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Abstract 

Thirty-six clones were recovered from Cucurbita maxima genomic DNA which had been enriched for 
rDNA and cleaved at the unique repeat unit Hind III site. Twenty-nine of these, which contain complete 
rDNA units, were compared to a standard whose intergenic spacer (IGS) nucleotide sequence has been 
determined. Twenty-one are identical in length and restriction site pattern. Eight which differ from the 
standard in length do so because of addition or deletion of varying numbers of IGS subrepetitive units 
of two different classes, with four of the length variants being different in both of these classes. Seven 
clones were isolated which contain incomplete repeat units, six of which are composites of rDNA and 
non-rDNA material. They have been cleaved at the unique rDNA Hind III site at one end and at a 
non-rDNA Hind III site at the other. We consider it most likely that these are derived from the termini 
of repeat unit tandem arrays, although other explanations are possible. Twelve individual plants of two 
different cultivars were examined for heterogeneity of IGS length distribution. They all appear to be 
identical in this regard. 

Introduction 

Organisnas have multiple copies of the genes for 
ribosomal RNA (rRNA), presumably to ensure 
that adequate substrate is available for tran- 
scription of what amounts to more than 50 ~o of 
the total cellular RNA [24]. These genes occur as 
tandem arrays in higher eucaryotes with tran- 
scription units for 18S, 5.8S and 25S rRNAs 
separated from each other by intergenic spacers 
(IGS) [ 14, 24]. The rRNA coding sequences are 
conservative in evolution, indicating a strong po- 
sitive selection pressure. In contrast, the IGS 
evolves rapidly despite containing the rRNA 

transcriptional control elements. Although there 
is usually a degree of IGS sequence variability 
within species, differences between species are 
much greater. The maintenance of such relative 
intragenic sequence homogeneity of repetitive se- 
quence has been called concerted evolution, a 
phenomenon that is thought to be driven by une- 
qual crossing over and/or gene (or sequence) con- 
version [4, 5]. Most animal species have tens to 
hundreds of rDNA repeat units per haploid ge- 
nome, whereas most plant species and the urodele 
amphibians have an order of magnitude more 
[ 14] and in these the problem of IGS sequence 
homogenization is magnified. Although IGSs of 
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disparate species have little or no sequence ho- 
mology, they do have a feature in common; they 
all contain one to several families of repetitive 
DNA [7, 19]. Unequal crossing over within these 
repetitive families probably generates the IGS 
length heterogeneity that has been observed in a 
number of species [1, 6, 8, 19, 21, 22, 27] and, at 
the same time, is at least partially responsible for 
maintaining the considerable intraspecific se- 
quence homogeneity [2, 3, 26]. We present here 
an analysis of IGS length variability in Cucurbita 
maxima, a plant species that has been estimated 
to have ca. 5000 rDNA repeat units, constituting 
7~o of the haploid genome [9, 10]. A comparison 
has been made of restriction maps of cloned IGS 
length variants with that of a standard whose 
sequence has been determined. The data serve to 
confirm and extend observations made for other 
species that rDNA length variants result from 
changes in the number of units in any of several 
internal IGS repetitive families. Data are also 
presented that can be interpreted to indicate that 
there may be a number of rDNA tandem arrays 
per haploid genome, each of limited length. This 
information provides support for the hypotheses 
that unequal crossing over is operative in the 
rDNA tandem arrays and may play an important 
role in maintaining intraspecific IGS sequence 
homogeneity. 

Materials and methods 

The methods for preparation of C. maxima 
rDNA clones, the restriction mapping of the 
clones and the determination of the nucleotide 
sequence of the IGS of one of these clones have 
been described [ 12]. The Escherichia coli strains 
JM109 and DH5~, both recA1, were used as plas- 
mid hosts to lessen the chance that IGS variants 
would be generated during cloning manipulations. 
DNA was isolated from ca. 3 g of leaves from 
individual plants as described [18]. Southern 
blots were performed as described [25]. DNA 
fragments were subcloned into the Hind III site of 
pBS( + ) (Stratagene) for nucleotide sequence de- 
termination by the dideoxy chain termination 

method using double-stranded DNA as template 
[28]. 

Results and discussion 

Isolation and restriction map comparison of full- 
length rDNA clones 

Information concerning the structure of 
C. maxima rDNA was obtained by digesting 
samples enriched for rDNA [ 15] with several re- 
striction enzymes. Digests obtained with either 
Eco RV orHind III resulted in a single ca. 10.8 kb 
fragment, indicating that the rDNA repeat units 
contained a single site for these enzymes. Thirty- 
six clones containing rDNA coding sequence, as 
indicated by colony hybridization [22], were 
obtained by ligating a Hind III digest of rDNA 
enriched genomic DNA into Hind III cleaved, 
dephosphorylated pUC8. These clones were Sub- 
jected to restriction analysis for construction of 
physical maps. They fall into two general size 
classes. Twenty-nine are approximately the same 
size as the insert in pMAX23 (taken as a reference 
standard), contain a complete rDNA repeat unit 
and are considered 'full length'. The remainder 
are considerably shorter, do not contain a full- 
length rDNA repeat unit and are called 'short'. 
Twenty-one of the 29 full-length clones fall into 
the most common class (class I) and have a re- 
striction pattern the same as pMAX23 (Fig. 1). 
This clone was selected as the standard and sub- 
jected to more detailed analysis, including deter- 
mination of its IGS nucleotide sequence [ 12]. In 
addition to the enzyme sites shown on the map, 
the following enzymes were tested and found not 
to cleave pMAX23; Apa I, Bcl I, Bst EII, Pst I, 
Pvu II and Sca I. The major C. maxima IGS, as 
represented by pMAX23, contains a highly 
ordered structure consisting of 5 sets of repeat 
units (A-E,  E is embedded in the D repeat) and 
3 unique regions (Fig. 1). The other full-length 
clones fall into 5 distinct classes (classes II-VI)  
which differ from the standard and each other, 
primarily in IGS length. Classes II and III 
contain three and two of the clones, respectively, 
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Fig. 1. Restriction map alignment of IGSs of full-length C. maxima rDNA clones. The top figure shows the organization of 
repetitive sequences in the Eco RI/Xba I fragment of a full-length rDNA repeat unit (pMAX23). The fragment contains the IGS 
bordered by small portions of the 25S and 18S rRNA coding sequences. The blocks labelled A - D  show the position, size and 
number of different repetitive units in the IGS [15]. The line below the figure is a restriction map of the pMAX23 fragment, 
taken as a standard. The other lines are restriction maps of other cloned full-length repeat unit fragments. Gaps indicate a shorter 
distance between restriction sites than that in the standard and below the line inserts indicate a longer distance. The number 
of recovered clones with Eco RI/Xba I fragments identical to the ones shown is indicated on the left of each restriction map. 

Restriction sites: A, Hae II; E, Eco RI; G, Bgl I; I, Hpa I; P, Sph I; X, Xho I; Y, Xba I. 

and classes IV-VI are each comprised of single 
clone. The nature o f lGS  length heterogeneity was 
assessed by comparing the variant restriction 
maps with that of the standard (Fig. 1). The 
length of diagnostic restriction fragments per- 
mitted the correct positioning of expanded and 
reduced internal regions in the several IGSs. The 
results show that the length variants can be 
accounted for by differences in the number of 
units in one or more of the IGS repetitive families. 
Classes I I -VI differ from class I (the standard) as 
follows. 
- Class II is shorter than the standard by ca. 
500 bp in the region of the 259 nt, D repetitive 
family and, thus, appears to lack 2 D repeats 
units. 
- Class III apparently has 10 instead of 9 D re- 
peats and is probably missing B 1 or part of the C 
region. 
- Class IV appears to lack 4 D repeats including 
D2 (the Sph I site characteristic of D2 is not 
present) and, in addition, 2 C repeats are probably 
missing because the sites which flank the C-rich 
region (Bgl I and Xho I) are detectably closer 
together by an estimated 80-100 nt than they are 
in Classes I, II and VI. 
- Class V has an estimated 3 additional D re- 

peats and, like Class IV, appears to lack 2 C re- 
peats. 
- Class VI appears to have 5 additional D re- 
peats. 

Three of the five variant IGS classes differ from 
the standard in more than one region (Fig. 1; 
pMAX19, pMAX5 and pMAX26). Two of the 
several possible explanations to account for this 
phenomenon are: 1) multiple close unequal cross- 
overs in the same cell (negative interference) when 
the subrepetitive sequences are misaligned, and 
2) a single unequal crossover when there is mis- 
alignment resulting from the pairing of a standard 
repeat unit with a length variant. 

The observed variant IGS classes differ from 
the standard primarily in number of D and C units 
(Fig. 1) and there is no reason to believe that 
differences in numbers of the other subrepetitive 
series would not also be observed if additional 
clones were examined. The nature of the variant 
clones indicates that they were generated by une- 
qual crossing when chromosomal misalignment 
had occurred in one or another of the IGS subre- 
petitive series. Unequal crossing over can occur 
when there is either 'macro'-misalignment of tan- 
dem arrays by a complete rDNA unit (or multiple 
units) or 'micro'-misalignment of subrepetitive se- 



930 

quences. There  is an increase or decrease in num- 
ber of  r D N A  units in an array when macro-  
misalignment occurs,  with a tendency towards 
fixation o f  a single length variant [23]. Micro 
misalignment, on the other  hand,  leads to change 
in the number  o f  units o f  a subrepetitive series 
and, as a consequence,  heterogeneity of  IGS  
length. Thus,  unequal  crossing over drives IGS  
length heterogeneity in opposite  directions as a 
consequence of  the two types o f  misalignment 
while, at the same time, promoting maintenance 
o f  relative intraspecific IGS  sequence homo-  
geneity. It may  be that  the several repetitive series 
in the IGS  may foster concer ted sequence evolu- 
tion with, however,  length heterogeneity as a con- 
sequence. 

Characterization o f  short clones 

Seven o f  the isolated r D N A  clones were consider- 
ably shorter than the others and ranged in size 
f rom 2.9 to 8.2 kb. In order  to help deduce their 
nature and possible origin, their restriction maps 
and terminal sequences were determined and 
these were matched  to that of  the pMAX23 stan- 
dard. The results (Fig. 2) show that they fall into 
two groups. One consists of  the single clone, 
pMAX34,  whose insert ends are the same as 
those in pMAX23 and which has a large deletion 
encompassing the entire IGS  and parts  of  the 
coding regions. The other  six have inserts with 
only one terminus in common  with the s tandard 
and have the same restriction sites as pMAX23 
for different lengths before they diverge in se- 
quence at an undetermined distance from their 
other end. The inserts in two of  the clones 
(pMAX36 and pMAX37)  have a terminus identi- 
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Fig. 2. Restriction map alignment of short C. maxima rDNA clones. The top line is a restriction map of the rDNA repeat unit 
in pMAX23. The blocks above it show the position of the coding sequences for the 5.8S, 25S and 18S rRNAs. The other lines 
represent restriction maps for the short clones. Regions with a restriction pattern comparable to that ofpMAX23 are represented 
by solid horizontal lines. Ends with a unique nucleotide sequence are shown by a broken line. The bowed line in pMAX34 

indicates the deletion in this clone. Restriction sites: H, Hind III; V, Eco RV; S, Sal I. Other sites are as in Fig. 1. 



cal to that of the 5.8/25S end ofpMAX23 (left end 
in Fig. 1); the other 4 (pMAX4, pMAX7, 
pMAX15 and pMAX17) have a terminus identi- 
cal to the other end. Two of the clones, pMAX4 
and pMAX15, appear to be the same; otherwise, 
the divergent ends of these clones bear no re- 
semblance to each other, to any region of the 
standard pMAX23 or to any sequence in release 
55 of GenBank. 

We consider three possibilities for the origin of 
the six clones that have a single rDNA terminus; 
they may consist of the beginning and ending of 
tandem arrays, they may have come from orphan 
rDNA repeat units or they may have arisen from 
Hind III site containing mobile elements adven- 
titiously present in IGS. We consider the last 
possibility unlikely because we have not observed 
the presence of a mobile element that lacks a 
Hind III site in any of the 29 analyzed long clones 
and because this explanation would require the 
existence of at least three completely different mo- 
bile dements each containing at least one Hind III 
site. We also consider it unlikely that they come 
from orphan units because, except for the un- 
related nucleotide sequences, the short inserts are 
exactly like the comparable segments of the 
standard pMAX23 insert both in restriction sites 
and in sequence at the rDNA Hind III terminus. 
Without the homogenization mechanisms gener- 
ally associated with tandemness, one would, per- 
haps, not expect the rigid sequence maintenance 
for orphan repeat units such as we have observed. 
Thus, we consider it likely that the short clones 
contain material taken from the beginning or 
ending of tandem arrays. If this is indeed the case, 
we have identified at least 3 and possibly 5 
different arrays in our non-exhaustive survey 
involving a total of 36 clones. The analysis of 
Ohta [16] indicates that the generation time for 
fixation of a variant in a tandem array as a conse- 
quence of unequal crossing over is a function of 
the square of the number of units in the array. The 
number of tandem rDNA units in a plant array is 
unknown and in a plant such as C. maxima, with 
ca. 5000 units per haploid genome, it would be 
inordinately large if all of the repeat units were in 
a single array. However, the array lengths might 
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not be exceptionally long if our interpretation of 
the nature of the 'short' clones is correct. 

Length heterogeneity of IGS in genomic DNA 

Genomic DNA was analyzed to determine 
whether the IGS length heterogeneity observed in 
the cloned material mirrored the situation in na- 
tive rDNA or, perhaps, was generated during 
cloning and culture manipulations despite the use 
of recA 1 bacterial strains for plasmid replication. 
DNA isolated from nuclei was enriched for the 
dense, discrete rDNA containing satellite and 
restricted with Eco RI and Xba I to yield 3 frag- 
ments of 6.1, 3.5 and 1.4 kb (Fig. 3a). The 6.1 kb 
fragment contains the IGS and flanking short 
segments of 25 and 18S rDNA, whereas the other 
two are composed mostly of rRNA coding se- 
quence (Fig. 1). Figure 3a shows that the staining 
intensity of the 6.1 kb fragment is less than that of 
the other two components, whereas if it had been 
present in equimolar amount to the other two, it 
would have had a greater staining intensity. The 
reason for this apparent deficiency is seen in the 
densitometric scan of the electropherogram 
(Fig. 3c) which shows that the IGS is probably 
present in several fragments of different sizes, 
rather than in a single defmed component. In 
addition to the major 6.1 kb band, there are 3 
bumps indicating fragments that are both smaller 
and larger than the major one, with estimated 
sizes of 4.8, 5.6 and 6.7 kb, similar to the sizes of 
the cloned IGS classes I I -V (Fig. 1). That these 
represent IGS size variants is seen in a Southern 
blot of an immobilized Eco RI/Xba I digest of 
rDNA enriched genomic DNA probed with an 
IGS transcript (Fig. 3b). In agreement with the 
observation of Ganal and Hemleben [ 8 ], a second 
component of 4.8 kb is apparent in addition to the 
dominant one of 6.1 kb. Other minor components 
are also present, both larger than 6.1 kb and inter- 
mediate in size between 6.1 and 4.8 kb which are 
more easily visualized on original autoradiograms 
than on the reproduction seen in Fig. 3b. We con- 
clude that the IGS size heterogeneity observed in 
the cloned rDNA repeat units reflects the si- 
tuation in genomic rDNA. 
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gard. Electropherograms of Eco RI/Xba I digest- 
ed DNA extracted from 6 individual C. maxima 
plants of the Golden Hubbard cultivar and 6 of 
the Buttercup cultivar were probed with an IGS 
transcript. Results indistinguishable from those 
shown in Fig. 3 were obtained in all cases. Thus, 
it appears, from the limited sample examined, that 
most plants of these two different cultivars do not 
differ appreciably in IGS length distribution. 

Species differ in the extent to which IGS length 
distribution varies from plant to plant, accession 
to accession and cultivar to cultivar. In some, 
such as broad bean [20] and Clematis [13], the 
distribution differs among individual plants. In 
others, such as barley [21], wheat [1], and pea 
[11, 17], accessions and cultivars are internally 
homogeneous but differ from each other. Our 
limited survey indicates that Cucurbita maxima 
may have the same length distribution throughout 
the species although additional data may prove 
otherwise. What controls this type of variability is 
unknown and we speculate that it may be a 
function of the amount and balance of micro- and 
macro-misalignment during unequal crossing 
over and the organization of the rDNA into arrays 
of different lengths. 

Fig. 3. Analysis oflGS heterogeneity in C. maxima genomic 
DNA. A. Ethidium bromide-stained electropherogram of 
satellite-enriched genomic DNA cleaved with Eco RI and 
Xba I (lane 2). Lane I contains Hind III cleaved lambda 
DNA as a size marker. The fragment sizes are indicated on 
the left. B. Autoradiogram of A after transfer to nylon 
membrane and probed with a transcript of pMAX23 IGS. 
C. Densitometric tracing of the electropherogram in A. 
Peaks associated with band sizes are indicated. Bumps 
which probably represent IGSs which differ from the major 

size group are indicated by arrows. 

Comparison of  rDNA length heterogeneity in indi- 
vidual plants and cultivars 

A limited survey was made to determine whether 
individual plants were all alike in IGS length dis- 
tribution or whether they might differ in this re- 
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