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Wild-type isolates of Dictyostelium discoideum exhibited differences in the size of restriction fragments of the
extrachromosomal 88-kilobase ribosomal DNA (rDNA) palindrome. Polymorphisms in rDNA also were found
among strains derived solely from the NC4 wild-type isolate. These variations involved EcoRI fragments H, III,
and V; they included loss of the EcoRI site separating fragments II and V and deletion and insertion of DNA.
More than one rDNA form can coexist in the same diploid or haploid cell. However, one or another parental
rDNA tended to predominate in diploids constructed, using the parasexual cycle, between haploid NC4-derived
strains and haploid wild-type isolates. In some cases, most if not all of the rDNA of such diploids were of one
form after ca. 50 generations of growth. Segregant haploids, derived from diploids that possessed predomi-
nantly a single rDNA allele, possessed the same allele as the diploid and did not recover the other form. This
evidence implies that replication does not proceed from a single chromosomal or extrachromosomal copy of the
rDNA during the asexual life cycle of D. discoideum.

The genes coding for rRNA in eucaryotes are present in
multiple copies in each cell, and they are organized in
various ways. In general, fungi and metazoans have tandem
repeats of chromosomally integrated rDNA (19, 26). In
several protozoans, the rDNA genes are predominantly
extrachromosomal, existing as linear palindromic dimers
with up to several hundred copies per cell. The linear
palindromic dimers ofrDNA from three such simple eucary-
otes are particularly well characterized: Tetrahymena ther-
mophila, 22 kilobases (kb) (10); Physarum polycephalum, 60
kb (32); and Dictyostelium discoideum, 88 kb (2). There is a
single chromosomal copy of rDNA in the micronucleus and
only extrachromosomal copies in the macronucleus of T.
thermophila (39). In Physarum polycephalum the situation is
not clear. If there is a chromosomal copy, assumptions need
to be made to explain the mode of inheritance of ribosomal
DNA (rDNA) (6). In D. discoideum there is no firm evidence
supporting the existence of a chromosomal copy of rDNA
(13). However, previous work does not exclude there being
a chromosomal copy (3). Here we show that the rDNAs of
different isolates ofD. discoideum show considerable restric-
tion fragment length polymorphism. These polymorphisms,
plus those found in laboratory strains, are used to examine
the inheritance of rDNA in parasexual genetic crosses.
These studies imply that replication of the rDNA palin-
dromes does not proceed from a single chromosomal or
extrachromosomal copy of rDNA during the asexual life
cycle of D. discoideum.

MATERIALS AND METHODS
Strains and growth of amoebae. Haploid strains of D.

discoideum used included 14 wild-type isolates, genetically
marked strains derived solely from the NC4 or V12 wild-type
isolates, and strains derived by crosses between wild-type
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isolates. The wild-type isolates were obtained from D. Wad-
dell, Gesamthochschule Wuppertal, Wuppertal, Federal Re-
public of Germany (strains DD44 and DD61); R. A. Firtel,
University of California at San Diego, La Jolla, Calif. (strain
OHIO); and K. B. Raper, University of Wisconsin, Madison
(strains NC4, V12, WS51, WS380B, WS472, WS576, WS583,
WS1956, and WS2054; also strains HU182 and HU188 which
are haploids derived from wild-type isolate diploids WS10
and WS585, respectively; for more details see references 5,
18, 28, and 29). Haploid strains, derived solely from the NC4
isolate (25), used in the study of rDNA polymorphisms that
arose in the laboratory are M28, TS12 (11), AX2 (34), and
AX3 (16), all of which were derived from Sussman's strain
DDB which in turn was derived from NC4. Strain HR7 was
derived from strain AX3 (30); strain HU878 was derived
from strains NC4, M28, TS12, AX3, and HR7 in a complex
series of parasexual crosses (35); strain HU1310 is a deriv-
ative of strain HU1257 that has lost the D350(III,III) dupli-
cation on linkage group III; strain HU1257 can be traced to
strains NC4, M28, TS12, AX3, and HR7 via a complex series
of parasexual crosses (35); strain HU1628 was derived from
strains NC4, M28, TS12, and AX3 in a complex series of
parasexual crosses (for genotype, see Table 4); and strain
X36 was derived from strains AX3, M28, and TS12 via
parasexual crosses (38). Haploid strain HU1231 is a mutant
of strain V12 (9). Stock cultures were grown at 21 ± 1°C in
association with Klebsiella aerogenes on SM agar (37).

Nomenclature. To simplify discussion of the different
forms of rDNA, allele numbers were allocated according to
standard D. discoideum genetics nomenclature (21, 37) (Ta-
ble 1).

Parasexual genetic techniques. Diploids were constructed
between NC4-derived tester strain HU1628 and haploid
wild-type isolates of mating type matA or asexual wild-type
isolates on the basis of complementation of the recessive
bsgA5 Bacillus subtilis sensitivity mutation and of domi-
nance of the cob-354 cobalt resistance mutation which may
be plasmid associated (18). Both selector mutations were
carried by strain HU1628 which bore easily scorable mark-
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TABLE 1. Nomenclature of rDNA alleles in haploid D.
discoideum strains

Strains rDNA alleles

NC4 and NC4 derivatives:
AX3, AX2............................. rDNA350
HR7, HU878, HU1257, HU1310 ......... rDNA350, rDNA351
NC4, HU1628, M28, TS12, X36 ......... rDNA350, rDNA352

Other wild-type isolates and their derivatives:
DD44 ................................. rDNA353
WS51 ................................. rDNA354
WS576 ................................ rDNA355
HU188 ................................ rDNA356
WS1956 ............................... rDNA357
WS2054 ............................... rDNA358
WS472 ................................ rDNA359
DD61 ................................. rDNA360
HU182 ................................ rDNA361
OHIO................................ rDNA362
WS380B............................... rDNA363
WS583 ................................ rDNA364
V12, HU1231 .............. ............ rDNA365

ers on each of the six established D. discoideum linkage
groups (D. L. Welker and K. L. Williams, Genetics, in
press). This allowed parasexual crosses without the need for
inserting a selective marker into the wild-type isolates. In
these crosses, diploids were selected at 21 ± 1°C on SM agar
plates containing 250 ,ug of cobaltous chloride per ml which
were preinoculated with cobalt-resistant B. subtilis BSU2
(Welker and Williams, in press). Haploids were selected
from diploids with the antimicrotubule agent thiabendazole
(2 ,ug/ml in SM agar; 36). Scoring of genetic markers was by
standard methods (21, 37).
DNA preparation. Amoebae for DNA isolation were har-

vested from 10 to 20 9-cm SM agar plates while in vegeta-
tive-growth or early aggregation phase and then incubated
overnight at 21 ± 1°C in 300 ml of phosphate-buffered saline
(pH 6.8; 36) to allow the amoebae to consume residual
bacteria. Amoebae (_107/ml) were then washed at 4°C by
three centrifugations (250 x g for 3 min) with resuspension
in distilled water at 4°C. The final cell pellet (usually -5 ml
of packed cells) was lysed for the preparation of nuclei with
-100 ml of Nonidet P-40 lysis buffer [10 mM Mg(CH3COO)2,
10 mM NaCl, 30 mM HEPES (N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid), 10% sucrose, 2% Nonidet P-40
(pH 7.5)]. The nuclei were recovered by differential centrif-
ugation (13,000 x g for 10 min), resuspended in 4 ml of
Nonidet P-40 lysis buffer, and lysed by the addition of 20 ml

of a 0.2 M EDTA-2% sarcosyl solution (pH 8.4) at 65°C.
After cesium chloride gradient centrifugation (0.92 g/ml)
with ethidium bromide (400 ,ug/ml), the nuclear DNA bands
were isolated and diluted with 1 volume of a solution of 6
mM Tris-hydrochloride, 6 mM NaCl, and 0.2 mM EDTA
(pH 7.2). After the addition of 4 volumes of ethanol as a
layer over the gradient fraction, the DNA was spooled by
gentle mixing of the two layers. The spooled nuclear DNA
was removed with a fine glass rod, washed with ethanol,
resuspended, and digested with restriction enzymes as de-
scribed by the manufacturers (Bethesda Research Labo-
ratories or Boehringer Mannheim Biochemicals). Phage A
HindIII DNA standards were from Bethesda Research Labl-
oratories.

Electrophoresis and hybridization. DNA samples were
electrophoresed through 0.8% (wt/vol) agarose gels (15) and
stained with ethidium bromide. For Southern hybridization
(31), DNA was transferred from gels to nitrocellulose filters
(BA85; Schleicher & Schuell, Inc.) and hybridized with
DNA probes labeled by nick translation with [a32P]dATP
(27). Either cloned D. discoideum rDNA (EcoRI fragment
V; 20) or EcoRI-digested DNA eluted from agarose gels
(fragments II and III) was used as a probe. Except where
noted, eluted probe DNA was obtained from strain AX2,
which is a derivative of NC4, is closely-related to strain
AX3, and bears the standard AX3 rDNA350 allele.

RESULTS
EcoRI restriction patterns of rDNA from different isolates of

D. discoideum. Fragments of rDNA are readily visualized
after restriction enzyme digestion of nuclear DNA, since
there are ca. 90 rDNA dimers per haploid genome and the
genomic DNA complexity is relatively low. The maps of the
rDNA of strain AX3 (rDNA350), a derivative of the type
strain NC4, are known for five restriction enzymes (HindIII,
EcoRI, Sall, PstI, and BamHI). In particular, EcoRI diges-
tion gives seven bands with sizes of 15, 10, 7.2, 5.7, 5.1, 2.8,
and 1.5 kb (fragments I, II, III, IV, V, VII, and IXa/IXb,
respectively). These fragments have been ordered as shown
in Fig. 1 (13).

Examination of nuclear DNA of 14 different wild-type
isolates of D. discoideum after digestion with EcoRI showed
that there is considerable variation in the pattern of restric-
tion fragments in different isolates (Fig. 2A). Although
fragments I, IV, VII, and IX appeared to be identical in all
strains, there were changes observed in the remaining frag-
ments (Table 2).
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FIG. 1. Restriction maps of the extrachromosomal 88-kb D. discoideum rDNA palindrome from strain AX3 (reproduced from reference
13).
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FIG. 2. Polymorphic restriction fragments of rDNA from 14 wild-type isolates digested with EcoRI or HindlIl after: EcoRI digestion (A),

EcoRI digestion and Southern hybridization with EcoRI fragment V probe (B), EcoRI digestion and Southern hybridization with EcoRI
fragment II probe (C), and HindIll digestion (D). These rDNA alleles have been designated as follows: NC4 (and its derivatives such as AX3),
rDNA350; DD44, rDNA353; WS51, rDNA354; WS576, rDNA355; HU188, rDNA356; WS1956, rDNA357; WS2054, rDNA358; WS472,
rDNA359; DD61, rDNA360; HU182, rDNA361; OHIO, rDNA362; WS380B, rDNA363; WS583, rDNA364; V12 (and its derivatives such as
HU1231), rDNA365. The bands corresponding to the EcoRI and HindIll fragments of AX3 are indicated on the left of panels A and D,
respectively. HindIlI-digested A DNA standards (23.6, 9.6, 6.6, 4.3, 2.3, and 2.0 kb) are shown on the right in panels A and D.

Prominent bands at -5.5 kb in EcoRI- (Fig. 2A) and at 4
kb in HindIII- (Fig. 2D) digested DNA of strain WS380B are
due to the presence of a newly discovered high-copy-number
plasmid in this wild-type isolate (A. Noegel et al., manu-
script in preparation). Likewise, the presence of a plasmid in
strain OHIO, whose restriction enzyme patterns have not
been completely analyzed, explains the additional prominent
bands in the EcoRI (at -10, 7, 5.2, 2.6, and 1.9 kb; Fig. 2A)
and HindIII (Fig. 2D) digests of nuclear DNA from this
strain.
Fragment V exhibited radical changes; in four cases

(strains HU182, OHIO, WS380B, and WS583) it was appar-

ently absent. This was unexpected as fragment V contains
part of the region from which the 17S rRNA is transcribed
(Fig. 1); absence of fragment V therefore should be lethal.
The problem concerning loss of fragment V in strains
HU182, OHIO, WS380B, and WS583 was resolved by

digestion with HindlIl (Fig. 2D). In three of these strains
(OHIO, WS380B, and WS583) Hindlll fragment A which
completely overlaps EcoRI fragment V (Fig. 1) was appar-
ently unaltered, indicating that the DNA corresponding to
EcoRI fragment V was still present. In HU182 the largest
HindlIl fragment was smaller than the normal fragment A,
possibly reflecting a deletion or the presence of an additional
HindIlI site in strain HU182 rDNA (Fig. 2D). One explana-
tion for the apparent loss of fragment V is that the EcoRI site
separating fragments II and V is absent. In three of these
strains (OHIO, WS380B, and WS583) rDNA bands similar in
size to the AX3 rDNA350 fragment II were not present. In
the fourth strain (HU182) a slightly larger band was present.
The faintly staining band at ca. 10 kb in strain OHIO is due
to an endogenous plasmid and is not homologous to the
rDNA350 fragment II (Fig. 2C). The size of EcoRI fragment
II is 10 kb and of fragment V is 5.1 kb. If the EcoRI site
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TABLE 2. rDNA polymorphisms in D. discoideum isolates'
EcoRI band Strain Nature of polymorphism assuming strain

affected AX3 is wild type
II WS583, WS380B, Increase in size due to loss of EcoRI

OHIO, HU182 restriction site between fragments
II and V

II V12 Decrease in size
III HU182, DD61, Decrease in size

WS2054, WS1956,
WS472

V WS583, WS380B, Increase in size due to loss of EcoRI
OHIO, HU182 restriction site between fragments

II and V
a The polymorphisms have been confirmed by probing with nick-translated rDNA fragments (Fig. 2 and 3). Two strains, WS380B, and OHIO, displayed

prominent bands in both EcoRI (Fig. 2A) and HindlIl (Fig. 2D) digests which were not related to rDNA. Both strains carry high-copy-number plasmids which will
be described elsewhere (Noegel et al., manuscript in preparation). Strain HU182 has a complex pattern which has not been fully analyzed. Because all strains
given in this table are isolates from the wild, each has been given a different allele number as it is likely that they are all different (Table 1).

separating these fragments was lost, this would lead to a
15.1-kb EcoRI fragment, about the same size as the standard
AX3 fragment I. In these strains band I was found to be
heavily stained, and the hypothesis that this band contains a
fused fragment II and V in the EcoRI digest was confirmed
by Southern analysis with cloned fragment V (20) as the
probe (Fig. 2B). With strains WS380B, WS583, OHIO, and
HU182, the fragment V probe hybridized in the position of
band I; with the other wild-type isolates, EcoRI fragment V
appeared normal (Fig. 2B). Similarly, with a probe for
fragment II (obtained from AX2, a strain closely related to
strain AX3 and having the same rDNA restriction pattern
[unpublished data]), it was shown that DNA homologous to
this fragment also was shifted to the position of band I in
these four strains (Fig. 2C). Strain HU182 also carries a
second band (-12 kb) homologous to fragment II and V
probes; this and other evidence presented below suggest that
this strain may in fact carry two rDNA forms.
The EcoRI restriction pattern of strain V12 and its deriv-

atives (e.g., HU1231) was similar to that of strain AX3, with
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FIG. 3. Alterations in the size of EcoRI fragment III in different
wild-type isolates as shown by Southern hybridization of EcoRI
fragment III probe to EcoRI restriction fragments ofrDNA from the
wild-type isolates. For this experiment fragment III DNA from
strain AX2 with some cross-contamination with fragment IV DNA
was used, and fragment IV DNA here served as an internal size
marker. Note the numerous small variations in the size of the
fragments homologous to the fragment III probe and the presence of
two homologous bands in strain HU182. That DNA from strain
HU182 and the other wild-type isolates homologous to the standard
rDNA350 EcoRI fragment IV was of the same apparent size as that
of the AX3 rDNA350 allele was established in separate experiments
(unpublished data).

the exception of the apparent absence of fragment II (Fig.
2A). However, from the relative intensities of the bands,
DNA corresponding to fragment II of AX3 appeared to
comigrate with fragment III in digests of V12 DNA due to a
deletion of ca. 3 kb (Fig. 2A). This hypothesis was supported
by the observation that HindIll fragment A from V12 DNA,
which completely overlaps EcoRI fragment II (Fig. 1), was
noticeably smaller than AX3 HindIII fragment A (Fig. 2D).
Hybridization of labeled EcoRI fragment II probe confirmed
that V12 rDNA365 fragment II was -3 kb smaller than the
standard AX3 rDNA350 fragment II (Fig. 2C).
Fragment III was always present, but there were minor

changes in size (Fig. 3). For example, the homologous
fragment from WS1956 is slightly smaller than that of the
rDNA350 allele. These changes in size were highlighted by
using a nick-translated probe of fragment III that also
contained a minor amount of fragment IV as a size control
(Fig. 3). In strain HU182, DNA hybridizing with EcoRI
fragment III of AX2 was present in two bands: one -1.5 kb
smaller than fragment III band of AX3 and comigrating with
band IV (-5.7 kb) and the other with a size of ca. 4 kb. An
extra band of this size also is visible on ethidium bromide-
stained gels (Fig. 2A). This result may reflect either an extra
EcoRI site in HU182 DNA homologous to fragment III or
the presence of multiple rDNA forms.
To summarize these results, it is clear, even for the two

enzymes studied, that restriction enzyme site alterations
commonly occur in rDNA palindromes of different D. dis-
coideum wild-type isolates. These include a deletion from
V12 EcoRI fragment II, four cases of the loss of the EcoRI
site between fragments II and V, several minor changes in
the size of EcoRI fragment III, and possibly the presence of
additional restriction sites. One isolate, HU182, may contain
two rDNA forms.
Changes in EcoRI restriction patterns observed in strains

derived from the NC4 isolate. Genetic analysis in D. discoid-
eum uses the parasexual cycle, in which two haploid strains
are fused to form a diploid, followed by haploidization. Most
genetic studies have been done with strains derived from a
single isolate, NC4, and we have a large collection of such
genetically marked strains (37). Analysis of DNA from 21
NC4-derived strains revealed two rDNA polymorphisms,
both of which involve DNA homologous to EcoRI fragment
II, in our genetic stocks. These have been designated
rDNA351 and rDNA352.
The first, rDNA351, which is due to an insertion into

EcoRI fragment II, was traced to strain HR7 (see above).
This leads to an increase of -3 kb in both EcoRI fragment II
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(Fig. 4A) and HindIII fragment A (data not shown) of strain
HR7 and its derivatives (e.g., strains HU878 and HU1310;
see above). rDNA351 fragment II was not an artifact due to
partial digestion of the DNA, as partial digestion could not
produce a band of this size (Fig. 1). Strain HR7 and its
derivatives also retain a minor population of the unaltered
AX3 rDNA350 form. Fragment II DNA of AX2 hybridized
both with the mutant rDNA351 fragment II and with a DNA
band similar in size to the rDNA350 fragment II of AX3 (Fig.
4B). Under similar conditions, in this region hybridization
was not detected to chromosomal DNA from wild-type
isolates such as V12, in which the position of fragment II
rDNA was altered (Fig. 2C). Hence, the hybridization seen
with HR7 DNA in the position of rDNA350 fragment II
probably is not due to chromosomal repetitive DNA.
The second rDNA alteration, rDNA352, which was dis-

covered in NC4-derived tester strain HU1628 (see above),
consists of an additional band in EcoRI digests (Fig. 4A).
This extra fragment is present in many of our strains and was
traced to the original NC4 wild-type isolate (Fig. 4B).
Southern hybridization analysis indicated that this extra
band contains DNA homologous with EcoRI fragment II of
strain AX2. The amount ofDNA present in this band clearly
varied from strain to strain. Axenic strain AX3, which was
used to construct the rDNA map (Fig. 1), contained few if
any copies of the rDNA352 allele, whereas strains HU1628
and M28 contained many copies and strain TS12 contained
relatively few. In all cases in which the rDNA352 allele was
present, the rDNA350 allele also was present. The reasons
for this are not clear but if the rDNA352 allele is defective,
its presence has no marked effect on either growth or
development.
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FIG. 4. Polymorphic restriction fragments ofrDNA from mutant

strains derived from NC4 after: EcoRI digestion (A) and EcoRI
digestion and Southern hybridization with EcoRI fragment II probe
from strain AX2 (B). The polymorphic bands of the rDNA351 (HR7
and HU878) and rDNA352 (NC4, M28, HU1628, and TS12) alleles
are indicated by the arrows. Due to heavier loading, the rDNA352
allele in NC4 was not as cleanly resolved from fragment III; on other
gels a distinct ethidium bromide staining band of this size was visible
in NC4 preparations. The origin of the additional minor band
homologous to the fragment II probe in HU1628 at -4 kb and the
unusually intense staining of bands I and IV in this preparation have
not been further investigated. HindIl-digested X standards are
shown on the right of panel A (see the legend to Fig. 2). The origins
of the strains on this figure are given in the text.
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FIG. 5. (A) EcoRI restriction fragments of rDNA from strains
HU1628 and WS583 and from two independently isolated diploids
(strains DU2874 and DU2924) constructed by fusion of strains
HU1628 and WS583; (B) EcoRI restriction fragments ofrDNA from
HU1628, WS1956, and diploid DU2875 constructed by fusion of
HU1628 and WS1956. Seven clones derived from spores from the
initial DU2875 population had considerable variation in the relative
amounts of the parental rDNA forms. HindIll-digested standards
are shown on the right of panels A and B.

Fate of rDNA in crosses between strains with different
EcoRI restriction patterns. The differences in EcoRI restric-
tion patterns provided genetic markers for rDNA from
particular strains and allowed the inheritance of the extra-
chromosomal rDNA to be studied. In diploids constructed
between strain HU1628, a haploid derived from NC4, and a
polymorphic wild-type isolate, there was a tendency for the
rDNA from one or the other parental haploid to predominate
in the diploid within ca. 50 generations of growth. In diploids
constructed with some wild-type isolates, in particular
WS583, either one or the other parental type predominated
(Fig. 5A). With the remaining wild-type isolates, for example
WS1956, mixtures of the rDNA forms were seen (Fig. SB).
In the latter cases, equal molarity of the two forms was
almost never seen in heterozygous diploids. In some cases
the NC4-derived pattern was enriched, and in others that of
the wild-type isolate was enriched. In an analysis of one
such case involving a diploid constructed from haploids
HU1628 and WS1956 (DU2875), subclones derived from the
initial diploid cell after ca. 50 generations were shown to
have considerable variation in the relative amounts of the
two rDNA forms when sampled after another 30 to 40
generations of growth (Fig. 5B).
These data (summarized in Table 3) indicate that if there

are chromosomal copies controlling the synthesis of the
extrachromosomal rDNA, then replication from one or the
other allele is suppressed in most diploids. If suppression
occurred, then haploidization of such diploids should lead to
the reappearance of either allele in different haploid segre-
gants. This was tested with eight segregant haploids that
were isolated from DU2889, a diploid in which essentially
only the rDNA from the NC4-derived parent was present.
These segregants contained different combinations of NC4-
derived and WS380B-derived chromosomes (Table 4). When
EcoRI fragment V was used as a probe, it was clear that the
NC4 pattern of rDNA was found almost exclusively in all
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TABLE 3. Inheritance of rDNA in independently isolated diploids constructed between wild-type isolates and the NC4-derived haploid
HU 1628a

Haploid parents rDNA alleles
Strain Outcome

WI NC4 WI NC4

DU2885 DD61 HU1628 rDNA360 rDNA350/352 NC4-derived forms predominate in both DU2885
DU2886 DD61 HU1628 rDNA360 rDNA350/352 and DU2886; rDNA360 possibly absent

DU2889 WS380B HU1628 rDNA363 rDNA350/352 NC4-derived forms predominate; rDNA363 absent
(Fig. 6)

DU2924 WS583 HU1628 rDNA364 rDNA350/352 NC4-derived forms predominate in
DU2874 WS583 HU1628 rDNA364 rDNA350/352 DU2924, but WS583-derived rDNA364 form pre-

dominates in DU2874 (Fig. SA)

DU2872 WS1956 HU1628 rDNA357 rDNA350/352 NC4-derived forms predominate in DU2872, and
DU2875 WS1956 HU1628 rDNA357 rDNA350/352 WS1956-derived rDNA357 form predominates in

DU2875 (Fig. SB); however, all forms clearly pres-
ent in both diploids

DU2871 WS2054 HU1628 rDNA358 rDNA350/352 WS2054-derived rDNA358 form predominates in
DU2876 WS2054 HU1628 rDNA358 rDNA350/352 both diploids, but NC4-derived forms clearly pres-

ent in DU2876

DU2887 HU182 HU1628 rDNA361 rDNA350/352 HU182-derived rDNA361 form predominates, but
NC4-derived forms clearly present

a In this work, diploid strains are designated DU; all other strains are haploids. Because of the nature of the parasexual genetic analysis of D. discoideum,
diploids can be easily constructed between genetically marked NC4-derived strains (NC4) and wild-type isolates (WI) but not between pairs of wild-type haploids.

haploid segregants (Fig. 6B). For example, with HU2274, in
which it was established that at least six of the seven
chromosomes were derived from WS380B (Table 4), the
WS380B rDNA363 allele was present as a very minor
proportion of the rDNA, if at all. Among the segregants of

TABLE 4. Genotypes of HU1628 and haploid segregants of
diploid DU2889 which was constructed from haploids HU1628 and

WS380Ba
Linkage group

Strain
I II III IV VI VII

HU1628 cycAl acrA1823 bsgA5 whiC351 manA2 couA351
axeAl frtB353
axeCi
oaaAl

WS380B + + + + + +

HU2274 + + + + + +
HU2275 + + + whiC351 + +
HU2281 + + bsgA5 + manA2 couA351
HU2302 cycAl + bsgA5 + manA2 couA351
HU2303 cycAl + bsgA5 whiC351 manA2 couA351
HU2305 + acrA 1823 bsgA5 + manA2 couA351
HU2306 + acrA1823 + whiC351 + +
HU2321 cycA I + + whiC351 + +

a The haploid segregants were derived from strain DU2889 after thiabenda-
zole-induced nondisjunction and chromosome loss. They contain mixtures of
the six established linkage groups (chromosomes) from strains HU1628 and
WS380B; for historical reasons, the missing seventh linkage group is designat-
ed group V. Complete genotypes are given for strains HU1628 and WS38OB;
in the segregants the axeAI, axeCI, oaaAI, and frtB353 markers were not
scored. Phenotypes of mutations at these loci are: acrA, resistance to
acriflavin (100 ,ug/ml), methanol (2 to 3%), and benzimidazole carbamate
derivatives; axe, ability to grow in axenic media (requires an additional
mutation at the axeB locus); bsgA, inability to use B. subtilis as a food source;
couA, sensitivity to 1.3 mM coumarin with pleiotropic temperature sensitivity
(tsgK21); cycA, resistance to cycloheximide (500 ±gIml);frtB, distribution of
fruiting bodies in concentric rings; manA, a-mannosidase-1 deficient; oaaA,
ability to develop in the presence of w-aminocarboxylic acids; whiC, absence
of the normal yellow spore pigment. Alleles from WS380B are denoted +.

strain DU2889 (Fig. 6A, Table 4), inheritance of the extra
band of the rDNA352 pattern also could be followed. As
expected from our previous findings, these segregants
showed considerable variation in the amounts of this band.

In diploids constructed between polymorphic strains solely
derived from the NC4 isolate, there also was a tendency for
one or the other rDNA form to predominate. With strains
derived from strain HR7, this allowed us to trace the origin
of the rDNA351 pattern. In all cases in the lineage from
strain HR7 to strain HU1310 the rDNA351 form predomi-
nated. However, in a diploid, strain DU1896, constructed
from strains HU1257 (the parent of HU1310) and X36 (see
above), the X36 rDNA352 pattern predominated. Hence,
rDNA351 does not always predominate.

DISCUSSION
The organization of rDNA genes is surprisingly diverse,

especially in simple eucaryotes. In the fungi Neurospora
crassa and Saccharomyces cerevisiae there are tandemly
duplicated chromosomal copies of the rDNA genes (8, 24).
However, a small number of extrachromosomal copies (-5
per cell) of a circular form of rDNA (3-p.m-circle) have been
reported in S. cerevisiae (1, 14). Some protozoan eucary-
otes, such as Glaucoma chattoni and Paramecium tetraure-
lia, have, respectively, multiple extrachromosomal single
(12) and tandemly repeated (7) rDNA. Other protozoans,
such as T. thermophila, Physarum polycephalum, and D.
discoideum (the earliest known eucaryote to have diverged
from the mainstream of eucaryotic descent [17]), have
extrachromosomal palindromic rDNA (2, 4, 10, 32).
The studies reported here show that the linear extra-

chromosomal rDNA palindrome of D. discoideum is highly
polymorphic; differences in the basic EcoRI restriction pat-
tern were discovered in many wild-type isolates. Moreover,
changes have been observed in laboratory strains. This is in
contrast to the macronuclear rDNA of T. thermophila which
is highly conserved between strains (23), although at least
one polymorphism is known (22). Physarum polycephalum
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FIG. 6. EcoRI restriction fragments of rDNA from strains HU1628 and WS380B, diploid DU2889 (constructed by fusion of strains

HU1628 and WS380B), and segregant haploids derived from strain DU2889 (A) and after EcoRI digestion and Southern hybridization with
cloned EcoRI fragment V (20) probe to distinguish minor populations of the WS380B rDNA363 allele (B). HindlIl-digested X standards are
shown on the right of panel A. A WS38OB-derived band (-5.5 kb), which is present in all haploid segregants, is unrelated to rDNA and reflects
the presence of a high-copy-number plasmid to be described elsewhere.

exhibits levels of polymorphism between those observed in
D. discoideum and T. thermophila (6). This degree of
polymorphism correlates with the size of the palindromes:
that ofD. discoideum is ca. 30% bigger than that ofPhysarum
polycephalum and four times the size of that of T. thermo-
phila. Presumably because most of the T. thermophila
rDNA is transcribed, most alterations would not be toler-
ated. The observed alterations in the D. discoideum rDNA
probably involve nontranscribed regions. Those affecting
EcoRI fragment II and the EcoRI site between fragments II
and V certainly do not affect transcribed regions. However,
those affecting EcoRI fragment III might affect the regions
from which the 5S or 26S RNA are transcribed.
Two basic classes of polymorphism were found in D.

discoideum. The first appears to be loss (or gain) of a
restriction enzyme site (e.g., the loss of the EcoRI site
between fragments II and V in strains WS380B, WS583,
OHIO, and HU182). The second class involves more drastic
changes such as the insertion or deletion of DNA (e.g.,
deletion of -3 kb from EcoRI fragment II in strain V12).
Two polymorphisms have been observed in laboratory strains
derived from the NC4 wild-type isolate. One involves an
apparent insertion of -3 kb in EcoRI fragment II of strain
HR7, whereas the other involves variation in the amount of
a minor rDNA allele (rDNA352) present in the original NC4
wild-type isolate.
These rDNA restriction enzyme fragment length poly-

morphisms have allowed us to examine the inheritance of
rDNA during the asexual life cycle and in parasexual genetic
crosses. Such crosses involve fusion of two haploid strains
to form a diploid, followed by subsequent haploidization
involving random chromosome loss; no meiotic reduction is
involved (21). Even in newly isolated diploids, we observed
that one or the other parental class of rDNA tended to
predominate within 50 generations, but there was no clear
evidence for preferential loss of one allele. In particular, in
crosses between NC4-derived strain HU1628 and WS583,
the different parental rDNAs predominated in different
diploids. Most diploids expressing multiple rDNA alleles did
not do so in equimolar amounts. Haploid segregants of a
diploid, DU2889, that expressed essentially only the rDNA
from the NC4-derived parental haploid did not recover the

nonexpressed WS380B rDNA363 allele. These studies were
conducted with well-marked strains, and in no case did we
see any evidence for the association of the rDNA with any
particular chromosome. Although chromosome V was not
marked in these experiments, sufficient segregants were
analyzed to exclude the association of rDNA with this
chromosome. We conclude that during the asexual life
cycle, rDNA ofD. discoideum is inherited extrachromosom-
ally. If there is a chromosomal copy, it is not active under
these conditions. Nor is the chromosomal copy necessary,
as we have constructed strains, for example HU2274, that
should have different chromosomal and extrachromosomal
rDNAs. At present, it is not possible to search for activation
of a putative chromosomal copy of the rDNA during the
sexual life cycle of D. discoideum.

In T. thermophila it was established that there is only a
single chromosomal rDNA gene (39) and that a correspond-
ing linear nonpalindromic extrachromosomal rDNA is pro-
duced transiently during the formation of the macronucleus
(22). The latter molecule has been proposed to be an
intermediate in the ultimate formation of palindromic rDNA
molecules (22). During vegetative growth the extra-
chromosomal rDNA copies replicate autonomously. In
Physarum polycephalum replication of rDNA palindromes
occurs throughout the S and G2 cell cycle stages, and some,
but not necessarily all, rDNA palindromes serve as replica-
tion templates (33). Similar changes to those observed in this
work in the relative proportions of polymorphic rDNA
palindromes and effects on rDNA inheritance were observed
during the sexual cycle ofPhysarum polycephalum (6). In D.
discoideum NC4-derived haploids, in which multiple rDNA
forms exist, more than one rDNA gene must serve as a
template. Replication of the rDNA palindromes of D. dis-
coideum seems a bulk phenomenon, where several or per-
haps all rDNA palindromes can serve as a template. Shifts in
the relative proportions of the rDNA forms presumably
reflect minor differences in the rates of initiation of replica-
tion, transfer to daughter nuclei, or degradation. Although
these details of how rDNA replicates in D. discoideum
remain to be established, we suggest that future studies
should concentrate on the extrachromosomal rDNA as we
have found no evidence during the asexual life cycle for the
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use of a chromosomal rDNA gene as a template for the
extrachromosomal rDNA palindromes in this organism.
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