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homologous and heterologous DNA/DNA duplexes represents approximately 

1.57° nucleotide sequence divergence in the hybridizing sequences. 

Table 9 presents the extent to which the T values of intergeneric 
m 

DNA/DNA heteroduplexes have been reduced relative to the homologous C_. 

maxima DNA/DNA duplex. The percentage of base sequence mismatching for 

tobacco and Chinese cabbage duplexes with C.. maxima DNA is 2.25 and 

1.75, respectively. 

Shearer and McCarthy (1970) have pointed out that base sequence 

divergence between DNAs is more readily observed at less stringent hy

bridization temperatures. Due to the fact that only small differences 

in thermal stability were observed for intergeneric DNA/DNA duplexes 

formed under stringent hybridization conditions (70 ), hybrids were 

formed at 60° in 2 x SSC in an attempt to obtain greater differences in 

T . Figure 12 presents thermal stability profiles of intergeneric 

O 
DNA/DNA duplexes formed with labeled C. maxima DNA at 60 and Table 9 

presents the T values. K m 

It is immediately evident that larger differences in T have 
m 

O O 
occurred at 60 than at 70 . It is surprising, however, that the T 

O 
obtained for the homologous £. maxima DNA/DNA duplex formed at 60 is 

0 ° ,°. 
approximately the same as that formed at 70 (82.2 versus 83.4 ). 

This seems to imply that each repetitious nucleotide sequence family 

which anneals consists of identical or almost identical copies of a 

nucleotide sequence (Shearer and McCarthy 19 70, Church and McCarthy 

1968). The Tm data in Table 9 for hybrids formed at 60 reveal 7% 

base sequence divergence between thjse sequences of C_. maxima and 
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tobacco DNA which hybridized. A value of 4% divergence is obtained for 

Chinese cabbage—C_. maxima hybrids. Thus, Chinese cabbage DNA appears 

to be more closely related to pumpkin DNA than is tobacco DNA in agree

ment with the same relationships obtained by quantitative cross-

hybridization measurements (see Table 7). 

Thermal Stability Measurements of 
Intrageneric DNA/DNA Duplexes 

Thermal stability measurements of Cucurbita DNA/DNA duplexes 

were made in order to assess the degree of nucleotide sequence diver

gence in those sequences which form hybrids between the various Cucur

bita DNAs. Table 10 presents the T values of various Cucurbita DNA/DNA 

duplexes. These values were taken from the thermal elution profiles as 

shown in Figures 13-16. The reduction in T of Cucurbita heterologous 

duplexes compared to the homologous duplexes is shown in Table 11. 

In view of the results with thermal stability measurements of 

intergeneric DNA/DNA duplexes, it is no surprise that little difference 

in T values is apparent between homoduplexes and the intrageneric du

plexes studied. The greatest difference in T values was between 84.4 

O 
and 82.2 for duplexes between C_. maxima and C_. digitata DNA. A survey 

O 
of Table 11 shows most heterologous duplexes to be reduced from 1 to 2 

in T compared to the homologous duplexes. Duplicate determinations of 

O 
the T for C. maxima DNA produced a 1.6 degree difference in T . 

m — m 

Thus, all homoduplexes and heteroduplexes formed between Cucurbita DNAs 

appear to have the same thermal stability. These results indicate 



Table 10. T values for Cucurbita DNA/DNA duplexes. 

Filter-Bound DNA' 
a 3H-DNA 

C. palmata C_. maxima C. pepo C_. lundelliana 

C. palmata 85.0 84.4 82.5 81.8 

C. digitata 83.6 82.0 

C. maxima 84.4 84.4 81.5 81.8 

C. pepo - 82.2 82.6 

0. sororia 83.2 

C. lundelliana - - 81.5 81.5 

a. Details of hybridization procedure given in legend to Table 8. Thermal elution pro
files conducted in 2 ml of 1 x SSC. 



a 
w 
t-
::) 
..J 
w 
(f) 

t-
z 

,::) 
0 
u 
, 0 
o' 

100 

90 

80 

70 

60 

50 

40 

30 

20 

~
w 

I 

/ 
/. 

/ _..'/ 
4''0 ,Jl/ 
~:,/;_p Tm DNA /n/ / 85.0 PALMATA--o--

__.... ~/ 83.6 DIGITATA--o-e-o-
10 

t 
~ ......... ~~ 84 .4 MAX IMA-----<>-----

-- '<JT / ---. - --~::.- 83.2 SORORIA-x--
60 65 70 7 5 80 8 5 90 95 

TE MPERATURE 

100 

F i gur e 13. The rmal elution pr ofiles of Cucurb i t a DNA/ DNA duplexe s using labeled ~. palmata 
DNA . 

Experimental procedure t h e s ame as in l egend to F i gure 11 . Speci f ic acti vity of 
3n-c. pa l mata DNA wa s 16 , 130 c pm/pg. 

-.....! 
.!='-



100 

90 

80 

~ 70 .._ 
:::> 
_J 60 w 
(/) 5o I //" Tm DNA 
I-
z 
:::> 
0 40J ~- 82.6 PEPO -···~···-
u 

/ 81.5 LUNDELLiANA---e 
~ 30 0 . 

82.5 PALMATA - ---Q-,- -

20l ~ 81. 5 MAXIMA --- --~-----

10 

60 65 70 75 80 85 9 0 9 5 

TEMPERATURE 
Figure 14. Thermal elution profiles o f Cucurb ita DNA/DNA duplexes using 3H-£. ~DNA. 

See legend to Figure 1 1 for experimental details . Specific a c tivity of £. 
~DNA was 35, 8 20 cpm/pg. 

T 

-....J 
Vl 



0 
w 
...... 
::> 
_j 
w 

(f) 

...... 
z 

,::> 
0 
u 
~ 0 

100 

90 

80 

70 

60 

50 

40 

30 

20 

10. 
~o-==--

~---~ -..:.-...... 

60 65 70 

cr L" 

/j/ 
/~// 

.cY fl 

//' 7':7 
"? .. ~ 

o/ pj/ /v-· ........... '.P 
0~ .... , / 

·-~~-".__.o- / / __ _ if 

75 80 85 

TEMPERATURE 

Tm DNA 

84.4 MAXIMA ----o----
84.4 PALMATA -~-

82.2 PEPO - -.. -t:r- .. --

8 2 .0 DIGITATA - o--G;-O-

90 95 

Figure 15. Thermal elution profi le s of Cucurbita DNA/DNA duplexes formed with labeled 
.Q.. maxima DNA. 

See legend to F igure 11 for experimental detail s. 

T 

'-.) 
()'\ 



100 

90 

80 
0 
w 70 
·I-
:J 
_j 60 w 
(/) 

50 1-
z 
:J 
0 40 u 

~ 0 30 Tm DNA 
81. 5 LU NDELLIANA ----o 

20 
81.8 MAXIMA ----<>----

10 81.8 PALMATA --o--

60 65 70 75 80 85 90 95 T 

TEMPERATURE 

Figure 16 . Thermal elution profiles of Cucurb ita DNA/DNA duplexes formed with 3H-C . lundelli
ana DNA . 

See l egend to Figure 11 for experimental detail s. Specific a c tivity of labeled 
f. l undelliana DNA was 11,530 cpm/pg. 

-...J 
-...J 



Table 11. Reduction of T in Cucurbita heteroduplexes compared to homoduplexes. 

Filter-Bound DNA 
3H-DNA 

Filter-Bound DNA 
C. palmata C. maxima C. pepo C. lundelliana 

C. palmata 
a 

0.0 0.10 -0.3 

C. digitata 1.40b 2.40 

C. maxima 0.60 1.10 -0.3 

C. pepo 2.20 

C. sororia 1.80 

C. lundelliana 1.10 -

a. Homologous DNA/DNA duplex. 

b. Homologous T minus heterologous T . 
m m 



little or no base sequence diversity among these Cucurbita DNA se

quences which are able to form hybrids under conditions used in the 

experiments. 



DISCUSSION 

Results from thermal denaturation studies as well as density 

gradient centrifugation demonstrate that DNAs of all species of the 

genus Cucurbita have approximately the same base composition. More

over, this base composition is the same as that for DNAs from tobacco 

and Chinese cabbage. This finding is similar to that of Biswas and 

Sarkar (1970) who demonstrated only a 6% range in percent GC content 

for 48 plant DNAs. Sueoka(l965) presented data showing that plants 

were much more uniform in base composition as compared to prokaryotes 

and viruses. It is evident, therefore, that base composition cannot be 

used to establish systematic relationships between various plants. 

It is interesting that all species in the genus Cucurbita con

tain a heavy rDNA satellite component. This is in contrast to species 

in the genus Nicotiana. only some of which have a visible rDNA satel

lite (Lightfoot 1971). Those species in the genus Nicotiana which do 

have a satellite are diploid species, while those that do not are tetra-

ploids. A possibility arises, therefore, that there is a coreelation 

between DNA content/cell and presence of a satellite rDNA component. 

This further suggests that there may be a minimum number of rRNA cis-

trons in a plant genome. Plants which have lower amounts of DNA/cell 

must have a higher percentage of their genomes coding for rRNA; hence 

a satellite component is present. Preliminary results of Keener (1971) 

demonstrated that an autotetraploid of C_. maxima had less DNA/cell than 

80 
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some diploid Nicotiana species. This low amount of DNA/cell would ex

plain the presence of a prominent rDNA satellite in Cucuribt DNA. 

Directly related to the presence of a rDNA satellite in all 

Cucurbita species is the fact that they all contain a large percentage 

of their genome complementary to rRNA, No Cucurbita species examined 

to date has less than 1.35% of its DNA sequences coding for rRNA. The 

correlation between a rDNA satellite and large proportion of a genome 

complementary to rRNA is substantiated by the fact that cucvimber has 

a rDNA satellite and also contains 1.17% of its sequences complementary 

to 25s and 18s rRNA (Jaworski 1971). Moreover, all Nicotiana species 

which contain a high proportion of sequences complementary to rRNA also 

contain a satellite DNA component (Lightfoot 1972). Thornburg (1968) 

as well as Lightfoot (1972) have shown that Chinese cabbage DNA con

tains a large proportion of sequences complementary to rRNA (1.9%, 

Lightfoot 1972). Chinese cabbage has a rDNA shoulder when banded to 

CsCl gradients. These results indicate that a correlation exists 

among amount of hybridization to rRNA, presence of a rDNA satellite, 

and amount of DNA/cell in plants. 

Although all species in the genus Cucurbita contain a satellite 

component, differences in amount of hybridization to rRNA is observed. 

Hybridization values vary from 1.35% in C. moschata to 3.007° for C_. 

maxima. As no correlation exists between the genomic proportion of se

quences coding for rRNA and taxonomic relationships between Cucurbita 

species, some other reason must exist for these differences. Three 

possibilities seem plausible. The first implies that the differences 



in hybridization of Cucurbita DNAs to rRNA is a result of a procedural 

artifact. Jaworski (1971) has shown that DNA extracted from crude nu

clear pellets are differentially enriched in rDNA. The DNA from soy

bean and carrot, extracted from nuclear pellets, are enriched in 

sequences coding for rRNA as compared to DNA from total tissue extracts. 

Cucumber DNA, on the other hand, does not show this phenomenon. Nu

clei of plants, therefore, are differentially susceptible to breakage. 

Differences in hybridization of Cucurbita DNAs to rRNA could reflect 

this phenonmenon. A second possibility is that all species of Cucur

bita have the same number of rRNA cistrons in their genomes and that 

the different degrees of hybridization to rRNA imply that the species 

have different amounts of DNA/cell. The last possibility is that spe

cies of Cucurbita have DNAs with different numbers of rRNA cistrons 

for some as yet undetermined reason. As no data are yet available on 

the amount of DNA/cell for the various Cucurbita species, a choice be

tween possibility two and three cannot be made. 

Figure 17 presents a drawing of the systematic relationships 

obtained between tobacco, Chinese cabbage, and pumpkin as inferred from 

the hybridization data in Table 7. These relationships were made from 

the quantitative cross-hybridization data and were substantiated by the 

thermal elution profiles obtained under nonstringent hybridization con

ditions (see Figure 12). It is seen that tobacco and Chinese cabbage 

are more closely related to pumpkin than they are to each other. These 

results indicate that DNA/DNA hybridization is a useful tool in estab

lishing systematic relationships be: vveen plants from different families. 



PUMPKIN 

TOBACCO ^ CHINESE 
CABBAGE 

Figure 17. Systematic relationships between plants representing three different families 
as inferred from DNA/DNA hybridization experiments. 

Lines indicate the systematic relationships between the plants in the figure. 
The longer the line, the lower the amount of DNA/DNA hybridization between 
the DNAs, and hence a more distal relationship. 00 

CO 
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Figure 18 presents the relationships between different species 

of Cucurbits that were obtained from DNA/DNA hybridization experiments 

(see Table 8). Only cross-hybridization data were used in establishing 

these relationships because the thermal stabilities of the several 

Cucurbita DNA/DNA duplexes examined were all the same. It appears that 

C_. palmata. a xerophytic species which is a member of the Digitata spe

cies group is distantly related to all other species. This is in agree

ment with the results of VJhitaker and Bemis (1965) who concluded that 

the xerophytic species of Cucurbita have become isolated both geneti

cally and geographically from the rest of the species in the genus. 

Cucurbita lundelliana. a tropical species which is a member of the Lun-

delliana species group, is very closely related to £. maxima and C_. 

pepo (their DNAs were almost indistinguishable by hybridization data, 

and, therefore, the relationships in Figure 18 between these species 

are somewhat exaggerated. Whitalcer and Bemis (1965) state that C^. lun

delliana is genetically compatible with all cultivated species of the 

genus Cucurbita, implicating C. lundelliana as a possible choice for 

the putative ancestor of cultivated Cucurbits. As C_. pepo and C_. 

maxima are both cultivated species, the hybridization data agree with 

the findings of Whitaker and Bemis (1965). Cucurbita pepo and C_. Max

ima are closely related by hybridization data, but not as closely as 

they both are to C.. lundelliana nor as distant as to C., palmata. Al

though they both may have been derived from C. lundelliana, the evolu

tion which has taken place may have occurred along different lines and 

in different directions. This would cause them to be more closely 
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Figure 18. Systematic relationships between species of the genus Cucurbita inferred from DNA/DNA 
hybridization experiments. 
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related to their putative ancestor than to each other. Although 

genetic hybrids between the cultivated species and C_. lundelliana can 

occur, genetic hybrids between C_. pepo and C, maxima are sterile 

(Whitaker and Bemis 1965). This supports the molecular hybridization 

data as shown by the relationships drawn in Figure 18. 

It is interesting that, although differences in cross-hybridi

zation are obtained for DNAs within the genus Cucurbita. little differ

ence is found in the thermal stability of the resulting DNA/DNA du

plexes. This also appears to be the case for intergeneric DNA/DNA 

hybrids formed at 70° (stringent hybridization conditions). This re

sult indicates that little base sequence divergence has occurred in 

those sequences which are sufficiently similar to hybridize at 70°. 

The base sequence divergence that has occurred, producing the quanti

tative cross-hybridization differences, seems to be complete. That is, 

the base sequences have evolved completely from each other so as to 

prevent any DNA/DNA hybridization. Experimental results on the thermal 

stability of intergeneric and intrageneric DNA/DNA duplexes may mean 

that certain nucleotide sequences are conserved in higher plants. It 

remains to be determined what these sequences are, but they may include 

those sequences coding for rRNA. These have been shown by Matsuda and 

Siegel (1967) to be conserved in higher plants. 

It may be asked what the systematic relationships established 

by DNA/DNA hybridization experiments mean. Are they phylogenetic re

lationships or phenetic relationships? Entingh (1970) has stated that 

phenetic relationships are based on indices of overall similarity be

tween species. Phylogenetic relationships, on the other hand, are 
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based on specific characteristics selected to produce a genealogy which 

is most compatible with all phenotypic characteristics of the species. 

Thus, phenetic relationships are measures of how species are related to 

each other, while phylogenetic relationships are measures of the rela

tionships between species including a genealogy factor. The systematic 

relationships shown in Figures 17 and 18 involve phenetic relationships 

according to the above definitions. From the hybridization data, it is 

not possible to trace the evolution within the genus Cucurbita. All 

that can be concluded is that a species is more closely related to spe

cies A than to species B, The results with DNA/DNA hybridization within 

the genus Cucurbita are in agreement with those of Entingh (19 70) in 

that hybridization experiments measure phenetic, not phylogenetic, re

lationships between species. 

The purpose of this dissertation was to determine whether DNA/ 

DNA hybridization studies could detect differences in the DNAs of 

closely related species. The results presented in this dissertation 

reveal that this is possible. Moreover, taxonomically meaningful re

sults are obtained with this method. The systematic relationships es

tablished between species in the genus Cucurbita are similar to the 

relationships obtained by other methods. These studies did not, how

ever, reveal any new information about the relationships between the 

species. It is concluded that nucleic acid hybridization studies are a 

useful tool in establishing systematic relationships between organisms 

but that other methods are equally useful. It is desirable, therefore, 

to use information obtained from many techniques in establishing taxo-

nomic relationships between species. 



SUMMARY 

1. All species in the genus Cucurbita have DNA with approxi

mately the same base composition. The DNAs band in CsCl at 1.696 g/cc 

and each has a prominent satellite band at 1.707 g/cc. The buoyant 

density of the main band and satellite band correspond to 367» and 47% 

GC, respectively. 

2. Measurements of the mean thermal dissociation temperature 

of Cucurbita DNA also confirm that it is low in GC content. A possibil

ity arises, however, of minor bases being present in Cucurbita DNA. 

3. All Cucurbita species examined contain a large proportion 

of sequences complementary to rRNA in their DNA. The hybridization 

values range from 1.35% to 3.007° for DNAs from species in this genus. 

4. Intergeneric DNA/DNA hybridization experiments with tobacco, 

Chinese cabbage, and pumpkin DNAs indicated that tobacco and Chinese 

cabbage DNAs are more closely related to pumpkin DNA than to each other. 

5. Cross-hybridization studies with DNAs from species in the 

genus Cucurbita demonstrated differences in those portions of the Cu

curbita genomes which annealed under membrane hybridization conditions. 

From the DNA/DNA hybridization data, systematic relationships between 

Cucurbita species were derived. These relationships agree with those 

inferred from other techniques. 

6. Thermal stability measurements of both intergeneric and 

intrageneric DNA/DNA duplexes revealed little base sequence divergence 
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among those sequences which could form hybrids under stringent hybridi

zation conditions. Some base sequence divergence between intergeneric 

DNA/DNA duplexes was found when the hybrids were formed under non-

stringent conditions. 

7. It is concluded that DNA/DNA hybridization experiments can 

be applied meaningfully to a systematic analysis of species contained 

within a genus of higher organisms. 
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