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Abstract. Essentially all of  the sequences in the pea 
(Pisum sativum) genome which reassociate with single 
copy kinetics at standard (T m -25oc) criterion follow 
repetitive kinetics at lower temperatures (about T m 
-35oc). Analysis of  thermal stability profiles for pre- 
sumptive single copy duplexes show that they contain 
substantial mismatch even when formed at standard 
criterion. Thus most of  the sequences in the pea genome 
which are conventionally defined as "single copy" are 
actually "fossil repeats" - that is, they are members of  
extensively diverged (mutuated) and thus presumably 
ancient families of repeated sequences. Coding sequences 
as represented by a cDNA probe prepared from poly- 
somal poly(A) + mRNA reassociate with single copy 
kinetics regardless of criterion and do not form mis- 
matched duplexes. The coding regions thus appear to be 
composed of true single copy sequences but they cannot 
represent more than a few percent of  the pea genome. 
Ancient diverged repeats are present, but not a prom- 
inent feature of the smaller mung bean (Vigna radiata) 
genome. An extension of a simple evolutionary model is 
proposed in which these and other differences in genome 
organization are considered to reflect different rates of 
sequence amplification or genome turnover during evolu- 
tion. The model accounts for some of the differences 
between typical plant and animal genomes. 
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Introduction 

Eukaryotic genomes vary considerably both in haploid 
DNA content and in the fashion in which single copy 
and repeated sequences are arranged. It is striking that 
organisms of apparently similar biological and develop- 
mental complexity may show dramatically different 
genome organization. For example, in one genus of the 
Legume family, Vicia, there is at least a 7-fold variation 
in haploid DNA content (Bennett and Smith 1976). 
Fruit flies and house flies differ by 8-fold in genome 
size; the former shows long period interspersion while 
the latter shows short period interspersion (Crain et al. 
1976; Manning et al. 1975). The pea and mung bean 
genomes differ in size by 9-fold and the mung bean 
genome contains many elements of the long period 
interspersion pattern while the pea shows only ex- 
tremely short period interspersion (Murray et al. 1978; 
1979). It does not seem reasonable to postulate that 
these differences in genome size and organization 
directly reflect fundamental differences in the way 
in which these organisms fulfill basic coding and regu- 
latory requirements. Instead, we believe that many of 
the differences are more likely to involve DNA which 
serves no strongly sequence-dependent function - 
"secondary DNA" in the terminology of Hinegardner 
(1976). 

Analysis of  DNA reassociation kinetics has proved 
invaluable in elucidating the structure of eukaryotic 
genomes. Most reassociation experiments are performed 
at a temperature about 25oc below the melting tem- 
perature of  native DNA, a criterion at which optimal 
reassociation rates are generally achieved. It is possible 
to estimate the fraction of the genome composed of 
"repetitive" and "single copy" sequences. Repeated 
sequences may then be further subdivided in terms of 
frequency. While it is a common practice to speak in 

0022-2844]81/0017/0031]$ 02.40 



32 

terms of  "middle"  repetitive, "highly" repetitive, and 
etc.,  there are probably no such clear cut divisions in 
most genomes. Further analysis o f  repeat subfractions 
often reveals additional kinetic heterogeneity (e.g., 
Murray et al. 1978; 1979). Klein et al. (1978) have 
shown that while total  sea urchin DNA reassociation 
may be modeled in terms of  a few discrete repeat 
frequency classes, there is in reality a broad range in 
repeat frequency. I t  is generally believed that following 
amplification events which give rise to a family of  

repeats, the individual members diverge from one 
another with time as they accumulate random base 
substitutions (e.g., Britten et al. 1976). Divergence 
coupled with reamplification of  certain repeat family 
members can produce a very broad spectrum in the 
degree of  homology between members o f  a repeat 
family (Flavell et al. 1977; Preisler and Thompson 
1981). Since mismatch affects reassociation rate (see 
below), divergence also contributes to apparent fre- 
quency heterogeneity. Thus it may be more appropriate 
to view repeated sequences as comprising a frequency/ 
divergence continuum rather than belonging to discrete 
classes. 

In a few cases, the fraction of  the genome which con- 
sists of  recognizably repetitive elements has been shown 

to be a function o f  the reassociation temperature.  
Most of  these observations were made with plant DNA 
(e.g., Bendich and McCarthy 1970; Bendich and Ander- 
son 1977; McCarthy and Farquhar 1972). When the re- 
association temperature is reduced below that of  a 
standard criterion such as T m -25oc to a more per- 
missive criterion where more mismatched duplexes are 
allowed to form, the fraction of  DNA which is scored 
as repetitive increases. Similar experiments have recently 
lead to the identification o f  some extensively diverged 
repeats in the presumptive single copy fraction of  mouse 
and primate genomes (Ivanov and Markov 1978;Deinin- 
ger and Schmidt 1979). Thus, as Kohne pointed out  in 
1970, the terms repetitive and single copy are largely 
operational definitions. 

The operational definitions used in this paper are as 
follows. We will use the term "repeti t ive" for sequences 
which are present in more than a few ( 1 - 3 )  copies per 
haploid genome as determined kinetically at standard 

(T m -25oc) criterion. The term "single copy"  refers to 
sequences which reassociate at the same criterion with 
kinetics consistent with their presence in only one copy 
per haploid genome. "Fossil  repeats" are sequences 
which reassociate with single copy kinetics at standard 
criterion but  which nevertheless form mismatched du- 
plexes and can exhibit repetitive reassociation kinetics 
at lower temperatures (about T m -35oc). Finally we 
will term "true single copy"any  sequences which follow 
single copy kinetics at both  standard and permissive 
criterion and which do not form mismatched duplexes. 
We stress that  these definitions are still completely 
arbitrary and that no clear cut divisions or discrete 

fractions may exist in reality. Even " t rue"  single copy 
DNA may be very old repeat. 

Only about 30% of  the pea genome reassociates 
with single copy kinetics at T m -25oc,  and sequence 
interspersion effects reduce this value to about 19% 
when assays are carried out with hydroxylapat i te  using 
DNA fragments 300 NT in length (Murray et al. 1978). 
Data presented here show that  only a very small frac- 
t ion of  even this 19% may be classified as true single 
copy DNA since essentially all o f  it can be shown to 

behave as fossil repeats. Coding sequences in the pea 
genome as represented by  a cDNA probe do appear to 
be true single copy sequences and thus the data indicate 
that  coding sequences must constitute less than a few 
percent of  total  pea DNA. In contrast,  in the smaller 
mung bean genome, fossil repeats are not as prominent  
and the majori ty of  the "single copy" DNA does meet 
the above definition for " t rue" single copy sequences. 
These results are discussed in terms of  a model  for 
genome evolution in which different rates o f  sequence 
amplification can explain these differences in pea and 
mung bean as well as many other  differences in plant 
and animal genomes. 

Experimental  Procedures 

General Details of DNA purification, preparation of radioactive 
tracers, shearing, fragment length determination, and analysis of 
reassociation kinetics have been described previously (Murray et 
al. 1978; 1979). 

Single Copy Tracers. Single copy-enriched pea and mung bean 
tracers were prepared by successive reassociation and fractiona- 
tion on hydroxylapatite at standard criterion as detailed previ- 
ously (Murray et al. 1978; 1979). Briefly, a fraction correspond- 
ing to 13% of the pea genome which remained single stranded 
after successive incubations to Cot 1 200 and Cot 1000, as well 
as an analogous fraction corresponding to 25% of the mung bean 
genome which was single stranded after successive incubations to 
Cot 5, Cot 100 and Cot 300, were isolated. 220 NTqong tracers 
were prepared from each by using calf oligodeoxyribonucleo- 
tides to prime second strand synthesis by E. coli DNA polyme- 
rase I. In the presence of excess homologous driver DNA (300 
NT) about 60% of the reactable pea and 76% of the reactable 
mung bean tracers reassociated with the expected single copy 
kinetics at standard criterion (Murray et al. 1978; 1979). 

Since neither tracer displayed homogeneous single copy re- 
association kinetics, further purification was undertaken. Under 
the assumption that the residual repetitive sequences in each 
tracer might result from the failure of some of the repeats to 
form hydroxylapatite-bindable duplexes after a single round of 
reassociation (Davidson et al. 1973) each tracer was subjected 

1Abbreviations used are: NT, nucleotides; NTP, nucleotide 
pairs; Cot , the product of molar concentration of DNA nucleo- 
tides and time of incubation (mol s/L); Tm, the temperature 
at which half of the nucleotides are unpaired; Tm,i, the tem- 
perature at which half of the complementary strands are com- 
pletely separated; PIPES, 1,4, Piperazinediethane sulfonic acid; 
PB, an equimolar mixture of NaH2PO 4 and Na2HPO 4 (pH 6.8) 
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to an addit ional reassociation in the presence o f  fresh unlabeled 
homologous  total  DNA. Abou t  37% of  the  input  3H-labeled 
mung bean tracer remained single stranded after additional 
reassociation (Cot 300 at standard criterion in the presence o f  
a 33-fold sequence excess o f  total  unlabeled DNA). Essentially 
all o f  this material  followed the predicted single copy kinetics 
upon subsequent  analysis at s tandard criterion in the presence o f  
300-fold sequence excess o f  total  mung  bean DNA (Murray et 
al. 1979). Analogous t r ea tment  o f  the  pea single copy enriched- 
tracer led to about  55% of  the tracer remaining single stranded 
after additional incubation (to Cot 1000 in the  presence o f  a 
2.5-fold sequence excess of  unlabeled DNA). The reassociation 
kinetics of  the  resulting tracer in the presence o f  a 700-fold 
sequence excess o f  unlabeled total  pea DNA are presented 
below. 

Pea cDNA. cDNA was prepared from poly(A) + m R N A  isolated 
from light grown pea seedling leaves. Polysomes were isolated 
according to Gray and Cashmore (1976) with two modificat ions.  
The KCI in the homogenizat ion buffer  was reduced from 400 to 
50 mM and 20 mM VOSO4-UMP complex was included as a 
ribonuclease inhibitor (Egberts et al. 1977). 20 mM VOSO4- 
UMP was found to give complete  inhibition o f  ribonuclease 
in this buffer  sys tem (see Peters et al. 1979). Polysomal RNA 
was purified by CsCI centrifugation (Glisen et al. 1974) and 
poly(A) + RNA purified on poly(U) sepharose (Pharmacia) 
by a modif icat ion o f  the  procedure of  Ihle et al. (1974). Total 
polysomal RNA was loaded onto poly(U) sepharose in 100 mM 
NaCI, 20 mM Tris-HC1 (pH 7.5), 1 mM EDTA and 0.1% SDS 
at 45°C and the column washed extensively with the  same 
buffer.  Bound RNA (5.0% of  the total) was eluted at 5 5 o c  
with the same buffer,  bu t  in the absence o f  NaCl. After  a second 
poly(U) sepharose column step, during which 2.5% of  the 
starting material remained in the bound  fraction, the RNA 
was judged essentially free of  rRNA contaminat ion  as judged 
by electrophoresis in glyoxal gels (McMaster and Carmichael 
1977). 

3H-labeled cDNA with a specific activity of  9 x 106 cpm/ug 
was prepared using AMV reverse transcriptase (kindly supplied 
by Dr. J.W. Beard) and oligo(dT) primer according to Meyers 
and Spiegelman (1978). This procedure includes 4 mM Na 
pyrophosphate  to inhibit the  synthesis o f  self-complementary 
cDNA. In our hands,  self complementar i ty  was reduced from 
about  60% to 6% of  the  incorporated label. Residual self-com- 
plementary and non-denaturable (foldback) cDNA was removed 
by pre-incubation and passage over hydroxylapapat i te ,  using a 
cDNA Cot some 20 t imes greater than  that  attained in any sub- 
sequent  experiments.  

Reassociation Kinetics. The reassociation kinetics o f  pea and 
mung  bean single copy tracers were followed in 1 M NaC1, 10 
mM PB, 0.1 mM EDTA at 70°C or 60°C for standard (T m 
-25oc)  or permissive (T m -35oc)  criterion respectively (Angerer 
et al. 1976). While Angerer et al. (1976) reported tha t  1.0 M 
NaC1 at 70oc  gives 25-fold faster reassociation than 0.12 M PB 
at 60oc ,  we consistently observe only an 8-fold acceleration. 
Preliminary pea cDNA reassociation kinetics were performed 
in the 1.0 M NaC1 buffer ,  bu t  the exper iments  shown here 
were performed in 2 M a m m o n i u m  sulfate, 20% ethanol,  10 mM 
PIPES (pH 6.9), 0.1 mM EDTA (D. Kohne,  pers. comm.).  We 
now prefer this buffer  sys tem to the NaC1 buffer  because it 
permits more rapid reassociation and at lower temperatures.  
Detailed analysis o f  the optical reassociation kinetics o f  E. coli 
and B. subtilis DNA as a funct ion of  temperature showed that  
opt imal  reassociation rates were achieved at 50°C, about  19oc  
below the T m for 300 NT fragments o f  either bacterial DNA 
(Murray, unpublished).  4 5 o c  and 35°C were chosen for standard 
(Tm -25oc)  and permissive (Tm -350C) criterion in a m m o n i u m  
sulphate-ethanol  respectively. While the  rates at 4 5 o c  are slightly 
suboptimal  for well-matched DNA, the system still gives about  
25-fold faster reassociation than does 0.12 M PB at 6 0 o c  (T m 
-25oc) .  Because the thermal  stability profiles for pea single 
copy duplexes formed in 1.0 NaCI at 6 0 o c  or in 2 M a m m o n i u m  
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Fig. 1 A-C. Reassociation kinetics o f  pea and mung  bean single 
copy tracers and pea cDNA driven by excess unlabeled total 
DNA at standard or permissive criteria. In each case, tracers were 
reassociated with 300 NT driver DNA fragments to the  indicated 
equivalent Cot values prior to fractionation on hydroxylapat i te  
as described in Experimental  Procedures. Reassociation kinetics 
were followed at s tandard (e) and permissive (A) criteria. All 
mixtures  included 300 NT 3H- or 14C- E. coli DNA (o) frag- 
ments  to provide internal kinetic standards. Data were corrected 
for the  effects o f  viscosity and temperature  by normalizing the  
observed rates for these standards to tha t  for E. coli DNA reas- 
sociated alone at s tandard criterion. Reassociation kinetics were 
analyzed in terms of  theoretical second order components  as 
shown in Table 1. A Pea 14C-single copy-enriched tracer (220 
NT) was reassociated with a 700-fold sequence excess o f  total 
pea DNA in 1.0 M NaC1, 10 mM PB, 0.1 mM EDTA at either 
70oc  or 60°C.  Solid lines show the simplest least squares solu- 
tions consisting of  2 theoretical second order components .  
B 3H-pea cDNA was reassociated with a 2,000-fold mass excess 
o f  total pea DNA in 2 M a m m o n i u m  sulfate-20% ethanol at 
4 5 o c  or 35oc  (see Experimental  Procedures). cDNA lengths 
were 450 and 350 NT for standard and permissive criterion 
exper iments  respectively. Solid lines show the best least squares 
fits consisting o f  one theoretical second order component .  
C Mung bean 3H-single copy tracer (200 NT) was reassociated 
with a 300-fold sequence excess o f  total  mung  bean DNA in 
1.0 M NaC1, 10 mM PB, 0.1 mM EDTA at 700C or 60oc .  Solid 
lines show the best least squares fits consisting o f  one theoretical 

second order componen t  
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Fig. 2 A and B. Analysis of the thermal stability of pea single 
copy duplexes formed at permissive criteria. Single copy-en- 
riched tracers (220 NT) were reassociated with a 700-fold se- 
quence excess of 300 NT total pea DNA. All data were normal- 
ized to 100% and smooth lines fit to the data using a cubic 
spline computer program. A Single copy-enriched tracer was 
reassociated to either Cot 25 or Cot 500 in 1.0 M NaC1 at 
60°C prior to thermal denaturation in 0.12 M PB. The dena- 
turation profiles are shown for the duplexes formed at Cot 
500 before (e, solid line) or after (A, dotted line) subtracting 
the profile for duplexes formed at Cot 25. Duplexes forming 
between Cot 25 and 500 represent 40% of the total duplexes. 
A thermal stability profile for pea cDNA (350 NT) reassociated 
in 2 M ammonium sulfate-20% ethanol at 35oc is also shown 
(., dashed line). B Single copy tracer taken prior to the final 
round of reassociation with fresh total DNA (see Experimental 
Procedures) was reassociated to Cot 500 in either 2 M ammo- 
nium sulfate-20% ethanol at 35oc (e, solid line) or 1.0 M NaCI 
at 60oc (i, dotted line) prior to thermal denaturation in 0.12 
M PB. The thermal stability profile for 300 NT native pea is 
also shown (~, dashed line) 

sulfate -20% ethanol at 35oc are nearly superimposable (Fig. 
2B) we consider these conditions to provide equivalent per- 
missive criteria. Finally the low temperature seems to reduce 
thermal degradation of DNA. We have seen little change in tracer 
reactivity in up to 4 weeks of incubation at 45°C (J.D. Palmer, 
unpublished). 

Reassociation was monitored using hydroxylapatite as 
described previously (Britten et al. 1974; Murray et al. 1978). 
Single strands were eluted at 50oc or 60oc for standard and per- 
missive criteria respectively, while duplex containing structures 
were eluted with 0.12 M PB at 100oc 2. Single strands were 
eluted equally well with 0.12 PB at either 50oc or 60oc. This 
can be seen by comparison of the earliest Cot points in Fig. 1, 
and was also routinely observed during thermal denaturation 
experiments with the preheating technique described below. 
All reassociation mixtures included either 3H- or 14C- E. coli 
DNA (labeled in vivo) as an internal kinetic standard with 
which plant DNA data were corrected for the effects of tem- 
perature and viscosity on reassociation rate (see Murray et al. 
1978). 

Data are presented in the form of Cot curves (Britten and 
Kohne 1968). All Cot values have been corrected to the equi- 
valent Cot for 0.12 M PB at 60oc using the E. coli standards. 
Results were analyzed in terms of theoretical second order com- 
ponents with the computer program described by Pearson 
et al. (1977). 

Thermal Stability Studies. Samples of the same mixtures used 
for reassociation kinetic measurements were incubated as above 
and diluted into a large volume of cold 0.12 M PB. Individual 
aliquots were then preheated for 15 min at various temperatures 
using a linear thermal gradient block (Britten et al. 1978) prior 
to fractionation on hydroxylapatite at 50oc as described above. 
This technique was chosen instead of more conventional thermal 
elution procedures in order to avoid uncertainties in main- 
taining an elution "window" which cleanly discriminates be- 
tween single-stranded and duplex containing structures over the 

2Ammonium sulfate concentrations of less than 5 mM do not 
affect hydroxylapatite fractionation. If the ammonium sulfate 
concentration will be higher when individual samples are 
diluted into PB the molarity of the later should be lowered 
to maintain 0.18 M total cation. 

entire temperature range (Martinson and Wagenaar 1977). 
Therefore we use Tm, i instead of T E to distinguish data ob- 
tained with the gradient block from that obtained by thermal 
elution. 

A cubic spline program was used to fit a smooth curve to the 
resulting data. Examples of the fit lines and actual data points 
for pea single copy-enriched tracer duplexes and native pea 
DNA (labeled in vivo) are shown in Fig. 2. In the case of the pea 
single copy-enriched tracer it is desirable to compare the thermal 
stabilities of the most slowly reassociating duplexes at each 
criterion. This was achieved by obtaining denaturation data at 
low and high Cot values (Cot 250 and 5000 for standard criteri- 
on and Cot 25 and 500 for permissive criterion). In principle, 
the fraction of low Cot duplexes was subtracted from the high 
Cot value for each temperature point. In practice this involved 
subtracting the fraction single stranded for each temperature 
in the high Cot sample from the corresponding value for low 
Cot duplexes. The resulting data were normalized to 100% and 
fit with a smooth curve using the spline program. First deriv- 
atives of the spline-fit lines were computed as described by 
Cuellar et al. (1978). 

R e s u l t s  

Pea Single Copy-Enriched Tracer 

The reassociat ion kinet ics  o f  pea single copy-enr iched  

tracer  are shown in Fig. 1A and summar ized  in Table 1. 

Under  s tandard cr i ter ion condi t ions  about  60% o f  the  

reactable tracer  reassociated wi th  a rate o f  0 .00022,  in 

reasonable agreement  wi th  the  p red ic ted  rate o f  0 .00015 

for  220 NT single copy  sequences (Murray et  al. 1978). 

Lowering the  t empera tu re  o f  reassociat ion by  10oc  

leads to  quite  d i f fe ren t  results.  Unde r  this more  per- 

missive cri ter ion,  virtually all o f  the  pea tracer  reas- 

sociates wi th  repet i t ive kinetics.  In the  simplest  2 com-  

p o n e n t  solut ion to the  data,  the  slowest c o m p o n e n t  

reassociates some 19 t imes faster than  does  the  slowest  

c o m p o n e n t  observed at s tandard  cri ter ion.  Even w h e n  
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Table 1. Summary of reassociation kinetics at standard and permissive criteria for pea single copy, pea cDNA, and mung bean single 
copy tracers a 

DNA tracer Standard criterion Permissive criterion 

Fraction b Rate RMS c Fraction b Rate RMS e 

Permissive Rate 

Standard Rate 

Pea single copy 
2 Components 

3 Components 

Pea cDNA 
1 Component 
2 Components 

Mung bean single copy 
1 Component 
2 Components 

1 0.41 0.014 
2 0.59 0.00022 
1 0.41 0.014 
2 0.46 0.00022 
3 0.13 0.00022 

(fixed) 

1 1.0 0.00035 
1 0.10 0.0027 
2 0.89 0.00029 

0.38 0.16 11.4 
0.015 0.62 0.0041 0.023 18.6 

0.32 0.21 23.0 
0.60 0.0058 26.3 

0.015 0.08 0.00022 0.022 1.0 
- (fixed) (fixed) 

0.022 1.0 0.00037 0.017 1.4 d 
0.10 0.017 8.0 d 

0.020 0.90 0.00031 0.012 1.4 d 

1 1.0 0.0012 0.018 1.0 0.0025 0.021 2.1 
1 0.17 0.0088 0.29 0.012 1.4 
2 0.83 0.0008 0.012 0.71 0.0012 0.013 1.5 

aDNA fragment lengths were as follows: all drivers, -300 NT; pea and mung bean single copy tracers, 220 NT; pea cDNA for standard 
criterion, 450 NT; pea cDNA for permissive criterion, 350 NT 

bFractions were normalized to 100% after subtracting residual foldback and unreactable tracer. Residual foldback ranged from 0 to 
3%. Reactivity was 88-97% for pea single copy, 92-97% for pea cDNA, and 84-94% for mung bean single copy 

CRoot mean square error of the least squares solution to the data 
deDNA rates are not corrected for differences in fragment length. However, length differences are taken into account in the cal- 

culated ratio of the permissive to standard criterion rate 

lille I,,rij_ - It l i l  51101,Tll,Ii01,j 5 L0  JL= 
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Fig. 3 A-D. Thermal stability profiles for pea and mung bean single copy, pea cDNA, and E. eoli DNA duplexes formed at standard 
or permissive criteria. Portions of the reaction mixtures used in Fig. 1 were subjected to thermal denaturation as described in Ex- 
perimental Procedures and illustrated in Fig. 1. First denvatwes ot lines ht to the integral data using a cubic sphne computer program 
are shown here. In each panel the thermal stability profiles for native duplexes (bottom), duplexes formed at standard criterion 
(middle), and duplexes formed at permissive criterion (top) are shown. A Most slowly reassociating fraction of the pea single copy- 
enriched tracer; see Fig. 1 for details. B 3H-pea cDNA (350 NT), 80% double-stranded at standard criterion (Cot 21,000) and 70% 
double-stranded at permissive criterion (Cot 11,000); C 3H-mung bean single copy (220 NT), 61% double-stranded at standard 
criterion (Cot 2,000) and 73% double-stranded at permissive criterion (Cot 2,000); D 3H- E. coli (300 NT), 95% double-stranded 
at both standard and permissive criterion (Cot 200). Modes and Tm,iS for these profiles are summarized in Table 2 
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Table 2. Summary of thermal stability data for pea 
formed at standard and permissive criteria a 

single copy and cDNA, mung bean single copy, and total E. coli DNA duplexes 

DNA Criterion Mode zX Mode Tin, i ATm, i 

Pea Native 83.0 83.9 
Single copy b Standard 76.0 (75.2) -7.0 75.0 (74.2) -8.9 
Single copy b Permissive 73.5 (72.7) -9.5 70.0 (69.2) -13.9 
cDNA Standard 84.2 (84.5) +1.2 82.2 (82.5) -1.7 
cDNA Permissive 83.2 (83.5) -0.2 80.7 (81.0) -3.2 

Mung bean Native 82.5 82.5 
Single copy Standard 80.3 (79.5) -2.2 78.3 (77.5) -4.2 
Single copy Permissive 80.5 (79.7) -2.0 75.8 (75.0) -6.7 

E. coli Native 89.7 88.6 
Standard 90.0 +0.3 89.5 +0.9 
Permissive 89.5 -0.2 88.0 -0.6 

aFragment lengths for all driver DNAs and E. coli tracers was 300 NT. Pea and mung bean single copy tracers were 220 NT long. Pea 
cDNA tracer was 350 NT long. Observed data for tracers (parenthesis) have been normalized to the values expected for 300 NT frag- 
ments using the relationship /XT m or /Xmode = 650/L (Britten et al. 1974), where L is the tracer fragment length in NT measured by 
alkaline agarose gel electrophoresis 

bpea single copy data are for the most slowly reassociating sequences (see Fig. 1 legend and Experimental Methods) 

the permissive criterion data are analyzed in terms of  
three theoretical second order components, with the rate 
constant for the slowest component being fixed at the 
value expected for single copy sequences, we can model 
only about 8% of the tracer as reassociating at the pea 
single copy rate. Since the entire tracer represents only 
about 13% of  the pea genome, it is clear that only a 
small fraction of  the pea genome can be classified as 
true single copy DNA. 

Thermal stability profiles of  the duplexes formed by 
this tracer (Fig. 3A, Table 2), provide additional evi- 
dence that most pea DNA sequences conventionally 
classified as a single copy are actually members of  
diverged repetitive DNA families (fossil repeats). Since a 
substantial repetitive fraction was observed by reas- 
sociation kinetics at standard criterion, it was desirable 
to remove the influence of  the early reassociating 
sequences from the thermal stability data. This was 
achieved by taking the difference between profiles 
observed at Cot 5000 and those observed at Cot 250 as 
described in Experimental Procedures and Fig. 2A. The 
net effect of  this procedure was an increase of  about 3 
and 2.5oc in the thermal stability of  the most slowly 
reassociating duplexes formed at permissive and standard 
criterion respectively. Since we cannot exclude the pos- 
sibility that repetitive duplexes readjust or "mature" 
to form more stable structures upon prolonged incuba- 
tion (Beckmann and Daniel 1974; Ivanov et al. 1978), 
the thermal stabilities resulting from the subtraction 
procedure might be somewhat overestimated. Mismatch 
values for slowly reassociating DNA are thus minimum 
estimates. The most slowly reassociating duplexes at 
standard criterion show a modal thermal stability of  

76oc and a Tm,i of  75oc after applying corrections for 
small differences in fragment length (see Table 2). Upon 
reassociation at permissive criterion, the thermal stabili- 

ty profile becomes quite broad with a length-corrected 
Tm,i of  70oc and very few duplexes melting in the 
range of  native pea DNA. Comparing these data to that 
for 300 NT native pea DNA we estimate that the slowly 
reassociating duplexes formed at standard and permissive 
criteria contain about 9% and 14% mismatch respective- 
ly, assuming a loC reduction in thermal stability per 1% 
mismatch (Wetmur 1976). 

Thermal stability for the E. coli DNA (Fig. 3D, Table 
2) standards included in these reassociation mixtures 
confirm that the observed Tm,i depression is not an ex- 
perimental artifact, since the reassociated E. coli DNA 
samples melt with profiles nearly identical to that of  
native E. coli DNA. 

Mung Bean Single Copy Tracer 

Reassociation of  the mung bean single copy tracer can 
be adequately described with one theoretical second 
order component regardless of  the reassociation criterion 
(Fig. 1C, Table 1). At standard criterion all of  the single 
copy tracer reassociates with a rate constant of  0.0012, 
precisely as expected for mung bean single copy DNA of  
this length (Murray et al. 1979), while at the permissive 
criterion the reaction appears to proceed about 2 times 
faster. Somewhat better fits can be obtained by ana- 
lyzing the data in terms of  two theoretical second order 
components (Table 1). At both standard and permissive 
criteria, a portion of  the tracer reassociates about 10 
times more rapidly than does mung bean single copy 
DNA. However, the reassociation rate of  the slowest 
component observed at permissive criterion is now only 
about 50% faster than the predicted single copy rate and 
thus (within reasonable limits of  experimental error) 
following true single copy kinetics. 

The mung bean tracer kinetics at both criteria are 
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close enough to those expected for single copy DNA 
so that one need not postulate a substantial fraction 
of fossil repeats on the basis of  kinetic data alone. How- 
ever, the thermal stability profiles (Fig. 3C, Table 2) 
do show the existence of some diverged repeats in this 
tracer preparation. Mung bean single copy duplexes 
formed at standard criterion show length-corrected 
A mode and ATm,i values of 2oc and 4oc, respective- 
ly, relative to native 300 NT fragments. At permissive 
criterion, the mode is unchanged but a low stability 
shoulder lowers the overall Tm, i to 75oc. Thus while 
most (ca. 70%) of the mung bean tracer behaves as true 
single copy sequences, some fossil repeats are present. 

Pea cDNA 

A cDNA probe prepared from leaf polysomal poly(A) 
+ mRNA was used to determine whether the coding 
sequences in the pea genome are true single copy or 
composed of diverged repeats (Fig. 1B, Table 1). Reas- 
sociation kinetics at both standard and permissive 
criteria may be described with a single theoretical second 
order component. The rate constant observed at stan- 
dard criterion (0.00035) is very close to that predicted 
for pea single copy sequences of this length (Murray et 
al. 1978). Under permissive conditions the cDNA tracer 
reassociates about 40% faster than observed at standard 
criterion after taking into account the differences in the 
cDNA lengths in the two experiments. These data are 
consistent with numerous observations (e.g. Britten and 
Davidson 1976; Goldberg et al. 1973) that most mRNAs 
are transcribed from sequences present in only one or 
few copies per haploid genome. However, the reassocia- 
tion kinetics at both standard and permissive criteria 
may also be fit with two theoretical second order com- 
ponents (Table 1). In this case about 10% of the react- 
able cDNA reassociates about ten times more rapidly 
than does single copy DNA at standard criterion and 
about 50 times more rapidly at permissive criterion. 
Thus we cannot exclude the possibility that a small frac- 
tion of the sequences represented in this cDNA prepara- 
tion are repetitive. 

Reassociated cDNA duplexes show essentially native 
thermal stability whether formed at standard or per- 
missive criterion (Fig. 3B, Table 2). However, the 
denaturation profiles are slightly skewed to the low 
stability side, and this effect is most obvious at permis- 
sive criterion. These data are consistent with the notion 
that a small fraction of the cDNA sequences are forming 
mismatched duplexes, as suggested by the 2 component 
fits to the kinetic data. 

The contrast in the behavior of the cDNA tracer and 
the single copy-enriched tracer is not simply attributable 
to the use of the ammonium sulfate-ethanol buffer with 
the former and the 1.0 M NaC1 buffer with the latter. 
Virtually indentical results for cDNA have been obtained 
using the 1.0 M NaC1 buffer system (Peters et al. 1979). 

It is also clear from the thermal denaturation profiles 
in Fig. 2A that  mismatched duplexes form equally 
well in either buffer system. 

Di~usfion 

Pea Fossil R epeats 

A major conclusion from the work reported here is that 
virtually all of the sequences in the pea genome which 
reassociate with single copy kinetics at standard criterion 
are actually diverged repeats (fossil repeats). Difficulties 
encountered during attempts to purify a pea single copy 
fraction provided the initial evidence for this phenom- 
enon. A single copy~enriched tracer (prepared from the 
sequences remaining single stranded after incubation to 
Cot 200 and Cot 1000) appeared to be contaminated 
with about 40% residual repetitive sequences as judged 

• by its reassociation kinetics in the presence of excess 
total DNA (Murray et al. 1978). Reasoning that some of 
the repeat contamination might result from formation of 
poor quality repetitive duplexes which failed to bind to 
hydroxylapatite during the initial fractionations (David- 
son et al. 1973), we carried out an additional reassocia- 
tion to Cot 1000 in the presence of fresh unlabeled 
DNA. Contaminating repeats should have reassociated 
with the additional unlabeled DNA and been removed 
upon subsequent hydroxylapatite fractionation. About 
half of the tracer was removed as expected. However 
about 40% of the remaining tracer fragments still reas- 
sociated with repetitive kinetics as shown in Fig. 1A. 
Thus no further purification was obtained inspire of the 
removal of  enough apparently repetitive material to ac- 
count for all of the original contamination. 

The unusual behavior of the single copy-enriched 
tracer is best explained if most of it is actually com- 
posed primarily of extensively diverged repeats. While a 
large fraction of this tracer does display single copy 
kinetics at standard criterion, it is clear that these 
"single copy" duplexes are extensively mismatched 
(about 9%) and therefore are repetitive. When the 
criterion is lowered another 10oc and more extensively 
mismatched duplexes are allowed to form, the average 
mismatch increases to about 14% and now all of the 
tracer reassociates some 19 times faster than should true 
pea single copy DNA. 

To some extent the fact that diverged repetitive se- 
quences can show single copy reassociation kinetics at 
standard criterion must reflect the well known tendency 
for mismatched duplexes to form more slowly than per- 
fectly matched duplexes (reviewed in Wetmur 1976). 
However, the average Tm, i reduction for the duplexes 
formed at permissive criterion is only 14oc. From the 
data of Bonner et al. (1973) and Marsh and McCarthy 
(1974) we calculate that a repetitive family with this 
amount of  mismatch should reassociate only about two 
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times more slowly than if it were composed of  identical 
sequences. Moreover, the same family should reassociate 
only 5 -35% faster at T m -35oc than at T m -25oc. 
These effects are clearly insufficient to explain the 
19-fold increase in the reassociation rate at the permis- 
sive criterion. A reasonable explanation for the differ- 
ences is that the rate increase also reflects the inclusion 
of  more members of  each family in the pool of  se- 
quences able to form stable duplexes when the criterion 
is lowered, with a corresponding increase in the effec- 
tive copy number o f  each family. 

In genomes such as the pea, it is therefore futile to 
attempt the isolation o f  a pure single copy fraction by 
repeated cycles o f  kinetic fractionation at standard 
criterion. Since collisions occur randomly between dif- 
ferent pairs during each cycle of  reassociation a given 
family member will have a certain finite probability 
o f  forming a stable complex with another family mem- 
ber and thus of  being scored as repetitive. In pea, our 
data suggest that the probability is about 40%. However 
upon each cycle a substantial fraction o f  the statistical- 
ly possible sequence combinations simply cannot form 
stable duplexes at standard criterion. 

that any non-coding inserts within the structural genes 
are non-repetitive. 

Mung Bean DNA 

True single copy sequences do appear to constitute a 
substantial fraction of  the mung bean genome. A major- 
ity (ca. 70%) of  the sequences which behave as single 
copy at the standard criterion continue to do so at the 
permissive criterion. However, it is interesting to note 
that in absolute terms the bean genome contains only 
slightly more true single copy DNA than might be pres- 
ent in the pea genome. The mung bean genome contains 
about 4.7 x 108 NTP of  DNA per haploid genome, 
making its genome about nine times smaller than that of  
pea. By conventional definition about 65% of the mung 
bean genome is composed of  single copy sequences. 
Taking 70% of these (or about 46% of  the total DNA) as 
true single copy, we estimate the mass of  true single 
cosy  sequences in the mung bean genome as about 2.1 x 
10 / NTP. If  as much as 3% of  the pea genome were true 
single copy DNA it would comprise about 1.4 x 107 
NTP. 

Coding DNA Evolution of  Secondary DNA 

The slowly reassociating tracer discussed above would 
include the entire complement of  single copy sequences 
(longer than about 250 NT) present in the pea genome. 
Thus the observation that the great majority o f  these 
tracer sequences are actually diverged repeats places a 
severe limitation on the fraction of  pea DNA which can 
be composed of  coding sequences. Although the data 
provide no compelling support for the presence of  any 
measurable fraction, we can construct theoretical models 
in which up to 8% of  the tracer reacts with single copy 
kinetics even at the permissive criterion (Table 1). 
Considering the fraction o f  the total DNA represented 
in the tracer as originally isolated, we can estimate that 
between 1 and 3% of  the pea genome might behave as 
true single copy DNA. However, most o f  the cDNA 
reassociation can be modeled with single copy kinetics 
at both standard and permissive criteria, and in both 
cases most of  the duplexes formed during reassociation 
are precisely paired. The small amount o f  more rapidly 
reassociating material and low stability duplexes at per- 
missive criterion would be readily explained by the 
presence of  some diverged multigene families (e.g. Jones 
et al. 1979; for a review see Hood et al. 1975). 

If  our cDNA probe accurately reflects the properties 
o f  coding sequences in general, it follows that coding 
regions do fit our operational definition of  true single 
copy but they contribute only a tiny fraction to the 
total mass of  the pea genome. This conclusion is similar 
to that reached from a study of  repeat sequence inter- 
spersion distances (Murray et al. 1978), but  in this case 
our interpretation does not depend on the assumption 

Plant genomes vary widely in size and tend to be larger, 
as a group, than most animal genomes. There is a sur- 
prisingly consistent relationship between plant genome 
size and the amount o f  "single copy"  DNA estimated 
kinetically at standard experimental criterion (Thomp- 
son and Murray 1980; Thompson et al. 1980; Flavell 
1980), with the fraction o f  the genome comprised by 
this class decreasing rapidly with increasing total DNA 
content up to about 1 - 2  pg and then remaining more or 
less constant at 20 -30% in all of  the larger genomes up 
to at least 12 pg. When single copy DNA mass is plotted 
against haploid genome size, points for the larger plant 
genomes fall close to a line with a slope of  about 0.2 
(Thompson and Murray 1980; Thompson et al. 1980), 
suggesting that the rate o f  increase in "single copy"  
DNA is rather consistently about 20% of that for total 
DNA. In contrast, a similar plot for animal species yields 
a single line with a slope of  0 .7-0 .8 ,  reflecting the much 
higher single copy DNA content of  animal genomes 3. 

3While most animal genomes have less than 3 pg of DNA, a few 
(mostly urodele amphibians) have much more. The available 
data on these large genomes is usually not sufficient to deter- 
mine whether or not they fit on the same line, since most 
investigators have used the hydroxylapatite techniques know 
to be sensitive to differences in interspersion patterns. How- 
ever, the S-1 nuclease data of Bozzoni and Beccari (1978) 
suggest that Triturus (23 pg) may have as much as 70% single 
copy DNA and Necturus (52 pg) about 50%. Thus even these 
extremely large animal genomes probably have higher propor- 
tions of single copy DNA than typical plant genomes. 
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We have argued previously that the large differences 
in genome organization for peas and mung beans, both 
legumes of similar developmental and biological com- 
plexity, are not likely to reflect similarly large differ- 
ences in basic coding and regulatory functions (Murray 
et al. 1979; Thompson and Murray 1980). Clearly, the 
coding sequences in pea DNA do not constitute a readily 
measurable fraction of the total genome. On a priori 
grounds, coding sequences are more likely to constitute 
a significant fraction of the mung bean genome, how- 
ever, even the mung bean genome is considerably larger 
than those of some other plants and animals with seem- 
ingly similar biological complexities. Drosophila and 
Arabidopsis, for example, have haploid DNA contents 
approximately 25% and 40% of the mung bean haploid 
value, respectively (see Manning et al. 1979 ; Bennett and 
Smith 1976). We have as of yet no evidence which sup- 
ports any sequence-dependent function for most of the 
additional DNA in mung beans and nearly the entire 
DNA complement in peas. Hinegardner (1976) has 
argued that much of the DNA in eukaryotes is secondary 
in that it serves no strongly sequence-dependent role in 
coding of gene regulation and is therefore relatively free 
to evolve by amplification, deletion and base substitu- 
tion. If most of the mung bean and nearly all of the pea 
genomes are secondary then it is clear that stochastic 
evolutionary processes are the dominant force in deter- 
mining genome organization in each. In the following 
section we illustrate how simple assumptions about rela- 
tive rates of  these processes can explain large variations 
in genome organization. 

Our model is an extension of that first proposed 
for repeat sequence evolution by Britten and Kohne 
(1969) and Kohne (1970). Most of the repetitive se- 
quences in eukaryotic DNA are considered to originate 
from periodic amplification events, with members of the 
resulting sequence families being subject to transloca- 
tion, base substitution, and deletion events during their 
subsequent evolutionary history. Flavell (1980) has 
recently extended this model to include repeated cycles 
of amplification within a single family and "compound" 
amplification events in which adjoining portions of  un- 
related sequences are amplified together. When both 
amplifications and deletions occur during evolution, 
the portion of the genome subject to these processes 
can be viewed as turning over on a geological time scale. 
Genome size will remain constant when amplification 
and deletion are in balance, while if one or the other 
predominates it will either expand or shrink. 

To account for our data on pea DNA we must pos- 
tulate nearly all (97-99%) of this genome has been 
derived from amplification events, so at least in this case 
a very large fraction of the total DNA must be evolving 
by amplification or turnover. In contrast, the smaller 
fraction of fossil repeats and larger fraction of "true" 
single copy DNA in mung beans might be explained 
by assuming that a much smaller fraction of DNA in 
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Fig. 4 A and B. Two hypothet ical  age distributions for second- 
ary DNA in genomes characterized by different rates of  ampli- 
fication or turnover  (amplification plus deletion). The area under  
each curve is the same, but  the rate o f  amplification or turnover 
is 4-fold higher in A than in B. Sequence divergence from ac- 
cumula ted  base subst i tut ions will cause DNA from the older 
repeat families (m) to reassociate as though  composed of  single 
copy sequences, while younger  families having less divergence 
may behave as repeats (n), or "fossil repeats"  (m) as described in 
the text .  The exponential  shape o f  the curves reflects the  as- 
sumpt ions  that  bo th  amplification and deletion events may 
affect any secondary DNA sequence with equal probability, 
and that  the rates o f  these processes remain constant  over long 
periods o f  t ime.  Our model does not  require strict conformance 
to either o f  these assumptions,  and we expect  actual age distri- 
but ions  to be more complex than those illustrated. The figure 
is intended merely to illustrate that  differences in the  long term 
average rates o f  amplification or turnover  can have a profound 
effect on the fraction o f  secondary DNA which is perceived as 
repetitive at any arbitrary experimental  criterion. For fur ther  
discussion see text  

this genome is evolving by rapid amplification and dele- 
tion while the rest is conserved. While we cannot exclude 
this possibility, we believe that a simpler explanation for 
the difference in the pea and mung bean genomes is that 
a large fraction of both genomes is turning over but that 
the rate of turnover is slower in mung beans. 

Figure 4 illustrates two hypothetical age distributions 
for amplified DNA in genomes which have been charac- 
terized by different amplification or turnover rates for 
a long period of time. In both cases the older sequence 
families - those amplified earlier in evolution - con- 
stitute progressively smaller fractions of the total ge- 
nome. In the absence of deletion events, this decline 
would simply reflect continuing increases in total DNA 
content from recurrent amplifications. When deletions 
are frequent, a similar decline would be produced by 
the progressive removal of individual sequences from 
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each family. Variations in the rates of these processes 
presumably occur during evolution so actual age distri- 
butions are probably more complex than those illustrat- 
ed. The essential point as far as our model is concerned 
is only that the rate of amplification or turnover can 
have a pronounced effect on the age distribution of se- 
quence families in the genome. 

Since base substitutions accumulate with time, the 
fraction of previously amplified DNA which is still 
composed of sufficiently precise copies to be recogniz- 
ably repetitive at a given criterion will depend on the 
rate of amplification or turnover which has characterized 
the evolution of the lineage. The crosshatched area 
under each curve in Fig. 4 represents the "fossil repeat" 
fraction as defined above - i.e., sequences capable of re- 
associating as repeats at T m -35oc. Older, more diverged 
sequences would continue to behave as "true" single 
copy DNA at the lower criterion even though they were 
derived from families whose members were at one time 
identical. It is readily apparent that there is no clear 
separation between any of these categories; they are 
defined simply by arbitrary points on smooth curves. 

When a lineage has been characterized by rapid 
amplification or turnover the fraction of "true" single 
copy DNA will be small and "fossil repeats" will be 
prominent, as they are in pea DNA. On the other hand, 
slower rates will produce broader age distributions and 
thus yield larger fractions of "true" single copy DNA 
and smaller relative proportions of fossil repeats. This 
behavior would be similar to that of mung bean DNA. 

According to this model, the small but relatively 
constant fraction of "single copy" DNA in most plant 
genomes can be explained by assuming that evolution 
of these genomes has been characterized by a high and 
relatively uniform turnover rate. Very small plant ge- 
nomes such as that of the mung bean, as well as most 
animal genomes, would be viewed as turning over more 
slowly. The presence of "fossil repeats" in mouse (Iva- 
nov and Markov 1978) and human (Deininger and 
Schmidt 1979) DNA is consistent with slow but sig- 
nificant turnover even in animals with relatively small 
fractions of repetitive DNA. In birds, where even smaller 
fractions of repetitive DNA are typical (e.g. Epplen et al. 
1978) the turnover rate may be even lower. Burr and 
Schimke (1980) could detect no low stability duplexes 
in bird DNA reassociated at criteria comparable to those 
used here, although a substantial fraction of mismatched 
material was observed with even less stringent reassocia- 
tion conditions. 

A logical consequence of higher rates of amplification 
and turnover is an increase in the probability that 
secondary amplification events will affect one or more 
members of a previously amplified family. Secondary 
amplification has been shown to be quite common in 
large plant genomes (e.g. Flavell et al. 1977; Stein et 
al. 1979; Bedbrook et al. 1980). Extensive secondary 
amplification will result in repeat families which are 

heterogeneous in the sense of Bendich and Anderson 
(1977) - that is, composed of subfamilies amplified at 
different times and therefore showing different amounts 
of sequence divergence. Conversely, we expect that a 
lower rate of amplification will result in more homog- 
eneous families of repeats where the range of divergence 
within a family is narrow. Indeed, detailed analysis 
of  repeat sequence divergence reveal predominantly 
heterogeneous families in the pea genome and homog- 
eneous families in the mung bean genome (Preisler 
and Thompson 1981). 

We think it reasonable to suggest that patterns of 
sequence interspersion can in large part also be ra- 
tionalized with this model. There is ample evidence 
that frequent transposition events have juxtaposed 
elements of old and new families of repeats (e.g. Rim- 
pau et al. 1978; Smith and Flavell 1977). Flavell (1980) 
has argued that there may be some selection against 
excessive amounts of tandemly repeating DNA result- 
ing from new amplification events, and thus in favor of 
frequent transposition to break up such arrays. We 
reported earlier that sequence organization in the pea 
genome is characterized by extensive interspersion at 
very short intervals with a modal length for "single 
copy" sequences (defined kinetically at T m -25oc) of 
only 300-400 NT (Murray et ai. 1978). In view of  the 
data shown here it is apparent that the foregoing inter- 
spersion studies actually revealed the interspersion of 
conventional repeats and extensively diverged repeats. 
In sharp contrast, most mung bean single copy sequences 
(defined the same way) are longer than 1000 NT and 
about half exceed 7000 NT (Murray et al. 1979). We 
visualize "repeat-single copy" interspersion as evolving 
from "repeat-repeat" interspersion as the older repeats 
diverge beyond the threshold whereby they are recog- 
nizably repetitive at standard criterion. When new 
repetitive families occupy a large fraction of the total 
DNA, as they will in genomes subject to rapid amplifica- 
tion or turnover, transposition of short elements of these 
families to regions of older DNA should produce a 
closer average spacing of the new elements than if a 
smaller amount of new DNA were interspersed in a 
larger amount of older material. The closer the spacing 
of the new sequences when originally inserted, the 
shorter will be the average length of "single copy" 
regions after further divergence of the older DNA. In 
addition, frequent additions of  new DNA may decrease 
the average time period between interspersion events in a 
given chromosomal region. With a shorter time interval, 
only the oldest in a series of contiguous repeats will 
accumulate sufficient divergence to be considered 
single copy before a new transposition event occurs 
in that region. 

The major difference between our hypothesis and 
previous models on which it is based (e.g., Kohne 1970) 
is that we visualize esentially the entire genome (with 
the exception of a few coding and regulatory sequences) 
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as part icipating in a largely stochastic turnover process. 
There is no need to postulate fundamentally different 
evolut ionary histories for single copy and repetitive 
DNA, or to  suppose that variations in the overall pat tern 
of  repeti t ion and interspersion reflect selection for dif- 
ferent patterns ofgene  regulation as proposed,  for exam- 
ple,  by  Nagl (1978). The constancy o f  single copy DNA 
content  among closely related species can be interpreted 
without  supposing that DNA variation is somehow con- 
fined to  part icular combinations of  sequences, as recent- 
ly suggested by  Hutchinson et al. (1980). 

The turnover model  o f  genome evolution is compat-  
ible with some aspects of  the "selfish DNA" hypothesis 
advanced by Doolitt le and Sapienza (1980) and Orgel 
and Crick (1980). In particular, it  is quite possible to  
view turnover as being driven by  intragenomic selection 
(Cavalier-Smith 1980) for DNA sequences particularly 
well adapted for amplification and/or transposition, but  
having little or no direct,  sequence-dependent effect on 
phenotypic  features above the DNA level. According 
to this view, diverged families o f  repeats, which make up 
most  of  the genome according to the turnover hypoth-  
esis, would be interpreted as degenerate descendants of  
sequences originally selected in this way. However, as 
noted by Cavalier-Smith (1980), "selfish DNA" or 
intragenomic selection cannot readily account for the 
wholesale variation of  DNA content among eukaryotes 
unless it  is accepted that nucleotypic selection, operating 
at the level o f  DNA mass without  reference to particular 
sequences (Bennett  1972; Cavalier-Smith 1978) can 
favor both  increases and decreases in total  DNA content .  

The dramatic and largely consistent difference in the 
propor t ion  of  repetitive DNA in plant and animal ge- 
nomes (see above and Murray and Thompson 1980; 
Thompson et al. 1980) indicates that turnover rates 
have been higher during the evolution o f  most plant 
genomes than they have in a majori ty  of  animal species. 
Such a situation can, in principle, be readily explained 
b y  nucleotypic selection. Organisms unable to tolerate 
much variation in nuclear DNA content would be less 
likely to undergo the more frequent and/or extensive 
changes associated with high turnover, while lineages 
able to  tolerate or exploit the nucleotypic effects of  
such changes would be much more likely to show a 
high turnover rate. 

In general, then, we expect  rapid amplification or 
high turnover to  produce highly repetitive genomes with 
extensive short period interspersion, while slower turn- 
over should result in a smaller fraction of  recognizably 
repetitive DNA and an increase in the average inter- 
spersion difference. Differences between plants and 
animals can be interpreted as indicating differences in 
the extent  to which nucleotypic flexibility has been an 
important  evolutionary strategy. Acceptance of  th is  
view does not  negate the possibility that  some secondary 
DNA might participate in gene regulation or  other 
cellular processes in a sequence-specific way, although 
we argue that  the fraction involved must be quite 

small. What we do suggest is that variations in the over- 
all structure of  eukaryotic  genomes are more likely to 
reflect variations in their evolutionary history than 
direct selection for specific sequences or organizational 
patterns. 
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