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ABSTRACT 

One way of assessing the degree of relatedness of 

organisms is to compare the biochemical properties of their 

genetic material, deoxyribonucleic acid (DNA). The DNAs of 

10 members of the genus Nicotiana (tobacco) and of a 

phylogenetically well separated species, Brassica pekinensis 

(chinese cabbage), were examined for their proportions of 

nucleotide sequences complementary to the ribosomal 

ribonucleic acids (rRNAs) of 80s, cytoplasmic, and 70s, 

chloroplastic, ribosomes. RNAs from leaves, which contain 

both 80s and 70s ribosomes, were hybridized with DNA to 

determine the proportion of DNA which is sequence comple

mentary to the rRNA species found in 80s and 70s ribosomes. 

The rRNA from roots, which contain only 80s ribosomes, was 

used to determine the proportion of complementarity to 

cytoplasmic rRNA. The proportion of DNA complementary to 

chloroplastic rRNA was determined as the difference between 

leaf and root rRNA hybridization values. 

The per cent of DNA which is complementary to RNA 

of 80s plus 70s ribosomes (the per cent of total rDNA) 

differs among species of Nicotiana. Five species contain 

low and nearly equal percentages of total rDNA (0.27% to 

0.33%) and five species contain higher and more variable 

percentages of total rDNA (0.43% to 0.90%). The per cent of 

viii 



rDNA complementary only to RNA of 80s ribosomes (per cent 

rDNAg0) may be used to distinguish the same two groups with 

the exception that N. occidentalis (total rDNA = 0.43%) is 

now in the low hybridizing group. Six species contain 

various low percentages of rDNAgg (0.13% to 0.20%) and four 

species contain a higher percentage of rDNAg^ (0.25% to 

0.27%). Species with low percentages of rDNAgg (N. rustica. 

N. occidentalis. N. tabacum. N. qlauca. N. biqelovii. and 

N. benthamiana) are tetraploids (n = 24) and species with 

high percentages of rDNAgQ (N. qlutinosa. N. acuminata. N. 

paniculata. and N. sylvestris) are diploids (n = 12). The 

percentage of the DNA of each species represented as total 

rDNA or as rDNAgg was found not to correlate to numbers of 

nucleoli, chromosomal morphology, or to taxonomy in the 

genus. 

All Nicotiana species DNAs studied contain a major 

DNA fraction with a buoyant density of 1.693 to 1.696 g/cc 

when analyzed by isopycnic centrifugation in CsCl. In 

addition, DNAs with over 0.5% of rDNA contain a dense 

satellite DNA fraction (1.704 _+ 0.001 g/cc) which, in the 

case of N. sylvestris. was shown to contain the rDNA comple

ment plus other kinds of DNA. 

The DNAs of seed and leaf tissues of N. tabacum and 

of N. paniculata were examined for possible differences in 

the percentage of total rDNA. In both species, seed DNA 

contains a lower percentage of total rDNA than does leaf 



tissue DNA; N. tabacum seed DNA contains 0.15% rDNA compared 

to 0.30% rDNA for leaf DNA, and N. paniculata seed DNA is 

composed of 0.43% rDNA while leaf DNA contains 0.73% rDNA. 

Comparable examination of B. pekinensis showed that leaf and 

seed DNAs of this plant contain the same percentages of 

total rDNA (1.8%). 



INTRODUCTION 

Deoxyribonucleic acid (DNA) is the genetic material 

of cellular organisms. Thus, organisms which differ in 

inherited, phenotypic traits must also differ in their DNAs. 

In the past two decades efforts have been made to observe 

differences in the DNAs from various sources. Some of the 

properties in which DNAs of organisms have been found to 

differ are: nucleotide base composition, amount of DNA per 

cell, proportion of repetitive sequences, proportion of DNA 

complementary to ribosomal RNA, and base sequence. 

Some of these properties have been found to be useful 

in taxonomic classification of organisms. For instance, 

nucleotide base composition varies within narrow limits for 

eucaryotes, whereas the base compositions of procaryote DNAs 

differ remarkably and in fact, may be used to distinguish 

and to characterize groups of procaryotes (Belozersky and 

Spirin, 1955; Mandel, 1969; Bicknell and Douglas, 1970). 

Nucleotide base sequence is a property of DNA which 

differs between organisms. Methods have been developed for 

comparing the base sequences of DNAs (McCarthy and Bolton, 

1963; Gibson, 1968). Using these methods, Hoyer et al. 

(1965) have shown that organisms that are closely related 

phylogenetically (i.e., man and chimpanzee) have DNAs with 

similar base sequences whereas organisms that are widely 

1 
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divergent (i.e., man and fish) have DNAs which differ to a 

much greater extent in base sequences. 

DNAs may be compared according to the per cent of 

"total rDNA" which they contain. In this dissertation, 

total rDNA is defined as the DNA which is the base sequence 

complement of the major species of ribosomal ribonucleic 

acid (rRNA), i.e., the rRNAs of 70s and 80s ribosomes in 

plants, the rRNAs of 80s ribosomes in animals, or the rRNAs 

of 70s ribosomes in bacteria. Two main factors upon which 

the genomic per cent of total rDNA depends are the number of 

copies of rDNA in the genome and the total genomic amount of 

DNA. The per cent of total rDNA has been examined in 

genomic DNAs of a number of diverse organisms and has been 

found to vary from 0.01% for Necturus maculosus (mudpuppy; 

Brown and Dawid, 1968) to 3% for Cucurbita maxima (Goldberg, 

1971). The genomic per cent of total rDNA has also been 

examined for distantly related plant species (Matsuda and 

Siegel, 1967; Bendich and McCarthy, 1970; Matsuda, Siegel, 

and Lightfoot, 1970) and it has been found to vary from 

0.25% for Nicotiana tabacum to 3% for Cucurbita maxima 

(Goldberg, 1971). One of the purposes of the work, described 

in this dissertation was to determine the taxonomic signifi

cance of the genomic per cent of total rDNA. To this end, 

DNAs of leaves of Nicotiana species were examined for their 

per cents of rDNA. 
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A peculiarity of genomic rDNA is that its proportion 

in nuclear DNA has been found to be amplified in the oocyte 

DNAs of some amphibians. For instance, in Xenopus laevis. 

the African clawed toad, somatic tissue DNA contains 0.057% 

of total rDNA (this per cent represents 900 copies of rDNA 

per diploid genome; Brown and Weber, 1968) whereas oocyte 

nuclei of this toad undergo a period of rDNA amplification 

after which 20% of the DNA is rDNA (this is equivalent to 

2 x 10^ copies of rDNA per cell; Birnstiel, Chipchase, and 

Speirs, 1971). Reports such as this emphasize that the per 

cent of rDNA in DNAs of various tissues of an organism may 

not necessarily be constant. Accordingly, the possibility 

was tested that the per cent of total rDNA in tobacco leaf 

DNA may not be the same as the per cent of total rDNA in 

other tobacco tissue DNAs. Seed nuclear DNA was extracted 

and its proportion of total rDNA determined and compared to 

the rDNA proportion found in leaf genomic DNA. 



LITERATURE REVIEW 

Cellular RNA 

Cells contain a number of RNA species each of which 

is transcribed from a DNA template and, consequently, has a 

base sequence which is complementary to a region of DNA 

(reviewed by Watson, 1970). At least four classes of RNA 

occur in the cell: rapidly metabolized nuclear RNA, 

messenger RNA, transfer RNA, and ribosomal RNA. All but the 

first of these are known to play a role in the process of 

protein synthesis. The rapidly metabolized nuclear RNA, 

however, only occurs in eucaryote nuclei and its function 

remains obscure. Characteristically this is a heterodis-

perse class of RNA and it may be detected by its incorpora

tion of 90% of the radioactive label in animal cells which 

are exposed to radioactive RNA precursors for short labelling 

periods (Harris, 1968). 

Messenger RNA fulfills a central role in protein 

synthesis because it is transcribed from the nuclear genes 

which contain coded information for the amino acid sequences 

of proteins. It combines with ribosomes in the cytoplasm 

where its nucleotide sequence is translated into the amino 

acid sequence of polypeptides (Watson, 1970). Messenger RNA 

is heterogeneous in size and constitutes about 1% of the 

cellular RNA (Watson, 1970). 

4 
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Transfer RNA is the term applied to a heterogeneous 

population of RNAs having low molecular weights of approxi

mately 2.5 x 10^ daltons (Watson, 1970). The different 

species are comprised of 76 to 85 nucleotides and are some

times referred to as the 4s or soluble class of cytoplasmic 

RNA (Cramer, 1971). Transfer RNA constitutes from 10% to 

20% of total cellular RNA and functions as an adaptor 

molecule in protein synthesis (Watson, 1970). An amino acid 

is joined to a transfer RNA molecule which then combines, by 

virtue of an anti-codon, trinucleotide recognition site, 

with a ribosome-messenger RNA complex (the polysomal 

apparatus) where the amino acid is joined to the end of a 

growing polypeptide chain. There is at least one transfer 

RNA species for each amino acid and for many of the amino 

acids there are more than one. 

The fourth major class of RNA is ribosomal RNA 

(rRNA). Although rRNA is abundant, being 80% of cell RNA, 

little is known of its function as a mediator of protein 

synthesis (Watson, 1970). Ribosomes fall into two general 

categories, 70s ribosomes of bacteria and chloroplasts and 

80s ribosomes of animal and plant cytoplasm, and in both 

types of ribosome about half of the ribosomal mass is rRNA 

(Watson, 1970). Ribosomes are composed of two ribonucleo-

protein sub-units: the 80s ribosomes contain 60s and 40s 

sub-units, and the 70s ribosomes contain 50s and 30s sub-

units. The larger 60s or 50s sub-units of ribosomes contain 
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one 25s or 23s RNA molecule, respectively, and the smaller 

40s or 30s ribosomal sub-units contain, respectively, one 

18s or 16s RNA molecule. In addition, the larger sub-units 

contain a small 5s species of RNA (Watson, 1970). The "s" 

values used here are based on hydrodynamic properties of the 

RNAs and ribosomes in a centrifugal field and may be used in 

calculations to approximate molecular weights (Kurland, 

1960). Analyses of this kind for rRNA species have estab

lished the following molecular weights: 25s rRNA = 1.3 x 

10^ daltons; 23s rRNA = 1.1 x 10 6 daltons; 18s rRNA = 0.7 x 

6 6 
10 daltons, 16s rRNA = 0.56 x 10 daltons (Ingle et al., 

1969). 

Hybridization of RNAs to DNAs 

A primary objective of this study was to compare 

DNAs from closely related plants for their proportion which 

is complementary to rRNA. Presently, it is not practical to 

isolate the specific rDNA fractions present in most plants, 

but the proportion of rDNA can be determined by artificial 

RNA to DNA hybridization techniques. This method involves 

incubating denatured DNA and radioactively labelled RNA 

under appropriate temperature and salt conditions and 

measuring the amount of RNA-DNA hybrid formed (reviewed by 

Kennell, 1971). The earliest method used for measuring the 

amount of hybrid formation was to submit the mixture of 

nucleic acids, which had been previously treated to 
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encourage hybrid formation, to isopycnic centrifugation in 

CsCl. This method permits measurements to be made of the 

amount of labelled RNA which occurs in the double-stranded 

DNA region of the CsCl gradient, and, subsequently, the 

amount of RNA hybridized to DNA may be calculated (Hall and 

Spiegelman, 1961). Nygaard and Hall (1964) discovered that 

single-stranded DNA sticks to nitrocellulose membrane 

filters and this observation was later used in improved 

methods of artificial hybridization. Thus, Gillespie and 

Spiegelman (1965) immobilized denatured DNA on a nitro

cellulose membrane in order to maintain physical separation 

of DNA strands during the subsequent hybridization incuba

tion. This improvement prevented DNA-DNA renaturation from 

competing with the RNA-DNA hybridization reaction under 

study. 

Conditions for the hybridization reaction of RNA 

with DNA have been examined by a number of investigators 

with a view toward conducting hybridizations of maximum 

efficiency (Gillespie and Spiegelman, 1965; Bishop, 1969; 

Kennell, 1971). Hybridizations are often conducted between 

an RNA sample containing one or a few kinds of nucleotide 

sequences and genomic DNA containing many kinds of nucleo

tide sequences. Each kind of RNA forms hybrids of greatest 

integrity with DNA regions with which it is the nucleotide 

sequence complement. However, under certain hybridization 

conditions of low stringency, such as high salt 
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concentration or low temperature, an RNA species may 

hybridize to other DNA cistrons with which it is only partly 

complementary (Church and McCarthy, 1968; Kennell, 1971). 

These observations have been useful for designing hybridiza

tion experiments having a high degree of hybrid specificity 

(Bishop, 1969). 

Redundant Sequences in DNA 

Eucaryotic organisms usually contain more genomic 

DNA than do procaryotes (Stebbins, 1966). Since eucaryotes 

exhibit a much greater degree of organizational specializa

tion and complexity than do procaryotes, the extra complement 

of DNA in eucaryotes is thought to be needed for this extra 

complexity. However, there appears to be much too large an 

excess of DNA in eucaryotes, compared to procaryotes, to be 

accountable just on the basis of increased complexity 

(Britten and Davidson, 1969). As an illustration of this 

9 
point, the DNA of the bovine genome contains 3.2 x 10 

nucleotide pairs; this amount differs by a factor of 700 

from the genomic DNA content of the procaryote, Escherichia 

g 
coli. which contains 4.5 x 10 nucleotide pairs (Britten 

and Kohne, 1968). This large difference is not believed to 

show that the bovine genome contains 700 times as many kinds 

of genes as may be found in the JE. coli chromosome but, 

instead, there is evidence that the differences in genomic 
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size reflect, in part, a high degree of redundancy in a 

number of the genes (Britten and Kohne, 1968). 

Britten and Kohne (1968) examined a number of 

genomes for their content of redundant DNA sequences and 

they reported both the number of types of redundant 

sequences and the degree of repetitiveness within a single 

type (family) of redundant sequences. Their experiments 

were based on the fact that DNA which is denatured to 

single stranded form and then subjected to proper conditions 

of temperature and salt concentration renatures to form the 

original sequence-complementary, double stranded molecule 

(Schildkraut, Marmur, and Doty, 1961). The rate of 

renaturation depends on collisions between regions of DNA 

which contain complementary sequences. Consequently, in 

any given reaction mixture, DNA sequences which are present 

as multiple copies would be expected to collide and renature 

more often than DNA sequences which are present as single, 

or unique copies and, therefore, the most redundant families 

of similar DNA sequences complete the renaturation sooner 

than do families of lower multiplicity. 

When the DNA of E. coli was denatured, sheared, and 

examined for its kinetics of renaturation, it was found to 

undergo a single, second-order reaction during the renatura

tion process. This result is said to indicate the presence 

of genes of approximately equal redundancy and in this case 

they are mostly unique genes (Britten and Kohne, 1968). In 



addition, the average rate of the 12. coli DNA renaturation 

reaction indicated that this organism contains a small 

genome, in agreement with data from other sources (Cairns, 

1962; Britten and Kohne, 1968). In contrast, the bovine 

genome was examined by using the same approach and renatura

tion of DNA was observed to occur in three phases (Britten 

and Kohne, 1968). By quantitative evaluation of the 

renaturation reaction the authors were able to conclude that 

this complex eucaryote genome is composed of three very 

broad families of DNA sequences and that the families con

tain either unique genes, those genes which occur in about 

10,000 copies, or genes which are repeated about 1,000,000 

times. Together, the latter two families constitute 45% of 

the bovine genome (Britten and Kohne, 1968). The outstand

ing observation here is that the higher eucaryotes, but not 

procaryotes, contain a few large families of redundant DNA 

sequences occurring at various levels of redundancy. 

Redundant DNA sequences have been observed in a 

great variety of eucaryotes and in many cases, part of the 

complement of redundant DNA is composed of cistrons for 

ribosomal RNA (Britten and Kohne, 1968). The total number 

of rDNA cistrons per genome has been calculated for several 

organisms from knowledge of the per cent rDNA in genomic 

DNA, the molecular weight of rRNA, and the DNA content per 

cell. It should be noted that the cellular DNA content is 

occasionally not a well determined value as may be seen in 



the review of Birnstiel et al. (1971). Nevertheless, a 

number of comparisons of currently published data are 

instructive. Mycoplasma are the only organisms studied 

which have but one gene for rRNA per cell (Birnstiel et al., 

19.71). E.. coli genomes contain 10 replicas of rDNA 

(Yankofsky and Spiegelman, 1962), Drosophila melanoqaster 

contains about 200 genomic copies (Ritossa and Spiegelman, 

1965), while N. tabacum genomes contain about 1,500 copies 

and pumpkin contains 15,000 copies of rDNA (Matsuda and 

Siegel, 1967). These examples suggest that rDNA redundancy 

may be used for making a systematic arrangement of organisms 

in which plants have more redundancy than animals, which in 

turn, have more redundancy in rDNA cistrons than do 

procaryotes. 

Redundancy of rDNA has also "been examined for 

possible correlations which it might hold to the taxonomy 

among a small group of fish (Pedersen, 1971). This 

comparison of fish rDNA complements was accomplished by 

hybridizing genomic DNAs of flounder, goldfish, trout, 

shark, and lungfish to yeast rRNA in saturation hybridiza

tion experiments. The DNA content in the genome of each 

fish was directly measured and then calculations were made 

of the number of rDNA cistrons per fish genome (Pedersen, 

1971). When comparing lungfish, shark, and other fish, 

certain correlations were observed. Lungfish contains 

4,800 rDNA cistrons per genome and has a relative cell 
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volume of 40, shark has 960 rDNA cistrons and a relative 

cell volume of 3.3, and the other fish have 240 to 730 rDNA 

cistrons and cell volumes of 1 to 2 (Pedersen, 1971). 

Apparently, cell volume and rDNA redundancy are correlated 

traits and both are greater in the more primitive species. 

Relationships Existing Among rDNAs 
and Other DNA Species 

Each major species of cellular RNA is transcribed 

from DNA and, theoretically, it may be used in hybridization 

experiments to study the regions of DNA from which it is 

synthesized. The most abundant cellular RNAs, the ribosomal 

RNA species, have been employed extensively in such studies 

and it is the rRNA species, 25s, 23s, 18s, and 16s rRNAs, 

which were used in the research project reported in this 

dissertation. A limited amount of investigation has been 

conducted on the DNA regions from which the 5s RNA, a small 

species of RNA found in eucaryote ribosomes, is transcribed 

and this information is presented after discussion of rDNA. 

An early examination of the E_. coli genome showed 

that when DNA of this procaryote was fractionated by 

isopycnic centrifugation, only dense fractions of DNA were 

capable of hybridizing to rRNA (Yankofsky and Spiegelman, 

1962). This result was thought to suggest that the ten 

copies of rDNA which exist in an E. coli genome are clustered 

in one region of the chromosome. Subsequently, in an 

examination of the B. subtilis genome, Oishi and Sueoka 
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(1965) reported that the estimated three copies of rDNA in 

this genome are clustered in one region which is located 

between the Ad and thr markers of the chromosome. In 

another experiment it was found that the sum of hybridiza

tion values of individual rRNA species equals the value 

obtained using a mixture of the same 16s and 23s rRNAs. 

This result was taken as evidence that rDNA species for 

the 16s and 23s rRNAs are separate entities but, neverthe

less, are located in the same limited region of the chromo

some (Oishi and Sueoka, 1965). Recently, Purdom, Bishop, 

and Birnstiel (1970) showed that 23s and 16s types of rDNA 

in E. coli occur as tandem pairs but that each pair is 

separated from another pair by non-rDNA segments of at least 

2 x 10^ daltons. Thus, it appears that in bacteria a few 

rDNA regions exist in a genome and, while two cistronsfor 

RNA species of a single ribosome may be contiguous or nearly 

so, these tandem pairs of cistrons are spaced by other DNA. 

In comparable studies with eucaryotes, DNAs were 

separated according to their buoyant density and it was 

observed that rDNA is often asymmetrically distributed within 

the dense portion of the main band region of DNA or that the 

rDNA is found in a separate satellite DNA fraction (Wallace 

and Birnstiel, 1966; Matsuda and Siegel, 1967; Gall, 1969; 

Matsuda et al., 1970; Pedersen, 1971). In a detailed study 

of the rDNA satellite in the X« laevis genome, the satellite 

was found to be composed of 40% rDNA in which the 28s and 
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18s species of rDNA were arranged in tandem pairs (Birnstiel 

et al., 1968). A small portion of the remaining 60% of the 

satellite DNA appeared to be the complement of an RNA 

species which is transcribed along with rRNA. This conclu

sion is surmised from evidence that rRNA in eucaryotes is 

usually transcribed as a part of a larger precursor rRNA 

molecule which contains the two major rRNA species found in 

a ribosome plus short regions of spacer RNA (Penman et al. , 

1969). In X« laevis this spacer RNA has a composition of 

85% G+C and, accordingly, this high per cent G+C spacer RNA 

is thought to be complementary to DNA which is also high in 

per cent G+C and is located adjacent to tandem pairs of rDNA 

cistrons (Birnstiel et al., 1968). If a model may be 

suggested for the arrangement of rDNA and associated DNAs in 

animals, it would include tandem parrs of rDNAs for 28s and 

18s rRNAs, plus short "spacers" of about 85% G+C, plus 

other, less dense DNA which is found in rDNA satellites. 

There exists a small species of RNA in eucaryote 

ribosomes, the 5s RNA. In X« laevis the DNA which is 

complementary to 5s RNA bands in isopycnic centrifugational 

analyses on the low density side of main band DNA whereas 

the rDNA species are found on the dense side of the main 

band (Brown and Weber, 1968). Clearly, the cistrons for 

5s RNA are not linked with rDNA in this species. This same 

conclusion was reached upon observing that the 25,000 copies 

of cistrons for 5s RNA are all present in genomes of 
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X. laevis individuals which carry the anucleolate mutation, 

a mutation which results in tadpoles devoid of rDNA (Brown 

and Weber, 1968; Birnstiel et al., 1971). 

An examination has been conducted in pumpkin of the 

cistrons for 5s RNA (Thornberg, 1971). Thornberg observed 

that 5s RNA hybridizes with a small portion (0.029%) of 

pumpkin nuclear DNA. Moreover, the DNA homologous to 5s RNA 

has the same buoyant density as does the rDNA satellite. 

Thus, the pumpkin genome appears to stand in contrast to the 

toad genome in this regard. 

Evolutionary Conservation of rDNA Sequences 

The nucleotide sequences of cistrons for rRNA have 

changed less during evolution than have the bulk of nucleo

tide sequences found in genomic DNA. For instance, the 23s 

rRNA of 13. subtilis hybridizes to DNA of 5 species of 

Bacillus and to DNA of several other bacterial species to an 

extent which indicates that 10% to 100% of the rDNA sequences 

are complementary among bacteria (Dubnau et al., 1965; 

Takahashi, Saito, and Ikeda, 1967). This degree of conserva

tion among rDNA sequences is much greater than that among 

all of the kinds of DNA in the various bacteria. For 

example, the DNA of 13. subtilis was compared for its degree 

of sequence homology to the genomic DNAs of ten other 

bacteria and it was found that the DNAs of closely related 

bacteria are partially homologous while DNAs of more 
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distantly related bacteria are not detectibly homologous 

(Takahashi et al., 1967). In other investigations of rDNA 

conservation, Bicknell and Douglas (1970) showed that 22 of 

24 species of yeast contain over 85% similarity in base 

sequence homology of rDNA. Among plants, Matsuda and 

Siegel (1967; Matsuda et al., 1970) noted that there is no 

difference in the saturation-hybridization value obtained 

when a single source of plant DNA is hybridized with rRNAs 

from a series of higher plants. Sequence homology has also 

been tested among animal rRNAs. Hybridization experiments 

were used to compare nucleotide sequences found in the 

rDNAs of various animals with the rRNA of HeLa cells 

(Attardi, Huang, and Kabat, 1965) or with X. laevis rRNA 

(Birnstiel et al., 1971) and it was found that a proportion 

of complementary sequences exists between animals of wide 

phylogenetic separation. It is generally accepted that 

hybridization methods in current use demonstrate a high 

degree of similarity in the rDNA nucleotide sequences within 

groups of angiosperms or higher animals (Birnstiel et al., 

1971). 

The evolutionary conservation of rDNA appears to be 

quite dramatic but this does not mean that evolutionary 

changes have not occurred in the nucleotide sequences of 

rDNA. Although similar saturation values are often obtained 

in hybridization studies comparing heterologous and 

homologous RNAs to a single DNA, the heterologous hybrids 
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which are formed generally have a lower thermal stability 

than do the homologous hybrids. Thermal stability is 

measured as the melting temperature (Tm) at which 50% of the 

DNA-RNA hybrid duplexes dissociate. Low thermal stability 

is taken to indicate base mismatching in the hybrid. For 

instance, pea rRNA hybridizes with a twofold greater propor

tion of heterologous cucumber DNA than it does with 

homologous pea DNA but the Tm of the heterologous hybrid 

is 4.70° lower than that of the homologous hybrid and this 

low Tm suggests that some base sequence mismatching exists 

in the heterologous hybrid (Bendich and McCarthy, 1970). 

Thermal stability is a sensitive property for indicating the 

degree of base complementarity and it was used to make a 

list starting with organisms whose rDNA cistrons are most 

similar to pea rDNA in base sequences: cucumber, barley, 

oats, daffodil, wheat, cedar, yeast, sea urchin, Tetrahymena. 

Euglena. and .E. coli (Bendich and McCarthy, 1970). 

The Extent and Location of Amplification of 
the Cistrons for Ribosomal RNA 

The number of rDNA cistrons present in all cells of 

an organism is not necessarily constant. For example, in 

amphibians a dramatic increase in rDNA is known to occur • 

during oocyte maturation (Birnstiel et al., 1971). Somatic 

genomes of X. laevis contain 450 replicas of the rRNA 

cistrons, but the meiotic oocyte, just after pachytene, 

contains 1500 times this complement, or nearly one million 
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copies of rDNA (Brown and Dawid, 1968). Observations of 

rDNA amplification similar to that seen in X. laevis have 

been reported for oocytes of axolotl, mud puppy, newt, 

echiuroid worm, and surf clam (Brown and Dawid, 1968), 

several toad species (Gall, 1969), striped bass (Vincent 

et al., 1968), house cricket (Lima-de-Faria, Birnstiel, and 

Jaworska, 1969), and two water beetles (Gall, MacGregor, and 

Kidston, 1969). Amplification of rDNA in X- laevis also may 

be observed on a cytological level. MacGregor (1968) 

observed that both the rDNA content and the numbers of 

nucleoli in oocytes increase 1,500 fold during the pachytene 

stage of meiosis. This observation is taken as evidence 

that rDNA is located in the nucleolus and, therefore, that 

it is associated with the nucleolar organizer region of the 

chromosomes. A relationship between rDNA and the nucleolar 

organizer was clearly verified by in situ hybridizations in 

which labeled rRNA was reacted with chromosomal DNA of cells 

which were fixed on microscope slides. Labeled RNA was 

observed to form specific hybrids with DNA located in 

nucleolar regions of X* laevis chromosomes (John, Birnstiel, 

and Jones, 1969). The same conclusion was arrived at for 

the location of rDNA in chromosomes of Prosophila 

melanoqaster. Fly mutants containing 1, 2, 3, or 4 

nucleolar organizers per genome were examined and it was 

found that the genomic proportion of rDNA in each mutant 
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is proportional to the number of nucleolar organizers 

present in the genome (Ritossa and Spiegelman, 1965). 

It has been reported that certain tissues of a 

plant, wheat, differ in the proportion of rDNA contained in 

their genomic DNAs (Chen and Osborne, 1970). Wheat seed DNA 

is 0.32% homologous to wheat rRNA whereas the three-day 

old wheat seedling DNA contains only 0.2% rDNA (Chen and 

Osborne, 1970). The authors suggested that cistrons for 

rRNA and certain other species of DNA associated with these 

cistrons exist at a higher genomic proportion in the seed 

genome than in the seedling genome. In order to explain 

this observation, the authors proposed that some copies of 

rDNA in the seed genome are lost by a process of chromosomal 

deletions (Chen and Osborne, 1970). This report for the 

wheat genome and other reports of variability in genomic 

proportions of rDNA provide a new dimension in understanding 

the genomes of eucaryotes. 



METHODS 

Extraction of Nuclear DNA 

The plant species used in these experiments were 

raised in a greenhouse and when the plants were about three 

months old, DNAs were extracted from 50 to 500 grams of 

leaves. The leaves were washed with tap water, the midribs 

removed, and the tissue ground with an equal weight of 

sucrose buffer [0.5 M sucrose, 3.3 mM CaC^, 50 mM tris 

(Sigma); 25 mM KC1, and 5 mM mercaptoethanol, adjusted to 

pH 7.2 with HC1; Marcus and Feeley, 1964; Frenster, Alfrey, 

and Mirsky, 1963], in an iced mortar containing sand. All 

subsequent steps were conducted at 0°C. Glassware was 

sterilized by heating to over 200°C and other equipment was 

boiled before use. The leaf macerate was squeezed through 

two layers of cheesecloth and was centrifuged at 3,500 rpm 

for 5 minutes. The Sorvall SS-34 rotor in the RC2 centrifuge 

was used for all centrifugations unless otherwise noted. 

The supernatant solution was discarded and the pellet, 

containing nuclei, starch, and chloroplasts, was dispersed 

in sucrose buffer to which 3.5% Triton X-100 (Rohm and Haas) 

had been added in order to solubilize the chloroplasts 

(Spencer and Wildman, 1964). The nuclei were pelleted by 

centrifugation (3,500 rpm for 5 minutes) and the detergent 

20 
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treatment was repeated twice. The resulting nuclear pellet 

was white and free from chloroplasts. 

Nuclear pellets were frozen at -80°C, thawed at room 

temperature, and then defatted by successive dispersion and 

sedimentation (about 1,000 x g in the International Chemical 

Centrifuge for 2 minutes) in 20 ml each of the following 

solvents: ethanol; ethanol:ethyl ether, 1:1; ethyl ether; 

ligroin; carbon tetrachloride:cyclohexane, 1:4; ethyl 

ether; ethanol:ethyl ether, 1:1; ethanol (Hotta and Bassel, 

1965). The defatted nuclear material was then solubilized 

at room temperature for 30 minutes using 2% sodium dodecyl 

sulfate (SDS) dissolved in 1 x SSC (0.15 M NaCl, 0.015 M 

Na3 citrate) containing 0.01 M tris, and adjusted to pH 

8.0. One mg of pronase (predigested at 10 mg/ml in 0.1 x 

SSC, pH 7.2 at 37°C for 60 minutes) was added per ml of 

nuclear solution. Digestion proceeded at 50°C for 2 hours 

at which time a second aliquot of pronase was added and 

digestion was continued ten hours longer at 37°C (Gillespie 

and Spiegelman, 1965). The mixture was further depro-

teinized by shaking it with an equal volume of an 8:1 solu

tion of phenol:m-cresol for 30 minutes at room temperature; 

phenol and m-cresol were both freshly distilled and the 

mixture of the two was washed twice with 1 x SSC before use 

(Kirby, 1965). The DNA mixture was cooled to 0°C and 

centrifuged at 7,000 rpm for 5 minutes to separate the two 

phases. The aqueous phase was carefully removed with a wide 
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mouth pipette to another centrifuge tube and was again 

treated with phenol until denatured protein was no longer 

visible at the phenol-water interface. The deproteinized 

aqueous solution was shaken at 0°C with chloroform and 

isoamyl alcohol, 24:1, and separated from the chloroform by 

centrifugation (Marmur, 1961). DNA was precipitated from 

the solution as a white, fibrous mat upon addition of 1.5 

volumes of 95% ethanol and the precipitate was removed with 

a glass rod and dissolved in 5 to 50 ml of 0.1 x SSC. The 

solution was then adjusted to 1 x SSC and 150 units/ml of T^ 

ribonuclease (Sankyo, DNase free) and 50 Hg/ml of pancreatic 

ribonuclease A (Worthington Biochemicals) were added. Ribo-

nuclease A was freed of deoxyribonuclease activity by 

incubation at 500 |ig/ml in pH 5.0 0.1 M NaCl at 95°C for 

ten minutes (Gillespie and Spiegelman, 1965). Incubation 

proceeded for 30 minutes at 37°C whereupon the temperature 

was raised to 50°C and pronase was added at 1 mg/ml and 

then added again two hours later during a 12 hour incuba

tion. The mixture was deproteinized as before with phenol: 

m-cresol followed by chloroform:isoamyl alcohol. 

Small molecules were removed by passing DNA dissolved 

in 1 x SSC through a 10 cm x 0.8 cm Sepharose 4B molecular 

sieve column (Pharmacia Fine Chemicals, Inc.). DNA having a 

5 
molecular weight in excess of 5 x 10 eluted from the column 

in the void volume and was collected for further use. A 

second cycle of purification consisted of treating samples 



with the two ribonucleases, pronase, phenol, and chloroform. 

From 70 to 800 ng of DNA purified to this point were made up 

to 8 ml with 0.1 x SSC, ten g of CsCl were added, and the 

density was adjusted to 1.700 g/cc with the aid of a Zeiss-

Op.ton Abbe refractometer (Ifft, Voet, and Vinograd, 1961). 

Isopycnic gradients were formed in these DNA-CsCl solutions 

by centrifugation at 36,000 rpm for 72 hours at 20°C in 

polyallomer tubes in a Spinco number 40 rotor in the Model L 

centrifuge (Flamm, Bond, and Burr, 1966). Gradients were 

collected using displacement by a dense CsCl solution 

injected at the bottom of the tubes. DNA bands were detected 

by their absorption of ultraviolet light and fractions were 

collected (ISCO gradient fractionator). DNA was again passed 

through Sepharose 4B to remove CsCl and other low molecular 

weight materials. Within one week after this final step of 

purification DNA samples v/ere denatured and embedded on 

nitrocellulose B-6 membranes (Schleicher and Schuell). 

Embedded DNA was immediately used in molecular hybridizations. 

DNA was prepared from leaves of the Njcotiana species 

N. acuminata (Graham) Hooker, N. benthamiana Domin, N. 

biqelovii var. multivalvis (Lindley) East, N. qlauca Graham, 

N. glutinosa L., N. occidentalis Wheeler, N. rustica var. 

brasilia Schrank, and N. sylvestris Speg. and Comes. DNA 

was also extracted from leaves and seeds of N. tabacum var. 

samsun L. and N. paniculata L. as well as from Brassica 

pekinensis var. Wong Bok Lour. Rupr. (Chinese cabbage). 
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A special procedure was devised to extract DNA from 

B_. pekinensis seeds which are particularly rich in lipids. 

Thirty grams of seed were ground to number 20 mesh size in a 

Wiley Mill (Arthur Thomas). Lipids were extracted from the 

ground seed with 200 ml of acetone and methanol, 1:1, for 18 

hours with 7 changes of solvent and then with 200 ml of 

chloroform:methanol, 2:1, for 7 hours with 4 changes of 

solvent. The resulting fluffy material was dried and then 

prepared for DNA extraction as described for leaves and seeds 

above, starting with grinding in sucrose buffer. 

Extraction of Labeled Root and Leaf Ribosomal RNAs 

Four, 3 inch long leaves, weighing a total of about 

ten grams, were cut from rapidly growing, young N. tabacum 

plants and were sliced from midrib to periphery at 2 mm 

intervals. !Leaves were incubated in a covered petri dish at 

room temperature for 72 hours under 500 foot-candles of 

fluorescent light. Incubation took place with 5 ml of 

0.01 M KI^PO^, pH 5.0, containing 50 |ac of tritiated 

uridine (Zaitlin, Spencer, and Whitfeld, 1968). Incubated 

leaves were washed with tap water, and ground for 3 minutes 

in a mortar with 40 ml of aqueous 1% sodium pyrophosphate, 

1% SDS, and 0.2% bentonite, pH 5 (Dunn and Hitchborn, 1965). 

Forty ml of phenol were added and the grinding continued for 

ten minutes. The mixture was poured into 50 ml centrifuge 

tubes, shaken for 15 minutes, and centrifuged at 5,000 rpm 
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for 5 minutes. The aqueous phase was treated with phenol 

twice more. The resulting aqueous RNA solution was mixed 

with 2.5 volumes of ethanol and kept for 24 hours at 0°C 

after which the RNA precipitate was pelleted by centrifuga-

tion at 10,000 rpm for .5 minutes. The pellet was dispersed 

for 60 minutes in 10 ml of solvent (0.15 M sodium acetate, 

0.5% SDS, pH 8.0) and insoluble material was separated by 

centrifugation. RNA remaining in the supernatant was 

allowed to precipitate for 60 minutes in 70% ethanol and was 

pelleted by centrifugation at 10,000 rpm for 5 minutes. 

Precipitated RNA was dissolved in 4 ml of 0.1 x SSC and then 

reprecipitated with 4 ml of 4 M LiCl (Baltimore, 1966). 

After 24 hours, RNA was pelleted at 12,000 rpm for 10 

minutes, dissolved in 4 ml of 0.1 x SSC, and stored at 

-20°C. 

To obtain root rRNA, roots attached to three rapidly 

growing tobacco plants were washed delicately by immersion 

in water and then cultured in Hoagland's nutrient solution 

for 7 days in a greenhouse (Hoagland and Arnon, 1938). 

Roots were rinsed in distilled water and submerged in 30 ml 

of 0.01 M KI^PO^ and 1 mc of tritiated uridine in an 

aluminum foil-covered beaker. Plants were maintained for 

three days at room temperature under fluorescent lights and 

0.01 M KI^PO^ was added as needed to prevent drying. Roots 

were then removed, washed, weighed, and their rRNA was 

extracted as described for leaves above. 
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Characterization of Nucleic Acids 

DNA or RNA samples were considered to be relatively 

free of protein, phenol, or other contaminants if light 

absorption at 260 nm was 2 to 3 times the absorption at 230 

nm and 1.8 times the absorption at 280 nm (Thomas and 

Abelson, 1966). An optical density in excess of 0.020 at 

310 nm was attributed to light scattering caused by 

contaminants and this result dictated further purification. 

Concentration estimates of DNA and RNA solutions were based 

on the assumption that optical density at 260 nm of a 

1 mg/ml solution viewed through a 1 cm light path is 20.0 

for DNA and 25.0 for RNA (Chargaff, 1955; Magasanik, 1955). 

DNA samples were interpreted to be of high molecular weight 

when they formed a distinct leading peak during their 

elution from a Sepharose 4 B column, and also when they 

formed narrow bands in analytical isopycnic centrifugations. 

DNA samples were characterized by analytical 

isopycnic centrifugation. Approximately 2 |_ig of plant 

nuclear DNA plus 0.7 fig of Micro coccus lysodeikticus DNA, a 

density reference marker (p = 1.731 g/cc; Sueoka, 1961) 

were made to 0.6 ml with 0.1 x SSC and 0.7 5 g of CsCl was 

added (Schildkraut, Marmur, and Doty, 1962). Densities were 

adjusted to 1.71 g/cc and samples were centrifuged for 18 to 

20 hours at 20°C in the Spinco Model E analytical ultra-

centrifuge at 44,000 rpm using the An-F rotor. Pictures 

were taken of the ultraviolet absorbance pattern in the 
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centrifuge cell and the photographs were scanned with an 

Analytrol RB microdensitometer (Beckman-Spinco, Inc.). The 

densitometer traces provided data used in calculating the 

buoyant density of each sample component. Sueoka's (1961) 

2 2 formula was used: p = pQ + 0.0089 (r - rQ ), where: p = 

sample buoyant density, pQ = marker buoyant density, r = 

sample radius of rotation, and rQ = marker radius of rota

tion. DNA samples were analyzed by isopycnic centrifugation 

in the denatured and partially renatured states. Denatura-

tion was accomplished by adjusting the pH to 12.5 with 1 M 

NaOH, at room temperature, waiting for 10 minutes, and then 

neutralizing at 0°C with cold 1 M KI^PO^ (Ritossa and 

Spiegelman, 1965). Neutral, denatured samples were partially 

renatured by incubating for 8 hours in 2 x SSC at 68°C. 

RNA samples were analyzed by polyaerylamide electro

phoresis (Loening and Ingle, 1967). About 20 |jg of RNA was 

placed on a 2.5% gel containing 1% SDS held within a 9 cm 

long plexiglas tube (0.6 cm ID). Electrophoresis was 

carried out at 5 milliamps per gel for 4 hours at room 

temperature. The Gilford 240 spectrophotometer and gel 

scanner attachment were used with a Heathkit Servo Recorder, 

EUW-20A, to locate RNA bands. Some preparations contained 

components other than the 25s and 18s rRNAs expected in root 

preparations, and samples so contaminated were not used 

(Hsiao, 1964; Loening and Ingle, 1967). The specific 

radioactivities of labeled RNA preparations were determined 



by drying an amount of RNA on a 25 mm nitrocellulose 

membrane (Schleicher and Schuell, B6), immersing in 10 ml of 

toluene and scintillation fluor (0.5% PPO and 0.01% POPOP; 

Kobayashi, 1966), and counting in a Packard 3320 Tri-Carb 

scintillation spectrometer. 

Hybridization of rRNA to DNA 

The membrane hybridization procedure of Gillespie 

and Spiegelman (1965) was used. Ten to 60 Mg of DNA were 

denatured at pH 12.5, neutralized, and poured onto pre-

wetted 25 mm nitrocellulose membranes. Membranes were then 

washed with 50 ml of cold 2 x SSC (previously boiled) on 

each side and dried for 4 hours at 80°C in a vacuum oven. 

They were immediately incubated for 8 hours at 68°C with 5 

or 10 |ig of labeled rRNA in 3 ml of 2 x SSC. After incuba

tion, excess RNA was washed from each membrane using 30 ml 

of 2 x SSC per side. Membranes were then incubated with 

150 M-g of pancreatic RNase in 3 ml of 2 x SSC for 60 

minutes at room temperature. The incubation was followed 

by washing with 50 ml of 2 x SSC per side. Membranes were 

air dried for 1 hour and counted in toluene-PPO-POPOP in the 

liquid scintillation spectrometer. 



RESULTS 

Characterization of Leaf and Root Ribosomal RNA 
Used in the Investigation 

Ribosomal RNAs (rRNAs) from leaves and roots of 

Nicotiana tabacum were reacted with DNAs of several 

Nicotiana species under conditions for artificial hybridiza

tion in order to determine the proportion of genomic DNA 

complementary to rRNA. Leaves of tobacco plants contain two 

kinds of ribosomes, 70s ribosomes in chloroplasts and 80s 

ribosomes in cytoplasm (Lyttleton, 1962). Roots contain 

only 80s ribosomes (Hsiao, 1964; Matsuda et al. , 1970). By 

using root rRNA in hybridization experiments it is possible 

to determine the per cent of DNA complementary to RNA 

species found in 80s ribosomes (25s and 18s rRNAs) and this 

DNA is designated rDNAgQ. Studies using leaf rRNA permit 

estimation of the per cent of DNA complementary to rRNAs of 

70s and 80s ribosomes, containing 23s and 16s plus 25s and 

18s rRNA species, and this DNA is referred to as total 

rDNA or simply, rDNA. By subtraction of per cent rDNAgg 

from per cent total rDNA the proportion of DNA complementary 

to RNA of 70s ribosomes may be deduced and this DNA is 

called rDNA?0 (Matsuda et al., 1970). 

In order to determine whether RNA preparations 

contain the usual ribosomal RNA species, preparations were 

analyzed by gel electrophoresis which separates RNAs on the 

29 



30 

basis of the logarithm of the molecular weight (Bishop, 

Claybrook, and Spiegelman, 1967). Root rRNA of N. tabacum 

contains 18s and 25s rRNA species which are characteristic 

components of 80s ribosomes (Figure lb). These two kinds of 

rRNA plus two more, 16s and 13s, coming from 70s ribosomes, 

are typically observed in leaf RNA preparations (Figure lc; 

Loening and Ingle, 1967). In reality, the 70s ribosomes 

contain 23s and 16s rRNA species but when these RNAs are 

analyzed by gel electrophoresis in the absence of Mg++ ion, 

as was the case in this work, the labile 23s species 

degrades into 16s and 13s species (Loening and Ingle, 1967). 

Other electropherograms with Mg++ ion included in the gel 

have demonstrated the presence of 23s rRNA in leaf prepara

tions obtained by the same procedure as used for the rRNA 

whose analysis is presented in Figure 1 (Potter, 1970). 

These data suggest that leaf and root RNA preparations did 

not contain large amounts of foreign RNA and, therefore, 

they should react only with DNA regions complementary to 

rRNA. The specific radioactivities of rRNAs which had 

incorporated tritiated uridine were 5,300 to 6,000 counts 

per minute per (ig (cpm/ng) for leaf rRNA and 1,200 to 1,600 

cpm/ng for root rRNA. 

The Proportion of Genomic DNA Complementary to 
rRNA in Njcotiana Species 

Total rDNA comprises different proportions in the 

genomic DNAs of plants which are members of different 
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Figure 1. Polyacrylamide Gel Electropherograms of N. 
tabacum rRNAs — High molecular weight RNA was 
extracted from roots and leaves of N. tabacum as 
described in Methods. RNAs were applied at the 
top of the gel and migrated down the gel in a 
field of 5 milliamps per gel for 2 to 3 hours. 
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families (Matsuda and Siegel, 1967; Bendich and McCarthy, 

1970). DNAs of 10 plants which are members of the same 

genus (Nicotiana) were reacted in molecular hybridization 

experiments to rRNA in order to determine how the DNAs of 

these species may differ in their per cent of rDNA (Table I). 

Studies with leaf rRNA show that DNAs from different 

Nicotiana species exhibit up to a threefold difference in 

the per cent of total rDNA (DNA complementary to RNA of 70s 

plus 80s ribosomes). For example, N. tabacum DNA contains 

0.28% total rDNA compared to 0.90% rDNA in N. sylvestris 

genomic DNA. Clearly, the data in Table I demonstrate that 

the genomic proportion of total rDNA is not a constant 

feature in the genus Nicotiana. although it is a repro

ducible trait for each species. 

Examination of the results suggested that the DNAs 

could be grouped in two groups on the basis of the per cent 

of hybridization to leaf rRNA. The group ranging from N. 

rustica (0.27% total rDNA) to N. benthamiana (0.33% total 

rDNA) contains species with close to 0.30% total rDNA in 

their genomic DNAs. The group ranging from N. occidentalis 

(0.43% total rDNA) to N. sylvestris (0.90% total rDNA) has 

species with higher, more variable per cents of rDNA. The 

per cents of nuclear DNAs complementary to RNA of 80s 

ribosomes (per cent rDNAg0) were measured in order to gain a 

different basis for grouping species of Nicotiana. Examina

tion of results using this criterion showed a slightly 
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Table I. The Proportion of Nuclear DNA Complementary to 
Ribosomal RNA in Species of the Genus Nicotiana 

Per Cent Hybridization 

Experiment Number Avg. % Hybridized 
rRNA 

DNA Source Source 35 37 51 53 55 69 80s+70s 80s 70s* 

N. rustica 80s+70s 
80s !I20a 

.31„ 

.16 
0.27 0.13 0.14 

N. tabacum 80s+70s 
80s :"b .32a 

• 20 
• 32n 
. 16 

.27a 
• 14 

. 26b 
• 16 

.30„ 

.15 
0.28 0.16 0.12 

'N. ol auca 80s+70s 
80s 

.31a 

.18 
.37_ 
• 14 

•29b 
.19 

0.32 0.17 0.15 

N. biaelovii 80s+70s 
80s 

.34. 

.19 
•27. 
. 18 

0.32 0.17 0.15 

K. benthamiana 80s+70s 
80s 

•27a 
. 23 

0.33 0.20 0.13 

N. occidentalis 80s+70s 
80s 

•47a 
• 13 

• 38n 
.12 

0.43 0.13 0.30 

N. alutinosa 80s+70s 
80s 

•67a 
• 25 

0.67 0.25 0.42 

N. acuminata 80s+70s 
80s 

•67a 
• 26 

0.67 0.26 0.41 

N. Daniculata 80s+70s .82„ .76p • 73c 
80s 

80s+70s 
• 33 .19 

•b9a 
.17 0.80 0.26 0.54 

80s • 43 

N. svlvestris 80s+70s 
80s 

•91a 
• 26 

. 95p 
• 27 

.85, 
• 29 

0.90 0.57 0.63 

•Calculated as 80s+70s % minus 80s equals 70s ?£. 

Purified DNA samples (10 to 60 Mg) were reacted with tritium labeled leaf (80s 
•70s) or root (80s) rRN'As (5 or 10 >-g) under hybridization conditions described in 
Methods. Each experimental value is the percentage of the DKA input which hybridized 
vith rRNA. The values are corrected for the amount of RNA which bound nonspccifically 
to control membranes lacking DNA. Each datum is the average of two replicas. The 
specific radioactivities of the rRNA preparations are given in Results. Letters A, B, 
C, and D, found after experimental values indicate different DNA preparations. 
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modified grouping. Species which had low and constant per 

cents of total rDNA now exhibit low but different per cents 

of rDNAgg from 0.13% to 0.20%. The DNA from N. occidentalis 

falls into this category of low hybridizers even though it 

appears to be a high hybridizer when considering the per 

cent of total rDNA. The four high hybridizing species DNAs 

contain 0.26 _+ 0.01% of rDNAgQ. On this basis, the DNAs 

were divided into two major groups, A and B, as shown in 

Table II. 

The difference between the per cent of DNA repre

sented as total rDNA and the per cent of rDNAgg can be a 

good indication of the per cent of DNA which constitutes 

rDNA^Q (the complement of RNA of 70s ribosomes; Matsuda 

et al., 1970). The Nicotiana species under examination form 

two groups based on the apparent per cents of rDNA^g in 

their genomic DNAs and the groups are the same as those 

based on per cent total rDNA. Five species DNAs contain 

0.12% to 0.15% rDNA^g and five species contain higher and 

different per cents (0.30% to 0.63%). It appears that the 

complements of rDNA^g in species of the latter, high-

hybridizing group account for much of their increased per 

cent of total rDNA and their property of variability in per 

cent of total rDNA. 

The species groupings, based on the per cent of 

total rDNA, were compared to the taxonomy of the genus 

(Table III; Goodspeed, 1954). These comparisons reveal no 



Table II. The Relationship Between Haploid Chromosome 
Complements and Per Cents of rDNA _ in Nicotiana 
Species 

Groups DNA Source 
Haploid No. of 
Chromosomes 

% Hybridization 
with RNA of 80s 

Ribosomes 

A N. rustica 24 0.13 

N. occidentalis 21 0.13 

£• tabacum 24 0.16 

N. qlauca 24 0.17 

N. biqelovii 24 0.17 

N. benthamiana 19 0.20 

B N. qlutinosa 12 0.25 

N. acuminata 12 0.26 

N. paniculata 12 0. 26 

N. sylvestris 12 0.27 



36 

Table III. Taxonomic and Cytogenetic Data for the Genus 
Nicotiana* 

Haploid No. % Hybridiza
of Chromo No. of tion with 

Taxonomic Scheme somes Nucleoli 80s/70s RNA 

Genus Nicotiana 
Subgenus Tabacum -

Section Genuinae 
Species tabacum 24 4 0.28 

Section Tomentosae 
Species glutinosa 12 4 0.67 

Subgenus Rustica 
Section Rusticae 
Species rustica 24 8 0.27 

Section Paniculatae 
Species paniculata 12 4 0.80 
Species glauca 24 4 0.32 

Subgenus Petunioides 
Section Alatae 
Species sylvestris 12 4 0.90 

Section Acuminatae 
Species acuminata 12 6 0.67 

Section Bigelovianae 
Species bigelovii 24 8 0.32 

Section Suaveolentes 
Species benthamiana 19 — 0.33 
Species occidentalis 21 2 0.43 

*Data from Goodspeed (1954). 
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obvious relationship between the per cent hybridization and 

the taxonomic scheme. For instance, species within a single 

subgenus, Petunioides. differ in per cent total rDNA from 

0.32%, N. biqelovii. to 0.9%, N. sylvestris. which is a 

range of values as large as observed in the entire genus. 

Even more closely related species, such as N. paniculata and 

N. qlauca within the section Paniculatae. or N. benthamiana 

and N. occidentalis in the section Suaveolentes. differ in 

their proportions of rDNA. 

Genomic per cents of rDNA were also compared to the 

numbers of nucleoli and the numbers of chromosome pairs 

characteristic for each species. A correlation does not 

exist between the numbers of nucleoli and the per cent of 

DNA composed of total rDNA or of rDNAg^. However, when one 

compares the number of chromosome pairs for each species to 

rDNAg0 hybridization values, a positive relationship is 

apparent (Table II). This notable correlation demonstrates 

that species DNAs with high per cents of rDNA^^ (Group B) 

have a haploid complement of 12 chromosomes whereas the 

species with low per cents of rDNAg^ (Group A) have, with 

one exception, a haploid chromosome complement of from 19 to 

24 chromosomes. The exception is N. qlauca which reportedly 

has 12 chromosome pairs, a characteristic of group B, but 

only 0.32% total rDNA, a characteristic of Group A. How

ever, this species has been observed in nature both as a 

diploid (n = 12) and as a tetraploid (n = 24) (Goodspeed, 
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1954). Because of the relationships observed for the other 

nine Nicotiana species, Dr. 0. G. Ward of the Biology 

Department at this institution consented to determine the 

chromosome number of the local, wild N. qlauca clone which 

was used in these experiments. He reports that this clone 

of N. qlauca is not diploid (n = 12) but has 24 pairs of 

chromosomes. In addition, he found evidence of irregu

larities in the number of chromosomes as revealed in the 

presence of (1) up to 10% of lagging chromosomes at meta-

phase I of microspore meiosis, (2) occasional micronuclei at 

telophase II of microsporeogenesis, and (3) 47% sterile 

pollen grains as indicated by their abnormal staining and 

morphological properties. These observations are taken to 

indicate that the N. qlauca examined is an autotetraploid. 

It is concluded, therefore, that a relationship exists 

between ploidy and the genomic content of rDNA in N. qlauca 

and in all other Nicotiana species examined. 

Characterization of Nicotiana DNAs 
by Isopycnic Centrifuqation 

In certain tissues of higher organisms, for example 

in the oocytes of X» laevis. rDNA is abundant and has a 

higher buoyant density than most of the rest of the DNA. 

Therefore, rDNA may be distinguished in this organism from 

the main band DNA as a separate, more dense fraction in 

isopycnic centrifugal analyses (Wallace and Birnstiel, 

1966). The DNAs of some plant species also contain a dense 
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satellite fraction which is rich in rDNA (Matsuda and 

Siegel, 1967). The nuclear DNA of only one Nicotiana 

species, N. tabacum. has been examined for its density 

profile and although a satellite fraction was not visible, 

the small proportion of rDNA in this species was observed to 

occur to the dense side of main band DNA (Matsuda et al., 

1970). These observations show that rDNA, which is a 

relatively dense DNA component, usually appears in a 

separate, dense satellite fraction in the DNA of species 

rich in rDNA. 

In order to determine if a relationship exists in 

the genus Nicotiana between the presence of a dense satel

lite fraction and high genomic proportions of rDNA, the DNAs 

of ten Nicotiana species were analyzed by isopycnic centrifu-

gation. The results are shown in Figures 2 through 5 in the 

form of densitometer traces of ultraviolet photographs taken 

of DNA in the CsCl gradients. The results include analyses 

of native DNA samples, the same samples after they had been 

denatured, and the same DNAs after denaturation followed by 

renaturation for 8 hours at 68°C in 2 x SSC. Micrococcus 

lysodeikticus DNA, which has a density of 1.731 g/cc (Sueoka, 

1961) was used as a buoyant density marker in the experi

ments and is seen as the most dense DNA species in each 

isopycnic analysis. 

The main part of each native DNA sample banded in 

the gradient within a narrow region of buoyant density 
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(1.693 to 1.696 g/cc) and this property is typical of many 

plant, native, main band DNAs (Green and Gordon, 1967; 

Matsuda and Siegel, 1967). N. tabacum nuclear DNA (Figure 

2a) appears here as it did in previous reports as a single 

DNA component forming a sharp, symmetrical peak with a 

buoyant density of 1.696 g/cc (Green and Gordon, 1967; 

Matsuda and Siegel, 1967; Tewari and Wildman, 1966). Four 

other members of this genus contain DNAs which appear like 

N. tabacum DNA, and which have a main band component without 

an associated satellite DNA; i.e., N. qlauca. N. rustica. N. 

biqelovii. and N. benthamiana. The DNA of one species, N. 

occidentalis (Figure 3c), appears in these analyses to 

contain a small proportion of dense DNA which causes an 

asymmetry on the dense side of the main band DNA, but, in 

the context of this report, this observation is considered 

not to designate the presence'of a satellite in this species. 

DNAs of the six species just mentioned may be distinguished 

from N. sylvestris. N. acuminata. N. paniculata. and N. 

qlutinosa DNAs which contain a dense component visible as a 

main band shoulder at a density of 1.704 _+ 0.001 g/cc. A 

catalogue of the species may be prepared based on the rela

tive prominence of this satellite DNA. N. sylvestris and N. 

paniculata contain relatively large satellites, N. acuminata 

has a small satellite, N. qlutinosa DNA has a satellite 

shoulder, and a satellite is not apparent in the other 

species of Nicotiana. It can be seen that this grouping 
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according to satellite content is the same as that based on 

the genomic per cent of rDNAgQ and the number of chromosome 

pairs (Table II). One may predict that Nicotiana species 

having 12 chromosome pairs contain a dense DNA satellite at 

1.703 g/cc containing rDNA, whereas species with 24 chromo

some pairs do not contain a sufficient proportion of rDNA to 

allow visualization of a satellite. 

One report has described isolation of the dense DNA 

satellite of pumpkin from the less-dense, main band DNA. It 

was found, upon hybridization of this satellite with leaf 

rRNA, that the satellite contains a twelvefold greater 

proportion of rDNA than does the less-dense DNA (Matsuda 

et al. , 1970). This report demonstrated that nearly all 

rDNA cistrons of pumpkin are located in dense regions of 

DNA. Experiments similar to these were conducted with DNA 

of N. sylvestris in order to know if such dense DNA satel

lites in Nicotiana species also contain the rDNA cistrons. 

Preparative CsCl isopycnic centrifugation for 72 hours was 

used in order to obtain a crude separation of 340 |ag of 

N. sylvestris DNA into a fraction representing the most 

dense 10% of the DNA and another fraction representing the 

remaining, less dense DNA. Subsequent isopycnic centrifuga-

tional analyses of these two fractions revealed that the 

dense 10% of N. sylvestris DNA had been enriched in its 

proportion of the dense satellite fraction whereas the 

remaining DNA fraction did not contain satellite DNA 
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(Figure 6). Both DNA fractions were hybridized to leaf rRNA 

in order to learn their relative proportions of rDNA„ Data 

for the hybridization experiments demonstrated that the 

dense 10% of N. sylvestris DNA contained a fourteenfold 

greater proportion of rDNA than did the remaining DNA 

fraction (Figure 6). These experiments verify that the 

dense DNA satellites of Nicotiana species contain the rDNA 

cistrons. 

When the nuclear DNA of N. rustica was banded 

analytically, a component was observed at a density of 

1.673 g/cc (Figure 2c). The other Nicotiana DNAs and 

another preparation of N. rustica DNA did not exhibit this 

particular light satellite. The unusual light material in 

native N. rustica DNA was not investigated further, and its 

significance remains unknown. 

The Repeated DNA Sequences Revealed 
in Renatured Nicotiana DNAs 

Nuclear DNAs of eucaryotes contain large proportions 

of redundant DNA sequences representing up to 45% of the 

genome and occurring in multiplicities ranging from a few 

up to hundreds of thousands (Britten and Kohne, 1968). The 

rDNA cistrons constitute one family of redundant DNA and 

they are repeated at an intermediate level from one hundred 

to a few thousand times in eucaryote genomes (Birnstiel et 

al. , 1971). Highly redundant DNA is most easily detected as 

that portion of the genome which, after first being 
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denatured, will renature rapidly to the double stranded 

form. This method of detection is based on the observation 

that the renaturation rate has second order kinetics and is, 

therefore, dependent on the square of the concentration of 

each DNA sequence undergoing renaturation. As a conse

quence, DNA sequences present at the highest concentrations, 

i.e., highly redundant DNA sequences, renature most rapidly 

and can be detected as the only double stranded DNA in 

samples which have been subjected to limited renaturation 

(Britten and Kohne, 1968). 

Nicotiana DNAs were first subjected to alkaline 

denaturation conditions (pH 12 for 10 minutes) whereupon 

isopycnic centrifugational analyses demonstrated-that each 

sample had been completely converted to the denatured state 

(Figures 2 through 5). Denatured DNAs were then treated to 

conditions of limited renaturation (68°C for 8 hours in 

2 x SSC) and were crudely analyzed for renatured components 

by using isopycnic centrifugational analysis. Renatured DNA 

is visible in samples from six of the ten Nicotiana species 

as a small component on the light side of partially 

reannealed main band DNA; i.e., N. rustica. N. occidentalis. 

N. qlutinosa. N. acuminata. N. paniculata. and N. sylvestris 

(Figures 2 through 5). The buoyant densities of the 

renatured components seen here are not alike, ranging from 

1.692 g/cc to 1.699 g/cc, and for this reason the renatured 

DNAs are considered to be different kinds of DNA. Moreover, 
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under the renaturation conditions employed here, renatured 

DNA may have formed in all ten species examined but in the 

four species not exhibiting renatured DNA, it may have 

occurred at levels too low to be detected by isopycnic 

centrifugational analyses. These observations demonstrate 

that renatured components observed here are not comparable 

between species and, therefore, cannot be taken as a 

reliable genomic trait to be used in systematic studies. In 

fact, the presence of renatured components in these experi

ments with Nicotiana DNAs does not correspond to the division 

of species into groups A and B or to the taxonomic or 

phylogenetic relationships of tobacco species (Goodspeed, 

1954). However, one regularity was observed in that all 

species containing about 0.26% of DNA as rDNAg^ were observed 

to contain renatured DNA. Thus, it may be generally true 

that species with large genomic complements of rDNAg^ also 

contain relatively large proportions of other kinds of 

redundant DNAs. It should be noted that these experiments 

did not reveal renatured rDNA cistrons. The buoyant density 

of double stranded rDNA is 1.703 g/cc and that of partially 

renatured main band component is also 1.703 g/cc, thus, in 

renatured DNA samples, the renatured rDNA would have been 

obscured by main band DNA. 
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Comparisons of DNAs from Seeds and Leaves 
of Two Nicotiana Species 

The genomic DNAs of a number of amphibians are known 

to differ in their composition when comparing different 

tissues of the same organism (Gall, 1969). In particular, 

the proportion of rDNA in oocyte DNA of X- laevis is nearly 

1,500 times greater than the proportion of rDNA in DNA of 

somatic tissues of this toad (Brown and Dawid, 1968). 

Differences also exist in rDNA proportions between seed and 

leaf tissues of wheat but they are not of the same magnitude 

as observed in X« laevis. Wheat tissue DNAs differ such 

that wheat seed DNA has 0.32% total rDNA while wheat leaf 

DNA has 0.20% total rDNA (Chen and Osborne, 1970). The 

significance and the general occurrence of such differences 

in rDNA content between tissues of a single organism are not 

fully understood. 

In order to examine tobacco plants for possible 

differences between tissues in their rDNA complements, seeds 

and leaves of N. tabacum and of N. paniculata were examined 

for the per cent of DNA composed of rDNA. The results are 

found in Table IV. Leaf genomes of -both tobacco species 

have a greater proportion of total rDNA than do correspond

ing seed genomes. Two experiments with N. tabacum show that 

the per cent of rDNA is twice as high in the leaf genome 

(0.30% rDNA) as it is in the seed genome (0.15% rDNA). The 

same is true for the per cent cf rDNAg^ meaning that the 



Table IV. The Proportions of Two Nicotiana Species Leaf and Seed DNAs Comple
mentary to Ribosomal RNAs 

Per Cent Hybridization 

DNA Source 
rRNA 
Source 

Experiment No. Avg. % Hybridized 

DNA Source 
rRNA 
Source 37 55 69 80s+70s 80s 70s* 

N. tabacum Leaf 80s+70s 0.32 0.28 0.30 
0.30 0.17 0.13 

80s 0.20 0.16 0.15 

Seed 80s+70s 0.15 0.15 
• 0.15 0.07 0.08 

80s 0.06 0.08 

N. paniculata Leaf 80s+70s 0.73 
0.73 0.17 0.56 

80s 0.17 

Seed 80s+70s 0.43 
0.43 0.08 0.35 

80s 0.08 

•Calculated as: 80s+70s % minus 80s % equals 70s %. 
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proportions of cistrons for RNAs of both 70s and 80s ribo-

somes appear to be lower in N. tabacum seed than in leaf 

nuclei. Similarly, hybridizations using N. paniculata seed 

DNA and leaf rRNA demonstrate that this seed DNA contains 

only 59% of the proportion of total rDNA that is contained 

in N. paniculata leaf DNA. It is possible that differences 

such as these exist throughout the genus. A detailed 

examination of the data for leaf DNA reveals that a 

characteristic of the high hybridizing species such as 

N. paniculata. is the occurrence of higher proportions of 

rDNA^g than of rDNAg^. This trait is also present in the 

seed genome of N. paniculata which contains 0.35% rDNA^^ and 

only 0.08% rDNAg^. Thus, seed nuclear DNAs of two species 

of Nicotiana contain lower proportions of rDNA^^ and rDNAg^ 

than are present in comparable leaf "DNAs. 

The differences between seed and leaf DNAs were 

confirmed for N. paniculata by the more rigorous analysis of 

a saturation hybridization experiment. Several concentra

tions of leaf rRNA were individually reacted under hybridiza

tion conditions to one amount of N. paniculata seed or leaf 

DNA and the proportion of hybrid formed was plotted as a 

function of the RNA concentration in the reaction mixture 

(Figure 7). When saturation of the DNA was attained, the 

experiment could be used to show that N. paniculata seed DNA 

contains a lower proportion of rDNA (0.55%) than does leaf 

DNA (0.69%) and this result verifies the differences 
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reported in Table IV. These values are not the same as 

those seen in Table IV but the basic differences between 

seed and leaf DNAs are still apparent. 

In order to investigate these differences in 

another way, seed DNAs from N. tabacum and N. paniculata 

were analyzed by isopycnic centrifugation. Figures 8b and 

9b show that native seed DNAs of N. paniculata and of N. 

tabacum band in a manner similar to the respective leaf 

DNAs. N. tabacum exhibited only main band DNA in both seed 

and leaf samples. N. paniculata seed and leaf DNAs appeared 

to be alike with the exception that the dense satellite DNA 

occurs at a lower proportion in seed DNA than in leaf DNA. 

Thus, isopycnic analyses and hybridization experiments both 

suggest that seed DNA of N. paniculata contains rDNA and 

satellite DNA like those in the leaf DNA, but that they are 

diminished in amount in seed DNA. 

A dense rDNA satellite as well as a renaturable DNA 

component which is not rDNA may be found in four Nicotiana 

species DNAs (Figures 2 through 5). This correlation may 

extend to seed genomes and to this end denatured N. 

paniculata and N. tabacum seed DNAs were subjected to limited 

renaturation conditions and then analyzed by isopycnic 

centrifugation (Figures 8b and 9b). Neither species of seed 

DNA was found to contain a renaturable component. This 

result suggests that seed DNA of N. paniculata contains 
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considerably less of this renaturable component than found 

in leaf DNA. 

Comparison of Seed and Leaf DNAs 
of Brassica pekinensis 

An experiment was conducted to determine if the 

differences observed between seed and leaf genomes are 

generally present in tissues of other dicotyledonous plants. 

The Crucifer, Brassica pekinensis (Lour. Rupr.) var. Wong 

Bok (Chinese Cabbage) was studied because its DNA contains 

a high proportion of rDNA (0.9%) (Matsuda and Siegel, 1967) 

and this plant is not closely related to the genus Nicotiana. 

B. pekinensis leaf and seed DNAs, when hybridized to leaf 

and root rRNAs of N. tabacum, proved to be identical with 

regard to their proportions of rDNA for the rRNAs of either 

70s or 80s ribosomes (Table V). These hybridization experi

ments contrast with the results using N. tabacum and N. 

paniculata DNAs. It appears that differences observed 

between the proportions of rDNA in seed and leaf genomes 

occur in some plant genera and not in others. It is possible 

that the three species investigated for differences in seed 

and leaf genomes comprise too small a sample and are not 

representative of their respective genera but the data at 

hand are taken to suggest that there exists a difference in 

rDNA content between seed and leaf genomes in Nicotiana 

species but not in Brassica species. 



Table V. Per Cent of Brassica pekinensis Seed and Leaf DNAs Which Hybridize to 
Ribosomal RNA 

Per Cent Hybridization 

rRNA 
Source 

Experiment No. Avg. % Hybridized 

DNA Source 
rRNA 
Source 37 53 69 80s+70s 80s 70s* 

B. pekinensis Leaf 80s+70s 

80s 

1.9 

0.57 

2.0 

0.56 

1.5 

0.39 
1.8 0.51 1.29 

Seed 80s+70s 

80s 

1.9 

0.61 

1.4 

0.37 
1.7 0.49 1.21 

*Calculated as: 80s+70s % minus 80s % equals 70s %. 
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Isopycnic centrifugational analyses were conducted 

with native 13. pekinensis leaf and seed DNAs (Figure 10). 

The native leaf DNA revealed a large satellite component as 

was previously reported for this high hybridizing species 

(Matsuda and Siegel, 1967). Native JB. pekinensis seed DNA, 

however, formed a single broad peak when analyzed by 

isopycnic centrifugation (Figure 10b). Low molecular weight 

DNA is indicated by such a broad, smooth peak (Schildkraut 

et al., 1962). It is suggested that a higher molecular 

weight sample of B. pekinensis seed DNA should be analyzed 

in order to obtain clear sharp banding in CsCl gradients and 

in order to determine if this DNA contains a dense satellite 

component. 

The DNAs of 13. pekinensis seeds and leaves were also 

analyzed in the renatured state in order to observe the 

presence of renaturable components. JB. pekinensis leaf DNA 

was found to contain a rapidly renaturing component (Figure 

10). Leaf DNA of this Crucifer species, therefore, appears 

similar to the DNA of group B Nicotiana species which also 

contain-both native and renaturable DNA components. When 

B. pekinensis seed DNA was analyzed after renaturation it 

was found to contain three components (Figure 10b, third 

frame). The most dense band is narrow and has a buoyant 

density of 1.704 g/cc. These characteristics are like those 

of renatured main band DNA of B, pekinensis and, therefore, 

the 1.704 g/cc peak in B. pekinensis renatured seed DNA is 
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probably main band DNA. The identities of the two other 

components in renatured B. pekinensis seed DNA are not 

clear. 



DISCUSSION 

One approach to biochemical taxonomy is to compare 

organisms according to properties of their genetic material 

(DNA). A property of DNA that has been studied for 

systematic purposes is its proportional content of cistrons 

which code for rRNA (called rDNA cistrons; Attardi et al., 

1965; Matsuda and Siegel, 1967; Birnstiel et al., 1971). 

It has been shown that this proportion is not constant among 

distantly related dicotyledonous plants (Matsuda and Siegel, 

1967; Bendich and McCarthy, 1970). In order to know if this 

observation also holds for comparisons among closely related 

dicoyledonous plants, the genomic proportion of rDNA was 

estimated among species of the tobacco genus, Nicotiana. 

The resulting data showed the proportion of rDNA to be 

variable among tobacco species. The data could be used to 

distinguish species having a low per cent of total rDNA in 

their genomes (0.27% to 0.33%) from species having a high 

and variable per cent of total rDNA (0.43% to 0.90%). The 

per cent of DNA complementary to rRNA of 80s ribosomes (per 

cent of rDNA80) was also measured and was found to be useful 

in dividing the genus into two groups: group A with a 

relatively low value for the genomic proportion of rDNAgg 

(0.13% to 0.20%) and group B species with a relatively high 

value (0.25% to 0.27%). This grouping does not correspond 

62 
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to the taxonomy of the genus (Goodspeed, 1954) but it does 

separate the genus on the basis of ploidy. The group A 

species are all tetraploids (n = 24), or aneuploid deriva

tives thereof, whereas the group B species are all diploids 

(n = 12). 

Among dicotyledonous plants there is a lower per 

cent of guanine plus cytosine (% G+C) in genomic DNA than 

there is in rRNA or rDNA (Sueoka, 1965; Pollard, 1964). A 

high per cent of G+C in DNA is known to result in a high 

buoyant density when the DNA is analyzed by isopycnic 

centrifugation (Schildkraut et al., 1961). These observa

tions have been used to explain why plant DNAs containing 

a large proportion of rDNA also contain a distinct, rDNA-

containing fraction which is more dense than the bulk of DNA 

(Matsuda and Siegel, 1967). In a similar way it has been 

observed in the present work that DNAs of the group B species 

contain a minor fraction visible as an asymmetry on the 

dense side of the main band DNA in samples analyzed by 

isopycnic centrifugation (Figures 2 to 5). Moreover, when 

this dense satellite DNA was isolated from N. sylvestris DNA 

and examined for its proportion of rDNA, it was observed to 

be a DNA fraction which is highly enriched in rDNA. On the 

other hand, species of group A, those species low in rDNAgQ, 

were also examined for the presence of a dense satellite 

component in their DNAs but dense satellites were not 

visible in DNAs of these species. These studies are taken 
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to indicate that the presence of absence of the dense 

satellite DNA correlates with the genomic proportion of 

rDNAg0 and to the assignments of Nicotiana species to group 

A or B. 

It has been demonstrated, primarily by Britten and 

Kohne (1968), that the nuclear DNA of eucaryotes contains a 

substantial proportion of material composed of repetitious 

nucleotide sequences. They also noted that when denatured 

DNA is placed under renaturation conditions, the rate of 

renaturation has second order kinetics and is dependent on 

the square of the concentration of renaturing nucleotide 

sequences. As a consequence, cellular DNA, which normally 

contains a mixture of unique and redundant cistrons, 

exhibits more rapid renaturation among the redundant 

sequences than among DNA present as unique sequences 

(Britten and Kohne, 1968). Thus, DNAs of the Nicotiana 

species may be examined for their content of redundant DNA 

by examining them after denaturation followed by a limited 

renaturation incubation. The proportion and properties of 

rapidly-renaturing DNA may then be estimated by observing 

the fractions of low buoyant density (the renatured DNA 

fractions) which band separately from the bulk of the 

dense, denatured DNA in isopycnic centrifugations. Six of 

the ten Nicotiana species under examination contain an 

appreciably greater proportion of redundant DNA visible in 

these experiments than do the other four species (Figures 2 
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through 5). The distribution of this rapidly renaturing DNA 

among the species corresponds neither to the phylogeny of 

the genus nor to the division into groups A and B. It was 

noted, however, that all four species in group B are rich in 

the redundant DNA described here as they were in the rDNA 

described earlier. There is good evidence that this 

redundant DNA is not rDNA (Thornberg, 1971). Thus, it may 

be that there is a general tendency for species that are 

rich in one kind of redundant DNA to be rich in other 

redundant classes of DNA. 

The renatured components observed in six Nicotiana 

species exhibited different buoyant densities ranging from 

1.692 g/cc to 1.699 g/cc and on this basis these renatured 

components appeared to be different kinds of repeated DNA 

sequences. Renaturable components in addition to rDNA have 

been examined in a number of plants (Thornberg and Siegel, 

1970) and more detailed examination of the physical 

characteristics of such fractions in Nicotiana species 

genomes may, one day, be useful in understanding the 

occurrence and function of such fractions. 

The foregoing discussion demonstrates that species 

of the genus Nicotiana may be divided into two groups based 

on their genomic proportions of rDNAg^, with tetraploid 

species having a low value for this property and diploid 

species having a high value. In attempting to explain this 

phenomenon, the meaning of genomic proportion must be 
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expanded upon. A proportion depends upon two quantities 

which, in the present context, are the number of DNA per 

nucleus and the amount of rDNA cistrons in a genome (the 

repetitiveness of rDNA). This means that while two species 

may have the same genomic proportions of rDNA, as observed 

in group A species, one species may have a lower amount of 

both DNA and of rDNA than does the other species. In 

another instance, a species with a low genomic proportion of 

rDNA may contain either a lower redundancy in rDNA or a 

higher total DNA content compared to a species with a high 

proportion of rDNA. If data which record properties of rDNA 

are to be given a quantitative interpretation, then either 

the amount of repetition of rDNA cistrons or the genomic 

amount of total DNA must be known. A general understanding 

of the present data is based on the -assumption that the 

nuclear DNA content is not the same in all species of 

Nicotiana and that species contain nuclear amounts of DNA in 

proportion to their chromosomal complements; that is, tetra-

ploid species have twice the nuclear DNA content as do 

diploid.species. As a consequence of this suggestion it 

appears that group A species, compared to group B species, 

contain twice the total DNA content but half (61%) the 

genomic proportion of rDNAg^. This suggests.that species of 

both groups contain approximately equal numbers of rDNAg^ 

cistrons per genome. It appears reasonable, therefore, that 

there is an optimum number of cistrons of rDNAg^ per plant 
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cell and that this number is similar for both diploid and 

tetraploid species. It is not known what the DNA content is 

for most species of Nicotiana but one estimate suggests that 

the DNA content of N. tabacum. a tetraploid species, is 12 x 

-12 
10 gDNA per nucleus (Flamm and Birnstiel, 1964). Clearly, 

it is important to the understanding of the present data to 

analyze both diploid and tetraploid species of Nicotiana for 

cellular DNA content and in this way to determine whether, 

indeed, there are characteristic cellular DNA contents for 

diploid and tetraploid species and whether the latter might 

be approximately twice that of the former. 

The tetraploid species of Nicotiana are amphidi-

ploids whose diploid ancestors are known in many cases. For 

instance, N. tabacum, one of the species analyzed in this 

work, is derived from N. sylvestris -and N. otophora 

(Goodspeed, 1954). If the above suggestion on the differ

ence in genomic proportions of rDNA between diploid and 

tetraploid species is valid, then when two diploid genomes 

were added together to form a hybrid aliotetraploid genome, 

the genomic proportion of rDNA in the hybrid must have 

initially been similar to that of the parent diploids but in 

subsequent generations a loss of rDNA must have occurred, 

leading to the present day tetraploid species. It would be 

of interest to repeat the events which produced the differ

ence in rDNA proportion between diploid and tetraploid 

species. It is a practical matter to artificially double 
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the number of chromosomes in the gametes of two diploid 

tobacco species and to make an interspecific cross between 

the artificial diploid gametes. In this way one may obtain 

fertile amphidiploid hybrids. It is predicted from the 

observations given above that the original amphidiploid 

plant produced in this way would have the same genomic 

proportion of rDNA as its parents but that some copies of 

the rDNA cistrons would be lost in subsequent generations. 

An analysis of rDNA proportions among several species 

of different ploidy but within a single genus has only been 

performed for species of the genus Nicotiana. It is not 

known whether the relationships observed here apply to other 

genera. A basic assumption underlying these relationships 

is that diploids contain half the nuclear DNA complements 

found in tetraploids and, therefore, that it is the total 

DNA content per nucleus which is variable between species 

and not the genomic number of rDNA cistrons. In this 

context, data on the genomic proportion of total rDNA in the 

genus Cucurbita. a genus containing species of one ploidy, 

show that some species differ up to twofold in this propor

tion (Goldberg, 1971). The preceding discussion suggests 

that such differences actually lie in differences in genomic 

DNA content. Therefore, it would be valuable to test the 

nuclear DNA content of species of the genus Cucurbita in 

order to know the relationship between DNA content, rDNA 

proportion, and ploidy for species of this genus. 
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The genomic amount of DNA has been crudely estimated 

for N. tabacum by ultraviolet light spectrometry and by 

orcinol reaction using the alkali resistant nucleic acid 

-12 fraction of whole leaf mascerates; a value of 12 x 10 g 

DNA per nucleus was reported (Flamm and Birnstiel, 1964). 

Assuming this value to be accurate, knowing the molecular 

weights of rRNAs (Ingle et al., 1969), and knowing the 

genomic proportion of rDNA in N. tabacum. this species is 

calculated to contain 6,500 copies of rDNA per genome. This 

level of rDNA redundancy is lower than has been reported 

before for this species (Matsuda and Siegel, 1967; Tewari 

and Wildman, 1968; Srivastava and Milo, 1969). Moreover, 

this level of redundancy of rDNA in the species N. tabacum 

is relatively low when compared to rDNA redundancy in the 

genomes of other species of Nicotiana. One consequence of 

this observation is that this species does not contain an 

easily resolved rDNA satellite fraction. A number of other 

Nicotiana species appear to contain a dense satellite DNA 

component when the genomic DNA is analyzed by isopycnic 

centrifugation and this satellite DNA contains most, if not 

all, genomic copies of rDNA (Figure 6). Apparently, 

Nicotiana species containing more than about twice the 

genomic proportion of rDNA as found in N. tabacum contain a 

dense satellite, as for example in group B tobacco species 

(Table I; Figures 2 through 5). This observation also 

applies to other plants such as pumpkin, Chinese cabbage, 
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and pinto bean (Matsuda and Siegel, 1967). It appears true, 

therefore, that many plant species containing over about 

0.5% rDNA in the genomic DNA contain sufficient rDNA as well 

as associated DNAs (see below) to form a distinct, dense 

satellite fraction when analyzed by isopycnic centrifugation. 

Two types of evidence exist suggesting that rDNA is 

a minor component of the rDNA satellite. Graphic estimates 

show that the rDNA satellite comprises about 5% of N. 

sylvestris. N. paniculata. and N. acuminata genomic DNAs 

(Figures 4 and 5). This genomic proportion of rDNA satel

lite is about three times greater than the genomic propor

tion of double stranded rDNA and, therefore, the rDNA 

satellites in Nicotiana species contain about 60% of non-

rDNA. This estimate may be compared to the rDNA satellite 

of X- laevis which reportedly contains rDNA as well as non-

rDNA amounting to 12% to 60% of the mass of the satellite 

(Birnstiel et al., 1968). Thus, in these two kinds of 

organisms rDNA is associated in satellite DNA with other 

species of DNA for which a function is not clearly estab

lished. . 

The composition of the tobacco rDNA satellites may 

also be analyzed by examining the buoyant densities of the 

satellites and of rDNA. It may be calculated that the N. 

sylvestris satellite, with a buoyant density of 1.703 g/cc, 

has a nucleoside composition of 44% G+C (Sueoka, 1961). 

This per cent G+C is much lowei than one would expect to 
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find in pure rDNA; rDNA should have the same base composi

tion as does plant rRNA having about 56% G+C (Pollard, 1964; 

Hadziyev, Mehta, and Zalik, 1968). Thus, the satellite must 

contain rDNA of about 56% G+C and it must contain additional 

DNA of low per cent G+C in order that the average per cent 

G+C in the satellite may be 41%. An analogous situation 

exists in the X. laevis rDNA satellite. The cistrons for 

18s and 28s rRNAs have an average composition of 58% G+C 

while the entire rDNA satellite is composed of 64% G+C. In 

order to combine these two observations in the same satel

lite fraction, the X« laevis satellite must contain rDNA 

plus some other DNA having a per cent G+C composition higher 

than 64% (Birnstiel et al., 1968). 

A number of kinds of DNA, in addition to rDNA, may 

be considered as possible components of the dense Nicotiana 

rDNA satellites. For example, rDNA has been found to be 

transcribed in eucaryotic genomes as a long, rRNA precursor 

molecule containing one each of the two rRNA species con

tained in a single ribosome, plus a small amount of other 

DNA which is lost during the process of rRNA maturation 

(Birnstiel et al., 1968; Ingle et al., 1969; Penman et al., 

1969). Thus, rDNA and associated DNA must be sequence 

complementary not only to the two RNA species in a single 

ribosome but also to the other portion of the precursor 

rRNA molecule. It is probable that this type of complemen

tary DNA exists in the plant rDNA satellites, such as found 
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in Nicotiana species DNAs, because it has been observed that 

the rRNA precursor molecule of one plant, pea, contains more 

RNA than is contained in the sum of the two rRNA molecules 

into which it matures (Ingle et al., 1969). This possibility 

may be directly tested in experiments which hybridize 

purified rRNA precursor molecules to nuclear DNA and then 

compare the proportion of precursor hybridization with the 

proportion of 18s plus 28s rRNA hybridizations. 

The genomic proportion of rDNA is not a constant for 

all tissues of some organisms. For example, a number of 

amphibians, insects, and other animals have been observed to 

contain much greater proportions of rDNA in the DNA of 

oocytes than in the DNA of somatic cells (Gall, 1969). In 

one well studied toad, X. laevis. the haploid genomes of 

oocytes contain 1,500 times more copies of rDNA than are 

found in somatic genomes (Brown and Dawid, 1968). Although 

plants are not known to exhibit such large differences 

between tissues in the genomic proportions of rDNA, plants 

do contain large multiplicities of rDNA ranging into the 

thousands of rDNA copies. With such high redundancies of 

rDNA in plants, the possibility exists that variations may 

occur among tissues of one plant in the redundancy of rDNA. 

Moreover, in analogy to the observations in amphibians and 

insects these variations might be found by comparing plant 

tissues of widely different developmental stages. 
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Seed DNAs of two Nicotiana species were compared 

with the respective leaf DNAs for their proportions of total 

rDNA. The apparent genomic proportion of total rDNA in 

whole seeds of N. tabacum and of N. paniculata is lower than 

the proportion of rDNA in the respective leaf genomes (Table 

IV; Figure 7). This observation is verified for N. 

paniculata by isopycnic centrifugational analyses. Seed DNA 

of N. paniculata contains a satellite DNA which has the 

buoyant density expected of a tobacco rDNA satellite but it 

is a smaller satellite than the one found in leaf DNA of 

this species (Figure 9). These studies suggest that genomic 

DNAs of a number of tobacco species have an altered composi

tion when comparing seed to leaf genomes. Such interpreta

tion is premature, however, because it does not consider the 

possibility that whole seeds and mature leaves may not be 

comparable tissues. Seeds contain an embryo which develops 

into a plant and they also contain non-embryo tissues which 

are not comparable to the mature plant. Thus, it is possible 

that differences observed between leaf DNA and seed DNA may 

be due to differences in the DNA of only one of several 

tissues in the seed. For this reason the usefulness of 

these studies will become known only when leaf DNAs are 

compared to DNAs from isolated seed embryos.• It is suggested 

that DNA content as well as the proportion of rDNA should be 

examined for each seed tissue before conclusions may be 

drawn. 
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In order to know if the above observations apply to 

other plants, seed and leaf DNAs of an unrelated plant, 

Brassica pekinensis. were assayed for rDNA content. In 

contrast to leaf and seed DNAs of Nicotiana species the leaf 

and seed DNAs of B. pekinensis contain one genomic propor

tion of total rDNA (1.8%; Table V). 13. pekinensis leaf and 

seed DNAs could not be compared on the basis of their 

contents of the rDNA satellite because the seed DNA is 

diffuse in the isopycnic analyses conducted here and an 

rDNA satellite, if present, is not visible (Figure 10). 

This brief examination of B. pekinensis DNAs was valuable 

for three reasons: 

1. As a possible generalization, seed and leaf nuclear 

DNAs appear to differ in rDNA proportion in the 

genus Nicotiana but not in the genus Brassica. 

2. Genomic rDNA proportions in seed and leaves of 13. 

pekinensis are the same. This identity suggests 

that isolation and analysis techniques used on 13. 

pekinensis seed DNA did not change the rDNA propor

tion. 

3. By analogy, the isolation and analysis techniques 

used on Nicotiana seed DNA may not have prejudiced 

the data any more than did the techniques which were 

used on Nicotiana leaf DNAs. 
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There now exist three different types of observa

tions on the genomic proportions of rDNA in seed genomes 

compared to leaf genomes. A lower proportion of rDNA is 

found in seed nuclear DNA than in leaf nuclear DNA of two 

Nicotiana species. A crucifer, 13. pekinensis. contains 

equal proportions of rDNA in seed and leaf DNAs. A 

previous report shows that wheat seed DNA contains a higher 

proportion of rDNA than does young wheat plant DNA (Chen and 

Osborne, 1970). Thus, the proportion of rDNA in whole seed 

DNA differs from that in leaf DNA in species of some plant 

genera and not in others. 
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