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T^STRACT 

Nuclear DNA content of the amphidiploid, G. 

hirsutuiH/ and two closely related diploid species, G. 

herbaceum var. africanum and G. raimondii, was ascertained 

by the reassociation kinetics of 250 nucleotide DNA frag

ments. Between diploid species the difference in chromosome 

size is attributed largely to variation in repetitive 

sequences, where there has been a change in both frequency 

and complexity. 

The evolution of single-copy DNA sequences by cross 

hybridizations among species reveals: (1) a high degree of 

sequence conservation between diploid species, showing 7 8% 

duplex formation under standard criterion and 6% sequence 

mismatch upon thermal denaturation; and (2) greater than 95% 

duplex formation between the diploid species and the amphi-

diploid with less than 1% single-copy sequence mismatch. 

The latter findings are consistent with an early Pleistocene 

origin for the tetraploid cottons. 
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REVIEW OF LITERATURE 

A well known adage among biologists states that 

"ontogeny recapitulates phylogeny," or the evolution of an 

organism is repeated in its life cycle. What gives credence 

to this adage is the continuity in the transmission of 

genetic information from one generation to the next, coupled 

with the fact that all living organisms originate from a 

single undifferentiated cell. Since the major part of our 

understanding of evolutionary change is derived from the 

study of existing organisms, an understanding of plant and 

animal evolution is intimately tied to an understanding of 

development. 

Fundamental to a comprehension of development is a 

-description of the structure and function of nucleic acids 

and proteins. The discovery of the structure of DNA by 

Watson and Crick enabled a description of the functional 

mechanisms involved in DNA replication, RNA transcription, 

and protein translation. The immediate effect of this 

research has been the elucidation of prokaryotic gene 

regulation. 

Much of our knowledge of eukaryotic gene regulation 

has come from the study of specific gene sequences and their 

products. However, most of our understanding of the 

structure and organization of the eukaryotic genome has 

1 
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come from studies of total cellular DNAs, Both approaches 

have influenced our perception of evolution, but the latter 

will be emphasized here. 

Characterization of the 
Eukaryotic Genome 

Researchers at the Carnegie Institution of 

Washington used DNA reassociation kinetics to separate the 

DNA of higher organisms into two classes (reviewed in 

Britten and Kohne 1967) . Normally, the fraction of the 

total DNA which reassociated very slowly represented unique 

sequences; that is, DNA sequences present only once in the 

haploid genome. The other class characterized by enhanced 

renaturation rate was defined as repetitive, where the 

extent of repetition is directly proportional to the ratio 

of repetitive and single-copy rate constants. In addition, 

the repetitive class was further s-ubclassified into low and 

highly repetitive components. The significance of this 

distinction will be clarified later. 

During this time, much of the research was directed 

toward establishing proper experimental methodology. Wetmur 

and Davidson (1968) provided physico-chemical proof for the 

assumption of second order kinetics governing DNA reasso

ciation experiments. A summary of the accepted methods for 

conducting these experiments appears in Britten, Graham, 

and Neu'feld (1974) . 
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The recognition of repetitive DNA sequences provided 

a major distinction between eukaryotic and prokaryotic 

genomes. In 1969, Britten and Davidson presented a compre

hensive theory on eukaryotic gene regulation in which part 

of the repetitive DNA was assigned a regulatory function. 

Although the central aspect of their theory describes a 

regulatory function to nuclear RNA# subsequent studies 

promulgated the importance of a class of repetitive DNA in 

gene regulation. A study of DNA from three animal genomes; 

calf, sea urchin, and Xenopus, showed that repetitive and 

nonrepetitive DNA sequences are interspersed in an orderly 

manner (reviewed in Davidson and Britten 1973). A detailed 

account of the amphibian genome, Xenopus laevis, disclosed 

extensive interspersion of repetitive and single-copy 

sequences (Davidson et al. 1973).in which the slower repeti

tive class averaging 300 ± 100 nucleotides in length is 

contiguous to unique sequences (800 ± 200 nucleotides). 

Over.50% of the Xenopus genome is organized in this manner, 

the remaining fraction constitutes longer period inter

spersion and the clustering of highly repetitive sequences. 

Detailed studies of the sea urchin genome (Graham et al. 

1974) and the mollusc genome (Angerer, Davidson, and Britten 

1975) confirmed the Xenopus type of organization. 

Initially, the Xenopus pattern was thought to 

represent the dominant feature of eukaryotic genome organ

ization. The only exception to this pattern was fo\ind in 



Drosophila melanogaster (Manning, Schmid, and Davidson 

1975), where long period interspersion predominates. 

Specifically, interspersion occurs between repetitive se

quences averaging 5,600 nucleotides and unique sequences 

greater than 13,000 nucleotides in length. Subsequently, 

Grain, Eden, et al. (1976) verified these findings reporting 

the absence of short period interspersion in Drosophila. 

Since then, the DNAs of many genomes in both plant 

and animal kingdoms have been characterized. Table 1 lists 

those DNAs following the Xenopus pattern of interspersion; 

T^ble 2, those exhibiting the Drosophila pattern. 

In attempting to standardize these findings certain 

assumptions have been made. First, genome size was computed 

from the single-copy rate constant and related to the genome 

size of E. coli by the following formula: 

(Ggkg)(MW)(L^)^/^ 

" 172 
(k^) (A) (450)-^/^ 

where is the genome size expressed in picograms per 

haploid cell, k. the single-copy rate constant. G is the 

genome size of E. coli expressed in nucleotides, k^ the rate 

constant for E. coli. The product of these is taken to be 

1.362 X 10^. MW is the average molecular weight of a base 

pair in a genome with approximately 40% GC content (654 

2 3 daltons). A is Avogadro's number (6 x 10 ). is the 

fragment length used in the experiment in question and has 



Table 1. Xenopus pattern of organization. 

Fraction of genome 
Genome 

size SC Rep 
Organism Cpg) (min) (max) 

Homo sapiens .85 .54 .46 

Bos bos 3.2 
(cow) 
Rattus norvegicus 2.0 .70 .30 
(rat) 
Caiman crocodilus 1.6 . 66 .34 
(caiman) 
Python sticularis .99 .71 .29 
(python) 
Terrapene Carolina 1.5 .54 .46 
(turtle) 
Xenopus laevis 3.2 .54 .46 
(clawed toad) 

3.0 .63 .37 

Bufo bufo 8.9 .20 .80 
(toad) 

Triturus cristatus 14.9 .47 .53 

Necturus maculosus 59.4 .23 .77 

flmphioxus .25 .80 .20 
(cephelochordate) 
Ciona intestinalis .094 .64 .36 
(cephelochordate) 
Musca domestica 1.2 .40 .60 

SC Rep 
Author 

.65 

.75 

.75 

Schmid and Deininger (1975) 

,35 Galau et al. (1976) 

.25 Holmes and Bonner (1974b) 

Epplen et al. (1979) 

.25 Davidson et al. (1973) 

Baldari and flmaldi (1976) 

(house fly) 

Schnidtke, Epplen, and Engel 
(1979) 

Grain, Davidson, and Britten 
(1976) 



Table 1.—Continued Xenopus pattern of organization. 

Fraction of genome 

Organism 

Genome 
size 
Cpg) 

SC 
(min) 

Rep 
(max) 

SC 
(max) 

Rep 
(min) Author 

Antheraea pernyi 1.1 .35 .65 .56 .44 Efstratiadis et al. (1976) 
(silk moth) 
Strongylocentrotus purpuratus .89 .38 .62 .75 .25 Graham et al. (1974) 
(sea urchin) 
Aplysia californica 2.5 .45 .55 .60 .40 Angerer et al. (1975) 

(mollusk) 
Crassostrea virginica .91 .38 .62 .60 .40 Kamalay, Ruderman, and Goldberg 

(oyster) (1976) 
Limulus polyphemis 3.8 .63 .37 .70 .30 Goldberg et al. (1975) 

(crab) 
Spistula solidissima 1.6 .34 .66 .75 .25 

(surf clan) 
Atirelia aurita .92 .39 .61 .70 .30 

(jelly fish) 
Cerebratulus lacteus 1.9 .33 .67 .60 .40 

(worm) 
Gecarcinus lateralis .84 .45 .55 Holland and Skinner (1977) 
(land crab) 
Geryon quinquedens 5.8 .37 .63 .60 .40 Christie and Skinner (1979) 

(red crab) 
Cancer borealis 2.4 .30 .70 Vaughn (1975) 
(crab) • 

Libinia emarqinata 2.5 .30 .70 
(crab) 

Rutilus rutilus .62 .50 .50 Schmidtke, Schmitt, et al. 

(roach) (1979) 

Cyprinus carpio 1.2 .60 .40 
(carp) 



Table 1.—Continued Xenopus pattern of organization. 

Fraction of genome 

Organism 

Genome 

size 
(pg) 

SC 
(min) 

Rep 
(max) 

SC 
(max) 

Rep 
(min) Author 

Clupea harengus .63 .45 .55 
(herring) 
Sprattus sprattus .69 ,61 .39 

(sprat) 
Thymallus thymallus 1.3 .24 .76 

(european grayling) 
Salmo iridens .89 .16 .84 

(rainbow trout) 
Coregonus lavaretus 1.0 .26 .74 

(cisco) 
Salvelinus fontinalis 1.1 .23 .77 

(brook trout) 
Loligo 2,8 .75 .25 Galau et al. (1976) 

(sguid) 
Euglena gracilis 1.5 ,14 .86 Rawson et al. (1979) 
(alga) 

Dictyostelium discoideum .067 .70 .30 Firtel and Bonner (1972) 

(slime mold) * 

Nicotiana tobacum 2.0 .37 .63 .49 .52 Zimmerman and Goldberg (1977) 

(tobacco) 

Glycine max 2.2 .24 .76 .37 .63 Goldberg (1978) 
(soybean) 

1-8 .43 .57 Gurley, Hepburn, and Key (1979) 

Petroselinum sativum 6.7 .12 .88 ,30 ,70 Kiper and Herzfeld (1978) 

(parsley) 
Vicia faba 1.0 .25 .75 Kaina cind Hinz (1979) 
(broad bean) 



Table 1.—Continued Xenopus pattern of organization. 

Fraction of genome 

Organism 

Genome 
size 
(pg) 

SC 
(min) 

Rep 
(max) 

SC 
(max) 

Rep 
(min) Author 

Pisum sativum 
(pea) 

6.1 .17 .83 Murray, Cuellar, and Thompson 
(1978) 

.61 .30 .70 Pearson et al. (1978) 

Triticum aestivum 
(wheat) 
Gossypium hirsutum 
(cotton) 

5.3 

.95 

.12 

.63 

.88 

.37 

Smith and Flavell (1975) 

Walbot and Dure (1976) 



Table 2. Drosophila pattern of organization. 

Fraction of genome 

Organism 

Genome 
size 
(pg) 

SC 
(min) 

Rep 
(max) 

SC 
(max) 

Rep 
(min) Author 

Mesocricetus ? .60 .40 Moyzis, Bonnet, and Ts'o (1977) 
(Syrian hamster) 

Gallus domesticus 1.6 .81 .19 Arthur and Strauss (1978) 
(domestic chicken) 

1.0 .68 .32 Epplen et al. (1978) 

Cairina domestica 1.2 .73 .27 
(duck) 
Columba livia .74 .70 .30 

(pigeon) 
Apis mellifora .34 .93 .07 Grain, Davidson, and Britten 
(honey bee) (1976) 
Drosophila melanogaster .11 .76 .24 .77 .23 Grain, Eden, et al. (1976) 
(fruit fly) 
Sarcophaga bullata .37 .82 .18 Samols and Swift (1979) 
(flesh fly) 
Chironomus tentans .25 .90 .10 Wells, Royer, and Hollenberg 
(hairy midge) (1976) 

Caenorhabditis elegans .098 .83 .17 Sulston and Brenner (1974) 
(nematode) 
Panagrellus silusiae .10 .63 .37 Beauchamp, Pasternak, and 
(nematode) Strauss (1979) 

Achlya bisexualis .058 .73 .27 .82 .18 Hudspeth, Timberlake, and 
(water mold) Goldberg (1977) 

Neurospora crassa .035 .90 .10 Krumlauf and Marzluf (1979) 
(fungus) 



Table 2.—Continued Drosophila pattern of organization. 

Fraction of genome 
Genoiae 

size SC Rep SC Rep 
Organism (pg) (min) (max) (max) (min) Author 

Phycomycea blakesleeanus .038 .68 .32 Dusenbery (1975) 
(fungus) 

.097 .55 .45 Harshey, Jayarann, and 
Chamberlin (1979) 

Aspergillus nidulans .038 .98 .02 .99 .01 Timberlake (1978) 
(fungus) 
Pennisetm americanum .22 .19 .81 .27 .69 Wimpee and Rawson (1979) 
(pearl millet) 
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been related to an average fragment length of 4 50 nucleo

tides. (The single-copy rate constant is proportional to 

the square root of the fragment length.) 

Secondly, the fraction of the genome represented by 

repetitive and nonrepetitive sequences was normalized to 

100% reaction giving proportional weight to each class. 

When the fraction is deduced from a total hybridization 

curve, interspersion effects result in ah underestimation of 

the unique sequences and an overestimation of the fraction 

repetitive. In certain studies attempts have been made to 

correct for this error in estimation. Consequently, these 

values are also reported. However, they tend to over

estimate the single-copy fraction at the expense of the 

repetitive fraction. No attempt was made at subclassifica-

tion; hence, the repetitive fraction includes highly repeti

tive and slower repetitive classes as well as the usually 

small class of palindromes. 

The distinction between the Xenopus and the 

Drosophila pattern, and the implications thereof, has 

changed recently as the DNA of more organisms has been 

characterized. Early on, the Drosophila pattern was be

lieved to be unique to dipterans. When this pattern was 

discovered in the water mold, Achlya bisexualis (Hudspeth 

et al. 1977), the consensus of opinion was that the 

Drosophila pattern of interspersion was characteristic of 

organisms having small genomes; that is, having a genome 
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size of .2 pg or less. However, this restriction does not 

hold for avian genomes, all of which show the Drosophila 

pattern and have genome sizes near Ij'pg (Arthur and Strauss 

1978, Epplen et al. 1978). Furthermore, having a small 

genome size is no guarantee that the organizational pattern 

will resemble that of Drosophila (N.B. Musca domestica, 

Dictyostelium discoideum, and Ciona intestinalis). 

The rigid distinctions that characterize the Xenopus 

pattern of short period interspersion and the Drosophila 

pattern of long period interspersion have also changed 

recently. In several species of crab, in which 25-35% of 

the genome is satellite DNA, there is an absence of "middle 

repetitive" DNA (Vaughn 1975, Holland and Skinner 1977). 

These organisms have the Xenopus pattern of organization, 

but the reiteration frequency of the interspersed repetitive 

class is one to two orders of magnitude greater than 

normally found. On the other hand, certain fungi exhibit 

an extreme long period interspersion where repetitive se-

4 quences greater than 1 x 10 nucleotides are interspersed 

5 
with unique sequences greater than 1 x 10 nucleotides in 

length (Hudspeth et al 1977, Harshey et al. 1979). Moreover, 

in pearl millet the interspersion pattern is intermediate. 

Fifty per cent of the single-copy sequences are interspersed 

with repetitive sequences ranging in length from 7 50-1,400 

nucleotides. These repetitive sequences are also inter

spersed with longer repetitive sequences; a short repetitive 
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sequence class ('>' 300 nucleotides) appears to be absent; and 

single-copy sequences vary in length from 1,400-8,600 

nucleotides (Wimpee and Rawson 1979). 

Despite these exceptions, two generalizations can be 

made from the information available at this time. First, 

long period interspersion predominates as the principal 

pattern of organization among species having small genomes, 

the avian species being exceptional. Second, among plants, 

specifically the angiosperms, the repetitive fraction of the 

genome is larger than the nonrepetitive fraction. Whereas, 

among animal genomes the reverse is true. 

Information presented so far has been derived 

exclusively from DNA-DNA hybridization experiments. Inde

pendent confirmation of these results in detailed studies 

using electron microscopy was demonstrated by Chamberlin, 

Britten, and Davidson (1975) in Xenopus; and by Pellegrini 

and Goldberg (1979) in soybean. 

The Function of Repetitive and 
Single-Copy Sequences 

The division of the eukaryotic genome into distinct 

kinetic components is justified on the assignment of a 

specific biologic function to each component. Long repeti

tive sequences predominate the highly repetitive class; 

short repetitive sequences predominate the low repetitive 

class. Long repetitive sequences include satellite se

quences and multigene families, such as ribosomal RNAs, the 
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histone genes, transfer RNAs, and other structural genes not 

yet described (Galau et al. 1976). Short repetitive se

quences which are transcribed are not translated, for the 

most part. Consequently, they are believed to be regulatory 

sequences {Davidson et al. 1975). When long repetitive 

sequences are separated from short repetitive sequences in 

sea urchin DNA and the extent of cross hybridization is 

measured, only 10% of the long sequences hybridize with 

short sequences, indicating that the two sequencer-classes 

are independent (Eden et al. 1977). 

The functional role of certain classes of DNA has 

been delineated by RNA-DNA hybridization experiments. A 

large portion of high molecular weight nuclear RNA (nRNA) 

consists of short repetitive sequences contiguous to single-

copy sequences (Holmes and Bonner 1974a). When short and 

3 
long repetitive H-DNA tracers from mature sea urchin 

oocytes were reacted with excess nRNA, 80% of the short 

sequences renatured; whereas, only 35% of the long sequences 

renatured, indicating preferential transcription of short 

repetitive sequences. Furthermore, when the reaction was 

conducted using nRNA from different tissues, the frequency 

of complimentary copies in nRNA was independent of the re

iteration rate in DNA; that is, the repetition frequency of 

nRl'IA sequences was tissue specific (Constantini et al. 

1978). 
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Only a small portion of the highly repetitive DNA 

can be accounted for. A part of the transcribed sequences 

is represented in multigene families and adjacent spacer 

sequences, whose function remains obscure i(Fedoroff 1979, 

review on spacers). The majority of the highly repetitive 

class has an unknown function. 

Many studies have examined the relationship between 

cytoplasmic mRNA and nuclear DNA. In tobacco, for example, 

more than 95% of the poly (A) mRNA is transcribed from 

single-copy sequences (Goldberg, Hoschek, and Kamalay 1978). 

Similar results have also been found in sea urchins by 

Galau, Britten, and Davidson (1974) and in parsley by Kiper 

et al. (1979) . The surprising result of these studies is 

the small amount of message complexity available for trans

lation. For example, sea urchin gastrula mRNA accounts for 

only 2.7% of the total unique DNA sequences. Tobacco mRNA 

isolated from leaf polysomes constitutes only 4.7-5.2% of 

the single-copy complexity. Moreover, in the mouse genome 

where nRNA consists of a mixture of sequences transcribed 

from repeat-contiguous single-copy DNA and long stretches of 

single-copy DNA# the predominate complexity of cytoplasmic 

RNA is derived from the repeat-contiguous DNA (Kuroiwa and 

Natori 1979) . 

When a comparison is made between nRNA and mRNA 

complexities, nRNA represents a substantially larger 

fraction of the single-copy complexity—greater by an order 
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of magnitude in the sea urchin gastrula. The implication is 

that most nRNA is turned over in the nucleus and only a 

relatively small fraction is available for cytoplasmic 

translation. Kamalay and Goldberg (1980) have recently 

examined the mRNA populations in six different organs in 

tobacco (sp. root, stem, leaf, ovary, petal, and anther). 

Their results show that approximately a third of the mRNA 

complexity is common to all organs; a third of the com

plexity is shared among some organs; and the remaining third 

is unique to a specific organ. Furthermore, all of the mRNA 

sequence complexity is found in the nuclear RNA of leaves. 

In the sea urchin gastrula all mRNA sequences are found in 

nRNA sequences of the mature adult {Ernst, Britten, and 

Davidson 1979) . Thus, nRNA complexity is independent of 

the developmental stage and the tissue examined. 

The availability of cloned repetitive sequences in 

sea urchin has made it possible to investigate individual 

repeat families. The 26 individual families examined by 

Klein et al. (1978) contained both long and short repetitive 

DNA sequences. The sequence length, repetitive frequency, 

and intrafamilial divergence of these clones is consistent 

with repetitive sequences taken as a whole. When short 

repetitive sequence clones are strand separated and hybrid

ized to nRNA, both strands are detected in nRNA, but neither 

hybridized with polysomal mRNA (Schellen et al. 1978) . This 

is not to suggest that short period repetitive DNA does not 
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exist in mRNA sequences. In Dictyostelium, for example, 

cloned fragment M4 has a 300 nucleotide repeat interspersed 

between two single-copy sequences. This short repeat 

hybridizes to a family of mRNAs at the 5' end of the 

message. Finally/ in sea urchin clones where short inter

spersed repeats flank a single-copy region, the repeats 

belong to different repetitive sequence families (Lee, 

Britten, and Davidson 197 7). 

As a consequence of extensive investigation of the 

sea urchin genome, Davidson and Britten (1979) have presented 

a model for the regulation of gene expression in animal 

genomes. The salient feature of their model postulates 

posttranscriptional regulagion by the formation of RNA-RNA 

duplex structures. The extensive complexity associated with 

nuclear I^A pools arises by constitutive transcription of 

interspersed single-copy DNA sequences. The presence of 

cell-specific complimentary RNA sequences permits the forma

tion of stable RNA duplexes and determines which sequences 

reach the cytoplasm. RNA sequences unable to form a duplex 

structure are degraded, accounting for the decline in 

complexity between nRNA and mRNA. 

It should be emphasized here, the definitive 

findings have come from the study of organisms exhibiting 

the Xenopus pattern of genome organization;. If the regula

tion of gene expression in eukaryotes is principally con

trolled by short repetitive sequences, then gene regulation 
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in organisms having the Drosophila pattern of genome organ

ization is enigmatic. Consider Achlya, for example, not 

only are there an absence of short interspersed repetitive 

sequences, but the quantity, complexity, and hybridization 

characteristics of nuclear and polysomal RNAs are identical 

(Timberlake, Shumard, and Goldberg 1977). 

The Evolution of Repetitive 
DNA Sequences 

Hypotheses about the evolution of repetitive DNA 

sequences using hybridization technology have emerged as an 

offshoot of organizational and functional studies. Britten 

et al. (1976) isolated repetitive sequences from sea urchin 

DNA and separated these sequences into long and short repe

titive fractions. Each fraction was digested with S-1 exo-

nuclease to remove the single stranded tails, then subjected 

to thermal denaturation. The midpoint of thermal transition 

(T ) between the double and single stranded state was deter-
m 

mined and compared to that of native DN?^ sequences. Short 

repetitive sequences (300 nucleotides) exhibit a T^ depres

sion of 9°C; long repetitive sequences (> 1,000 nucleotides) 

a depression of only 2®c, where a 1®C drop in T^^ corresponds 

with 1% base sequence mismatch (Britten et al. 1974). 

Braun, Schanke, and Graham (1978) using a different 

approach, separated thermally stable from thermally unstable 

repetitive sequences in Xenopus, measuring the character

istics of each fraction. The stable sequences had a lower 
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complexity and a much higher reiteration frequency than the 

unstable sequences. Moreover, 88% of the unstable fraction 

showed interspersion with single-copy sequences, whereas 

38% of the stable fraction was interspersed. 

Similar results have been reported in many other 

organisms in both plant and animal kingdoms. In each study 

long repetitive sequences show high intragenomic stability; 

short repetitive sequences show low intragenomic stability— 

are highly polymorphic. This has been interpreted to mean 

that thermally stable sequences are of recent evolutionary 

origin; unstable sequences are of ancient evolutionary 

origin. 

Where interspecific and/or intergeneric comparisons 

have been made, the results have been confounding due to 

extensive polymorphism present in short repetitive sequences. 

Harpold and Craig (1977) have examined repetitive sequence 

evolution in sea urchins. Their results emphasize base 

sequence mismatch, which they relate to the time of evolu

tionary divergence, determined from fossil records. Duplex 

structures formed by cross hybridization reveal a sequence 

divergence rate of .1% per million years for both repetitive 

DNA classes. This value indicates a high degree of repeti-

'tive sequence conservation, but does not account for those 

sequences which fail to renature under their experimental 

conditions. 
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Most of the descriptive evidence on repetitive 

sequence evolution involves quantitative changes effectuated 

by staltatory fluctuations in repetitive frequency. Among 

diploid species of the genus Lathyrus total nuclear DNA 

varies in quantity from 12-20 pgs. Narayan and Rees (19 76, 

1977) have attributed virtually all nuclear DNA variation to 

fluctuations in the quantity of repetitive DNA. Staltatory 

shifts in repetitive DNA have also been attributed to 

nuclear variation among Gramineae species (Smith and Flavell 

1974). unfortunately, most studies of this kind have not 

been rigorous and have lacked proper experimental control, 

so that little else can be deduced from these findings. 

The first significant attempt at discerning the 

nature of evolutionary changes in repetitive sequences 

appears in a study of two Xenopus species by Galau et al. 

(1976). Both species contain the same quantity of repeti

tive DNA—deduced from a total renaturation curve. However, 

when repetitive tracer sequences are prepared from each 

species and cross hybridized to the other species, the 

results reveal that while most repetitive sequences are 

shared between the two, specific families of repeated 

sequences vary in frequency from 10 to 100 times. 

The most definitive study conducted so far has been 

in sea urchin species (Moore et al. 1978) . Nine clones of 

purpuratus/ representing distinct repetitive sequence 

families, were examined by self hybridization to S. 
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purpuratus and by cross hybridization to S .  franciscanus 

(common ancestry/ 10-20 million years ago) and L. pictus 

(common ancestry/ 150-200 million years ago). Their results 

show that a high degree of frequency amplification has 

occurred in certain repetitive families of S^. purpuratus; 

that iS/ clones having higher repetitive frequency in S, 

purpuratus are represented in lower frequency in S. 

franciscanus and L. pictus. Moreover/ the relationship is 

reciprocal. Dominant repetitive sequence families of S. 

franciscanus and L. pictus have few or no sequences present 

in S. purpuratus. Furthermore, there is no correlation 

between sequence conservation (base sequence mismatch) and 

frequency amplification. 

Quantitative comparisons of the rate at which new 

repetitive sequences are being added to the genome of 

purpuratus reveal an average rate of one 300 nucleotide 

sequence per century. Since most of the clones were of 

short length (300 nucleotides) and are characterized by a 

regulatory function (interspersed with single-copy se-̂  

quences) , they hypothesize that repetitive family amplifica

tion is predominately responsible for phenotypic variation. 

The Evolution of Single-Copy Sequences 

Single-copy sequence evolution has been studied 

principally from the standpoint of sequence conservation. 

In sea urchin species the rate of nonrepetitive sequence 
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divergence is .3% per million years (Angerer et al, 1976; 

Harpold and Craig 1978; Britten, Cetta, and Davidson 1978). 

The divergence rate for two Xenopus species and three 

Osmunda species (ferns) is .2%/My and .06%/My, respectively 

(Galau et al. 197 6, Stein and Thompson 1979) . These rates 

are consistent with earlier values obtained in primates 

(Kohne 19 70) and rodents (Rice 1974). 

There are several limitations inherent to divergence 

rate determinations. First of all, there is a large un

certainty associated with the time of evolutionary diver

gence, usually deduced from fossil records. Second, the 

extent of divergence is based on the degree of sequence mis

match between heteroduplexes as determined by thermal de-

naturation. Since sequences failing to form duplex struc

tures cannot be evaluated, the estimate is minimized. Third, 

divergence rate does not distinguish between nonrepetitive 

sequences that are translated from those that are not trans

lated. Fourth, divergence rate does not account for the 

amount of species polymorphism. The last two limitations 

will be considered in greater detail. 

The advent of cloning technology coupled with rapid 

methods of base sequence analysis have enabled scientists to 

begin to evaluate the evolution of specific gene sequences. 

A surprising consequence of this research has been the 

detection of intervening sequences (introns) within the DNA 

cistron, sequences which are absent in the ensuing mRNA and 
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protein product. For example, DNA sequencing of the oval

bumin cistron reveals seven intervening sequences (Woo et 

al. 1978). The fact these intron regions represent single-

copy sequences is consistent with the observation that the 

chicken genome follows a Drosophila pattern of organization. 

Comparative analysis of a and 3 hemoglobin genes in the 

mouse genome (common ancestry, 500 million years ago), 

reveals 55% sequence homology between structural regions 

(Nishioka and Leder 1979) . Divergence rate; cannot be deter

mined from these sequences as yet, since deletions and in

sertions have accoianted for much of the divergence. However, 

sequence analysis of two 3 globin genes in the mouse (common 

ancestry, 50 million years ago) shows 17 base changes in the 

structural regions corresponding to a divergence rate of 

,04%, The 5' and 3' flanking sequences as well as the two 

major introns reveal regions of substantial sequence diver

gence (Konkel, Maizel, and Leder 1979). However, it is not 

certain to what extent these regions belong to the non-

repetitive DNA class. Nevertheless, the divergence rate for 

sequence regions that are translated appears to be lower 

than the divergence rate for total single-copy sequences. 

A most interesting study by Britten et al. (1978) 

examined single-copy polymorphism in the sea urchin, S. 

purpuratus. Specimens collected from different populations 

along the Pacific coast (from San Diego to Victoria Island, 

B.C.) as well as two sea urchins found beneath the same 
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rock, show a corresponding extent of base sequence mismatch. 

Polymorphism (heterozygosity) constitutes 4% of the non-

repetitive sequences in purpuratus. When interspecies 

single-copy DNA divergence rate is considered, only half 

(about 2%) of the base substitutions can be accounted for, 

since the time of ancestral divergence 20 million years ago. 

Thus, half of the heterozygosity is of ancient origin, 

arising before the emergence of the family Strongylocen-

trotidae. 
F 

Single-copy polymorphism has been examined in the 

mouse genome (Britten unpublished data, cited in Britten et 

al. 1978). While the data are preliminary, the amount of 

heterozygosity in mice is much less than that in sea 

urchins. The rate of base sequence divergence in rodents, 

however, is similar to that of sea urchins or to some extent 

greater {Rice 1974) . The implication: is that differences in 

the amount of polymorphism reflect a difference in species 

history. 

The rate of single-copy divergence is an order of 

magnitude greater than the rate for proteins and is con

sistently higher than the rate for repetitive sequences. 

For example, in sea urchins the difference is a factor of 

three (Harpold and Craig 1977, Britten et al. 1978). Yet, 

when one considers mutational rates and the apparent toler

ance of change in the third position of the codon 
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(degeneracy of the triplet code), the rate at which the bulk 

of single-'copy sequences have diverged is conservative. 

The Evolution of Gossypiiun 

Much of this evolutionary history on Gossypium is 

derived from a recent monograph by Fryxell (1980). 

The genus consists of thirty-two diploid species, 

all having a haploid chromosome number of thirteen/ and six 

allotetraploid species having a haploid number of twenty-

six. The genus is tropical and is believed to have origi

nated in the southern hemisphere of the Old World. Subse

quently, the genus has spread into subtropical regions in 

the northern hemisphere and westward into the Old World. 

Only two wild diploid species have adapted to temperate 

climates, although two cultivated tetraploid species are 

pandemic. 

The American botanist J. O. Beasley established the 

different genome groups and demonstrated the amphidiploid 

origin of New World tetraploids. There are currently seven 

recognized genomes (lettered A through G). Species consi-

tuting a given genome are distinguished from members of 

another group by chromosome morphology, the degree of multi

valent formation in artificial hybrids, and to a certain 

degree by geographic location. Three species will be 

considered further. 
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1. G. herbaceuni/ africanum (A^^) is one of two species 

comprising the A group. The A genome is confined to 

the continent of Africa but cultivation has extended 

their range into the Levant countries as far as 

western India. Variety africanum is found in the 

eastern region of South Africa and represents the 

only wild member of the A genome. 

2. G. raimondii (D^) is one of twelve species com

prising the D group. The D genome is confined to 

the New World with most species distributed through

out Central America. This species, however, is in

digenous only to Peru. 

3. G. hirsutum (AD)^ is one of six natural amphidiploid 

cottons arising by interspecific hybridization of 

Asiatic and New World diploids. Although this 

species has been in world wide cultivation for 

centuries, wild members are believed to be restricted 

to Central America and the Caribbean Islands 

(Figure 1}. 

Cytological studies have revealed that members of 

the A and D genomes have characteristic chromosome sizes. 

Specifically, the chromosomes of A species are distinctly 

larger than the chromosomes of D species. Furthermore, the 

size distinction has been attributed to a difference in DNA 

content (Katterman and Ergle 1970; Edwards, Endrizzi, and 
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G. hirsutum 

G. raimondii-

Figure 1. Distribution of Gossypium species. 
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Stein 1974). In addition, Wilson, Katterman, and Endrizzi 

(1976) have designated most of the difference to increased 

amounts of repetitive DNA in the A genome. 

Since early investigations had discerned the two 

genomes comprising the amphidiploid species, subsequent 

investigations were to determine the specific taxa involved 

in the original hybrid. The principal method entailed the 

formation of artificial hexaploid hybrids between amphi

diploid and diploid species, the measurement of multivalent 

frequency, and the determination of segregation ratios for 

gene markers. Some of these data are presented in Table 3. 

The theoretical ratio for gene segregation is 5:1. The 

theoretical value for multivalent formation is thirteen. 

However, as Gerstel and Phillips (1958) have pointed out, 

this value is rarely attained even under conditions of 

autotetraploidy. For example, in the synthetic autotetra-

ploid G. arboreum the average frequency of multivalent 

formation ranges from 8.3 to 10.7, 

The data of Phillips as well as more recent evidence 

have established the following: (1) G. herbaceum is the 

most closely related species to the A genome of G. hirsutiam; 

(2) G. raimondii is the most closely related species to the 

D genome of G. hirsutum; and (3) of the two diploid taxa, G. 

herbaceum exhibits the greater genetic homology. In addi

tion, two other assumptions can be made, though based 

largely on inference. First, the variety africanum is a 
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Table 3. Genetic segregation and multivalent frequencies in 
synthetic allohexaploids.^ 

Hexaploid Genomes 
Average 

multivalents 
Average 

segregation 

G. 
G. 

barbadense 
arboreum 

X (AD) 2 X 7.80 ± .18 

G. 
G. 

hirsutum X 
arboreum 

(AD)^ X A2 8.68 ± .15 5.1:1 

G. 
G. 

hirsutum X 
herbaceum 

CAD)^ X 5.1:1 

G. 
G. 

hirsutum X 
raimondii 

(AD) X D5 6.16 ± .19 9.5:1 

^Data reproduced from Phillips (1963, 1964). 
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wild ancestor to the A species (Fryxell 1980) and, thereby 

closely related to the progenitor of the New World A genome. 

Second, the origin of the amphidiploids is probably mono-

phyletic (Phillips 1963) and hence G. hirsutum is the most 

closely related tetraploid species to the original inter

specific hybrid. 

The evolution of the tetraploids in the New World is 

inconclusive, and consequently has been a source of specula

tion and controversy. The following quote from Fyxell's 

(1980, pp. 162-163) recent monograph is intended to syn

thesize the cause of this uncertainty, while emphasizing the 

importance of future efforts to resolve the issue. 

The time of origin of the tetraploids has been 
placed by different botanists at various times from 
the Cretaceous to the Recent. There is little more 
than indirect evidence to bring to bear on the 
question, but a modern consensus would probably 
place the origin of the tetraploids in the Pleisto
cene. It should be emphasized that these conclu
sions are based on such relatively intangible 
evidence as degree of divergence among the tetra
ploids compared with a knowledge of the diversity 
of the diploid species and coupled with inferences 
about rates of evolution. There is no fossil evi
dence. The archaeological record is of little help. 
We are guessing, and we know it. 

Yet the question is of importance, because we 
wish to relate the origin of the tetraploids to 
their domestication and thus to the presence of man 
on the scene. . . . 



MATERIALS AI^D METHODS 

Prepara-tive Measures 

All reagents used in reassociation experiments, 

thermal denaturations, and final DNA purifications were rid 

of metal cations by ion-exchange chromatography using Chelex 

100 (100-200 mesh/ sodium form/ Bio-Rad Labs). 3 M Sodium 

acetate, pH 6.0, was passed over 2-10 g of Chelex resin to 

lower the pH of the effluent. The resin was then washed 

extensively with distilled, deionized water. When the 

aqueous effluent attained neutrality, the Chelex resin was 

deemed suitable for chromatography. 

Phosphate buffer (PB) was prepared as follows: a 

2 M stock of equimolar mono and dibasic sodium phosphate, pH 

6.8, was filtered (Millipore, Type HA, .45 ^m), briefly 

boiled, then refrigerated until use. The desired PB concen

tration was achieved by diluting the stock solution and 

measuring the refractive index. Refractive indices for PB 

were empirically determined using a Bausch and Lomb re-

fractometer (Abbe-3L) connected to a Haake FJ temperature 

controlled circulating water bath. A linear relationship 

between PB concentration and refractive index (n) was found 

within the range, 0-.5 M PB. To four decimal place accuracy 

the equation describing this relationship is: 

31 
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n = .0202 [PB] + 1.3325 + (25-T) (. 0001) , 

where the effect of temperature (T) is constant throughout 

the range 20 to 27®C. Considering the resolution of the 

instrument, as well as the constraints on linearity# the 

precision of measurement was ± 5 mM. 

DNA Extraction Methods 

Isolation of Crude DNA 

DNA was isolated from mature seeds by a modification 

of the Ergle and Katterman (1961) method, described in 

detail by Wilson (1974), with the ifollowing changes: sub

sequent to deproteination with chloroform-octanol, the 

aqueous phase was precipitated with two volumes of ethanol 

and centrifuged at 5,000 x g for 20 minutes. The crude 

pellet was suspended in filtered MUP buffer^ (.24 M PB, 8 M 

urea, pH 6.8) and clarified by centrifugation. The super

natant was removed for further purification over hydroxy-

apatite (HAP). 

Mature cotton leaves, greenhouse grown, were col

lected and stored at -70®C. Frozen leaves were pulverized 

in a pre-chilled mortar in liquid and immediately trans

ferred to a dry, chilled, stainless steel Waring blender, 

where they were rendered a fine powder by high speed 

1. The abbreviation MUP (Modified Urea Phosphate) 
originates from the Urea Phosphate buffer of Britten et al. 
(1974) . 



homogenization in liquid N2. The powder was stored at -70®C 

to minimize tanin oxidation. Nuclei were isolated from the 

leaf powder from which a crude extract of DNA was obtained 

following a method described by Katterman and Geever (1980). 

Purification was accomplished over HAP. 

DNA Purification 

The following materials and methods were used for 

the purification of leaf and seed DNA. A fritted glass 

column {2.5 cm x 30 cm, porosity B) with a 5 cm sand bed,-

was acid washed (.6 N HCl) and rinsed with distilled water. 

Five to 7 g of hydroxyapatie (HTP, protein grade, Bio-Rad 

Labs) were suspended in .5 M PB. The fines were removed and 

the slurry was carefully layered onto the sand? .5 M PB was 

passed through the HAP column until the absorbance of the 

eluate, monitored at 2 60 nm, was negative. A blank was 

saved before the HAP column was washed with 20 bed volumes 

of .01 M PB. MUP buffer was then passed through the column 

until the absorbance of the eluate at 2 60 nm was zero; 

another blank was saved. At this time the HAP column was 

ready for sample introduction. Fifty to 75 ml of DNA 

extract suspended in MUP buffer was passed through the 

2 column at room temperature. The conditions are 

2. The initial eluate is always saved in the event 
that either the binding capacity of the HAP has been ex
ceeded/ or insufficient deproteination has prevented duplex 
DNA from binding to HAP. In the latter case further de
proteination with phenol must occur before the HAP process 
is repeated. 
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sufficiently stringent to permit only duplex DNA binding 

{Goldberg 19 76). Carbohydrate, RNA, protein, and any de

natured DMA are eluted with the MUP buffer. The separation 

was completed when the 260 nm absorbance reached that of the 

MUP blank. The column was washed with .01 M PB (to remove 

the urea) until the absorbance of the eluate at 230 nm 

approached zero. Finally, the duplex DNA was eluted with .5 

M PB and fraction collected. Those fractions with a 2 60 nm 

absorbance greater than .2 A were pooled. 

Purification of plant DNA by HAP chromatography 

follows the methods used by Goldberg (1978) . However, due 

to the presence of a proposed contaminant in reagent-grade 

3 
urea (Murray, Belford, and Thompson 1977) an additional 

procedure was employed to remove the impurity. 

Accordingly, the pooled DNA solution was pelleted by 

centrifugation (Spinco fixed-angle 40 rotor, 16 h, 40,000 

revs/min, 4®C) and the resulting pellets suspended in a 

minimal volume of .1 SSC. A two layer discontinuous 

gradient was prepared according to the method of Brunk and 

Leick (1969). The upper layer contained the DNA solution 

in 34% CsCl (w/w); the lower layer contained 100 to 200 

mg/ml ethidium bromide in 50% CsCl (w/w). The ratio of 

3. DNA when purified in MUP over HAP, reportedly 
exhibits an enhanced rate of renaturation, as well as a 
failure to denature in tetraethylammonium chloride. 
Accordingly, it is the presence of ethidium bromide in the 
CsCl gradient that removes the DNA-binding contaminant. 
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upper layer volume to lower layer voliime was 3 to 1. Rapid 

eguilibrium centrifugation was conducted in a Spinco SW 41-

Ti rotor (18 h, 22/500 revs/min, 20®C). Fluorescent DNA 

bands (exposed under long-wave UV) were removed with a 

syringe, then shaken with successive voliimes of distilled 

4 n-butanol to release the ethidium bromide. This process 

was completed when no fluorescence was detectable under UV. 

CsCl was removed by dialysis in .1 SSC, and the DNA sample 

was stored at -20®C. 

Purified DNA solutions were scanned in a Beckman 

Model 25 spectrophotometer and typically show the following 

properties: 260/230 ̂  2.4; 260/280 ̂  1-85. Final yields 

are 2 mg/100 g seed meal, and 1 mg/1 kg leaf powder. 

Shearing and Sizing of DNA 

DNA solutions were sheared in a Virtis 60 homogen-

izer according to the procedures of Davidson et al. (19 73) 

with the following modifications of Zimmerman and Goldberg 

(1977): After the DNA sample was sheared the solution was 

made to .3 M NaAc, precipitated with two volumes of absolute 

ethanol for a minimum of two hours at -20®C, and pelleted 

by centrifugation (Spinco SW 27 rotor, 1.5 h, 25,000 revs/ 

min, 4°C). The pellets were suspended in water, then 

4. n-Butanol is hygroscopic; hence concentrates 
the CsCl-DNA solution. It is important, Inoreover, to 
remove the fluorescent dye before dialysis, since the 
presence of high salt favors the release of the dye. 
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dialyzed against water to remove any sodixim acetate- The 

DNA solution was either freeze-dried, or stored as an 

aqueous solution at -2 0®C. 

The protocol for obtaining DNA fragments with a 

modal length of 250 nucleotides (NT) consisted of a DNA 

solution in a medium containing 67% glycerol in .1 M NaAc, 

sheared in the Virtis 60 for 30 minutes at 50,000 revs/min. 

at -10°C (ethanol-dry ice bath). 

For obtaining modal lengths of 250 NT the conditions 

were changed to a medium containing 60% glycerol in .2 M 

NaAC/^ sheared in the Virtis 60 for 30 minutes at 4 0/000 

revs/min at 0°C (ice-water bath). 

Fragments lengths for unlabeled DNA samples were 

determined by band sedimentation according to the method of 

Bauer and Vinograd (1969) / using the equations of Studier 

(1965). Sedimentations were conducted in an alkaline sol

vent of .9 M NaCl and .1 M NaOH, pH 12-13. Mass average 

values converted to fragment lengths ranged from 211 NT to 

263 NT. Considering the constraints on the Studier equa

tions (Ordahl/ Johnson# and Caplan 1976), as well as the 

lack of homogeneity inherent to the shearing method, the 

value of 250 NT was chosen to represent those DNA sequences 

processed according to the 50/000 revs/min protocol. Let it 

be noted/ however, that a value of 200 NT or 300 NT could 

well be justified. 
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In a similar manner a value of 500 NT was chosen to 

represent the fragment length of those sequences sheared by 

the 4 0,000 revs/min protocol. 

Fragment lengths for labeled DNA samples were deter

mined by isokinetic density gradient sedimentation, using 

the computer generated values of McCarty, Vollmer, and 

McCarty (1974) for a Spinco SW 41-Ti rotor. The gradient 

apparatus was very similar to that of Noll (19 67). At least 

two gradients were prepared for each sample; fractions were 

collected and counted by liquid scintillation; fragment 

lengths were determined by applying the equations of Studier 

(1965). 

Nick Translation of DNA 

DNA used as substrate for E. coli DNA polymerase I 

3 was labeled with H-TTP (Angerer et al. 1976) in a modified 

procedure by Goldberg (1976): .5 fj.1 samples of deoxynucleo-

-4 tide triphosphate stock solutions (dATP and dCTP, 5 x 10 

-3 M in 50% ethanol; 5 x 10 M in 50% ethanol) were dried 

3 under nitrogen gas, followed by evaporation of 200 p,l H-

— 5 
TTP (50.5 Ci/mmol, 1 x 10 M TTP, New England Nuclear). 

The dried nucleotides were suspended in 200 [j,l reaction 

buffer (50 mM PB, 10 mM MgCl2/ 1 Na2~EDTA, pH 7.53) con

taining 6 \Lg of DNA template, which had been previously 
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sheared to a fragment length of 500 NT.^ Twenty units of 

commercially obtained E. coli DNA polymerase I (Boehringer 

Mannheim, Grade I) was added, the reaction mixture was in

cubated for 24 hours at 12°c and terminated by the addition 

of 200 ill of 10 mM Na2 EDTA, 50 mM PB, 0.2% SDS, pH, 6.8. 

Self-complimentary foldback sequences produced by the enzyme 

were removed by denaturing the DNA solution at 98®C, in

cubating briefly (15 sec) at 50°C, and binding the 

"instantaneously renaturing" sequences to HAP by first 

diluting the sample to .01 M PB. Unincorporated nucleotides 

were eluted with .01 M PB; single stranded DNA was eluted 

with .12 M PB and fraction collected; foldback sequences 

were eluted with .5 M PB. Approximately 10% of the radio

activity was incorporated of which 21% to 31% was present in 

foldback sequences. The specific activity was 3 x 10^ 

cpm/p,g DNA. Mass average fragment lengths ranged from 

220 NT to 250 NT. 

End Labeling 

The 5'-terminal phosphate of sheared 250 NT DNA was 

enzymatically labeled ̂  vitro by a modification of the 

method of Wilson (1979). The reaction solution contained 

buffer (20 mM MgCl2f 10 mM DTT, 2 mM spermidine, 25 mM 

Tris-HCl, pH 7.6), 1/3 mCi ^-^^P-ATP (1,000-3,000 Ci/mmol, 

5. Since the enzyme requires a duplex primer, the 
DNA was dialyzed against reaction buffer rather than water; 
thus preventing substantial denaturation. 
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New England Nuclear) , 5 [j,g of heat denatured DNA, and 20 

units of polynucleotide kinase (nuclease free, P-L 

BiochemicalS/ Inc.). Incubation was conducted at 37®C for 

FZ 
no longer than 30 minutes. The reaction was terminated by 

the addition of three volumes of .2 M ammonium acetate, 

followed by DNA precipitation with absolute ethanol at -20°C 

for several hours. The supernatant was carefully removed 

and the process was repeated using .3 M sodium acetate. The 

pellet was suspended in 1 ml of water and eluted with water 

over a Sephadex G-lOO column (100 cm x 1 cm, filled with 4 

mm "silicladed" glass beads). The DNA elutes in the void 

volume (Figure 2) . 

Alternatively after incubation at 3 7°C, .1 ml of 

water saturated phenol was added and mixed with the reaction 

solution, followed by dentrifugation at 5,000 x g to estab

lish a distinct interface. The aqueous phase was carefully 

removed and the phenol phase back-washed with 50 ml of water, 

recentrifuged, and combined with the first aqueous extract. 

A Sephadex G-lOO column was prepared using a 10 ml disposable 

pipet stoppered with §lass wool. (It is important to pre

pare the coliamn just prior to use, since gradual packing of 

the gel reduces the flow rate.) The solution was carefully 

applied to the column, eluted with water, and collected in 

.7 ml fractions. Most of the labeled DNA eluted in the void 

6. Prolonged incubation results in terminal 
phosphate removal. 
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Figure 2. Gel filtration of labeled DNA over Sephadex G-lOO 
coliomn — The exclusion of DNA from the gel was 
monitored optically ( ) and measured for 
radioactivity (• •). An arrow marks the posi
tion of the exclusion volume. 
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voliame (fractions 5 and 6 as determined by previous testing 

with blue dextran). The inclusion volxune was discarded 

{Figure 3) . Fractions with label were concentrated by 

vacuum ultracentrifugation at low speed (< 5,000 revs/min) 

using a swinging bucket rotor and removing the caps. 

Approximately 1% of the label was incorporated having a 

specific activity in excess of 1 x 10^ cpm/^g DNA, with 

"new" label. 

Reassociation Conditions 

The criterion for incubation and fractionation over 

hydroxyapatite was a temperature of 60°C and a salt con

centration of .18 M Na^ (.12 M PB). The incubation tempera

ture was 24®C below theoretical melting temperature (Tm) 

(Mandel and Marmer 1968) where 

GC + 
~ 2—̂  ̂ 81.5 + 16.6 log [Na ]. 

Using a GC content of 36.9% for G. hirsutum (Walbot and Dure 

7 
1976) the Tm is 84.3°C. In order to attain high cot values, 

salt concentration was increased. The term equivalent cot 

(Ecot) pertains to conditions in which a salt correction 

factor was applied to maintain the standard reassociation 

rate in .12 M PB (Britten and Smith 1968) . Criterion was 

maintained by adjusting the incubation temperature according 

to the formula above. 

7. Cot is defined as the product of DNA concentra
tion (moles of nucleotides per liter) and time (seconds). 
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A fraction history consisted of a series of re-

naturations and separations over HAP designed to isolate and 

enrich a particular sequence family. For example, the 

separation of single-copy sequences might have the fraction 

history, Cot 100 FUB; Cot 10,000 FB: where Cot 100 FUB 

represents that fraction of the total DNA that remains un

bound (single-stranded) at Cot 100, and upon subsequent 

renaturation binds to HAP at Cot 10,000. 

Hydroxyapatite Chromatography 

Separation of "optical quantities" of single-

stranded DNA from duplex DNA is described by Britten et al. 

(1974) and was performed in water-jacketed glass columns 

(20 cm X .9 cm, coarse frit, capillary-bore stopcocks) 

connected to a Haake circulating water bath. For each 

fractionation (cot point) a 1 ml slurry of HAP (.4 g) was 

layered over .5 cm of acid washed sand at a column tempera

ture of 60®C. Blanks were prepared by washing the column 
p 

with .5 M PB, followed by washing with .12 M PB. Cot 

points were prepared in glass capillary tubes or Kontes 

microflex vials and diluted to .12 M PB before fractionation. 

Single-strand DNA was eluted with 10 ml .12 M PB; duplex DNA 

was eluted with 10 ml .5 M PB. Absorbances were recorded at 

260 nm and 320 nm. Since some hydroxyapatite particles will 

8. During the blanking process the eluate will 
attain an absorbance less than the input buffer. For .5 M 
PB a typical value is -0.035A; for .12 M PB, -0.005A. 
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appear in the eluate, the 320 nm absorbance (due to the 

absorbance of hydroxyapatite alone) was subtracted from the 

260 nm absorbance. In addition, a small correction of 5% 

was subtracted from the .12 M PB absorbance to account for 

the collapse hyperchromicity of single-stranded DNA 

(Zimmerman 1975) . 

When labeled DNA was used/ separation was conducted 

at 60°C in a plexiglass apparatus containing six glass tubes 

(10 cm X .5 cm). Disposable, porous, polyethylene plugs 

supported the hydroxyapatite. Each tube contained .1 g HAP 

prepared and washed as described above. Before fractiona

tion each cot point was diluted to 1 ml of .12 M PB. Single-

stranded DNA was eluted with 5 ml of .5 M PB. 

32 When the isotope was P, cot points were frac

tionated directly into 2 0 ml scintillation vials. Water was 

added to 15 ml and the vials were measured for Cerenkov 

radiation in a liquid scintillation counter. 

3 
When the isotope was H, cot points were fractionated 

into graduated vials, the elution volume determined, and .5 

ml aliquots were counted in a toluene based scintillation 

cocktail. In order to ensure single-phase counting the 

following cocktail was used: 16% BBS-Ill (emulsifier, 

Beckman Instrumentals), .5% PPO (w/v), .0075% POPOP (w/v). 

One ml of water was added to 10 ml of cocktail before sample 

introduction. Each sample was prepared in triplicate, 

counted at 2% error, and corrected for quench. 
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Thermal Denaturation 

Thermal denaturation of duplex DNA was performed 

over .4 g of HAP in water-jacketed glass columns that had 

been prepared as described in the previous section. Prior 

to application, the renatured DNA sample was diluted to one 

ml of .12 M PB which contained .1 mg of E. coli (type VIII 

from strain B, Sigma) as an internal standard. The sample 

was applied to the column, which had been equilibrated to 

55®C/ and eluted directly into a 20 ml scintillation vial. 

Nine ml of .12 M PB were passed through the col\amn to remove 

single-stranded DNA. The column temperature was raised to 

60®C and allowed to equilibrate. Duplex DNA was denatured 

by increasing the temperature in 3° increments from 60°C to 

105®C. The fragments rendered single-stranded at each 

temperature interval were eluted with 3 ml rinses of .12 M 

PB. To ensure that the eluate had attained the desired 

temperature, the column was stoppered and allowed to equili

brate for 5 minutes before elution. The small.amount of 

duplex failing to denature under these conditions was removed 

by a 6 ml wash with .5 MPB. Water was added to each eluate 

to bring the volume to 10 ml and the amount of single-

stranded tracer was determined using the liquid scintilla

tion counter. The internal standard was monitored optically 

and was used to improve the reproducibility of the parameter 

measures (Tm). This procedure follows the caveats of 

Britten et al. (1974) , 
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Computer Programs 

Two programs were used in this work. The first was 

published by Pearson, Davidson, and Britten (1977) and has 

gained widespread use in nucleic acids research for the 

analysis of DNA-DNA and RNA-DNA hybridizations. The program 

uses a nonlinear least squares method for parameter deter

mination. The function FINGER, designed for analysis of 

second-order DNA renaturation, has the following form; 

^ -1 <C/Co> = F + f^(l + Cot) 

where <C/Co> represents the expected fraction of DNA re

maining single-stranded at a given Cot value and r the 

number of components used to fit the renaturation curve. 

The parameters evaluated are: f^, the fraction of the curve 

represented by component i; k^^, the rate constant of com

ponent i; and F, the fraction that remains unreassociated 

at terminal Cot (Figure 4). 

In addition to determining parameter values, the 

program provides standard deviations for each parameter as 

well as an overall determination of variation, given by the 

root mean square error (RMS). 

RMS = / - <C/Co))^ ^ 

where P is the number of data points and C/Co is the ob

served fraction of DNA remaining single-stranded at a given 

Cot value. 
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Figure 4. A hypothetical two component DWA renaturation 
curve showing the parameters generated by 
computer analysis. 



48 

The function WHATOR was used to evaluate DNA re-

naturations in which the rate of'tracer reassociation with 

the driver differed from the rate of reassociation of the 

driver itself. T'JHATOR has the form: 

<C/Co> = F + fjj^d + Cot) 
-n 

For the specific condition in which the rate of tracer-

driver renaturation was retarded due to base sequence mis

match/ the form is: 

J -  ~ k 
<C/Co>* = F + fj^d + Cot) ^ ^ 

where <C/Co) is the expected fraction of tracer remaining 

single-stranded/ is the rate constant for self-

renaturation of the driver (values are fixed by previous 

determination), and k^ the rate constant for tracer-driver 

renaturation. The evaluation of tracer retardation has been 

measured by Bonner et al. (1973) and takes the empirical 

form: 

where ATm represents the extent of base sequence mismatch in 

tracer-driver duplexes. 

The second computer program, published by Murphy, 

Pearson, and Bonner (1979), was used to evaluate thermal 

denaturation data. This program also incorporates the 
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earlier fiinctions of Pearson et al. (1977) for analyzing 

hybridization curves. 

associated with the derivitization and smoothing process of 

fitting Gaussian curves to integer data. This is especially 

useful for comparative analysis of thermal denaturations 

assayed by hydroxyapatite or filter binding. The function 

takes the following form: 

where f(T) is the expected fraction of single-stranded DNA 

eluted at temperature T; I is the initial fraction; f, 

Tm^, and are the fraction single-stranded at terminal T/ 

transition midpoint, and transition halfwidth (standard 

deviation) of component i. The integral function is derived 

from a Gaussian curve. An example is provided in Figure 5. 

parameter standard deviations, this program provides a 

measure of overall variation (RMS) as well as a comparative 

error value. 

The function MELTFN was designed to reduce errors 

m X 2 - (X - Tm.) 
1—dx) ) 

2S . 
1 

In addition to providing parameter values and 

(100) 

where M represents the data mean. This value is analogous 

to a coefficient of variation. 
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Figure 5. A hypothetical one component DNA thermal 
denaturation curve showing the parameters 
generated by computer analysis. 



RESULTS 

To-::al Genome Analysis 

Genome organization in G. hirsutum has been 

described by Walbot and Dure (1976). This organism exhibi 

the Xenopus pattern of organization, although the mass 

average length for interspersed repeats is 1,250 nucleo

tides. Most of the interspersed repetitive sequences, 

however, fall in the range of 200-800 nucleotides. 

The renaturation of 25 0 nucleotide fragments of G. 

hirsutum DNA is presented in Figure 6. Total cellular DNA 

was extracted from seed meal. The reassociation curve 

represents a least-squares second-order solution for three 

components to data points collected by measuring the 

fraction of DNA failing to bind to HAP at each Ecot value. 

Cot points, determined by the reaction of end-labeled trac 

from total cellular DNA and driven by total cellular DNA, 

had a mass excess ratio ̂  1:5,000. Also included are cot 

points determined by optical methods. These have been 

corrected for a difference in terminal reassociation and 

adjusted for comparison with the tracer renaturation. 

This solution asstimes second-order kinetics and, 

therefore, does not account for the fact that G. hirsutum 

is an allotetraploid. Hence, parameter estimates do not 

provide for divergence between the two genomes. Furthermo 

51 
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Figure 6. The reassociation of 250 nucleotide fragments of 
hirsutum DNA — The solid curve describes the 

best least squares fit to the data for three 
second-order components represented' by dashed 
curves: 20% fast repetitive with k = 1.336 
(M sec)"^, 22% slow repetitive with k = .0717 
(M sec)~^, 36% single-copy with k = .00117 
{M sec)~^. Approximately 4% of the DNA bound 
at Cot .001 while 18% failed to bind at Cot 
20,000. The error for this solution (%E) is 
4.1. The data points were determined optically 
(*) and by following the renaturation of 
end-labeled tracer (•)• 
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a three component solution was determined mainly on the 

basis of subsequent analysis of the diploid species, 

although this solution does result in a relative reduction 

in error of 12.5% over a two component solution. However, 

as a consequence of dividing the repetitive class into two 

components, the standard deviations of parameter estimates 

are quite high. 

Analysis of the diploid species, G. herbaceum and 

G. raimondii are presented in Figures 7 and 8, DNA was 

extracted from mature leaves. The reassociation curves were 

32 generated from P end-labeled tracer hybridized to 

unlabeled driver. The DNA excess ratio in each case was 

^ 1:5,000. A three component solution is appropriate for 

G. herbaceum and results in a relative reduction in error 

of 15% over a two component solution. However, the two 

component solution is appropriate for G. raimondii. An 

attempt to fit a third component results in two of the 

parameters going negative. 

Parameter values for the hybridization curves are 

listed in Table 4. In addition, determinations of kinetic 

complexity and repetition frequency are presented.^ Tracer 

driven reassociations rarely show 100% reaction at the 

1. Kinetic complexity—The total length of differ
ent DNA sequences measured in nucleotides, determined from 
the rate constant and related to E, coli. Repetition 
frequency—The number of copies of a repeated sequence in a 
genome, determined from the single-copy rate constant 
(Britten et al. 1974) . 
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Figure 7. The reassociation of 250 nucleotide fragments of 
G. herbaceum DNA — The solid curve describes a 
least squares fit to the data for three second-
order components represented by the dashed 
curves: 13% fast repetitive with a k = 2.224 
(M sec)"^, 34% slow repetitive with.a k = .1383 
(M sec)~l, 29% single-copy with a k = .00105. 
(M sec)"^. The single-copy rate constant was 
fixed at a value determined in a separate 
experiment. Approximately 4% of the DNA bound 
at Cot .001 while 21% failed to bind at Cot 
50,000. %E = 2.9. 
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Figure 8. The reassociation of 250 nucleotide fragments of 
J^aimondii DNA — The solid curve describes 

a least squares fit to the data for two second-
order components represented by the dashed 
curves: 22% slow repetitive with a k = .1908 
(M sec)~l, 46% single-copy with a k= .001616 
(M sec)~^. The single-copy rate constant was 
fixed at the value determined in a separate 
experiment. Approximately 6% of the DNA bound 
at Cot .001 while 27% failed to bind at Cot 
20,000. %E = 2.0. 



Table 4. Kinetic analysis of Gossypium species. 

Species Component 
Fraction of 
Genome (f^^) 

Rate Constant 
(k,) 

Complexity 
(NT) 

Repetition 
Frequency 

G. hirsutum Foldback .037 

Fast Rep. .202 (±.056) 1.34 (±.714) 1-.54 X 10^ 1140 

Slow Rep. .222 (±.052) .0717 (±.038) 3.14 X 10« 61 

Single-copy .355 (±.019) .00117^ 3. 08 X 10^ 1 

G. herbaceum Foldback .036 

^1 
Fast Rep. .128 (±.040) 2.22 (±1.34) 5.84 X 10^ 2120 

Slow Rep. .337 (±.040) .138 (±.030) 2.47 X 10® 132 

Single-copy .292 (±.010) .00105^ 2.82 X 108 1 

G. raimondii Foldback .057 

Slow Rep. .218 (±.005) .191 (±.022) 1.16 X 10® 118 
b 

Single-copy .458 (±.008) .00162^ 2.87 X io8 1 

Single-copy rate constants were determined by slave mini-cot analysis, so 
they are held constant. 
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terminus owing to small amounts of radioactive contamination 

in the preparation and concomitant degradation of the DNA, 

For comparative purposes the appropriate values have been 

corrected to 100% and listed in Table 5. A comparison 

between diploid species reveals that most of the distinction 

in chromosome size (if not all) is attributed to a differ

ence in DNA content. Relative to the genome, the 

genome has 54% more nuclear DNA. Moreover, the difference 

occurs in the repetitive sequence class. This is apparent 

by observing that the fraction of repetitive DNA in G. 

herbaceum (63%) is significantly larger than the fraction 

in G. raimondii (38%) while the complexities (amount) of 

single-copy sequences are similar. Furthermore, these 

values show reasonable consistency with the amount of 

repetitive DNA found in G. hirsutum (56%), but do not 

support the earlier finding of Walbot and Dure (1976), who 

report the repetitive fraction of G. hirsutum to be 37%. 

An evaluation of evolutionary changes in repetitive 

sequences among Gossypium species is presented in Table 6. 

The surprising observation is the extensive difference in 

complexity between the two diploid species. Because the 

repetitive sequence complexity of G. herbaceum is enhanced 

by the fitting of two repetitive components, the difference 

in species complexity (1.61 X 10^ nucleotides) represents a 

maximum value. When only one component is fit to the 

repetitive class in an attempt to obtain a minimum estimate. 



Table 5. Kinetic analysis of Gossypium species corrected for 100% reassociation. 

Species Component 
Fraction of 
Genome (f^) 

Complexity 
(NT) 

Genome Size 
(G^) 

G. hirsutum Foldback .04 8.68 X 10® (NT) 

(AD)j^ Fast Rep. .25 

CO o
o
 

•
 

1—
1 

X 10^ 

Slow Rep. .27 3.85 X 10^ .95 pg 

Single-copy .44 3.78 X 10® 

G • herbaceum Foldback .05 9.67 X 10® (NT) 

Fast Rep. .16 7.36 X 10^ 

Slow Rep. .42 3.12 X 10® 1.05 pg 

Single-copy .37 3.56 

oo o
 

1—1 X
 

G. , raimondii Foldback .08 6.28 X 10® (NT) 

°5 Slow Rep. .30 1.58 X 10® 

Single-copy .62 3.92 X 10® . 68 pg 



Table 6. Comparative evaluation of repetitive sequence evolution in Gossypium 
species. 

Species 

Repetitive 
Sequence 

Complexity (x^) 
Unaccounted for 
Complexity (AXj_) 

• Repetitive 
Sequence 

Quantity (Q^) 
Unaccounted for 
Quantity (AQ^) 

(AD)^ 4.04 X 10® ,85 X 10® ^ 4.51 X 10® -.21 X 10® ^ 

3.19 X 10® 1.61 X 10® ^ 5.66 X 10® 8 e 
3.80 X 10 ^ 

°5 1.58 X 10® .43 X 10® ^ 1.87 X 10® — 

^Calculated as ~ A value of zero would be interpreted to 
mean that all repetitive sequences of the D genome are present in the A genome. 

The difference in repetitive complexity between A and D genomes, Ax^ = 

XA " XD-

"^The value assumes that half of the unaccounted for complexity in the 
tetraploid is attributed to evolutionary changes in the D genome, AXj^ - Ax^p/2. 

d 2 2 
Calculated as AQ^j^ = - (Q^ + Qp)/{Qj^ + Qp) < A value of zero would 

mean that there has been no net change in the quantity of repetitive DNA in the 
recent evolution of these three species. 

The difference in repetitive quantity between A and D genomes, AQ^ = 
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the complexity difference is .5 X 10^ nucleotides (data not 

shown). This value still represents more than a 30% 

increase over the repetitive complexity of the D species. 

When the total quantity of repetitive DNA is compared, the A 

species has three times the amount of the D species. 

Approximately .4% of the increase is accounted for by the 

difference in complexity. The remaining amount is attributed 

to the amplification (or deletion) of new or existing 

sequences, some of which appear in the fast repetitive 

sequence class of G. herbaceum. The significance of the 

values determined for the tetraploid will be discussed 

later. 

Slave Mini-Cot Analysis 

When tracer DNA is fractionated and enriched for a 

particular kinetic class, then labeled and driven with 

unlabeled total DNA, the process is termed a slave mini-cot. 

Such an analysis was made of G. hirsutum and presented in 

Figure 9. Three tracers were prepared: a very'fast 

repetitive tracer (Cot ̂  .5), a fast-slow repetitive tracer 

(.5 < Cot ̂  40), and single-copy tracer (100 ;< Cot _< 

10,000). The tracer fragment lengths were between 220 NT 

and 250 NT; the driver was 250 NT. The significance of the 

very fast repetitive tracer preparation was to determine if 

G. hirsutum contained a rapidly renaturing component (a 

-1 —1 satellite sequence with a k = 173 M sec ) reported by 
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Figure 9. Fractionated tracer-driver renaturation of G. 
hirsutum DNA — Tracer sequences were prepared 
by nick-translation using ^H-TTP and represent 
the following fraction histories: (1) Cot .5 FB; 
(2) Cot .5 FUB, Cot 40 FB; (3) Cot 100 FUB, Cot 
10,000 FB. The rate constants are 1.494 
(M sec)~l, .281 (M sec)~l, .00117 (M sec)"^ 
respectively. The latter value has been used to 
fix the single-copy rate constant in Figure 6, 
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Walbot and Dure (1976). The data do not confirm their 

observation as k = 1.494 M ^ sec In fact, this value is 

very close to the rate constant determined for the fast 

repetitive class in Figure 6. Similarly, the rate constant 

for the fast-slow tracer (k = .281 M ^ sec is con

sistent with an intermediate (average) determination for 

repetitive classes taken together. 

The renaturation of single-copy tracer is used to 

determine more accurately the single-copy rate constant in 

total DNA hybridization curves (Pearson et al. 1977). Thus, 

the parameter value for G, hirsutum in Figure 6 was fixed at 

the value determined in Figure 9 (k = .0 0117 M ^ sec ^). 

Similarly, single-copy parameter values for G. herbacexim 

(Figure 7) and G. raimondii (Figure 8) have been fixed at 

values determined in Figure 10. In the latter determina

tions tracer and driver fragment lengths averaged 250 NT. 

Moreover, in a separate experiment tracer preparations were 

renatured in the absence of driver DNA. Both experiments 

show only 2% tracer self-renaturation at Cot 20,000. 

Single-Copy Cross Hybridizations 

The same single-copy tracers prepared for self 

reassociation were used in cross hybridization experiments. 

Because of sequence divergence among species, the kinetics 

are not simple second order; that is, base sequence mis

match retards the rate of tracer renaturation. The effect 



Figure 10. Tracer-driver renaturation of G. herbaceum and 
G. raiinondii — 32P end-labeled single-copy 
tracer was prepared and renatured with total 
driver DNA. (a) G. herbaceum tracer had the 
fraction history: Cot 100 FUB, Cot 2,500 FB. 
Tracer-driver mass excess ratio was ̂  1:5,000. 
The line through the data represents the best 
least squares fit using a single-copy and one 
repetitive component: 59% single-copy with k = 
.00105 (M sec)~^, 14% repetitive with k = .1383 
(M sec)~l, %E = 2.2. (b) G. raimondii tracer 
fraction history: Cot 75 FUB, Cot 3,4 00 FB. 
Tracer-driver mass excess was ̂  1:6,500. The 
solid line represents: 71% single-copy with 
k = .001616 (M sec)~l, 16% repetitive with 
k = .1908 (M sec)~i, %E = 3.6. As a control 
tracer was renatured in the absence of driver 
(*). Rate constants generated by by this 
method have been used to fix the single-copy 
rate constants in Figures 7 and 8. 
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Figure 10. Tracer-driver renaturation of G. herbaceum and 
G. raimondii. 
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has been considered in fitting curves to the data presented 

in Figures 11 and 12 (see Materials and Methods). Parameter 

n is a function of the change in thermal transition midpoint 

and equated by 

-(Tm^ - Tm^)/10 

where subscripts i and d specify parameter values for 

identical and divergent DNA sequences (Bonner et al. 1973). 

Rate retardation is evidenced when n is less than one. 

Values for Tm. and Tm^ were obtained from the data listed 1 a 

in Table 9 (p. 72) and have been used to determine n in 

Figures 11 and 12. The kinetics of tracer renaturation also 

depend on the instantaneous concentration of single-stranded 

driver sequences and hence, are a function of the driver 

rate constant. Thus driver rate constants determined in 

Figures 9 and 10 are fixed as constants in Figures 11 and 12. 

The purpose of these considerations is to obtain an 

accurate estimate of the amount of single-copy sequence 

homology. The extent of homology is measured by the 

fraction of tracer reassociated at the terminus (Table 7). 

The data show extensive single-copy sequence conservation 

between A and D genomes, even under conditions that dis

criminate against divergent sequences (stringent criterion). 

Sequences unable to form stable heteroduplexes under 

stringent conditions are detectable by lowering the 
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Figure 11. Cross hybridizations with the tetraploid — 
Single-copy tracer from G. herbaceum and 
G. raimondii was driven with unlabeled total 
DNA from G. hirsutum. Tracer-driver mass 
excess ratios were ̂  1:4,500. (a) Parameter 
values for G. herbaceum tracer are: 15% 
repetitive with k* = .0717 (M sec)"^, 56% 
single-copy with k* = .00117 (M sec)~l, 
n* = .8301. %E = 2.4. (b) Parameter values 
for G. raimondii tracer are: 8% repetitive 
with k* = .0717 (M sec)"^, 69% single-copy 
with k* = .00117 (M sec)"l, n* = .7922. %E = 
1.1. Parameters held constant are marked with 
an asterisk. 
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Figure 12. 

Log Ecot 

Cross hybridizations between the diploids — 
Single-copy ^ P tracers from G. herbaceum and 
G. raimondii were driven with the other species, 
(a) Parameter values for G. herbaceum tracer and 
G. raimondii driver are: 12% repetitive with 
k* = .1908, 46% single-copy with k* = .001616, 
n* = . 6398. %E = 1.7. Mass excess ratio _> 
1:6,000. (b) Parameter values for G. raimondii 
tracer and G. herbaceum driver are: 7% repeti
tive with k* = .1383, 54% single-copy with k* = 
.00105, n* = .6764. %E = 2.0. Mass excess 
ratio ̂  1:5,000. Parameters held" constant are 
marked with an asterisk. 
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Table 7. Single-copy sequence homology under stringent 
criterion.^ 

Tracer Driver % Reassociated^ % Normalized*^ 

G. herbaceum 76.1 t  0.9 100 

(Aj^) (AD)^ 74. 0 ± 0.8 97.2 

°5 60.4 ± 0.7 78.7 

G. raimondii °5 83. 6 ± 1.2 100 

(D5) (AD)j^ 80.0 ± 1.0 95. 6 

64. 3 ± 0.7 76. 4 

^Incubation temperature, 67®C; salt concentration, 
. 615 M Na"^. 

Parameter values were determined by computer from 
the hybridization curves in Figures 10, 11, and 12. 

^Computed as 10 0 X (% reassociated in cross 
hybridization - % tracer self reaction)/(% reassociated 
in self hybridization - % tracer self reaction). % tracer 
self reaction for G. herbaceum was 2.57%. For G. raimondii 
the value was 1.83%. 
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criterion incubation temperature (Table 8). Here, the data 

disclose greater than 90% single-copy sequence preservation 

between genomes. This value may actually approach 100%, 

since each tracer preparation contains some repetitive 

. sequence contamination. 

Thermal Denaturations 

Comparative measurements of thermal stability 

estimate the average extent of divergence in DNA sequences 

capable of forming stable duplex structures. The 

accumulation of point mutations in species gives rise to the 

formation of heteroduplex structures upon cross hybridiza

tion to other species, resulting in a depression in thermal 

stability. An example of such comparative determinations 

among Gossypium species is presented in Figures 13 and 14. 

Tracer preparations were the same as used previously. The 

parameter Tm was determined by a least-squares computer fit 

using the program of Murphy et al. (1979) explained in 

Materials and Methods. The reported reproducibility of 

hydroxyapatite thermal chromatography is i .5°C (Belford 

and Thompson 1979). 

Thermal transition midpoints (Tm) determined from 

self and cross hybridizations are listed in Table 9. The 

1°C difference in Tm observed between the diploid species 

is consistent with an earlier observation of Ergle, 

Katterman, and Richmond (1964) who measured the base 
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Table 8. Single-copy sequence homology under low 
criterion.^ 

Tracer Driver % Reactable 
Relative % 
change 

G. herbaceum ^1 75. 4 + 1.7 (4) 

(A^) (AD)^ 74. 8 + 0.7 (4) 3.1 

^5 65. 0 + 1.7 (4) 7.7 

G. raimondii 84. 5 + 0.3 (3) 

(D3) (AD)^ 76. 4 + 1.3 (4) . 7 

Ai 69. 9 ± 0.3 (4) 11.2 

^Incubation temperature# 57°C; salt concentration, 
. 615 M Na"*". 

Mean % bound to hydroxyapatite at Cot 10,000. The 
niomber of determinations is given parenthetically. 

"^The relative change in reactability when the 
criterion is lowered 10°C. Computed as the (% change at 
Cot 10,000 under stringent criterion) - (% change under low 
criterion). 
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Figure 13. Hydroxyapatite thermal elution profiles of 
duplex sequences formed at Cot 10,000 between 

—G. herbaceum and unlabeled G..herbaceum 
(a), G. hirsutum (b), and G. raimondii (c) — 
The profiles represent one of two separate 
determinations computer fitted by least squares 
methods. Tm values shown are uncorrected by 
internal standardization. The dotted curve is 
provided for comparison to the profile given 
in (a) . 
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Figure 14. Hydroxyapatite thermal elution profiles of 
duplex sequences formed at Cot 10,000 between 

raimondii and unlabeled G. raimondii 
(a), G. hirsutum (b), and G. herbaceum (c) — 
The profiles represent one of two separate 
determinations computer fitted by least squares 
methods. Tm values shown are uncorrected by 
internal standardization. The dotted curve is 
provided for comparison to the profile given 
in (a). 
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Table 9. Thermal stability of single-copy sequences. 

Tracer Driver Tm Tm (corrected) Tm (mean) 

G. herbaceum 79. 2 
80.4 

± 
± 

.26 

.27 
79.3 
79.9 

79. 6 

(A^) 
(AD), 76. 9 ± .15 77.2 76. 9 

± 
77.1 + . 10 76.7 

74. 2 .19 74.2 74.1 o 73. 8 + .20 74.1 

G. raimondii 

(D.) 

°5 80. 3 
80.8 

+ 
+ 
.19 
. 21 

80.4 
80. 8 

80.6 

(AD), 76.7 + .13 77.2 77.2 
X 

77.2 ± .15 77.3 

A, 74. 5 + .15 74. 5 74. 0 
X 

73. 8 ± .25 73.5 

^Values are corrected for Tm variation in the 
internal standard, E. coli. 
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composition of thirteen Gossypium species. G. raimondii has 

a G-C content .74% greater than G. herbaceuni/ reflecting a 

theoretical change in Tm of .31°C. However, despite the 

consistency in thermal and chemical measurements, in both 

cases the difference measured approaches the limits of 

experimental variation and, therefore, a distinct difference 

remains uncertain. 

Single-copy cross hybridizations between diploid 

species result in an average thermal midpoint depression of 

6°C, corresponding to 6% base sequence mismatch (Britten et 

al. 1974). This value represents a minimum estimate of 

sequence divergence, since 20% of the sequences fail to form 

duplexes. 

A thermal midpoint depression averaging 3®C is 

evidenced in hybridizations with the tetraploid species. 

However, since the tracer is capable of hybridizing with 

both genomes of the tetraploid, the decrease in Tm is 

predominately due to the formation of hybrid sequences 

with the more divergent genome. The extent to which the 

more divergent genome contributes to a reduction in Tm, 

however, can be accounted for (Table 10). The computation 

of a theoretical Tm represents an expected value that would 

be obtained if the tetraploid were produced in the test 

tube; that is, formed by the mixture of proportional amounts 

of DNA from each diploid species. The difference between 

the observed and theoretical Tm, then, represents the 
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Table 10. Comparative sequence homology of the diploid 
species with the tetraploid. 

Tm Tm 
Tracer Driver (observed) (theoretical) 

G. herbaceum G. hirsutum 76. 9 77. 4 

G. raimondii G. hirsutiim 77.2 78.0 

~ Tm. + Tm, (kVk.) 
Computed as Tm = =—r—n—TG- • formula is 

derived from Britten et al. (1978) and accounts for the 
proportionate fraction of tracer sequences hybridizing to 
each genome. 

extent of divergence between the diploid species and their 

counterparts in the tetraploid. Such an analysis shows 

very little single-copy sequence divergence with either 

genome. Furthermore, the determinations are consistent 
T 

with the genetic and cytogenetic evidence that the A genomes 

are more closely related. 



DISCUSSION 

Characterization of the Genome 

Where the DNA of an organism has been characterized 

by two research groups, there is often disagreement in 

parameter estimates, particularly when these parameters are 

determined solely from a total hybridization curve. The 

uncertainty often arises because the shape of the curve is 

linear {log plot) for many decades of cot, making it diffi

cult to determine where repetitive sequences end and non-

repetitive sequences begin. Phycomyces blakesleeanus, 

Gallus domesticus, and Pisum sativum are cases in point. 

The latter, in particular, represents an extreme example. 

Pearson et al. (1978) determined the single-copy rate 

— 3 —1 —1 constant in peas to be 2 X 10 M sec , corresponding to 

a genome size of 0.6 pg. Murray et al. (1978) took excep

tion to this parameter estimate and, by fitting an addi

tional component to their hybridization curve, reported the 

— 4 —1 -1 rate constant to be 2 X 10 M sec , or a genome size of 

6 pg. In a similar manner, Rawson et al. (1979) revised 

their earlier analysis of Euglena gracilis by fitting an 

additional repetitive component. This diminished the value 

of the single-copy rate constant and, thereby, increased 

the estimate of the genome size. Unfortunately these 

subsequent measurements have little more validity than the 

75 
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original findings and merely demonstrate the difficulty 

in establishing unique parameters to complex hybridization 

curves. 

For single-copy parameter estimates the uncertainty 

can be resolved. The method of choice is slave mini-cot 

analysis, where tracer sequences are prepared from a cot 

range in which only nonrepetitive sequences renature. 

Subsequent renaturation with total unlabeled DNA as a driver 

gives a definitive value for the single-copy rate constant. 

Repetitive sequence parameter estimates pose a more 

difficult problem, since there may be a continuum to the 

range of repetitive components. Furthermore, a certain 

amount of heterogeneity in rate results from the range of 

fragment lengths present in sheared DNA preparations. The 

accepted protocol, then, is fitting a minimiam number of 

components to the repetitive class, where each repetitive 

rate constant is separated by at least two decades of cot. 

Additional components are justified on the basis of a 

significant reduction in the root mean square error 

(Britten et al. 1974). Moreover, slave mini-cot analysis 

of narrow cot ranges is the method of choice for establish

ing repetitive component heterogeneity. 

Differences in analysis are not always attributable 

to disagreements in kinetic interpretation. In the soybean 

genome. Glycine max, studied by Goldberg (1978) and Gurley 

et al. (1979), the shape of their total hybridization curves 
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is distinctly different. The former isolated DNA from 

mature leaves, the latter from embryonic axes treated with 

auxin to stimulate DNA synthesis. Can the difference be 

explained on the basis of differential replication of DNA? 

There is limited evidence to support this contention. For 

example, Hernandez, Bello, and Rosado (1978) detected an 

increased amount of highly repetitive DNA in human 

spermatozoa. In Drosophila, Endow and Glover (1979) 

reported an underreplication of ribosomal gene repeats in 

polytene nuclei. Finally, Wardell (1977) found significant 

differences in the quantity of highly repetitive DNA 

between vegetative and floral stem tissue in tobacco. 

The hybridization curve of Gossypium hirsutum 

published by Walbot and Dure (1976) was not backed by slave 

mini-cot analysis. Furthermore, the principal source of 

their DNA came from immature cotyledons at a period of 

enhanced DNA replication (30 to 4 0 mg stage). Although they 

have argued that endoreduplication spans the entire genome, 

their supporting evidence was not convincing. 

The hybridization curve of G. hirsutum presented in 

Figure 6 was deduced in part from the subsequent slave mini-

cot analysis in Figure 9. Parameter values determined for 

the fraction of the genome represented by repetitive and 

single-copy sequences are consistent with the expected 

values obtained from the study of the diploid species. Why 

there is such a disparity in findings with the earlier study 
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could be explained by differential replication. However, 

there is nothing but indirect evidence to bear on this 

conclusion. 

Evolution of Repetitive Sequences 

The predominate manifestation of evolutionary change 

in repetitive DNA is sequence amplification and/or diminu

tion, accompanied by the addition of new sequences and/or 

the deletion of existing sequences. The accumulation of 

point mutations appears to be under rigid selective pressure, 

evidenced by several studies (e.g., Galau et al. 1976, 

Harpold and Craig 1977, Moore et al. 1978) showing that 

interpsecific divergence rates for repetitive sequences are 

consistently lower than interspecific divergence rates for 

single-copy sequences. 

Comparative evolution of repetitive sequences among 

Gossypivun species presented in Table 6 shows that major 

changes in sequence complexity and quantity have occurred 

between the diploid species. Relative to G. raimondii the 

increase in complexity ranges from 30-100%. Concomitantly, 

there has been a three fold increase in the quantity of 

repetitive DNA. Forty per cent of the difference can be 

accounted for by the fast repetitive class in G. herbaceum 
p 

(16% X 9.67 X 10 ). The remaining 60% occurs in the slow 

repetitive class, predominately due to the amplification 

(or deletion) of sequences "unaccounted for" by the 
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difference in complexity between the two genomes. Similarly 

the difference in complexity between genomes is largely due 

to changes in the slow repetitive class. At most 4.5% 

(100 X 7.36 X 10^/1.61 X 10^) of the complexity difference 

can be attributed to the fast repetitive class. 

With respect to repetitive sequences, the analysis 

of the tetraploid is confounding. Because cross hybridiza

tion experiments have not been performed between repetitive 

classes of the diploid species, no reasonable estimate can 

be made regarding the extent of sequence mismatch or the 

fraction cross hybridizable. The computations presented in 

Table 6 do have some predictive value, however. If half of 

the "unaccounted for" complexity of the tetraploid is 

attributed to the divergence of sequences originally common 

to both'diploid species, then 73% (100 X .43 X . 10^/1.58 

g 
X 10 ) of the repetitive sequences of the D genome should 

hybridize to the A genome. This is a minimiam estimate 

because the repetitive complexity of the tetraploid may be 

artificially enhanced by the fitting of two components to 

the repetitive class. 

However, be this as it may, a two component solu

tion has interesting implications. The reiteration fre

quency in the tetraploid (Table 4) is half that of the 

diploid species. This would occur if the dominant repeti

tive sequence families in one genome had few or no members 

in the other genome. For example, repetitive sequence 
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families reiterated 130 or even 2,000 times in the A genome, 

would have few members in the D genome. Conversely, the 

relationship would be reciprocal. Families reiterated 120 

times in the D genome would have low repetitive frequencies 

in the A genome. This interpretation is consistent with 

findings in Xenopus (Galau et al. 1976) and sea urchin 

{Moore et al. 1978). 

Evolution of Single-Copy Sequences 

Cross reactivity of single-copy sequences between 

diploid species of Gossypiijm reveals 78% homology under 

stringent criterion (Table 7) and greater than 90% homology 

under low criterion (estimated from Table 8). Cross 

reaction of the diploid species with the tetraploid shows 

nearly 100% reaction under stringent criterion, although 

2-3% of the single-copy sequences of G. raimondii may have 

diverged to the extent that they do not renature even under 

low criterion. 

Thermal denaturations of interspecific' hybrid 

duplexes indicate 6% single-copy sequence mismatch (Table 

9). Sequence mismatch greater than 15% would produce 

heteroduplex structures unstable under stringent criterion. 

Since more than half of the sequences unable to bind under 

stringent criterion are capable of forming heteroduplexes 

when the criterion is lowered 10°C (estimated from Table 8), 

single-copy sequence divergence between species exceeds 6%. 
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On the other hand, cross hybridizations to the tetraploid 

reveal nearly complete duplex formation under stringent 

criterion (Table 7). Thus, the estimate of single-copy 

divergence between diploid species and the tetraploid is 

valid within the confines of experimental variation (Table 

10) . 

The foregoing results provide a crude estimate of 

the time of origin of the tetraploid species. Since fossil 

evidence is lacking, the origin of the genomes in 

Gossypium can only be approximated. However, it is not 

unreasonable to assume that diversification occurred during 

the physical separation of the continents in the Cretaceous 

Period about 65 million years ago (Fryxell 1980). There

fore, the minimum rate of single-copy divergence would be 

.05%/My (6%/(2)/65 million years). Since G. herbaceum is 

the more closely related species to the tetraploid, the time 

of origin is determined relative to sequence mismatch 

between G. herbaceum and the New World A genome, correspond

ing to .25% single-copy divergence (.5%/2 from Table 10), 

and placing the tetraploid origin at 5 million years B.P. 

(.25%/.05%/My). This estimate is in reasonable agreement 

with a tetraploid origin in the early Pleistocene (1 million 

years B.P.). 

Measurements of single-copy sequence divergence have 

been made in several organisms, but have been restricted 

largely to measurements of sequence mismatch, attributed to 
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point mutations. The extent to which insertions, deletions, 

and rearrangements have contributed to divergence is 

uncertain. Furthermore, the possibility that nonstructural 

single—copy sequences become amplified during evolution has 

been unexplored. 

Measurements of interspecific cross reactivity do 

not appear to be consistent with measurements of thermal 

stability, although the information is very limited. Among 

eight Atriplex species examined by Belford and Thompson 

(1979), cross reactivity ranges from 26% to 96%. Yet those 

species exhibiting low cross reactivity showed modest 

thermal depressions (S.S^C) identical to or exceeding some 

hybrids having higher cross reactivity. Angerer et al. 

(1976) observed the following cross reactivities in sea 

urchins: purpuratus/S. drobachiensis 68%, common 

ancestry 7 million years ago; S^. purpuratus/S. fransiscanus 

51%, common ancestry 20 million years ago; purpuratus/ 

Pectus 12%, common ancestry 150-200 million years ago. 

By comparison, 78% cross reactivity is evidenced between 

diploid Gossypiijm species having common ancestry about 65 

million years ago. This leads to the prediction that 

single-copy cross reactivity is directly correlated to the 

degree of polymorphism in a given ancestral lineage. 
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