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Strains monosomic for chromosome I of Saccharomyces cerevisiae contain 25
to 35% fewer rRNA genes than do normal diploid strains. When these strains are
repeatedly subcultured, colonies are isolated that have magnified their number of
rRNA genes to the diploid amount while remaining monosomic for chromosome
I. We have determined the amount of DNA complementary to rRNA in viable
haploid spores derived from a magnified monosomic strain. Some ofthese haploids
contained 24 to 48% more rRNA genes than a normal euploid strain. These extra
genes may be responsible for the increased number of rRNA genes in the strain
monosomic for chromosome I. Genetic analysis of the haploids containing extra
rRNA genes suggested that these genes are linked to chromosomal DNA and are
heterozygous. They were not closely linked to any centromere and were not
located on chromosome I. Furthermore, all the DNA complementary to rRNA in
one of these haploid strains with magnified rRNA genes sedimented at a chro-
mosomal molecular weight, consistent with chromosomal linkage. In addition,
several new mutations mapping on chromosome I were used to show that
ribosomal DNA magnification was not due to a chromosome I duplication.

The haploid genome of Saccharomyces cere-
visiae contains approximately 140 genes for
rRNA (24). These genes are tandemly repeated
(4, 5), and 50 to 70% of them are located on
chromosome 1 (8, 14, 16, 19). The location of the
remaining genes is unknown, although the avail-
able evidence suggests that these genes are also
chromosomal (3,8). Strains monosomic (2n -1)
for chromosome I initially contain approxi-
mately 25% fewer genes coding for rRNA than
do diploid strains. Upon continued subculturing,
colonies are found containing the same amount
of ribosomal DNA (rDNA) as that found in
diploid strains while remaining monosomic for
chromosome I (15, 16). The increase in the num-
ber of genes coding for rRNA in yeast may be
analogous to the magnification of the rRNA
genes in Drosophila melanogaster bobbed mu-
tants (1, 22).
To arrive at a mechanism for rDNA magnifi-

cation in yeast, it is necessary to determine the
arrangement of the additional rDNA. In this
paper we report a genetic analysis of rDNA in
the magnified monosomic strain. We found that
this strain contains some additional rDNA not
present in the unmagnified strain and that the
additiormd rDNA is transmitted to haploid
spores during meiosis. The observed pattern of
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inheritance ofthe rDNA suggests that therDNA
is chromosomal. In addition, in the haploid
strain tested, all rDNA sediments with intact
chromosomes in sucrose gradients, supporting
the idea that the magnified rDNA is chromo-
somal. Finally, we were unable to find any evi-
dence that magnification was caused by a dupli-
cation of part of chromosome I translocated to
another chromosome.

MATERIALS AND ME1MODS
Media. Cells were grown on YEPD liquid (1.0%

(wt/voll yeast extract [Difco Laboratories]-2.0%
[wt/vol] peptone [Difco]-2.0% [wt/vol] dextrose). For
agar plates, 2.0% (wt/vol) Difco agar was added to the
above.

Genetimc Genetic manipulations were as described
previously (17, 18, 25). The strins usd are listed in
Table 1.

Isolation of ts mutatons mapping on chromo-
some L A 3-day stationary-phase culture of a strain
monosomic for chromosome I (X1221a-7c) was muta-
genized by treatment with 2.0% (wt/vol) ethyl meth-
ane sulfonate for 60 to 80 min (13). This treatment did
not lead to a detectable loss of viability. The cells were
directly plated on YEPD agar at a density of 200 cells
per plate and incubated at 25°C for 2 days. The plates,
now containing colonies approximately 2 mm in di-
ameter, were replica plated to prewarmed YEPD agar
and incubated 1 day at 37°C. Colonies unable to grow
at 37°C were scored and then picked from the plates
grown at 250C. Approximately 10" colonies were
screened, yielding 5 thermosensitive (ts) mutants that
were able to sporlate, giving viable haploid progeny.
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TABLE 1. Strains

Strain Genotype Source

X1221a-7c 10/29

X1221a-7c silica 1

DK8

a adel arg4 trpl leul hisxa metl adexb thrl mag rDNAC
a O + + + + + + +

a adel arg4 trpl leul hisxa metl adeXb thrl
a O + + + + + + +

a adel arg4 tip) leul
a adel + + +

J. Bruenn

Constructed from two
haploids from X1221a-
7c silica 1

X1221a-7c 10/29 la

X1221a-7c 10/29 lb

X1221a-7c 10/29 2a

X1221a-7c 10/29 2b

DK64

DK65

DK17

DK19

a adel leul hisa

a adel adexb arg4 leul mag rDNA

a adel adexb tipl arg4 leul mag rDNA

a adel trpl arg4 leul

aadel leul hiSXa + +
a adel leul + arg4 adexb

a adel trpl arg4 leul +
a adel trpl arg4 leul adeXb

Cross between X1221-7c
10/29 la and lb

Cross between X1221-7c
10/29 2a and 2b

a tseadel + +
a + + ural trp5

a tsh adel + leu2 + lysl
a + + ural + trp5 +

ADEI
a ADE hi&5 ura3 leul argl met2 arg4 gal) petl)7 ade5

a cysl

a MAL2 tipl pet6 ade2 lys2 his4 leu2 thr4 mal adel
a + + + + + + + + + +

R. K. Mortimer

S. Fogel

F. Sherman

Haploid segregants were obtained by dissection of asci.
Poor spore viability (in some cases less than 10%) was
observed. All haploid segregants used contained reces-
sive ts mutations that segregated 2:2, wild
type/mutant.

Meiotic mapping. Since initial spore viability of
the mutagenized monosomes was poor, haploid ther-
mosensitive mutants were crossed to healthy haploids
and dissected several times in succession until a diploid
giving high spore viability was obtained. Linkage of
the adel gene to the ts mutation was determined by
tetrad analysis (25).

Mitotic mapping. Mitotic crossing-over on chro-
mosome I can be monitored by picking red-sectored
colonies from adel/+ heterozygotes. The red sector is
due to homozygosis of the adel gene when there is a
crossover between the chromosome I centromere and

the adel gene. If the to mutation is distal to the adel
gene on the same arm of chromosome I, a single
crossover between the centromere and adel gene re-
sults in a red sector that is frequently thermosensitive
due to the cosegregation of the ts mutation. Diploids
were constructed by crossing adel ts haploids to wild-
type haploids of opposite mating type. Approximately
2,000 cells were plated on YEPD agar at a density of
200 cells per plate. Mitotic recombination was induced
by treatment with a 253-nm UV light for 20 s at 12
ergs/mm per s. Viability was not affected by this
treatment. After 2 to 3 days of growth at 25°C, red
sectors were picked. Purified red colonies from these
sectors were tested for thermosensitivity on YEPD
plates at 37°C.

Disome exclusion mapping (trisomic analysis).
Crosses between thermosensitive mutants and a strain

X3402-15c

NHK678

D649

ahis2 or his8.
b ade6 or ade9.
C mag rDNA, 24 to 48% more rDNA than normal.
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rDNA MAGNIFICATION IN S. CEREVISIAE

disomic for chromosome I will yield tetrads that are
4:0, 3:1, and 2:2 (+:ts) if the ts mutation maps on
chromosome I (18). X3402-15c, a strain disomic for
chromosome I, was crossed to ts adel double mutants
and monitored for both aberrant adel and ts segre-
gation.
[3H]DNA isolation. Cells grown to early stationary

phase in YEPD liquid containing 0.5,Ci of [G-3H]-
adenine per ml (New England Nuclear Corp.) were
broken with an Eaton press (7), and the DNA was
extracted as previously described (16).

[n2P]rRNA isolation. 32P-labeled 188 and 258
rRNA was isolated from strain D649 as previously
described (23).
DNA-RNA hybridization. Filter hybridizations

were performed at saturating conditions (24) by a
modification of the procedure of Gillespie and Spie-
gelman (9), as previously described (15, 16). A mini-
mum of three filters per DNA preparation were incu-
bated in the same vial at a given rRNA concentration.
Only differences greater than 11% of the control were
considered significant. This conclusion is based on
variations observed with different DNA preparations
of the same strain.

Hybridization of rRNA to DNA sedimented in
sucrose gradients. DNA from lysed spheroplasts
was sedimented in 5 to 25% sucrose gradients accord-
ing to the method of Blamire et al. (2). Fifty-milliliter
gradients were centrifuged for 16 to 17 h at 11,000 rpm
in an SW 25.2 rotor (Beckman Instruments). One-
milliliter fractions were collected, heated for 10 min at
100°C, and quenched in ice. One milliliter of 4x SSC
(0.6 M NaCl, plus 0.06 M sodium citrate, pH 7.0) was
added to each fraction. DNA was fixed to filters, and
hybridizations were performed as described previously
(16). Hybridizations were done at an rRNA concentra-
tion of 3 ,ug/ml in a sealed sterile 125-ml Erlenmeyer
flask containing 50 ml of2x SSC-0.2% (wt/vol) sodium
dodecyl sulfate.

RESULTS
Meiotic segregation ofrDNA in the mag-

nified monosomic strain. The magnified mon-
osomic strain (X1221a-7c 10/29) was sporulated
on potassium acetate plates (25) and dissected,
and the haploid spores were cultured on YEPD.
Monosomic strains produce two dead spores (no
chromosome I [15]) and two viable ones. The
amount of DNA complementary to 18S and 25S
rRNA was determined for DNA isolated from
the two viable haploid segregants from each of
nine asci. DNAs isolated from a related diploid
(DK8) and a magnified monosomic strain
(X1221a-7C 10/29) were used as controls. These
two strains contain the euploid level of rDNA
(15).
The surviving spore pairs from the magnified

strain fell into two classes (Table 2). In the first
class (tetrads no. 1, 2, 3, 8, 11, 12, and 13) the
DNA from one spore hybridized 24 to 48% more
rRNA than did the other spore and the controls.
In the other class, DNA isolated from the two

viable spores (tetrads no. 4 and 10) hybridized
about the same amount of rRNA as did the
controls. It is unlikely that the results reflect
variable amounts of DNA per cell, since the
magnified and unmagnified monosomic strains
and DK8 all have the same (+9%) amount of
DNA per cell and genetic analysis has not re-
vealed any large degree of aneuploidy in the
monosomic strains. It is also doubtful that there
are large differences in the amount of mitochon-
drial DNA per cell, which could affect our results
since the maximum variations observed (10)
were insufficient to cause a 24 to 48% difference
in hybridization.

Ifthe additional rDNA in spores from X1221a-
7c 10/29 represents rRNA genes involved in
magnification, spores from the unmagnified
monosomic strain should contain euploid rDNA
amounts. This possibility was tested by deter-
mining the amount of DNA complementary to
18S and 25S rRNA in DNA isolated from the
viable haploids from three tetrads of the unmag-
nified monosome X1221a-7c silica 1. We found
(Table 3), with one exception, that all spores
tested contain the euploid amount of rDNA. It
was not apparent why spore 2a hybridized
slightly less rRNA. These results indicate that
the occurrence of extra rDNA in haploids is a
feature of only magnified strains.
The pattern of segregation of extra rDNA in

X1221a-7c 10/29 haploids suggests the presence
of one or more heterozygous chromosomal clus-
ters of rDNA genes that are not linked to chro-
mosome I. In seven out of nine tetrads, the extra
rDNA appeared to segregate at the second
meiotic division with respect to both the lethal-
ity caused by chromosome I monosomy and a
heterozygous trpl mutation (both trpl and via-
bility segregate exclusively at the first meiotic
division). This suggests that the extra rDNA is
not tightly linked to a centromere.
A heterozygous cluster of rRNA genes in the

magnified monosomic strain should also give a
third class of tetrad, where both spores contain
extra rDNA. The failure to observe this class
may be expected, considering the limited num-
ber of tetrads examined. A cluster of rRNA
genes not linked to a centromere would give a
tetrad ratio of 1:1:4 (one tetrad containing two
unmagnified spores:one tetrad containing two
magnified spores:four tetrads containing one
magnified and one unmagnified spore) for mag-
nified DNA. The ratio observed (0:2:7) is within
the 95% probability limits (2) for 1:1:4, consist-
ent with a heterozygous non-centromere-linked
cluster of genes.
To further test if magnified rDNA is behaving

as an additional rRNA gene cluster, we exam-
ined whether extra rDNA segregates 2:2 in het-
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TABLE 2. Hybridizatiwon of 18S and 25S rRNA to hlploids from the magnified monosome for chromosome Ia
Percent total DNA hybridized to rRNA at different (32PJrRNA concn

Expt no. Strain Difference
2 pg/ml 3 pg/ml 4 pg/mil 6 pg/mi Avg between

ascus (%)

lb X1221a-7c 10/29 la 1.66 1.50 2.32 1.83 ± 0.43 42
X1221a-7c 10/29 lb 2.50 2.25 2.99 2.58 ± 0.27 4
X1221a-7c 10/29 3a 2.36 2.54 3.24 2.71 ± 0.46 3X1221a-7c 10/29 3b 1.48 2.10 2.30 1.96 ± 0.43 3
X1221-7c 10/29 2.06 1.95 2.54 2.18 ± 0.31
DK8 1.59 2.19 1.92 1.90 ± 0.30

la X1221a-7c 10/29 lb 2.94 3.05 2.76 2.93 ± 0.10

2b X1221a-7c 10/29 2a 2.73 2.81 3.06 2.87 ± 0.17 4X1221a-7c 10/29 2b 1.76 1.92 2.15 1.94 ± 0.20
X1221a-7c 10/29 4a 1.65 2.03 1.88 1.85 ± 0.19 10X1221a-7c 10/29 4b 1.49 2.38 2.26 2.04 ± 48.0 10
X1221a-7c 10/29 1.99 2.46 2.08 2.18 ± 0.25
DK8 2.10 2.30 2.21 ± 0.14

3 X1221a-7c 10/29 8a 2.46 2.28 2.68 2.47 ± 0.20 30X1221a-7c 10/29 8b 3.26 3.14 3.20 ± 0.08
DK8 2.36 2.49 2.73 2.53 ± 0.19

4 X1221a-7c 10/29 lOa 2.14 2.20 2.38 2.24 ± 0.12 10
X1221a-7c 10/29 lOb 1.93 2.04 2.14 2.04 ± 0.11
X1221a-7c 10/29 lla 2.33 2.20 2.44 2.32 ± 0.12 35X1221a-7c 10/29 llb 3.11 3.09 3.22 3.14 ± 0.07
X1221a-7c 10/29 12a 2.84 3.01 2.89 2.91 ± 0.09 24X1221a-7c 10/29 12b 2.24 2.40 2.42 2.35 ± 0.10
X1221a-7c 10/29 13a 1.85 2.23 2.04 2.04 ± 0.19 3X1221a-7c 10/29 13b 2.58 2.79 3.00 2.79 ± 0.21
DK8 2.24 2.23 2.17 2.20 ± 0.04
DK8 2.14 2.18 2.29 2.20 ± 0.08

a [32PJrRNA was hybridized to [3H]DNA fixed to nitroceilulose filters as described in the text. The percent
DNA hybridized at each concentration is the average of three separate filters. Separate experiments are grouped
with their respective controls. All filters from a single experiment were incubated in the same vial for a given
rRNA concentration.

bIn experiments 1 and 2 it appears that conditions were not saturating at 2 pg of rRNA per ml, which may
account for the low plateau values observed.

TABLE 3. Hybridizaton of 188 and 25S rRNA to haploids from the unmagnified monosome for
chromosome P

Percent total DNA hybridized to rRNA at different [32P]rRNA concn

Strain Difference be-
4 pg/ml 6 pg/ml Avg tween spores in

ascus (%)

X1221a-7c silica 1 la 2.48 2.01 2.25 ± 0.24 10
X1221a-7c silica 1 lb 2.11 1.97 2.04 ± 0.18

X1221a-7c silica 1 2a 1.74 1.95 1.85 ± 0.29 20
X1221a-7c silica 1 2b 2.17 2.28 2.22 ± 0.33

X1221a-7c silica 1 3a 2.30 2.17 2.24 ± 0.33 1
X1221a-7c silica 1 3b 2.36 2.16 2.26 ± 0.24

a[P]rRNA was hybridized to [3H]DNA fixed to nitroceilulose filters as described in the text. The percent
DNA hybridized at each rRNA concentration is the average of three separate filters.
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rDNA MAGNIFICATION IN S. CEREVISIAE 241

erozygotes. DK64, a diploid heterozygous for
extra rDNA, was sporulated and dissected, and
the amount of rDNA was determined in four
cultured haploids from one tetrad. DNA from
DK8 was used as a control. The results (Table
4) do not give a straightforward 2:2 segregation
for extra rDNA, as would be predicted for a
single heterozygous cluster of genes. Although
two spores (2a and 2d) contained roughly the
same amount (5 and 11% more, respectively) of
rDNA as the control, spores 2b and 2c gave
rDNA values significantly higher than the con-
trol, yet not equal to each other. A similar pat-
tern was observed in a preliminary experiment
on a tetrad from DK65 (another strain hetero-
zygous for extra rDNA), where two spores con-
tained the normal rDNA leveL whereas the
other spores contained 50 and 30% more, respec-
tively, than the two spores with the wild-type
rDNA level (D. Alexandraki and D. B. Kaback,
unpublished data). We suggest that these results
may be caused by unequal meiotic crossing-over
between sister chromatids carrying extra rDNA.
Subsequent segregation of the sister strands
would result in the observed unequal amounts
of extra rDNA in spores 2b and 2c.
The amount of DNA complementary to 18S

and 25S rRNA was also measred in DK64 and
DK65. The results (Table 4) indicate the pres-
ence of magnified rDNA in the heterozygous
strains. If the magnified rDNA behaves as a
stable part ofa normal chromosome, the amount
of DNA complementary to rRNA in DK64 and
DK65 should be intermediate between the levels
ofrDNA in the parent haploids. Magnified hap-
loids contain 24 to 48% more rDNA than do

TABLE 4. Segregation ofmagnified rDNA in a
diploid"

Percent total DNA hybridized to rRNA at
Strain different [(PJrRNA concn

3 pg/ml 5gg/ml 6pg/ml Avg
DK64-2a 1.97 2.15 2.18 2.15 ±0.15
DK64-2b 3.22 3.24 3.31 3.26 ± 0.05
DK64-2c 2.54 2.56 2.76 2.62 ± 0.20
DK64-2d 2.20 2.44 2.33 2.32 ± 0.14
DK8 1.88 2.02 2.18 2.06 ± 0.22
DK64 2.68 2.66 3.04 2.79 ± 0.22
DK65 2.51 2.61 2.75 2.62 ± 0.10

a[32J)]rRNA was hybridized at saturating conditions
to [3H]DNA fixed to nitroceliulose filters as described
in the teXt. [3H]DNA was isolated from two diploids
constructed by crossing a magnified haploid to an
unmagnified haploid (DK64 and DK65), from diploid
control (DK8) and from four haploids of a DK64
tetrad. The percent DNA hybridized at each rRNA
concentration is the average of three separate filters.

unmagnified haploids; therefore, a heterozygote
should contain 12 to 24% more rDNA than nor-
mal. Although the results for DK64 and DK65
appear 10% too high to be intermediate (35 and
27% higher, respectively, than DK8), this may
reflect the low value obtained for DK8 in this
experiment. Comparison of DK64 and DK65
with the previously published value for DK8
(2.24%) gives 24 and 17%, respectively, more
rDNA in the heterozygotes: values within the
intermediate range.
Sedimentation of magnified rDNA in su-

crose gradients. The normal complement of
rDNA in yeast sediments with intact chromo-
somal DNA molecules on a sucrose gradient (8).
To test the chromosomal origin for the magni-
fied rDNA, we examined the distribution of
DNA complementary to rRNA in sucrose gra-
dients containing intact chromosome-size DNA
molecules. Figure la shows the results of such
an experiment, using a magnified haploid segre-
gant of X1221a-7c 10/29. The two controls for
this experiment were an unmagnified haploid
segregant of X1221a-7c 10/29 (Fig. lb) and DK8
(Fig. lc).
The sedimentation of [3H]DNA in each gra-

dient resembled the profiles observed by Finkel-
stein et al. (8) and Petes and Fangman (20), with
the center of the main peak sedimenting at
approximately 115S. In the three strains tested,
over 90% of the DNA hybridizing to rRNA sed-
imented at a faster rate than did the T4 DNA
marker, indicating that most, if not all, of the
rDNA was of chromosomal molecular weight.
The [32P]rRNA bound to filters with material
from the bottoms of the gradients (approxi-
mately 10 to 20% of the total 32P counts) was
assumed to be due to adsorption of rRNA to
cellular debris. Quantitation ofthe percentDNA
hybridized across the gradient (fractions 2 to 40)
confirmed the increased rDNA content in the
magnified haploid (D. Kaback, unpublished ob-
servation), indicating that the solubilized DNA
(fractions 2 to 40) was representative ofthe total
DNA loaded on a gradient. Finkelstein et al. (8)
observed that DK8 contained a broad distribu-
tion of rDNA with a peak on the light side of
the main DNA peak. Our results show that in
all strains examined most of the rDNA is evenly
distributed over the entire DNA peak, with an
enrichment for approximately 25% of the total
rDNA on the heavy side of the main DNA peak.
In addition, the magnified haploid showed a
small rDNA peak on the light side of the main
DNA peak, which was reduced or misig com-
pletely in the controls. This difference could
account for only a small fraction of the addi-
tional DNA in X1221a-7c 10/29 lb. We were
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FIG. 1. Sedimentation of sequences corn
tary to O'PJrRNA in sucrose gradients of i

some-size DNA molecules. Approximately .
exponential-phase cells from haploids derin
the magnified monosome and the related diplk
continuously labeled with l3HJadenine (10MC
YEPD, converted to spheroplasts, lysed, and
on top of gradients (2). The gradients wer
fuged at 11,000 rpm for 16 to 17 h and fracti
and the amount ofrDNA in each fraction we
mined by hybridizing 3P-labeled 18S and 25.
at saturating conditions to denatured DN.
to nitrocellulose filters. Sedimentation is fro
to left. Arrow represents sedimentation o4
pHithymidine-labeled bacteriophage T4 (kini
vided by Edward Goldberg). Symbols: 0, [D
0, f$PJrRNA hybridized. (a) X122la-7c 14

unable to repeat the previously observed (8)
bimodal distribution of rDNA. On the basis of

800 our experiments, we conclude that most, if not
all, of the rDNA in the magnified haploid is of
chromosomal molecular weight, suggesting that

600 the magnified rDNA has a chromosomal origin.
If the magnified rDNA is extrachromosomal, it
must be very large, at least the size of an intact

400 chromosome, or have a stable association with
chromosomal DNA.

200 Is rDNA magnification due to a translo-
cation? One mechanism by which magnified
rDNA could arise is by a duplication of the
chromosome I rRNA genes becoming translo-

800 cated onto another chromosome. Besides chro-
mosome I, some rDNA may be located on at
least one other chromosome (3, 8, 14, 16, 19). If

600 rDNA is located on other chromosomes, a trans-
x

location could occur by mitotic crossing-over
400 E between homologous rDNA regions on chro-

E mosome I and another rDNA-containing chro-
mosome. It has recently been suggested that all

200 rDNA in normal strains is located on just one
chromosome (21). In this case, a genetic trans-
location of chromosome I material could still
occur, but by some other mechanism. In either
case, mitotic segregation of the translocation
would result in a strain monosomic for chromo-
some I and heterozygous for an rDNA-contain-

1600 ing chromosome I translocation on the other
chromosome. If so, other genes from chromo-

1200 some I might also be translocated with the
rDNA, leading to duplication of these genes in
the magnified monosomic strain. During

800 meiosis, a translocation containing the magnified
rDNA should segregate into the spores, giving
haploids with elevated rDNA redundancies and

400 duplications for the other translocated genes.
One difficulty in testing this hypothesis is that

only a few genes have been identified on chro-
0 mosome I. We, therefore, screened and isolated

mutations on chromosome I (S. A. Henry, D. B.
plemen- Kaback, and H. 0. Halvorson, unpublished
chromo- data). An ethyl methane sulfonate-mutagenized
5 x 167 strain monosomic for chromosome I was
ed from screened for recessive ts mutations. Five mu-
oid were tants were initially isolated that grow on YEPD
i/ml) in agar at 25 but not at 37°C. Mitotic mapping
layered (Table 5a) was used to show that two of the five
e centri- mutations, tse and tsh, map to the right of adel
doaterd, on the right arm of chromosome I. Meiotic link-
S rRNA
A fixed
)m right
f intact
Idlypro-
P]JDNA;
0/29 lb,

magnified haploid. (b) X122la-7c 10/29 la, unmag-
nified haploid. (c) DK8, control diploid; DK8 was
examined by using O'P]rRNA with a lower specific
activity, accounting for the fewer counts hybridized;
in addition, fractions 41 to 50 were not assayed for
DK8.
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TABLE 5. Genetic analysis of thermosensitive
mutants mapping on chromosome P

a. Mitotic segregation: concomitant segregation of ts with
adel

RdscosThermo-Strain Genotype tested sensitive
red sectors

DK 17 adel tse 17 5
+ +

DK 19 adel tsh 19 7
+ +

b. Meiotic linkage of ts to adel

Type tse tsh

Parental ditype 6 17
Nonparental ditype 3 3
Tetratype 20 53

c. Disome exclusion

adel, no. of asci ts, no. of asci seg-

Cross segregating regating

4:0 3:1 2:2 4:0 3:1 2:2

DK17-2c adel tse
x 4 0 2 2 2 2

X3402-15c disome I

DK19-lb adel tsh
x 4 0 0 2 2 0

X3402-15c disome I
- Linkage of twe and tsh to chromosome I was confirmed by

three independent methods. Detailed descriptions of these
types of analyses are found in reference 18.

age between adel and the two ts mutations was
also apparent from the large proportion of pa-
rental ditype asci compared to nonparental di-
type asci (Table 5b). Quantitation of the tetrad
data places tse and tsh 66 and 49 centimorgans
from adel, respectively. tse and tsh neither com-
plement nor recombine with other (Klar and
Kaback, unpublished data) and are therefore
assumed to be allelic. At present, it is not clear
why the map distances to adel differ. Perhaps
these aberrant results are due to the small tetrad
sample size or to a heavily mutagenized genetic
background in one of the strains. In either case,
more data are required to firmly establish the
genetic map positions of these mutations.
The linkage of tse and tsh was confirmed by

disome exclusion analysis (Table 5c). Strains
trisomic for chromosome I were constructed by
crossing both tse and tsh haploids to a chromo-
some I disome. The strains were sporulated,
dissected, and scored for adel. The crosses in-
volving both tse and tsh gave 4:0, 3:1, and 2:2
(ts:mutant) tetrads for ts and adel, confiing
their linkage to chromosome I.
The magnified haploids were tested for dupli-

cations of both the tse and the tsh markers and

for the cysl marker (11), a mutation on the left
arm of chromosome I. It was unneccessary to
tept the adel gene, since we had previously
shown (15) that it is not duplicated in the mag-
nified monosomic strain. Both a magnified hap-
loid, X1221a-7c 10/29 lb, and an unmagniied
haploid, X1221a-7c 10/29 la, were crossed to
either cysl, tse, or tsh haploids. The diploids
were sporulated, and at least 12 complete tetrads
from each cross were analyzed for segregation of
the chromosome I markers. In both strains
tested, cysl, tse, and tsh gave only 2:2 (+:-)
segregation, demonstrating that none of these
genes were duplicated in the magnified rDNA-
containing haploids. This result indicates that
magnification did not occur as a result of a
translocation for the parts of chromosome I
tested. Since the exact position of the rDNA on
chromosome I is not known, it is possible that
we may have been testing parts of chromosome
I not closely linked to the rDNA. Therefore, the
present results do not completely exclude trans-
location as a possible mechanism for magnifica-
tion.

DISCUSSION
An investigation of the genetic organization of

the magnified rDNA in S. cerevisiae led to the
following conclusions. Magnified rDNA is trans-
mitted into haploids during meiosis. This rDNA
is localized neither on chromosome I nor on a
trisomic chromosome, nor is it homozygous. The
available evidence suggests that it may be ar-
ranged in one or more heterozygous rRNA gene
clusters localized on very few chromosomes.
Inheritance of magnified rDNA. To eluci-

date the mechanism for rDNA magnification,
we have investigated the genetic arrangement of
the magnified rDNA. We found that many hap-
loids from the magnified monosome contain
more rDNA than do haploids from the unmag-
nified monosome. Since magnification in the
chromosome I monosome eliminates the rDNA
deficiency, the amount of magnified rDNA in
X1221a-7c 10/29 should be the same as the
amount that normally maps on the chromosome
I. The results show that the amount of extra
rDNA segregating into haploids is not enough to
account for all the magnified rDNA. An average
of only 47 extra rRNA genes segregate into the
magnified haploids (Table 6). Thus, at least 30
of the magnified rRNA genes either are unstable
through meiosis or segregate into the nonviable
spores. Therefore, our conclusions concerning
the organization of the magnified rDNA are
applicable only to the extra rDNA found in the
viable haploids.
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Magnifed rDNA is neither on a trisomic
chromosome nor on chromosome I, nor is
it homozygous. Several arrangements for the
magnified rDNA are incompatible with the te-
trad analysis data on rRNA gene redundancy.
The first possibility to be ruled out is the pres-
ence of aneuploidy for an rDNA-containing
chromosome. The ified strain is still mon-
osomic for chromosome I (15), eliminating the
possbility of an extra copy of chromosome I.
Therefore, any extra chromosome would have
to be a trisome for another rDNA-containing
chromosome. During meiosis, a trisomic chro-
mosome could segregate at first division with
chromosome I and at second division segregate
into the two viable spores, giving two disomes
containing more rDNA than wild-type haploids.
Alternatively, a tsoomic chromosome could seg-
regate away from the monosomic chromosome
I into the two nonviable spores. The viable
spores in this case would both contain the wild-
type level ofrDNA. In both cases, the two viable
spores from a single ascus would contain the
same amount of rDNA, and this was not ob-
served.
A second arrangement that we consider un-

likely is that the extra rDNA is all linked to the
monosomic copy of chromosome L. If this were
the case, the extra rDNA would segregate with
chromosome I into all the viable spores. All the
viable spores would then contain more rDNA
than the wild type, which was also not observed.

Finally, if the extra rDNA were present at the
same site in equal amounts on two homologous
chromosomes, we would expect all the viable
spores to contain equal additional amounts of
rDNA. The elevated rDNA redundancy in this
case would be less than predicted if the addi-
tional rDNA were all on chromosome I, since
the extra rDNA would be divided on two ho-
mologous chromosomes instead of one. The
nonequivalence of the rDNA levels in the hap-

TABLE 6. Number ofrRNA genes involved in rDNA
magnificatione

Ploidy DNA hybrid- No. of rRNAized ( genes

2n 2.24 270
2n-1 1.60 195
2n-1 + magrDNA 2.26 271
n + mag rDNA 2.95 177
n 2.17 130

a Values for n and n + mag rDNA are the average
of all haploids determined to be in those clases.
Values for 2n and 2n - 1 are from Kaback et al. (14).
All values are calculated on the basis of a haploid
genome size of 1.2 x 1010 daltons (12) and a molecular
weight for 18S and 26S rRNA of 2.0 x IO (26).

loids from the magnified monosome also rules
out this arrangement.
Magnified rDNA is localized on very few

genetic elements. If the magnified rDNA were
dispersed on many DNA molecules, we would
predict that these DNA molecules, if stable,
would be randomly distributed into the spores
during meiosis, giving most of the spores a
slightly higher level ofrDNA than normal. Since
over half the spores from the magnified mono-
somic strains contain the normal level of rDNA
and only large amounts of extra rDNA are found
in the rest, we conclude that the additional
rDNA is not widely dispersed but is located on
only a few DNA molecules. However, it also
appears likely that the magnified rDNA is ar-
ranged on more than one DNA molecule, be-
cause only some of the magnified rDNA present
in the magnified monosomic strain is found seg-
regating into the viable haploids. This suggests
that the rest of the magnified rDNA is segregat-
ing on anotherDNA molecule into the nonviable
spores. Furthermore, in the subsequent cross
involving the magnified haploids, a strict 2:2
segregation for the magnified rDNA is not ob-
served, suggesting that the magnified rDNA in
the viable haploids may also be located on more
than one DNA molecule, though it is also pos-
sible in this case that the difference in the
amount of rDNA in the magnified haploids
could be caused by unequal crossing over. The
precise arrangement of the magnified rDNA
must await further genetic characterization. Un-
fortunately, the ability to examine large num-
bers of tetrads is impaired by the laborious
rDNA assay. In addition, magnified monosomic
strains, as well as haploids derived from these
strains, contain no obvious phenotype difference
proportional to the rRNA gene redundancy,
complicating the possibilities for a rapid genetic
analysis.
Chromosomal linkage of magnified

rDNA. The evidence thatrDNA is incorporated
into the duplex DNA structure of yeast chro-
mosomes comes from the observations that
yeast rDNA does not band as a dense satellite
in equilibrium gradients using high-molecular-
weight DNA (4, 6) and that monosomy for chro-
mosome I is initially associated with a deficiency
in rDNA (8, 14, 16, 19). The tetrad data for the
magnified monosomic strain can be explained by
a chromosomal linkage for the magnified rDNA.
To obtain physical evidence for chromosomal
linkage, intact chromosome-molecular-weight
DNA was sedimented in sucrose gradients, and
rDNA was found to move with the intact DNA
molecules. However, it is still possible that the
magnified rDNA is extrachromosomal and is
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arranged in some manner on an episome of
chroinosomal size. A molecule of this nature
could segregate into the haploid spores, though
it might not behave like a normal chromosome
during meiosis. Therefore, a direct physical or
genetic test of chromosomal linkage for the mag-
nified rDNA is still required.
rDNA magnification genetics. The obser-

vation that strains monosomic for chromosome
I are 25 to 35% deficient for rDNA appears
inconsistent with the report that all rDNA in
normal strains is linked to a single chromosome
(21). If all the rDNA is located on chromosome
I, we would expect a strain monosomic for chro-
mosome I to contain 50% less rDNA than does
a diploid. One possible explanation for this ap-
parent contradiction is that partial rDNA mag-
nification had already occurred before the oig-
inal monosomic strain (X1221a-7c silica 1) was
tested. As mentioned previously, we do not think
the magnified rDNA is located on chromosome
I.
We have shown that the problem of rDNA

magnification in yeast is amenable to genetic
analysis. Initial results showed that rDNA mag-
nification was not due to a chromosome I trans-
location. Further studies of this kind combined
with physical and biochemical studies should
help decide the number and location of the
genetic elements involved in rDNA magnifica-
tion, information that is essential for working
out the details for a molecular mechanism.
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