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ABSTRACT 
Previous work revealed that recurrent mutations (=mutation occurring more than once) in the 

tandemly repeated arrays present in nontranscribed spacers (NTS) of ribosomal RNA genes (rDNA) 
are clustered, i.e., they most frequently occur in repeats with adjacent or alternate distribution. A 
possible explanation is that the likelihood of heteroduplex formation, a prerequisite of gene conver- 
sion, decreases with the distance between repeats. To test this possibility, evolution of an array of 11 
initially homogeneous repeats was computer simulated using three models, two assuming that the 
likelihood of heteroduplex formation decreases with increasing distance between the repeats and one 
assuming that it is constant. Patterns of mutation distribution obtained in computer simulations were 
compared with the distribution of mutations found in the repeated arrays in the NTS of seven rDNA 
clones. The patterns of mutations generated by the models assuming that the likelihood of hetero- 
duplex formation decreases as distance between the repeats increases agreed with the patterns 
observed in rDNA; the patterns generated by the model assuming that the likelihood is independent 
of distance between repeats disagreed with the patterns observed in the rDNA clones. The topology 
of the heteroduplex formed between DNA in adjacent repeats predicts that the most frequently 
occurring conversions in the NTS repeated arrays will be shorter than the length of the repeat. The 
topology of the heteroduplex also predicts that if the heteroduplex leads to crossing over a circular 
repeat is excised. It is speculated that the circle can transpose or can be amplified via rolling circle 
replication and subsequently transpose. It is also shown that homogenization of the NTS repeated 
arrays proceeds at different rates in different species. 

EVERAL mechanisms have been proposed to ex- S plain how repeated nucleotide sequences in eu- 
karyotic genomes maintain their homogeneity. BRIT- 
TEN and KOHNE (1968) speculated that families of 
repeated sequences are  created by saltatory replica- 
tion of a sequence. Others proposed a gradual evolu- 
tionary turnover of sequences in the genome by une- 
qual crossing over (TARTOF 1975; SMITH 1976). Be- 
cause many families of repeated sequences are main- 
tained relatively homogeneous, even though they are  
on two or more chromosomes, some other mechanism 
in addition to crossing over must be involved in the 
homogenization of repeated nucleotide sequences. A 
strong candidate is nucleotide sequence conversion 
which involves a temporary formation of a heterodu- 
plex between two related sequences. The DNA het- 
eroduplex creates a potential for a transfer of se- 
quence between the parental sequences by repair of 
mismatched nucleotides. T h e  transfer of sequences 
between paralogous loci without recombination of 
flanking sequences has been directly observed in a 
number of gene systems (JACKSON and FINK 1981; 
LIEBHABER et al. 1981; KLEIN and PETES 1981; AM- 
STUTZ et al. 1985). 

Because rare mutations have a low likelihood of 
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surviving in a repeated array if the array is subjected 
to  repeated conversions, homogenization by gene con- 
version is a conservative evolutionary process (BIRKY 
and SKAVARIL 1976). T h e  conservative tendency of 
gene conversion is the strongest if every member of a 
family has equal potential to  form heteroduplex with 
any other member. Any restriction on the selection 
of which parental sequences are involved in hetero- 
duplex formation decreases the “effective size” of the 
gene family. T h e  understanding of the rules by which 
members of a repeated sequence family are  selected 
for conversion are, therefore, paramount for under- 
standing both the turnover of sequences in the ge- 
nome and the evolution of new families of repeated 
genes. 

We selected the gene family which codes for the 
5.8 S, 18 S, and 26 S (28 S) ribosomal RNA (hence- 
forth rDNA) to study this aspect of the evolution of 
repeated nucleotide sequences. Several attributes of 
this gene family make it well suited for this purpose. 
T h e  gene units are  in tandem arrays; since they are  
found at  only one or several loci, they are  subject to 
convenient genetic analysis. Within each gene unit, 
the coding region is preceded by an “external spacer” 
which contains a tandem array of short repeated se- 
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quences, between 100 and 300 bp in length. These 
arrays are often not transcribed, thus the spacers are  
often referred to  as nontranscribed spacers (NTS). 

This gene family is subjected to a hierarchy of 
homogenizations. Homogenization occurs among the 
repeats in the repeated array of each NTS, among 
entire gene units within a specific locus, and among 
gene units of paralogous loci. T h e  distribution of 
mutations among repeats within a NTS and between 
different NTS was used in attempts to  find evidence 
of past homogenization events (KUEHN and ARNHEIM 
1983; LASSNER and DVO~AK 1986). Mutations that 
were in two or more repeats (recurrent mutations) 
showed that the repeated arrays of NTS evolve by a 
complex pattern of overlapping homogenization 
events, usually shorter than the length of a repeat 
(LASSNER and D V O ~ ~ K  1986). An intriguing finding 
was that mutations were nonrandomly distributed in 
the repeated arrays (LASSNER and D V O ~ ~ K  1986). 
Recurrent mutations were most frequently present in 
either neighboring repeats (adjacent distribution) or 
in repeats separated by one repeat (alternate distri- 
bution). It was concluded that the homogenization of 
repeats in an  NTS array occurs chiefly by gene con- 
version (LASSNER and DVOGAK 1986). Th’  is nonran- 
dom distribution of recurrent mutations can be ex- 
plained by assuming that the likelihood of two repeats 
in a tandem array forming a DNA heteroduplex de- 
creases with their distance from each other. This 
hypothesis is tested in this paper by following the fate 
of mutations during computer simulated evolution of 
initially completely homogeneous arrays of repeats. 
DNA heteroduplex was allowed either to  occur with 
equal probability among all members of the array or 
with decreasing probability as the distance between 
the repeats increased. T h e  distribution of mutations 
in the computer generated repeated arrays was com- 
pared with the distribution of mutations in the rDNA 
spacers of wheat, rye, maize and mouse. 

MATERIALS AND METHODS 

Sequenced rDNA spacers: Repeated arrays from NTS in 
two rDNA clones, pTa71 and pTa250, representing both 
NTS length variants that exist at the Nor-BP locus of bread 
(Triticum aestivum L.) cv. Chinese Spring were sequenced 
(LASSNER and Dvoriii~ 1986). A repeated array of the spacer 
in the rDNA variant that is at the Nor-D3 locus of wheat cv. 
Cheyenne (pTaNorD3) has also been sequenced (LASSNER, 
ANDERSON and DVO%K 1987). Repeated arrays of pTa71 
and pTaNorD3 were sequenced entirely, but only seven of 
11 repeats of pTa250 were sequenced. Determination of 
the nucleotide sequence has also been reported for rDNA 
spacer arrays from one rye rDNA clone (APPELS, MORAN 
and GUSTAFSON 1986), two maize clones (MCMULLEN et al. 
1986; TOLOCZYKI and FELIX 1986) and one mouse rDNA 
clone (KUEHN and ARNHEIM 1983). The characteristics of 
these arrays are listed in Table 1. 

To compare the distribution of mutations, several statis- 
tics were calculated for each sequenced NTS repeated array. 

The average number of mutations per polymorphic nucleo- 
tide position was calculated by summing the number of 
mutations of the same kind at all polymorphic nucleotide 
positions and dividing the sum by the number of poly- 
morphic nucleotide positions in the sequence. If a nucleotide 
position was polymorphic for mutations of two or more 
kinds, different mutations were treated as if they occurred 
at different positions. The distribution of mutations occur- 
ring more than once in a repeated array (recurrent muta- 
tions) was characterized in the following manner. Percent- 
age of recurrent mutations occurring in adjacent repeats 
was calculated by summing up all recurrent mutations that 
occurred in adjacent repeats, dividing the sum by the num- 
ber of nucleotide positions in the sequence with recurrent 
mutations and multiplying by 100. Percentages of recurrent 
mutations with alternate distributions, those in repeats sep- 
arated by two repeats and those in repeats separated by 
more than two repeats were each calculated in a similar 
manner. Additionally, the percentage of positions in the 
repeated sequence in which all recurrent mutations were in 
adjacent or alternate repeats was calculated. If there were 
two different recurrent mutations at a position they were 
treated separately as if they were at different positions. 

Computer simulated evolution of a repeated array: The 
evolution of an initially homogeneous repeated array was 
simulated by computer. An array of 11 tandem repeats was 
used because the actual numbers of repeats in rDNA spacers 
vary around this number. A mutation was placed in a specific 
repeat. The first (source) repeat involved in conversion was 
selected randomly from the 11 repeats. Three different 
models were used to select a second (target) repeat for DNA 
heteroduplex formation: (1) The target was selected ran- 
domly (henceforth, random model). (2) The target was 
selected from the remaining 10 repeats with exponentially 
decreasing probability given by the equation p = (1/2)”, 
wherep is the probability that a repeat is going to be selected 
for heteroduplex formation with the source and x is the 
distance of the target repeat from the source repeat. For an 
adjacent repeat x = 1, for alternate x = 2, etc. This model 
will be referred to as model 1. (3) Another nonrandom 
model of heteroduplex formation was given by an equation 
of 

1 1  p = - x -  
1’ c -  X 

r = I  x, 

where p is the probability that a repeat is going to be selected 
as the target, n is the number of repeats in the array (1 l), 
and x is the distance of the target repeat from the source 
repeat. For an adjacent repeat x = 1, for alternate x = 2, 
etc. The second term of the probability function is a factor 
to normalize the sum of probabilities for all target repeats 
to equal one. The probability of heteroduplex formation in 
this model also decreases with the distance between repeats 
in the array but less precipitously than in model 1. This 
model will henceforth be referred to as model 2. Conversion 
was performed without a directional bias, i.e., the likelihood 
of a source being converted by the target was the same as 
the reverse. Conversions were repeated until either the 
mutation was eliminated from the array or fixed. This whole 
process was repeated 50 times for each of the 11 repeats 
and constituted a single “run.” Ten such runs were per- 
formed. The first two runs were used to calculate the mean 
number of mutations per position after 10, 20, 50, 100 and 
150 cycles of conversion in the array and to characterize 
the distribution of mutations. The distribution of mutations 
among the 11 repeats was characterized by calculating the 
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TABLE 1 

Number of repeats and their modal lengths in base pairs (bp) in the nontranscribed spacers of rDNA gene units 
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Clone designation Source Modal length in bp No. repeats per array Reference 

pTa7 1 Wheat E genome 133 12 LASSNER and DvoGk (1986) 
pTa250 Wheat B genome 133 11 LASSNER and DVOGLK (1 986) 
pTaNorD3 Wheat D genome 120 7 LASSNER, ANDERSON and DVOG~K 

pScR4 Rye 134 10 APPEIS, MORAN and GUSTAFSON 

pZmr 1 Maize 200 10 MCMULLEN et al. (1986) 
XMrl Maize 200 9 TOLOCZYKI and FEIX (1986) 
- Mouse 1 16+(T). 13 KUEHN and ARNHEIM (1983) 

(1987) 

(1 986) 

percentages of mutations in adjacent and alternate repeats, 
those separated by two repeats, and those separated by more 
than two repeats after 10, 20, 50, 100 and 150 cycles of 
conversion. Finally, the percentages of arrays with all mu- 
tations in adjacent or alternate repeats after 10, 20,50, 100 
and 150 conversions were calculated. All ten runs were used 
to calculate the mean number of conversion cycles leading 
to elimination or fixation of mutations in the repeated array, 
the percentage of mutations that become fixed relative to 
those that became eliminated by the process, and the ratios 
of recurrent to nonrecurrent mutations in individual re- 
peats. All recurrent mutations of one kind at a nucleotide 
position are considered a single mutational event. 

Statistical analysis: Analysis of variance for completely 
randomized design with unequal sample size was performed 
for each characteristic of the sequenced rDNA and com- 
puter generated repeated arrays reported in Tables 3-5. 
The level of a characteristic after the 10, 20, 50, 100 and 
150 conversion cycles in the computer generated arrays and 
in the rDNA were the “treatments.” If F-test was significant 
at the 5% level for a characteristic, pairwise comparisons 
were made by calculating least significant difference (LSD) 
values for the 5% probability level taking into account 
unequal sample size. 

The statistical significances of the mean numbers of con- 
versions needed to eliminate or fix a mutation and the 
percentage of mutations that became fixed in the computer 
generated arrays were tested by analysis of variance for 
completely randomized design considering the repeat in 
which a mutation originated as a replication and model as a 
treatment (Tables 7-9). Pairwise comparisons were made 
by calculating LSD at the 5% probability level. 

The ratios of recurrent to nonrecurrent mutational 
events were statistically tested (Table 6) in the following 
manner. Because the mean frequency of nonrecurrent mu- 
tations was 1 in all ratios, only the relative proportions of 
recurrent mutational events at each repeat were analyzed 
by analysis of variance for completely randomized design 
with equal sample size. If F-test was significant at the 5% 
probability level, LSD at 5% probability level was calculated 
to make pairwise comparisons. 

RESULTS 

Sequenced rDNA spacer repeated arrays: A mu- 
tation is defined as a departure of a repeat from a 
consensus sequence. Because consensus sequence is 
defined as a sequence of nucleotides most frequently 
occurring at  each nucleotide position in the array, the 
mean number of mutations of one kind per nucleotide 
position cannot exceed half the number of repeats. 

Additionally, more than one kind of mutation occa- 
sionally occurs a t  a position and since these were 
treated separately, as if they were at  different posi- 
tions, the maximum number of mutations of one kind 
per position may be additionally reduced. If no ho- 
mogenization occurred, the mean number of muta- 
tions per polymorphic nucleotide position is expected 
to be 1.0. Because the same mutation can by chance 
originate more than once, some recurrent mutations 
will be encountered even if no  homogenization oc- 
curred, and the mean would be higher than 1.0. 

T h e  mean number of mutations of one kind per 
polymorphic position varied from 1.2 in the rye re- 
peated array to 2.8 in the mouse repeated array (Table 
2). In the repeated arrays from rye and the Nor-D3 
locus of wheat (pTaNorD3) most mutations were 
unique, whereas in the mouse rDNA repeated array 
most mutations were recurrent. This is clearly appar- 
ent from the ratio of the recurrent to nonrecurrent 
mutational events (all recurrent mutations at  a nucleo- 
tide position a re  considered as a single event). This 
ratio is 0.2:l for the rye and pTaNorD3 repeated 
arrays, whereas it is 1.8:l for the mouse array (Table 
2). This ratio is similar for two rDNA clones from the 
wheat Nor432 locus (pTa’7 1 and pTa250) and identical 
for two rDNA arrays from maize (pZmrl and XMrl) 
(Table 2) suggesting that this trait may be genome 
specific. The correspondence of the ratios for the 
maize clones is remarkable considering the fact that 
the repeated array in clone XMrl contains about twice 
as many mutations than that of clone pZmr1. 

In  all arrays except that of rye, most recurrent 
mutations were in adjacent repeats, fewer were in 
alternate repeats, and still fewer were separated by 
two repeats which were about equal to  those separated 
by more than two intervening repeats. A recurrent 
mutation at a nucleotide position could be in more 
than two repeats. Such a mutation could simultane- 
ously be in, e.g., adjacent and alternate repeats and 
would figure twice in the data causing the sum of the 
percentages to exceed 100. T h e  number of nucleotide 
positions in which all recurrent mutations were in 
adjacent or alternate repeats exceeded 40% in all 
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TABLE 2 

Mean number of mutations per polymorphic nucleotide position in the repeated sequences of wheat, maize, rye and mouse rDNA 
spacers and characterization of the distribution of mutations present in more than one repeat (recurrent mutations) among the repeats 

Cloned sequence 

Characteristic 

Wheat 
Wheat Wheat Nor-D3 

pTa7 1 pTa250 NorDJ pZmrl 
Mouse - Maize Maize Rye 

XMrl pScR4 
NoT-BZ NOT-BZ PTa 

Mean no. mutations of one kind per poly- 2.4 2.4 1.4 2.1 1.5 1.2 2.8 

Ratio of recurrent to nonrecurrent muta- 0.6:1 0.8:l 0.2: 1 0.6: 1 0.6: 1 0.2: 1 1.8:1 

Percent of recurrent mutations in adjacent 78 70 60 62 61 0 69 

Percent of recurrent mutations in alternate 21 37 20 25 13 100 36 

morphic nucleotide position 

tional events 

repeats 

repeats 

separated by two repeats 

separated by more than two repeats 

recurrent mutations are in adjacent or al- 
ternate repeats 

Percent of recurrent mutations in repeats 4 0 20 7 20 0 10 

Percent of recurrent mutations in repeats 8 6 10 16 25 0 15 

Percent of nucleotide positions in which all 70 80 40 73 44 100 52 

arrays. In the rye repeated array all recurrent muta- 
tions were in alternate repeats. In this context the rye 
repeated array is clearly exceptional and will not be 
included into comparisons of the distribution of mu- 
tations in the NTS repeated arrays and those gener- 
ated by computer. 

Computer simulated evolution of repeated arrays: 
Random model. In this computer simulation any mem- 
ber of the array of repeats had equal chance to form 
a DNA heteroduplex with the randomly selected 
source repeat. Repeated cycles of DNA heteroduplex 
formation and conversion resulted in elimination of 
most mutations from the array. An average of 90.9% 
of mutations were eliminated, while 9.1% of muta- 
tions were fixed in the array (Table 9). The ratio of 
recurrent to nonrecurrent mutational events steadily 
increased from 0.6:1 after 10 cycles of conversion in 
the array to 9.2: 1 after 150 cycles (Table 3). Repro- 
duction of a mutation due to repeated cycles of DNA 
heteroduplex formation and conversion was associ- 
ated with progressive increase in the number of mu- 
tations occurring in the adjacent repeats and decrease 
in the number of mutations in repeats separated by 
two or more repeats (Table 3). 

In the repeated arrays of rDNA spacers listed in 
Table 2 there was an average of 2.1 mutations of one 
kind per polymorphic nucleotide position. This num- 
ber of mutations per polymorphic nucleotide position 
is close to 1.9 mutations of one kind per polymorphic 
nucleotide position after 20 conversion cycles in the 
computer generated repeated arrays. Although mu- 
tations in an rDNA NTS differ in their age they will 
be treated as if they originated at the same time in 
comparisons with the repeated arrays generated by 

the computer. After 20 conversion cycles the com- 
puter generated repeated arrays were quite different 
from those of the rDNA spacers. In the computer 
generated arrays 33.9% of recurrent mutations were 
in adjacent repeats, whereas 66.7% were observed in 
the rDNA repeated arrays (Table 3). Conversely, 
38.4% recurrent mutations were separated by more 
than two repeats whereas only 13.3% of such recur- 
rent mutations were observed in the rDNA repeated 
arrays. Recurrent mutations were clearly more clus- 
tered in the repeated arrays of rDNA spacers than is 
predicted by this model; 59.8% of nucleotide positions 
had all recurrent mutations in adjacent or alternate 
repeats in the rDNA repeated arrays but only 30.0% 
in the computer generated arrays. The comparison of 
the distribution of recurrent mutations in the re- 
peated arrays of the rDNA with that in the computer 
generated array is unsatisfactory and, therefore, the 
hypothesis that heteroduplex formation is independ- 
ent of the distance between the repeats is rejected. 

Model 1. In this computer simulated evolution of 
repeated arrays the likelihood of DNA heteroduplex 
formation between two repeats decreased exponen- 
tially as the distance between the repeats increased. 
The probability of DNA heteroduplex formation was 
0.500 between adjacent repeats, 0.250 between alter- 
nate repeats, 0.125 between those separated by two 
repeats, etc. As in the previous simulation, most mu- 
tations were eliminated from the repeated array; 
91.4% mutations followed this fate whereas 8.6% 
were fixed (Table 9). The ratio of recurrent to non- 
recurrent mutational events increased from 1 : 1 after 
10 cycles of conversion to 9.9:l after 150 cycles of 
conversion. Mutations that by chance survived the 
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TABLE 3 

Mean number of mutations per nucleotide position in computer generated repeated arrays after specified number of conversions in an 
array of eleven repeats and characterization of the distribution of recurrent mutations among the repeats 
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No. conversion cycles since the origin of mutation Observed 
mmn nf _. 

Characteristic 10 20 50 100 150 rDNA arrays 

Mean no. mutations per polymorphic nu- 1.5a* 1.9a 3.0b 4.7c 5.3d 2.la 

Ratio of recurrent to nonrecurrent muta- 0.6: l a  1.l:lb 2.0:lc 6.2:ld 9.2: l e  0.7:la 

Percent of recurrent mutations in adjacent 26.9a 33.9b 6 0 . 4 ~  69.8d 77.0e 66.7cd 

Percent of recurrent mutations in alternate 26.2a 27.lab 28.9ab 3 1.2ab 33.3b 25.3ab 

Percent of recurrent mutations in repeats 21.0a 17.5a 19.lab 14.lb 10.2b 10.2b 

Percent of recurrent mutations in repeats 42.2a 38.4a 22.2b 1 4 . 4 ~  1 l . l c  13.3bc 

Percent of nucleotide positions in which all 26.9a 30.0a 26.0a 42.5b 47.4b 59.813 

cleotide position 

tional events 

repeats 

repeats 

separated by two repeats 

separated by more than two repeats 

recurrent mutations are in adjacent or 
alternate repeats 

The likelihood for a repeat to form a heteroduplex with the target repeat is equal for all members of the array. Means of two runs of 50 

* Numbers in rows followed by the same letter are not statistically significant at the 5% probability level according to least significant 
simulations each. 

difference (LSD). 

repeated cycles of conversion became progressively 
more abundant (Table 4). The observed 2.1 muta- 
tions of one kind per polymorphic position in the 
rDNA was linearly extrapolated to correspond to 14 
cycles of conversion. It was linearly extrapolated from 
data in Table 4 that after 14 conversion cycles 69.9% 
and 27.8% of the recurrent mutations would be in 
the adjacent and alternate repeats, respectively, and 

78.5% of the nucleotide positions with recurrent mu- 
tations would have all mutations in adjacent or alter- 
nate repeats. These numbers are close to the observed 
percentages of recurrent mutations in adjacent and 
alternate repeats in the rDNA repeated arrays: 66.7% 
and 25.3%, respectively. The observed percentage of 
positions with recurrent mutations with all mutations 
in adjacent or alternate repeats, 59.8%, was lower, 

TABLE 4 

Mean number of mutations per nucleotide position in computer generated repeated arrays after specified numbers of conversions in 
the array of eleven repeats and characterization of the distribution of recurrent mutations among the repeats 

No. conversions since the origin of mutation 
Mean of 

Characteristic 10 20 50 100 150 rDNA arrays 

Mean no. mutations per poly- 1.8a* 2.5a 4.0b 5 . 2 ~  5.lc 2.la 

Ratio of recurrent to nonrecurrent 1.0:la 1.9:lb 3.6: I C  10.4:ld 9.9:ld 0.7:la 

Percent of recurrent mutations in 65.5a 76.4bc 8 2 . 8 ~  8 9 . 6 ~  8 5 . 3 ~  66.7ab 

Percent of recurrent mutations in 29.7a 26.6a 19.4b 1 4 . 4 ~  1 7 . 2 ~  25.3ab 

Percent of recurrent mutations in 10.6a 8.4ab 7.0ab 6.0b 2.0c 10.2a 

Percent of recurrent mutations in 7.la 5.9a 6.2a 4.9a 5.4a 13.3b 

morphic nucleotide position 

mutational events 

adjacent repeats 

alternate repeats 

repeats separated by two repeats 

repeats separated by more than 
two repeats 

Percent of nucleotide positions in 78.5a 78.5a 69. la  70.la 73.la 59.8a 
which all recurrent mutations 
are in adjacent or alternate re- 
peats 

The likelihood for a repeat to form a DNA heteroduplex with the target repeat decreases with the distance from the target repeat 

* Numbers in rows followed by the same letter are not statistically significant at the 5% probability level (LSD). 
according to model 1. Means of two runs of 50 simulations each. 
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TABLE 5 

Mean number of mutations per nucleotide position in computer generated repeated arrays after specified numbers of conversions in 
an array of eleven repeats and characterization of the distribution of recurrent mutations among the repeats 

Characteristic 

No. conversions since the origin of mutation 
Mean of 

10 20 50 100 150 rDNA arravs 

Mean no. mutations per poly- 1.7a* 2.4b 3.7c 4.8d 5.4e 2.lab 

Ratio of recurrent to nonrecurrent 0.7:la 1.3:lb 4.0: l e  5.6:ld 6.7:le 0.7:la 

Percent of recurrent mutations in 47.la 55.4b 73.2c 74.2cd 81.9d 66.7bc 

Percent of recurrent mutations in al- 26.7a 27.8a 26.6a 25.7a 26. la 25.3a 

Percent of recurrent mutations in re- 19.4a 16.7ab 12.9bc 10.8bc 8 . 8 ~  10.2bc 

Percent of recurrent mutations in re- 23.5a 23.7a 14.2a 16.0ab I l . l b  13.3ab 

morphic nucleotide position 

mutational events 

adjacent repeats 

ternate repeats 

peats separated by two repeats 

peats separated by more than two 
repeats 

which all recurrent mutations are 
in adjacent or alternate repeats 

Percent of nucleotide positions in 50. lab 44.la 46.4a 43.6a 57.2ab 59.813 

The likelihood for a repeat to form a DNA heteroduplex with the target repeat is decreasing with the distance from the target repeat 

* Numbers in rows followed by the same letter are not significantly different from each other at the 5% probability level (LSD). 
according to model 2. Means of two runs of 50 simulations each. 

but not significantly, than the 78.5% extrapolated. 
The extrapolated percent of recurrent mutations in 
repeats separated by two repeats, 9.3%, agreed with 
the 10.2% in rDNA NTS. The percent of mutations 
in repeats separated by more than two repeats was 
somewhat lower in repeated arrays generated by com- 
puter than in those of rDNA. The ratio of recurrent 
to nonrecurrent mutational events was linearly ex- 
trapolated to be 1.3: 1 which is slightly but significantly 
higher than observed 0.7: 1 in rDNA NTS. 

ModeE 2. In this model the likelihood for a target 
repeat to be involved in the formation of DNA het- 
eroduplex with the source repeat also decreased with 
distance from the source repeat. The likelihood of 
DNA heteroduplex formation was 0.33 1 between ad- 
jacent repeats, 0.167 between alternate repeats, 0.110 
between those separated by two repeats, etc. Most 
mutations were eliminated from the arrays; 90.1 % 
were eliminated and 9.9% were fixed (Table 9). As in 
the two preceding models, the numbers of mutations 
per polymorphic position increased with the number 
of conversion cycles. The mean of 2.1 mutations of 
the same kind per polymorphic position in the rDNA 
repeated arrays was linearly extrapolated to corre- 
spond to 16 conversion cycles. It was linearly extrap- 
olated from data in Table 5 that after this number of 
conversions 52.1 % recurrent mutations would be in 
adjacent repeats, 27.3% in alternate repeats, 18.3% 
in repeats separated by two repeats and 23.6% in 
repeats separated by more than two repeats. The 
percentages observed in rDNA, 66.7, 25.3, 10.2 and 
13.3%, respectively, did not significantly (LSD) differ 

from the above data. The extrapolated percentage of 
nucleotide positions at which all mutations were in 
adjacent or alternate repeats, 47.7%, was significantly 
lower (LSD) than the observed 59.8%. The ratio of 
recurrent to nonrecurrent mutational events was lin- 
early extrapolated to be 1.1:l after 16 conversion 
cycles which is not significantly differ from the ob- 
served ratio of 0.7: 1. 

Ratios of recurrent to nonrecurrent mutational 
events, elimination and fixation of mutations: The 
ratios of recurrent to nonrecurrent mutational events 
increased with the number of conversion cycles in all 
three models (Tables 3-5). The position in the array 
of a repeat in which a mutation originated had an 
effect on the propagation of the mutation only if 
relatively few conversions had occurred in the array 
since the origin of the mutation (data not shown). 
While there was no difference in the ratio among the 
11 repeats under the random model, in the repeated 
arrays generated by computer using model 1 muta- 
tions at the edges of the array, particularly in the end 
repeats (1 and 1 1) required more conversion cycles to 
initiate propagation than internal repeats (Table 6). 
A similar tendency was apparent in the computer 
simulation according to model 2 (Table 6). The loca- 
tion of the repeat in which the mutation originated 
had, however, no effect on the mean number of 
conversions needed to occur in the array to eliminate 
or fix the mutation, regardless of the model (Tables 
7-9). More conversions were needed to eliminate or 
fix a mutation in the array under the random model 
than under the distance-dependent conversion models 
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TABLE 6 

493 

Mean ratios of recurrent to nonrecurrent mutational events in the array of 11 repeats after 10 cycles of conversion 

Repeat in which the mutation originated 

Model 1 2 3 4 5 6 7 8 9 10 11 Mean 

Random 0.6:la* 0.5:la 0.6:la 0.7:la 0.7:la 0.5:la 0.6:la 0.5:la 0.6:la 0.6:la 0.6:la 0.6:1** 
Model 2 0.6:la 0.9:lb 0.9:lb 0.9:lb 0.9:lb 0.9:lb 1.0:lb 1.0:lb 0.7:lab 0.7:lab 0.5:la 0.8:l 
Model 1 0.5:la 1.0:lb 1.0:lb 1.l:lb 1.2:lb 1.6:lbc 1.0:lb 1.2:lb 1 . l : lb  0.9:lab 0.6:la 1.O:l 

~~ ~~ 

The likelihood for the repeats to form a DNA heteroduplex is equal for all repeats (random model) or decreases with distance (models 1 
and 2). Mutation originated in the specified repeat and each ratio was calculated from 10 runs of 50 simulations leading either to elimination 
or fixation of mutation. 

* Ratios in the rows followed by the same a, b or c letter are not significantly different at the 5% probability level (LSD). 
** Mean ratios in the last column are all significantly different from each other at the 5% probability level (LSD). 

TABLE 7 

Mean number of conversions in the array of 11 repeats needed to eliminate a mutation from the array 

Repeat in which the mutation originated 

Model 1 2 3 4 5 6 7 8 9 10 11 Mean 

Random 45.2 39.5 38.2 36.8 38.5 38.9 38.9 41.1 40.0 39.1 37.3 39.6a* 
Model 2 38.1 38.9 32.8 33.6 33.2 35.6 34.6 34.9 32.5 32.6 34.3 34.613 
Model 1 45.6 32.4 26.8 24.8 29.4 24.9 30.9 37.4 29.1 30.8 33.4 31.4b 

The mutation originated in the specified repeat. The likelihood for two repeats to form DNA heteroduplex is either independent of 

* Means followed by the same letter are not significantly different at the 5% probability level (LSD). 
distance (random model) or decreases with distance (models 1 and 2). 

TABLE 8 

Mean number of conversions in the array of 11 repeats needed for the fixation of a mutation in the array 

Repeat in which the mutation originated 

Model 1 2 3 4 5 6 7 8 9 10 11 Mean 

Random 181 173 181 186 186 188 163 201 190 184 179 183a* 
Model 2 160 157 125 150 169 170 155 165 148 159 177 171a 
Model 1 168 134 142 153 145 120 147 117 169 138 165 145b 

The mutation originated in the specified repeat. The likelihood for two repeats to form DNA heteroduplex is either independent of the 

* Means followed by the same letter are not significantly different at the 5% probability level (LSD). 
distance (random model) or decreases with distance (models 1 and 2). 

TABLE 9 

Percent of mutations that become fixed in the array of 11 repeats by repeated cycles of conversion 

Repeat in which the mutation originated 

Model 1 2 3 4 5 6 7 8 9 10 11 Mean 

Random 9.6 9.6 7.1 9.0 14.2 7.2 7.0 9.5 8.0 9.0 10.0 9.la* 
Model 2 7.2 11.0 9.5 9.1 8.6 11.6 12.6 11.2 9.6 8.9 9.5 9.9a 
Model 1 8.8 6.3 7.5 8.0 8.6 8.2 8.3 8.6 10.0 8.4 10.3 8.6a 

~~ ~~ 

The likelihood for two repeats to form a DNA heteroduplex is equal for all repeats (random model) or decreases with distance (model 1 

* Means followed by the same letter are not significantly different at the 5% probability level (LSD). 
and 2). Mutation originated in the specified repeat. 

(Tables 7 and 8) because the distance-dependent 
models were more efficient in propagation of muta- 
tions (Table 6). There was no statistical difference 
among the three models in the percentages of muta- 
tions that survived the repeated conversion cycles 
(Table 8); in all three models less than 10% of muta- 
tions that originated in the repeated array were ulti- 
mately fixed (Table 9). 

Conversion events in the rDNA repeated arrays: 
The distribution of mutations in three rDNA spacers 
were analyzed in an attempt to determine the approx- 
imate lengths of each conversion-like event and 
whether their frequency is distance-dependent. 

Clone pTa7I. Positions at which recurrent mutations 
occur in the repeated array are listed at Figure 1. 
Mutations are designated 1, whereas the consensus is 
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FIGURE 1 .-The upper part shows the distribution of mutations 

(1) relative to the consensus sequence (0) at the nucleotide positions 
in which recurrent mutations occur in pTa71. The position of the 
repeat in the array is specified on the left. The most upstream 
repeat contains part of a repeat of which homology with other 
repeats is degraded by many mutations. This repeat is designated 
degraded. At position 65 two different recurrent mutations occur. 
The position is, therefore, present twice. The lower part shows the 
putative conversions apparent from the distribution of the recurrent 
mutations. The length of each conversion is specified by the hori- 
zontal lines for both involved repeats. The repeats involved in a 
conversion are designated by a fraction, e.g., 2/3 indicates that 
repeats 2 and 3 are involved. Note that it is not clear in most cases 
exactly where each conversion begins and ends. 

designated 0. Comparison of pTa7l and pTa250 in- 
dicated that a mutation at position 112 has spread 
through the array except for repeats 7 and 11 which 
retain the original nucleotide (LASSNER and DVO~AK 
1986). The conversion-like events suggested by recur- 
rent mutations are shown in Figure 1. In some cases 
it was impossible to decide what sequence of events 
lead to the present distribution of mutations among 
repeats. It is, nevertheless, clear that most conversion- 
like events are shorter than the length of a repeat 
(133 bp) and majority involved repeats near each 
other. Of 10 putative conversions 6 involved adjacent 
repeats, 3 alternate repeats, and 1 involved repeats 
separated by 2 repeats. 

Clone PTu250. Comparison of pTa250 with pTa7 1 
indicated that a mutation at position 33 spread 
through the array except for repeat 1 1 which contains 
the original nucleotide (LASSNER and DVOGAK 1986). 
N o  conversion-like event was longer than the length 
of the repeat, 133 bp. The data suggested 3 conver- 
sions involving adjacent repeats, 3 involving alternate 

13 17 23 32 40 45 64 71 76 85 91 94 98 114 
2 15 19 25 38 41 63 65 75 82 87 94 95 110 116 

13 000000000 I0000000000 I O  I 0 I I I O  
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FIGURE 2.-The distribution of recurrent mutations (1) relative 

to the consensus sequence (0) in the rDNA from a mouse clone and 
putative conversions in the repeated array. T w o  different recurrent 
mutations occur at position 94, the position is, therefore, present 
twice. For further explanation see Figure 1. 

repeats and 1 involving repeats separated by four 
repeats (data not shown). 

Mouse rDNA clone. Because of a high number of 
recurrent mutations in the mouse spacer array many 
conversion-like events can be traced with a high de- 
gree of confidence. For example, a conversion-like 
event between repeats 12 and 13 begins around po- 
sition 84 and extends beyond position 46 in repeats 
11 and 12, spanning almost the entire length of a 
repeat. There is a total of 12 mutations in this region 
of the array and all are faithfully duplicated in this 
interval (Fig. 2). Another long conversion-like event 
occurs between repeats 9 and 11 which continues 
through repeats 8 and 10 into repeats 7 and 9. The 
conversion spans more than a length of a repeat. All 
15 recurrent mutations in this interval are duplicated. 
The distribution of recurrent mutations in the array 
suggests 8 conversions between adjacent repeats, 2 
between alternate repeats, and 1 between repeats 
separated by five repeats. Because conversions result- 
ing in reversions of mutations into the consensus 
nucleotide are hard to identify, no attempt was made 
to account for those. The absolute number of conver- 
sions in this array and those of the wheat clones must, 
therefore, be greater. The present assignment of con- 
version-like events into the mouse array resembles the 
geneology among the repeats reported by KUEHN and 
ARNHEIM (1983) but they differ in several places. 
KUEHN and ARNHEIM considered the repeat as a unit 
of homogenization, which is probably artificial be- 
cause heteroduplex can be initiated and terminated 
anywhere within the array. 

DISCUSSION 

It was assumed in all three models that conversions 
occur without a directional bias. In a system in which 



Homogenization of Tandem Repeats 495 

each repeat has an equal chance to be involved in a 
conversion with any other repeat, a directional bias in 
conversions was shown to result in reduction of the 
average number of conversion cycles needed to fix or 
eliminate polymorphism (BIRKY and SKAVARIL 1976). 
The present computer simulations showed that large 
numbers of conversions were needed to spread a 
unique mutation through the repeated array. The 
average number of conversion cycles needed to fix a 
mutation in the array of 1 1  repeats ranged from 145 
for model 1 to 183 for the random model. If direc- 
tional bias does occur in at least some of the conver- 
sions, these numbers would be unrealistic. 

Both the computer simulation and the sequence 
data for the NTS spacers showed that homogenization 
does not involve all repeats in array equally. The end 
repeats at both 3' and 5' ends of NTS repeated arrays 
almost invariably contain a large number of unique 
mutations. While nothing like that was suggested by 
the simulation based on the random model, the other 
two models suggested the same phenomenon. Muta- 
tions that originated in repeats 1 and 1 1  had reduced 
likelihood to be reproduced or eliminated from the 
repeats relative to mutations that originated else- 
where. Vice versa, mutations originating inside of the 
array have reduced likelihood of proliferating into the 
end repeats. As a result, the ratio of recurrent to 
nonrecurrent mutational events are the lowest for 
repeats 1 and 11. If repeats most frequently form 
DNA heteroduplex with their immediate neighbors, 
the end repeats will be less frequently involved in a 
DNA heteroduplex and conversion because they have 
a neighbor only on one side. Once an end repeat 
accumulates a substantial number of unique muta- 
tions, or fails to accumulate mutations that become 
prevalent inside the array, its ability to form a DNA 
heteroduplex with the internal repeats may be even 
further reduced as a result of reduced nucleotide 
sequence homology. Thus the end repeats of an array 
are expected to become degraded by mutations. Since 
this tendency is most prominent if the likelihood of 
the DNA heteroduplex decreases rapidly with dis- 
tance between repeats (model l), the ubiquity of de- 
graded repeats flanking the NTS repeated arrays is 
one more line of evidence that distance-dependent 
homogenization is more realistic than the model as- 
suming that DNA heteroduplex formation occurs ran- 
domly. 

The repeat in which a mutation originated had no 
apparent effect on the average number of conversions 
in the array needed to fix or eliminate the mutation 
from the array. Since it takes a large number of 
conversions to a fix a mutation, the initially slow start 
for the proliferation of mutations originating in re- 
peats 1 and 1 1  will ultimately become negligible. 

The central assumption, common to all three 

models, was that homogenization in the rDNA is 
mediated by conversions. However, the observed dis- 
tribution of recurrent mutations in NTS would be 
also obtained if homogenization proceeded by une- 
qual crossing over (KIMURA and OHTA 1979). The 
agreement of the observed distribution of recurrent 
mutations in NTS with that predicted by computer 
simulations speaks, therefore, neither for nor against 
either mechanism of homogenization; the preference 
for conversions over crossing over as the principal 
means of homogenization of the NTS spacer arrays is 
based on other arguments (LASSNER and DVOGAK 
1986). Of them the most important is that Nor loci in 
wheat and related species usually show only one or 
two NTS length variants. If unequal crossing over 
were the principal means of spreading a mutation 
through the NTS array, many NTS lengths would be 
expected in each allele. 

The repeated arrays generated by the computer 
resembled the actual repeated arrays in the NTS of 
rDNA only when the likelihood of DNA heteroduplex 
formation decreased with the distance between re- 
peats. Although the actual relationship between the 
distance between repeats and the likelihood of heter- 
oduplex formation was not determined, the simula- 
tion based on model 1 concurred with the observed 
data somewhat better than that based on model 2, 
indicating that the likelihood of DNA heteroduplex 
formation is decreasing rapidly with the increase in 
the distance between repeats. 

That conversions play a significant role for homog- 
enization of repeated gene families within a chromo- 
some and on nonhomologous chromosomes has been 
shown in fungi (KLEIN and PETES 1981; JINKS-ROB- 
ERTSON and PETEs 1985; KOHLI et al. 1984; ROEDER, 
SMITH and LAMBIE 1984). However, only meager 
experimental data are available to show that conver- 
sions are distance-dependent, as hypothesized here. 
The best line of evidence comes from the work of 
ROEDER, SMITH and LAMBIE (1 984) who followed the 
movement, by gene conversion, of a yeast T Y  element 
which was marked by insertion of the URA 3 gene. 
The movement was clearly distance dependent, the 
conversion of the marked T Y  element most fre- 
quently occurred with T Y  elements residing in the 
same chromosome. Within the chromosome, conver- 
sions occurred more frequently with nearby elements. 
On rare occasions the marked T Y  element duplicated 
prior to its insertion at another T Y  element, resulting 
in a tandem triplication. Remarkably, in one of the 
two cases this happened one of the two duplicated T Y  
elements was converted by the unmarked one. The 
conversion of a T Y  element placed in tandem was, 
thus, three orders of magnitude higher than a conver- 
sion of a T Y  element elsewhere on the same or other 
chromosomes. On the other hand, conversions of 
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three serine t-RNA genes, two on chromosome I and 
one on chromosome 111, of Schizosaccharomyces pombe 
did not reveal preference for genes on the same 
chromosome and all occurred rarely (KOHLI et al. 
1984). Whether this is caused by the genes on the 
same chromosome being too far apart to show a 
“distance effect” or by other factors is not clear. 

Other experimental data consistant with the hy- 
pothesis that conversions are distance dependent 
come from the 5 S rRNA gene family of Neurospora 
CTUSSU. Genes coding for the 5 S rRNA are on at least 
six of the seven chromosomes and are dispersed 
among unrelated nucleotide sequences (METZENBERG 
et al. 1985). The family appears to be subjected to 
homogenization by conversions restricted to the cod- 
ing regions (MORZYCKA-WROBLEWSKA et al. 1985). 
Genes sharing common sequence show a tendency to 
be near each other (METZENBERGER et al. 1985). If 
the relative homogeneity of the 5 S family is main- 
tained by gene conversion, the likelihood of conver- 
sions must decrease with the distance between the 
genes. 

If homogenization by conversions is distance-inde- 
pendent, a repeated family would be progressing 
slowly from one state to another more or  less uni- 
formly throughout the entire genome. If homogeni- 
zation is, however, distance-dependent, an entirely 
different pattern is expected. This pattern would be 
characterized by a tendency toward clustering of var- 
iants in a repeated gene family. Translocation or 
transposition of a group of repeated sequences into a 
distant site is expected to initiate stochastic evolution 
of a new gene family. Repeated genes belonging to a 
single gene family present at several loci almost always 
show clustering of variants. For example, Chinese 
Spring wheat rDNA loci Nor-BI and Nor-B2 residue 
on chromosomes 1B and 6B, respectively; each locus 
contains two NTS-length variants. Those that are at 
Nor-BI are different from those at Nor-B2. In addition 
to this clustering the two variants within the Nor-B2 
locus are also clustered (Dvori.4~ and APPELS 1986). 
A clustering of rDNA variants was also shown for 
Drosophila. melanogaster (SHARP, GHANDI and PROCU- 
NIER 1983) and Elytrigaa elongata ( D v o ~ ~ K  et al. 1984). 
The 5 S rRNA genes in wheat are on the short (p) 
arms of chromosomes I B ,  ID, 5A,  5B and 5D. The 
gene units on chromosomes of group 1 differ greatly 
in spacer length and nucleotide sequence from those 
on chromosomes of group 5 (LASSNER and DVOGAK 
1985). Clustering of the repeated genes coding for 
wheat gliadins is another example. These genes be- 
long to several closely related subfamilies occurring 
on chromosomes of homoeologous groups 1 and 6. 
Subfamilies of 8- and ?-gliadins occur in both hom- 
oeologous groups whereas a-gliadins occur only on 
chromosomes of groups 6 and w-gliadins occur only 

on chromosomes of group 1 (PAYNE et al. 1984). 
The spread of a mutation through a repeated gene 

family, if it is not guided by natural selection or 
favored by a bias in conversion, depends on the fre- 
quency of the conversion and/or unequal crossing 
over events occurring in the family. The number of 
generations needed for a repeated gene family to fix 
a mutation depends, therefore, to a large extent on 
the number of these events per generation. An in- 
crease in the frequency of a rare variant in the family 
can potentially increase its effect on the phenotype, 
and, thus, expose the variant to natural selection; this 
could aid its fixation if it provides an organism with a 
selective advantage. Hence, the frequency of conver- 
sions per generation can potentially affect the rate of 
evolution of a population. It is, therefore, intriguing 
that even closely related species differ in the ratio of 
recurrent to nonrecurrent mutations in the NTS ar- 
rays. If mutation rates are more-or-less constant in the 
NTS of different genomes, the differences in the 
ratios of recurrent to nonrecurrent mutations would 
indicate that the homogenization rates are different. 
In T. aestivum the B-genome rDNA spacers may be 
subjected to a rate of homogenization four times faster 
than those of the D-genome. Maize rDNA is homog- 
enizing with a rate similar to the wheat B genome 
whereas rye rDNA is homogenizing with a rate similar 
to that of the D genome. However, the rye rDNA 
spacer may be exceptional since the large deletion that 
occurs in alternate repeats of the array (APPELS, 
MORAN and GUSTAFSON 1986) probably causes the 
repeated unit to correspond no more to the 133 bp 
of the wheat unit but to 1.61 of it. This could account 
for the unusual distribution of recurrent mutations 
which all are in alternate repeats. If this assumption is 
correct, then all recurrent mutations in alternate re- 
peats would actually be in adjacent repeats. Based on 
this assumption the data for rye rDNA can be included 
into the calculation of rDNA means from data in 
Table 2, yielding 71.4, 21.7, 8.7 and 11.4% of recur- 
rent mutations in adjacent and alternate repeats, in 
repeats separated by two repeats and repeats sepa- 
rated by more than two repeats, respectively. These 
data are even closer to those obtained by computer 
simulation using the exponential model (model 1), 
69.9, 27.8, 10.2 and 6.4%, respectively, than those 
used earlier. Also the observed number of nucleotide 
positions in which all recurrent mutations were in 
adjacent or alternate repeats, 65.5%, is closer to 
78.5% obtained from the model 1 computer simula- 
tion. 

The ratio of recurrent to nonrecurrent mutational 
events indicates a higher rate of homogenization in 
the mouse rDNA NTS than any of the plant rDNA 
spacers. Whether the differences among the genomes 
reflect differences in the overall rate of heteroduplex 
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FIGURE 3.-Topoiogy of heteroduplex formation leading to 

conversion and crossing over between adjacent repeats in a tandem 
array of four repeats. (1) Four repeats are shown of which repeat 3 
differs by a mutation (0) from the consensus 0. (2) Alignment of 
repeats 2 and 3. (3) Strand invasion introducing a base mismatch 
(4a) into heteroduplex formed between repeats 2 and 3. (5a) Exci- 
sion and repair shown by wavy line results in conversion of repeat 
2 by repeat 3. Isomerization (4b) results in an excission of a circular 
hybrid repeat composed of a part of repeat 3 and part of repeat 2 
(5b), followed by excision and repair of single strands (6b). 

formation in the entire genome or only in rDNA 
spacers is not clear. It is possible that they are related 
to presence or absence of recombination stimulating 
sequences in rDNA. In that case the rDNA spacer of 
mouse should be more recombinogenic than that of 
the wheat B genome or maize, which in turn should 
be more recombinogenic than that of the D genome. 
A dodecamer sequence has been identified in wheat 
rDNA which is a source of hypervariation in NTS and 
was suggested that the dodecamer may stimulate re- 
combination (LASSNER, ANDERSON and DVO~AK 
1987). It is intriguing that the repeats of theB genome 
which appear to homogenize faster than those of the 
D genome have two of these sequences in tandem 
whereas the D genome has only one (LASSNER, AN- 
DERSON and DVO~AK 1987). It is also intriguing that 
some murine rDNA alleles show a presence of a large 
number of spacer length variants (KUEHN and 
ARNHEIM 1983), whereas only one or a few variants 
have always been detected in wheat and related species 
(APPELS and DVOGAK 1982; DVO~AK and APPELS 
1982). The wheat rDNA Nor-B2 locus was indeed 
shown to be subjected to low levels of homologous 
crossing-over (DvoGAK and APPELS 1986). Regardless 
of the cause, it appears that even closely related ge- 

nomes, such as the wheat B and D genomes, may 
potentially show significant differences in the rates of 
evolution of the same repeated sequence family. 

The preponderance of conversions in the wheat 
and mouse NTS were shorter than the length of a 
single repeat. Although there is no a priori reason for 
this pattern to occur if heteroduplex was occurring 
among distantly placed repeats, this is an inevitable 
consequence if the heteroduplex formation occurred 
between adjacent repeats. Figure 3 shows how we 
envision such a DNA heteroduplex occurring. If 
branch migration in the heteroduplex proceeds fur- 
ther than the length of a single repeat, it begins 
displacing the already formed DNA heteroduplex. If 
this does happen the bridge migration and heterodu- 
plex movement can proceed through the array but at 
any given time the heteroduplex is a maximum of one 
repeat long. A homologous stretch longer than a 
repeat was detected in the mouse rDNA repeated 
array, but it was between alternate repeats (Fig. 2) 
which can generate a heteroduplex of a maximum 
length of two repeats. In wheat clones the only stretch 
of homology indicating a conversion longer than a 
single repeat involved repeats separated by two re- 
peats (Fig. 1). Thus, the preponderance of conversion- 
like events shorter than the length of a repeat is also 
compatible with the proposal that the likelihood of 
heteroduplex is highest between neighboring repeats 
and rapidly declines with the distance. 

If the intermediate structure of heteroduplex 
shown in Figure 3 is resolved toward crossing over, 
the outcome is a deletion of a double-stranded circle 
from the locus. The circle provides a potential for 
transposition of a repeat elsewhere in the genome and 
for amplification of a single or a few repeats by rolling 
circle replication (HOURCADE, DRESSLER and WOLF- 
SON 1973) and then transposition to other places in 
the genome. It may, therefore, not be surprising that 
in specific cases sequences homologous with the NTS 
repeats are found interspersed in the genome as, e.g., 
in mouse (ARNHEIM et al. 1980). This could be one of 
the general mechanisms how some interspersed re- 
peated sequences are generated and move around the 
genome. 
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