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A diverse array of cellular and evolutionary forces-including unequal crossing- 

over, magnification, compensation, and natural selection-is at play modulating 

the number of copies of ribosomal RNA (rRNA) genes on the X and Y chromo- 

somes of Drosophila. Accurate estimates of naturally occurring distributions of 

copy numbers on both the X and Y chromosomes are needed in order to explore 

the evolutionary end result of these forces. Estimates of relative copy numbers of 

the ribosomal DNA repeat, as well as of the type I and type II inserts, were obtained 

for a series of 96 X chromosomes and 144 Y chromosomes by using densitometric 

measurements of slot blots of genomic DNA from adult D. melanogaster bearing 

appropriate deficiencies that reveal chromosome-specific copy numbers. Estimates 

of copy number were put on an absolute scale with slot blots having serial dilutions 

both of the repeat and of genomic DNA from nonpolytene larval brain and imaginal 

discs. The distributions of rRNA copy number are decidedly skewed, with a long 

tail toward higher copy numbers. These distributions were fitted by a population 

genetic model that posits three different types of exchange events-sister-chromatid 

exchange, intrachromatid exchange, and interchromosomal crossing-over. In ad- 

dition, the model incorporates natural selection, because experimental evidence 

shows that there is a minimum number of fimctional elements necessary for survival. 

Adequate fits of the model were found, indicating that either natural selection also 

eliminates chromosomes with high copy number or that the rate of intrachromatid 

exchange exceeds the rate of interchromosomal exchange. 

Introduction 

The steady-state distribution of the number of copies of a gene in a multigene 

family depends on a variety of forces operating at both the cellular and population 

levels. There is a rich history of research on the ribosomal DNA (rDNA) array of 

Drosophila melansgaster, and consideration of the evolution of the rDNA array re- 

quires understanding of these results. The 28s and 18s ribosomal RNA (rRNA) genes 

of D. melanogaster are distributed into two regions, known as nucleolus organizers 

(NO), on the sex chromosomes (Ritossa 1976 ). Estimated numbers of copies on each 

chromosome are loo-240 in wild-phenotype laboratory stocks (Long and Dawid 

1980). Low copy number is associated with the bobbed (bb) phenotype, characterized 

by delayed development, abdominal etching, and thin, short bristles. At a copy number 

below - 15% of the wild-type number, embryonic lethality results (Long and Dawid 
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Sex-Chromosome rRNA Gene Copy Number in the Fruit Fly 459 

1980). The rDNA unit has been cloned and sequenced (Glover and Hogness 1977; 

Tautz et al. 1988), revealing a structure with an intergenic sequence (IGS) of 3,632 

bp, an external transcribed spacer (ETS) of 864 bp, the 18s unit ( 1,995 bp), and a 

28s unit ( 3,945 bp) . Between the 18s and 28s genes is an internal transcribed spacer 

(ITS) that encodes a 5.8s and a 2s rRNA. The 28s unit is frequently interrupted by 

either type I or type II insertion sequences. Type I sequences interrupt the 28s unit 

in -60% of the X-chromosome copies and are 0.5-5.35 kb in length (Jakubczak et 

al. 1990). Type II inserts occur in - 15% of the 28s rDNA units on both the X and 

Y chromosomes and are 1.5-3.6 kb in length (Wellauer et al. 1978; de Cicco and 

Glover 1983). Transcripts of the interrupted genes can be detected, but they occur at 

very low levels and fail to produce mature rRNA, even in bobbed mutants (Kidd and 

Glover 1981; Long et al. 1981). 

Several classes of exchange events are responsible for variation in copy number. 

Compensation refers to differential replication of rDNA such that the rDNA content 

of XX and X0 flies is the same, indicating a twofold-higher level of amplification in 

the X0 flies (Tartof 197 1). Compensation is a purely somatic phenomenon and is 

relevant to the evolution of the rDNA array only to the extent that it alters the fitness 

of flies with low copy number. Magnification refers to the reversion of the bb phenotype 

mediated by increased germ-line copy numbers. Magnification is most frequently 

observed among the gametes of males that are low in rDNA on both sex chromosomes. 

X-Y translocations reveal that part of the long arm of the Y, a part distinct from NO, 

is necessary for magnification in males and that females that have this part of the YL 

also magnify (Komma and Endow 1987). Magnification results in amelioration of 

the bb phenotype, so active genes are involved, but whether genes lacking the insertion 

sequences are preferentially amplified remains controversial (de Cicco and Glover 

1983; Terracol and Prud’homme 1986). The dramatic changes in copy number that 

are associated with magnification appear to occur more frequently when there is a 

physiological demand for rRNA. 

In the present study we estimate the number of copies of rDNA repeats, and the 

number of type I and type II inserts, in a series of X and Y chromosomes from a 

single sample of a natural population of D. melunoguster. The aim is to investigate, 

by analysis of the distributions of copy number, the evolutionary forces influencing 

the rDNA array. Copy number is altered by a variety of asymmetric exchange events, 

and the goal is to determine for these events the relative rates that are consistent with 

observed distributions of copy number. Unequal sister-chromatid exchange and in- 

terchromosomal unequal crossing-over result in products that have both higher and 

lower copy number. If these were the only forces at play, then the variance in copy 

number would grow without bound. The physiological importance of rRNA makes 

the array a target for natural selection acting at the organismal level. If there is an 

optimal copy number, and if fitness decreases as a quadratic function of the departure 

from this optimum, then copy number can be stabilized-and in fact has a normal 

distribution at equilibrium (Crow and Kimura 1970, pp. 294-296). Even in the absence 

of natural selection, intrachromatid exchange, which can occur when the array loops 

back onto itself, results in a reduction in copy number and can prevent the unbounded 

growth of the array (Walsh 1987). 
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460 Lyckegaard and Clark 

Material and Methods 

Origin of the Drosophila Lines 

Drosophila melanogaster were collected at the Harner Farm peach orchard in 

Centre County, Pennsylvania, in August 1988. X-chromosome copy numbers were 

determined by crossing field-caught males to sc4sc8 females. Female offspring of this 

cross were heterozygous for the sc4sc8 rDNA deficiency, and all bear the paternal X 

chromosome. Y-chromosome variation was isolated by crossing wild males to virgin 

females bearing the Df( 1) bb’-15’ y chromosome. The yellow male offspring, bearing 

the Xbb *-I58 and the wild Y chromosome were collected for DNA extractions. Stocks 

bearing the Df( 1) bb’- ‘58 y and sc4sc8 deficiencies were obtained from the Pasadena 

stock center (now at Indiana University). Total genomic DNA was isolated from 

adults, and RNA was removed by thorough RNase digestion according to the protocol 

of Clark and Lyckegaard ( 1988 ) . 

The equivalence of copy-number estimates over the two different deficiencies 

was verified by isolating and blotting the DNA from males bearing the sc4sc8 X de- 

ficiency and Y chromosomes that had also been tested over the Xbb’-“ 8 deficiency. 

Finally, to determine whether the relative levels of polytenization of Adh and rDNA 

varied, we also isolated brain tissue and imaginal discs from -200 larvae of each of 

two Y-lines and two X-lines. The genomic DNA of these nonpolytene tissues was 

extracted as described above. 

DNA Slot-Blot Analysis 

Replicated samples of DNA were loaded into a Bio-Dot SF slot-blot apparatus 

that focuses the DNA in thin lines on Zeta-Probe nylon membranes ( Bio-Rad). The 

DNA samples were denatured in 0.4 M NaOH for 10 min and were neutralized by 

addition of an equal volume of 2 M NH40Ac, pH 7. The denatured DNA was applied 

to randomized locations among the 48 slots/membrane. Each line was tested in rep- 

licates distributed on two different membranes. Four hundred microliters of 2 X SSC 

( 1 X SSC = 0.15 M NaCl/O.OlS M sodium citrate) was added to each well after the 

samples filtered through, and vacuum was applied until the sample wells were com- 

pletely dry. The membrane was rinsed in 2 X SSC, was air-dried, and baked at 80°C 

for 1 h prior to hybridization. Membranes with a dilution series of the rDNA repeat, 

the type I and type II inserts, and brain and imaginal disc DNA were also prepared 

and quantified, in order to estimate absolute copy numbers. 

Plasmid DNA 

The membranes were hybridized with four different plasmids. The first plasmid, 

p13E3 (Goldberg 1980) containing the D. melanogaster Adh gene (alcohol dehydro- 

genase; E.C. 1.1.1 .I ) in a 4.75-kb EcoRI fragment cloned into pUCl3, served as a 

single-copy control for quantifying the total amounts of DNA bound to the membranes. 

The second plasmid, pDmr.a51#1 (Dawid et al. 1978; Endow 1982), contains a com- 

plete 11.5-kb intron- ribosomal DNA repeat, from the X chromosome, cloned into 

pACYC184. The third and fourth plasmids, pC24 (Long and Dawid 1979) andpO.7kB 

(Long et al. 1980)) contained fragments of the type I and type II inserts cloned into 

pBR322. The plasmids were labeled with (a32P)dCTP by nick-translation prior to 

hybridization. 
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Sex-Chromosome rRNA Gene Copy Number in the Fruit Fly 46 1 

Hybridization 

The membranes were prehybridized at 65°C for 10 min with agitation in a pre- 

warmed mixture of 1% bovine serum albumin, 1 mM ethylenediaminetetraacetate, 

7% sodium dodecyl sulfate (SDS), 0.5 M sodium phosphate, pH 7.2. They were never 

allowed to dry completely after the first prehybridization. The prehybridization solution 

was removed and was replaced with the same solution and the denatured probe DNA. 

The hybridization continued at 65°C for 18 h with agitation. To remove nonspecifically 

bound probe after the hybridization, the membrane was washed at room temperature 

for 15 min each in 2 X SSC, 0.1% SDS; 0.5 X SSC, 0.1% SDS; and 0.1 X SSC, 0.1% 

SDS. The radiographic exposure was made with the moist membrane enclosed in a 

sealed plastic bag. A series of exposures was made for each hybridization, and the 

intensities of the bands on the resulting autoradiographs were quantified by computing 

the peak areas with scanning laser densitometry (LKB Ultroscan XL). Before each 

new hybridization, the previously used probe was removed by washing the membrane 

in 0.4 M NaOH at 65°C for 30 min and thereafter neutralizing with 0.1 X SSC, 0.5% 

SDS, 0.2 M Tris-HCl, pH 7.5, at 65°C for 30 min. A 24-h autoradiographic exposure 

was then done to verify the complete removal of the labeled probe. Subsequent probes 

were hybridized and assayed as described above. 

Densitometry and Analysis 

The resulting band intensities on the autoradiographs were quantified using scan- 

ning laser densitometry. Some autoradiographs had bands that spanned beyond the 

linear range of the film, so the analysis made use of all of the data by fitting the 

exposures to the full sensitometric curve of the film (Lyckegaard and Clark 1989). 

This was done by doing a logistic transformation [Duk = In(Pijk/( 1 - pok)], where pijk 

is the band density scaled between 0 (unexposed) and 1 (saturated exposure) for 

replicate k of exposure j of line i and where D, is the transformed band density. The 

following model was then fitted by least squares: 

Q= C C C {Dijk-[Plog(tj)+aikl}*, 

i j k 

where p is a slope parameter for the sensitometric curve of the film (common to all 

lines and replicates), tj is tbe’exposure time, and oik is the intercept estimated separately 

for each replicate of each line. The estimates of p and uik that minimize Q were 

obtained numerically using a simplex algorithm (Press et al. 1986). Absolute copy 

numbers were calculated by linear regression using densities of the dilution series in 

the linear portion of the densitometric curve of the film. The ratio of the regression 

coefficient for genomic DNA and the cloned gene reflects the fraction of the genome 

that the cloned gene represents. This was converted to an absolute copy number by 

multiplying by the size of the Drosophila genome ( 170,000 kb) and dividing by the 

length of the cloned fragment ( 11.5 kb for rDNA, 0.8 kb for the type I insert, and 0.7 

kb for the type II insert). 

Theory and Simulations 

To determine whether it was necessary to invoke natural selection as a force 

affecting the distribution of copy numbers and to estimate the relative rates of exchange 
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462 Lyckegaard and Clark 

events, we fitted models of copy-number evolution to the data. The models, which 

are an extension of the work of Takahata ( 198 I ) and Walsh ( 1987)) consider a diploid 

population with a multigene family that is undergoing sister-chromatid exchange, 

interchromosomal unequal crossing-over, and intrachromatid crossing-over (fig. 1) . 

Let xi be the frequency of X chromosomes with i copies of the gene, let yi be the 

frequency of Y chromosomes with i copies, let .~f,~ be the frequency of female zygotes 

with i andj copies on the two X chromosomes, and let z,,, be the frequency of male 

zygotes with i copies on the X chromosome and with j copies on the Y chromosome. 

Let sister-chromatid exchange occur at rate pi per chromosome, allowing the rate to 

depend on i. Interchromosomal unequal crossing-over occurs at rate Yi,j between X 

chromosomes in females and at rate oU between the X and Y chromosomes in males. 

Intrachromatid exchange occurs at rate &. If a sister-chromatid exchange event occurs 

in a chromatid with i copies, it is assumed that the exchange occurs with a uniform 

distribution across the tandem array, so the products have a uniform distribution on 

[I ,2i - 1 J . Similarly, a uniform distribution of alignments and locations of exchange 

events is assumed for interchromosomal unequal crossing-over and for intrachroma- 

tid crossing-over. In the latter case, the loop that is formed is excised, leaving a 

shorter array. 

Sister Chromatid Exchange (p) 

Intrachromatid Exchange (8) 

Interchromosomal Unequal Crossingover (y , 0) 

1 0 tf$i:@$f~ 

I 

I Cl Iis4 I ?’ 

0 tfI’HfI I : ; 3 : ‘, $ 

FIG. I.-Three classes of exchange events, and parameters in model that describe their rates. Inter- 

chromosomal unequal crossing-over occurs between two X chromosomes at rate y and occurs between an 

X and a Y chromosome at rate o. For all exchange events, it is assumed that the chromosomes align in any 

possible register and that the probability of an exchange event is independent of copy number. 
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Sex-Chromosome rRNA Gene Copy Number in the Fruit Fly 463 

With random mating, the frequency of zygotes is z~,~ = xixj. After a zygote is 

formed, it is subjected to natural selection, Genotypes with i and j copies of the gene 

have fitness Wi+j, SO 

wi+jz/ ij z[rg = I 

w . 

A similar equation gives the change in male genotype frequencies that is due to natural 

selection. The recursions that follow will also occur in pairs for each sex, with the 

exception of interchromosomal exchange. Letting Pj,k be the probability that a chro- 

mosome with k copies ends up with j copies after a sister-chromatid exchange, we get 

z$ = t1 - j$>C l - Pj>Z$ + E Pj,k( 1 - pi>pkZk + 2 Pi,k( 1 - pj)pkZ$k. (2) 
k=l k=l 

(i<W (Wk) 

Similarly, letting Rj,k be the probability that a chromosome with k copies ends up 

with j copies after an intrachromatid exchange, we get 

Z$ = (1 - Si)( 1 - Sj)Zz + : Rj,k( 1 - &)6kzL + : Ri,k( 1 - sj)&kZTk. (3) 
k=l k=l 

Wk) Wk) 

Finally, interchromosomal unequal crossing-over may take place. Let ej,k be the prob- 

ability that a genotype with a total of k copies on both chromosomes produces a 

gamete with j copies after an unequal exchange event. The probability of an inter- 

chromosomal unequal crossing-over is y in females, so the recursion is 

xi = 2 (1 - yo)Zr + 5 5 Qi,j+kYjkZ$- 

j=l j=l k=l 

(j+k)>i 
(4) 

For males there is a similar pair of equations expressing the frequency of X and Y 

chromosome types after XLY exchange events, which occur at a rate o. Equations 

( 1 )-( 4) form the recurrence system. For each set of parameters, an equilibrium dis- 

tribution of copy numbers was determined by simulation. Exploratory runs were made 

to determine the influence that the parameters had on the steady-state distribution. 

Iteration of equations ( 1 )-( 4) to equilibrium, for each step of a parameter es- 

timation routine, would require an inordinate amount of computer time. With weak 

selection and low rates of exchange, three simplifications were made to speed the 

convergence at each step. First, the fitness function was assumed to be a ramp function, 

with individuals having <w, copies being given a fitness of 0, individuals with >w2 

copies being given a fitness of 1, and fitness being a linear function of copy number 

in individuals whose copy number lies between wI and w2. Second, the rate of inter- 

chromosomal exchange is expected to be on the order of 10-4/chromosome/generation 

(Williams et al. 1989)) so the probability of both chromosomes in a diploid undergoing 

intrachromatid exchanges is very low. We can replace equations (2) and ( 3) with the 

appropriate equations that specify changes in chromosome frequency, and the genotype 
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464 Lyckegaard and Clark 

frequencies can then be expressed as a product of chromosome frequencies after these 

two exchange events occur. Hence, equations (2) and (3) were replaced, respectively, 

with 

Xf = ( 1 - /3i)X: + 5 Pi,jp,X(i 

j=l 

(i<zJ) 

(5) 

and 

X;’ = ( 1 - 6i)Xy + 5 Ri,jajX(i'* 
j=l 

(id 

The third change that was made for the purposes of making the simulations practical 

was to split the distribution of copy numbers into bins of 10 copies. The rates that we 

estimate are then rates of transition from one bin to another. The near equivalence 

of the two recursion systems [i.e., eqq. ( 1 )-( 4) and eqq. ( 1) and (4)-( 6)] was verified 

numerically for a few sets of parameters in the neighborhood of the final estimates. 

With recurrence equations ( 1) and (4)-( 6) the simplex method was used to 

minimize the x2 for the fit of this distribution to the observed distributions of copy 

number (Press et al. 1986). For each step of this process, the parameters were selected, 

and the copy number distribution was iterated to steady state. (It converges from a 

uniform distribution to its steady state at a rate that depends on the rates of exchange.) 

Starting each iteration of the stepping procedure with the observed distribution of 

copy numbers meant that convergence to the steady-state distribution was rapid. The 

x2 statistic was then calculated to test the goodness-of-fit between the observed dis- 

tribution and the model. The simplex algorithm specified the rules for stepping the 

parameters to find those that yielded the best fit (i.e., smallest x2). Each distribution 

was fitted under various assumptions about which exchange events occur. When 

X-Y interchromosomal exchange was disallowed, the X- and Y-chromosomal arrays 

were fitted independently. Numerical work was performed in double precision on a 

SUN 3 I 50 workstation. 

Results 

Empirical Observations 

For both the 96 X chromosomes and the 144 Y chromosomes, regression analysis 

of band densities obtained by densitometric scans of the slot blots produced estimates 

of the copy numbers of rDNA relative to the single-copy Adh gene. Two X and two 

Y chromosomes were also tested in a dilution series, along with a dilution series of 

the cloned insert of rDNA and type I and type II inserts. These blots were probed 

with the same four probes, and absolute amounts of DNA of each class were estimated 

by regression, using only points on the linear portion of the sensitometric curve of 

the film. These provided estimates of absolute copy numbers for two X and two Y 

chromosomes. The two estimates of absolute copy number allowed the set of relative 

copy numbers to be placed on a scale of absolute copy numbers. Figures 2-4 show 

these estimates for the X-chromosomal rDNA, the Y-chromosomal rDNA, and the 

type I and type II inserts. Because the type I inserts are present at sites other than the 

sex chromosomes, the accuracy of the estimates may be compromised by copy-number 
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12 

s 
do 

s8 

CT 

E8 
u. 

4 

X rDNA copy number 
FIG. 2.-Observed X-chromosome rDNA copy-number distribution (bars) and minimum x2 fit of 

model (line). Parameters are from table 1, line 1. 

variation at autosomal sites. If all lines have the same number of autosomal copies as 

do the two lines for which absolute copy numbers were estimated, then figure 4 reflects 

copy-number variation on the sex chromosomes only. 

The copy-number distributions provide a snapshot of the status of the multigene 

14 

12 

2 

0. 

0 20 40 60 801001201401601802002202402602w300 

Y rDNA copy number 
FIG. 3.-Observed Y-chromosome rDNA copy-number distribution (bars) and minimum x2 fit of 

model (line). Parameters are from table 1, line 6. 
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X Type I copy number 

X Type II copy number 

Y Type II copy number 

FIG. 4.-Copy-number distributions of type 1 inserts and type II inserts on X and Y chromosomes of 

Drosophila melanogaster. 
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Sex-Chromosome rRNA Gene Copy Number in the Fruit Fly 467 

family in the population. Among wild X and Y chromosomes of Drosophila mela- 

nogaster, there is a large variance in rDNA copy number, with the mean f standard 

deviation being 165.0 + 37.4 (range 113-275) on the X chromosome and 99.9 + 44.2 

(range 30-241) on the Y chromosome. A one-tailed F test on log-transformed data 

showed that this difference was significant (F 144,95 = 1.40, P < 0.01) . The distributions 

of rDNA copy number show a characteristically skewed shape, with a long tail to the 

right. The skewness of the distributions is particularly important in providing infor- 

mation about the rates of exchange events and about the operation of natural selection. 

On the X chromosome there was a high correlation between the number of 

rDNA copies and the number of type I inserts (fig. 5 ) . This implies that the proportion 

of X-linked copies of rDNA having a type I insert does not vary with rDNA copy 

number. This too is relevant to the models for the evolution of copy number, since 

type I insert-containing genes do not produce mature rRNA but are actively tran- 

scribed. The high correlation between rDNA copy number and type I insert copy 

number (I = 0.86, P < 0.0001) is consistent with the bulk of the variation in type I 

inserts residing in the X-linked 2% genes. 

Model Fits 

The best fits of models with various combinations of exchange events were ob- 

tained with a computer routine that used the simplex method to search the parameter 

space for the lowest x2 value. In the absence of stabilizing natural selection or exchange 

events that are biased toward lower-copy-number products, models with unequal 

crossover events tend to make the variance in copy number grow without bound. This 

is reflected in the x2 values in table 1, which show that models without intrachromatid 

160 

140 I 
5 
a 120. 
E 
z loo. 

+ 

+ + ++ + 
+ ++ 

++ + 

SW. . + :+$+ 
+ 

+ + 
8 
_ 60. + +$A;++ + 

E d +$h++ + + 
40. ++++* 

c + +++* + 

X r-DNA copy number 
FIG. 5.--Scattergram of copy numbers of rDNA array on X chromosome, plotted against copy number 

of type I insert on X chromosome. 
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468 Lyckegaard and Clark 

Table 1 
Fits of Model to Observe Drosophila rDNA Copy-Number Distributions 

WI W2 P 6 Y 0 x2 df 

X only 

Y only 

X and Y 

exchange 

allowed 

50 140 

. . . . . . 

100 140 

90 140 

90 140 

20 70 

‘ii ‘60 

20 70 

20 70 

‘20 ‘;o 

30 60 

20 70 

20 70 

0.0006 

0.0034 

0.0006 

0.0065 

0.0045 

0.0096 

O.&i4 

0.0009 

0.0205 

o.i;7 

0.0005 

0.0004 

0.0142 

0.0040 

0.0096 

O.bb42 

0.0227 

0.0102 

0.0074 

0.0184 

0.0153 

0.0110 

O&8 

0.0111 

0.0002 

0.0158 

0.000 1 
0.0042 

. . 

. . . 

0.0174 

0.0 

0.0090 

0.0083 

O.bb$ 1 

. . 4.08 

. . . 65.46 

. . . 8.28 

. . . cc 

. . . 7.96 

. . . 12.29 

. . 48.38 

. . . 110.62 

. . co 

0.0003 

0.009 1 

0.0006 

0.0097 

0.0004 

. . . 

27.46 

191.30 

29.78 

2772 

28.42 

5 

8 

6 

12 

13 

13 

15 

13 

NOTE.--w, is the copy number below which the tlies cannot survive, and w2 is the copy number above which the 

fitness is 1; the fitness of genotypes with intermediate copy numbers is a linear function between these truncation points. p 

is the rate of sister-chromatid exchange, 6 is the rate of intrachromatid exchange, y is the rate of interchromosomal unequal 

crossing-over between X and chromosomes, and o is the rate of unequal crossing-over between the X- and Y-linked rDNA 

arrays; all four rates are expressed in terms of frequencies per chromosome. The x2 values indicate the goodness-of-fit 

between each model and the data. An ellipsis (. .) indicates that parameter was fixed at 0. Absence of natural selection 

resulted in predicted distributions with too many low-copy-number chromosomes, and absence ofintrachromatid exchange 

(6 = 0) resulted in unbounded increase in x2. 

exchange fit the data very poorly. Inclusion of intrachromatid exchange and natural 

selection against low-copy-number chromosomes results in reasonably good fits to the 

data. It is likely that models with stabilizing natural selection could fit the data, but, 

because there is no evidence for a deleterious effect of high copy numbers, our objective 

was to see whether models without stabilizing selection could fit the data acceptably. 

In these models, fitness does not decrease with high copy number, and the rate of 

intrachromatid exchange must exceed the rate of sister-chromatid exchange. The low 

rate of X-Y interchromosomal exchange is suggested both by the separate fits to the 

X- and Y-chromosomal array with zero exchange and by the low values of o from 

the model that treats both arrays jointly. 

Discussion 

The model-fitting approach suffers the problem that more than one model can 

fit the data adequately, so we cannot have complete confidence in the estimates of 

exchange rates. We saw, for example, that unequal sister-chromatid exchange and 

interchromosomal exchange had similar effects on the steady-state distribution of copy 

number. In particular, the model fits nearly as well with a high p and a low y as it 

does with the reverse. Furthermore, the fact that a deterministic model fitted the data 

well does not imply that drift is an insignificant factor in the evolution of multigene 

families. With these caveats stated, we can emphasize some of the strong conclusions 
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that can be made from the data. The models require that natural selection eliminate 

the very-low-copy-number chromosomes from the population. No model that lacks 

natural selection can generate a steady-state distribution with the low density of low- 

copy-number chromosomes that was observed in nature. The fits of the models to the 

data also allow strong statements to be made about the relative rates of some exchange 

events. The model of Ohta and Dover ( 1983) showed that a multigene family that 

occurs on more than one chromosome will be nearly as homogenized as it is in the 

case of a single chromosome family, unless the rate of interchromosomal exchange is 

much lower than rates of intrachromatid exchange. The observations of differences 

between X- and Y-linked rDNA suggest that X-Y exchanges are much less frequent 

than intrachromatid exchanges, a conclusion that was strongly supported by the model 

fits. A like argument was made by Ohta ( 1990) in interpreting the patterns of variation 

among the human rDNA genes (Seperack et al. 1988) and the Drosophila histone 

genes (Matsuo and Yamazaki 1989 ). 

The theory of copy-number evolution is directly coupled to the forces-including 

mutation, unequal homologous crossing-over, unequal sister-chromatid exchange, 

nonhomologous exchange, gene conversion, and random drift-that influence se- 

quence divergence (Ohta 1980; Stephan 1989 ). Not only can the magnitudes of many 

of these forces be influenced by copy number, but the strength and nature of selection 

may be influenced as well, because tolerance of altered expression is likely to be greater 

with higher copy numbers. While unequal exchange events serve to homogenize se- 

quences, they are also a source of variation in copy number. Although sister-chromatid 

exchange and interchromosomal exchange can have similar effects on the copy-number 

distribution, intra- and interchromatid gene conversion have very different conse- 

quences on the identities of genes on the same or different chromosomes (Ohta 1983; 

Ohta and Dover 1983). Drift and selection are the primary forces that can reduce the 

variance in copy number, so the observed variance in copy number is indicative of 

the relative rates of homogenization and generation of length variants. The occurrence 

of Y-chromosome polymorphism poses a problem in the context of deterministic 

population genetics, because models that exclusively invoke natural selection fail to 

maintain Y-linked polymorphism (Clark 1987). Clearly, drift and molecular-exchange 

events are essential to the maintenance of the polymorphism. The higher variance in 

Y-linked rRNA gene copy number appears contrary to the expectation based on a 

pure drift model, since the effective population size of the Y chromosome is smaller 

than that of the X chromosome (Charlesworth et al. 1987). An unresolved theoretical 

problem is the simultaneous maintenance of high levels of variability in both copy 

number and sequence, since an unequal exchange inflates copy-number variance but 

homogenizes the sequences of individual copies. 

The model that is examined here, which is an extension of that of Takahata 

( 198 1) and Walsh ( 1987), does not lend itself well to analytical solution. Although 

Walsh ( 1987) showed that the distribution of copy number is bounded by a geometric 

distribution, our need to obtain a complete steady-state distribution of copy number 

required computer simulation. Our model differed from that of Takahata (who also 

used simulations) three ways: not allowing stabilizing selection, allowing intrachomatid 

exchange, and allowing X-Y exchange. The analysis of copy-number evolution of 

transposable elements has made use of multitype-branching-process models, which 

admit analytical solutions (Sawyer and Hart1 1986; Moody 1988). Dramatic differences 

between the results of these models and those for eukaryotes (Charlesworth and 
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Charlesworth 1983; Langley et al. 1983) underscore the importance that recombination 

has in the evolution of multiple-copy genes. The need to jointly consider copy number 

and identity evolution makes the most biologically interesting models intractable an- 

alytically (Ohta 1987,1988 ) . It would appear, then, that the future of the development 

of the theory of multigene-family evolution is relegated to computer simulation; and 

the purpose here was to show that there is some hope of parameterizing these models 

by fitting them to data. 

Model fitting does not obviate the need for experimental attempts to obtain direct 

determinations of rates of exchange. Whether the rate of exchange depends on the 

number of gene copies has been a focus of many experiments on the rDNA array in 

D. melunogaster. These experiments have made use of the fact that low-copy-number 

flies have the bb phenotype, making it possible to infer changes in gene multiplicity 

by scoring this phenotype. The disadvantage to this approach is that most of our 

knowledge of copy-number changes in the rDNA array comes from the study of chro- 

mosomes with abnormally low copy numbers. Bobbed males, which have a low copy 

number on both the X and Y chromosomes, can produce <90’S revertants among 

their progeny, in a process known as magnification (Ritossa 1968; Tartof 1974a, 

1974b). These reversions occur in clusters, implying that they involve premeiotic 

events. The failure to observe bobbed progeny from flies with normal copy number 

suggests that the array is very stable when sufficient copies are present. The apparent 

tendency for only low-copy-number chromosomes to magnify has important impli- 

cations for the evolution of rRNA gene copy number. An important component of 

this copy-number dependence is that cell-lineage selection (clonal amplification) may 

occur, favoring those pregerm cells that have an increase in copy number over those 

that are deficient. This cellular selection would result in more magnified gametes being 

produced by bobbed @es, even if the rate of the exchange events is independent of 

copy number. In experiments where cellular selection can be controlled, the rates of 

exchange do appear to be independent of copy number (Endow et al. 1984; Hawley 

and Marcus 1989). The failure of ring X chromosomes to magnify provides clear 

evidence for the involvement of unequal sister-chromatid exchange. Because such 

exchanges result in unstable X chromosomes (Endow et al. 1984; Endow and 

Komma 1986). 

There are a number of diagnostic differences between the X- and Y- linked rDNA 

arrays. On average, the Y-linked rDNAs have longer intergenic sequences than do X- 

linked copies (Coen and Dover 1983), and more than half of the X repeats have 

insertions that are rare on the Y ( Wellauer et al. 1978; de Cicco and Glover 1983). 

Furthermore, despite the extensive similarities in restriction maps, there are diagnostic 

sequence differences in the 18s gene (Yagura et al. 1979). A survey of restriction-site 

variation revealed that the Y chromosome had greater interpopulation variation in 

sequence than did X-linked sequences (Williams et al. 1987). These observations 

clearly show that the rate of intrachromosomal exchange is greater than the rate of 

interchromosomal exchange. Experiments that directly recover unequal exchange 

events yield estimates in the range of 10w4- 10e5 for the rate of unequal crossing-over 

within rDNA (Maddern 198 1; Williams et al. 1989 ) . The X-Y exchanges were also 

clustered among the progeny, so these events are premeiotic. Response to artificial 

selection for high and low abdominal bristle counts was shown to be at least partially 

mediated by the rDNA array (Frankham et al. 1980). Response was greater in females 

than in males, corresponding to observed changes in X-linked but not in Y-linked 
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rDNA copy number. Selection experiments yielded an estimated rate of unequal ex- 

change of 3 X 10d4/gamete generation, and a definitive X-Y exchange product was 

recovered in the form of a compound X-Y translocation (Coen and Dover 1983). 

Rates of unequal exchange are apparently great enough to result in concerted evolution, 

thereby homogenizing sequences on a chromosome (Coen et al. 1982), and this might 

be expected to generate and maintain copy-number variation as well. 

With the exception of intrachromatid exchange, the exchange events depicted in 

figure 1 are expected to result in an equal number of gametes having increases and 

decreases in copy number. The cell-lineage selection mentioned above results in an 

excess of high-copy-number gametes, and, under magnifying conditions, the frequency 

of reductions in copy number is - 1 / 10 that of increases in copy number. Evidence 

for cell-lineage selection comes from the observation of clustering-high-copy-number 

gametes occur in clusters because of selection among premeiotic cells, but reductions, 

which are not selected, do not occur in clusters (Tartof 1974a; Hawley and Marcus 

1989). When a correction is made for cell-lineage selection, the bias toward increased 

copy number disappears (Hawley and Tartof 1985 ). The model that was fitted in the 

present report did not include cell-lineage selection, but the way it would be modeled 

is very close to the way that natural selection was. We assumed that fitness was a 

function of the sum of the copy numbers on the two homologous chromosomes and 

that this additive form of selection would not differ from the gametic cell-lineage 

selection. The important point is that, by allowing selection to occur at the cellular 

level, one could obtain fits between a model with no natural selection and the observed 

copy-number distribution. 

Because we do not know all of the biological mechanisms involved in the regu- 

lation of rDNA copy number, it may be thought premature to attempt to model the 

phenomenon. Our objective was to ask whether the known types of exchange events 

could produce a copy-number distribution that was similar to the observed distribution, 

and we obtained a clearly affirmative answer. We are careful to point out that this 

does not provide conclusive evidence that this is the only possible mechanism for 

copy-number regulation. One aspect of the rDNA array that was not included in the 

model was the occurrence of type I and type II inserts. These inserts show sequence 

similarity to non-LTR retrotransposons, and, in Bombyx mori, products of similar 

elements exhibit sequence-specific endonuclease activity ( Xiong and Eickbush 1988 ) . 

The observation that type If inserts are amplified 16-fold more in males undergoing 

rDNA magnification than in nonmagnifying female controls (Labella et al. 1983) led 

Hawley and Marcus ( 1989) to propose that this overexpression at low copy number 

results in increased frequency of endonuclease-induced nicks, which provides the op- 

portunity for unequal exchange events. This model is highly speculative, but, if it is 

correct that the type II inserts play such a key role in magnification, then this fact 

would help explain the persistence of these elements. The fact that the elements can 

transpose (Jakubczak et al. 1990) adds another intriguing complication to the evolution 

of the rDNA array. Another potentially significant attribute of rDNA was not consid- 

ered in the present paper-i.e., the fact that the rDNA array serves as the pairing site 

for the sex chromosomes in male meiosis (McKee and Karpen 1990). Constraints on 

pairing may be another function of the rDNA array relevant to the regulation of copy 

number. Both incorporation of type I and type II insert transposition and consideration 

of pairing will be considered in models presented elsewhere. 
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