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&p.1:Abstract. The most widely cultivated species of cotton,
Gossypium hirsutum,is a disomic tetraploid (2n=4x=52).
It has been proposed previously that extant A- and D-ge-
nome species are most closely related to the diploid pro-
genitors of the tetraploid. We used fluorescent in situ hy-
bridization (FISH) to determine the distribution of 5S
and 18S-28S rDNA loci in the A-genome species G.
herbaceumand G. arboreum, the D-genome species G.
raimondii and G. thurberi,and the AD tetraploid G. hir-
sutum. High signal-to-noise, single-label FISH was used
to enumerate rDNA loci, and simultaneous, dual-label
FISH was used to determine the syntenic relationships of
5S rDNA loci relative to 18S-28S rDNA loci. These
techniques provided greater sensitivity than our previous
methods and permitted detection of six new G. hirsutum
18S-28S rDNA loci, bringing the total number of ob-
served loci to 11. Differences in the intensity of the hy-
bridization signal at these loci allowed us to designate
them as major, intermediate, or minor 18S-28S loci. Us-
ing genomic painting with labeled A-genome DNA, five
18S-28S loci were localized to the G. hirsutumA-subge-
nome and six to the D-subgenome. Four of the 11 18S-
28S rDNA loci in G. hirsutumcould not be accounted
for in its presumed diploid progenitors, as both A-ge-
nome species had three loci and both D-genome species
had four. G. hirsutumhas two 5S rDNA loci, both of
which are syntenic to major 18S-28S rDNA loci. All
four of the diploid genomes we examined contained a
single 5S locus. In G. herbaceum(A1) and G. thurberi
(D1), the 5S locus is syntenic to a major 18S-28S locus,
but in G. arboreum(A2) and G. raimondii(D5), the pro-
posed D-genome progenitor of G. hirsutum, the 5S loci
are syntenic to minor and intermediate 18S-28S loci, re-
spectively. The multiplicity, variation in size and site
number, and lack of additivity between the tetraploid
species and its putative diploid ancestors indicate that
the behavior of rDNA loci in cotton is nondogmatic, and
considerably more complex and dynamic than previous-

ly envisioned. The relative variability of 18S-28S rDNA
loci versus 5S rDNA loci suggests that the behavior of
tandem repeats can differ widely.

Introduction

There are approximately 50 species in the cotton genus
Gossypium, including 45 diploids and at least 5 tetraplo-
ids (Fryxell 1992). Collectively, they grow throughout
tropical and subtropical parts of the world and are ge-
nomically diversified in relation to their geographic
ranges (Skovsted 1934). Seven major diploid genomic
groups of Gossypiumhave been identified and are desig-
nated by the letters A through G (Beasley 1940, 1942;
Edwards and Mirza 1979).

The species Gossypium hirsutumis an AD disomic
tetraploid (2n=4x=52) that originated from an interspe-
cific hybridization event(s) between diploid Gossypium
species thought to be closely related to the A1-genome
species G. herbaceumand the D5-genome species G. ra-
imondii (Endrizzi et al. 1985).The G. hirsutumchromo-
somes of A-genome origin are larger, as a group, and are
numbered 1–13, whereas those of D-genome origin are
numbered 14–26. The A-genome and D-genome diplo-
ids are estimated to have diverged from a common an-
cestor between 6 and 11 million years ago, and the hy-
bridization event(s) leading to G. hirsutumis estimated
to have occurred 1 to 2 million years ago (Wendel 1989;
Wendel and Albert 1992). Previous efforts at interspecif-
ic comparisons within Gossypiumhave employed mor-
phological (Fryxell 1992), meiotic (Menzel 1954),
karyotypic (Beasley 1940), genetic and molecular crite-
ria (Wendel 1989).

In this study, we have used fluorescent in situ hybrid-
ization (FISH) to examine the distribution of 5S and
18S-28S rDNA sites in G. hirsutumand closely related
diploid species in order to address three objectives. The
first objective was to determine the respective homoeo-
logous relationship of chromosomes that bear 5S and
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18S-28S rDNA sequences in the diploids. The second
objective was to provide new molecular cytogenetic
landmarks that will facilitate ongoing construction of a
FISH-based karyotype for cotton, and development of an
integrated map of recombinational and physical distanc-
es among loci defined by molecular markers and cytoge-
netic landmarks. The third objective was to understand
the evolutionary history of rDNA loci of Gossypium.

Materials and methods

Probe DNA isolation and labeling. &p.2:DNA of pAm033 (a 470 bp
BamHI fragment of the 5S rDNA repeat of Acacia melanoxylonin
pUC118, kindly provided by Rudi Appels) and pGMR3 (a 4.5 kb
EcoRI fragment of the 18S-28S ribosomal repeat of Glycine max
in pBR325, kindly provided by Elizabeth Zimmer) was isolated
by alkaline lysis in plasmid maxipreps as described by Silhavy et
al. (1984). Total genomic DNA was isolated from immature leaves
of G. raimondii (2n=2x=26=D5D5) and G. arboreum(2n=2x=26=
A2A2) (accessions given below) using the technique described by
Paterson et al. (1993). Whole plasmid and total genomic DNAs
were labeled with biotin-14-dATP (Gibco BRL) using the Gibco
BRL BioNick Labeling System or with digoxigenin-11-dUTP
(Boehringer-Mannheim) using the Boehringer-Mannheim nick-
translation kit.

Plant material, pretreatment and metaphase preparation. &p.2:Root
tips of G. hirsutum (2n=4x=52=[(AD1)]2) (Deltapine 50, Delta
and Pine Land Co.), G. arboreum(Accession no. A2-92) and G.
herbaceum(2n=2x=26=A1A1) (Accession no. unknown) were
clipped into 1–2 cm lengths and pretreated for 4 h with 2.5 mM 8-
hydroxyquinoline (aq) at room temperature. Root tips of G. ra-
imondii (Accession no. D5-1 A22) and G. thurberi (2n=2x=
26=D1D1) (Accession no. D1-1) were clipped into 2–3 cm lengths
and pretreated with 2.5 mM 8-hydroxyquinoline (aq) at room tem-
perature for 5 h. Following pretreatment, root tips were fixed
overnight in 4:1 ethanol:acetic acid at room temperature. All ac-
cessions were obtained from the National Collection of Gossypi-
um Germplasm, College Station, Texas. Metaphase spreads were
prepared as described by Jewell and Islam-Faridi (1994).

In situ hybridization. &p.2:The procedure used was a modification of
that of Islam-Faridi and Mujeeb-Kazi (1995). Slides were im-
mersed in 30µg/ml RNase in 2×SSC for 45 min at 37°C, dena-
tured at 70°C in 70% formamide, 2×SSC for 2.5 min and dehy-
drated in 70%, 85%, 95% and 100% ethanol for 2 min each at
–20°C.(1×SSC is 0.15 M NaCl, 0.015 M sodium citrate). The
probe mix was denatured at 80°C for 5 min, applied to the air-
dried slide in a 25µl volume, covered with a 20 mm×40 mm cov-

erslip and sealed with rubber cement. The slides were then put in
a humidity chamber in an 80°C oven for 7 min and allowed to in-
cubate overnight at 37°C. Each 25µl of hybridization mixture
contained 50% deionized formamide, 10% dextran sulfate, 9µg
Escherichia coliDNA, and 90 ng of biotin-labeled probe DNA in
2×SSC. For dual labeling, 90 ng of biotin-labeled 18S-28S probe
and 90 ng of digoxigenin-labeled 5S rDNA probe were used per
slide. For genomic “painting” of the A-subgenome 50 ng of bi-
otin-labeled total genomic DNA of G. arboreum, 1 µg unlabelled
genomic DNA of G. raimondiiand 8µg E. coli DNA were used
per slide.

Following overnight incubation at 37°C, coverslips were re-
moved and slides were rinsed at 40°C in: 2×SSC, 5 min; 2×SSC,
5 min; 2×SSC, 50% formamide, 10 min; 2×SSC, 5 min; 2×SSC,
5 min; and 4×SSC, 5 min. Signal from biotin-labeled probes was
then amplified with sequential 30 min applications of 5µg/ml flu-
orescein isothiocyanate (FITC)-avidin DCS (Vector) in 4×SSC,
0.2% Tween 20, 10µg/ml biotinylated anti-avidin D (Vector) in
4×SSC, 0.2% Tween 20 and 5µg/ml FITC-avidin in 4×SSC, 0.2%
Tween 20. For two-probe detection, a final incubation with
20 µg/ml rhodamine anti-digoxigenin (Boehringer Mannheim)
was added. After each step three washes were performed in
4×SSC, 0.2% Tween 20 for 5 min each at 37°C. Slides were
stained in 2µg/ml 4’,6-diamidino-2-phenylindole (DAPI) in McI-
lvaines buffer (9 mM citric acid, 80 mM Na2HPO4

.H20, 2.5 mM
MgCl2) for 20 min at room temperature (RT), then with propidium
iodide (PI; 20µg/ml in 2×SSC) for 30 min at RT, and finally, anti-
fade was applied under a 22 mm×40 mm coverslip. For two-probe
detection, no PI was used. After FISH detection of 18S-28S rDNA
loci of G. hirsutum and photography of selected metaphase
spreads was complete, coverslips were soaked off in 2×SSC, al-
lowed to destain in 2×SSC for 30 min, dehydrated in a 70%, 85%
and 95% ethanol series at RT, and air-dried. Genomic painting
was then carried out on the slides as described above.

Microscopy. &p.2:Images were photographed directly on Fuji ASA 400
film with Olympus AX-70 (Figs. 1A, B, D, E, 3B, C, E, 4B–D),
Olympus Vanox (Figs. 1C, 3A, D), Zeiss Axioscope (Fig. 2A) and
Zeiss Axiophot (Fig. 4A) epifluorescence microscopes using stan-
dard filter sets for DAPI, FITC and FITC/rhodamine/DAPI excita-
tion.

Results

To detect 18S-28S rDNA loci with the greatest possible
sensitivity, single-label FISH was used rather than dual-
label FISH. The description and number of 18S-28S
rDNA loci we detected using this method are given in
Table 1; photomicrographs of the results are shown in
Fig. 1A–E. For simplicity, 18S-28S rDNA FISH sites

Table 1.The distribution of 18S-28S rDNA
loci in Gossypium hirsutumand closely re-
lated diploid species&/tbl.c:&tbl.b:

Haploid Major Intermediate Minor
genome or 18S-28S 18S-28S 18S-28S
subgenome rDNA loci rDNA loci rDNA loci Total

G. hirsutum([AD]1) 3 1 7 11
(A) 1 1 3 5
(D) 2 0 4 6

G. herbaceum(A1) 3 0 0 3

G. arboreum(A2) 2 0 1 3

G. raimondii(D5) 2 1 1 4

G. thurberi(D1) 4 0 0 4

Headings A and D represent the A- and D-subgenomes of G. hirsutum, as determined by
genomic painting with labeled total A-genome (G. arboreum) DNA &/tbl.b:



were described as follows. Major sites were defined as
those giving very large signals observable in all inter-
phase and metaphase cells. Much smaller FISH signals,
which were nevertheless detected with high frequency in
interphase and metaphase cells, were described as inter-
mediate sites. The smallest FISH signals, which were
generally detectable in at least 40% of metaphase cells,
were described as minor sites. Based on results from
FISH of bacterial artificial chromosome clones of G.
hirsutum (Hanson et al. 1995), we estimate that the
smallest rDNA signals reported herein represent loci in
the 25–35 kb size range.

The four largest 18S-28S rDNA loci of G. hirsutum
were previously mapped by molecular-meiotic configu-
ration analysis to chromosomes 7, 9, 16 and 23 (Price et
al. 1990; Crane et al. 1993). A smaller fifth site was ob-
served but not mapped. Using somatic metaphase prepa-
rations and improved protocols for in situ hybridization
(ISH) and detection, we were able consistently to detect
an additional six minor sites, bringing the total reported
18S-28S rDNA loci to 11 (Fig. 1E). Similar results have
also been obtained in our laboratory using meiotic chro-
mosomes. To avoid confusion of signals with back-
ground noise, which was extremely low, only loci at
which a pair of signals was visible, one per chromatid,
were scored. Eleven loci were observable in greater than
30% of the approximately 70 G. hirsutummetaphase
spreads we examined. A minimum of 30 metaphase
spreads was examined for enumeration of diploid 18S-
28S rDNA loci.

To determine the subgenomic locations, A versus D,
of 18S-28S loci in the G. hirsutumgenome, metaphase
spreads that had been used for FISH with the 18S-28S
rDNA probe were destained, dehydrated in an ethanol
series, air-dried and then reprobed with labeled A2-ge-
nome DNA (Fig. 2). It was found that addition of a 20-
fold excess of unlabeled total genomic DNA of G. ra-
imondii to the probe mix was sufficient to suppress
cross-hybridization of sequences that are shared between
the two genomes, with the exception of major loci of the
highly conserved 18S-28S rDNA repeat. Results show
that five 18S-28S loci can be localized to the G. hirsu-
tum A-subgenome and six to the D-subgenome (Table
1). The number of 18S-28S loci in the A-subgenome is
two more than the additive total observed in each A-dip-
loid, and the number of 18S-28S loci in the D-subge-
nome is two more than was observed in each of the D-
diploids (see Table 1). We observed no chromosomes
with painted and unpainted segments, other than the
18S-28S rDNA loci bearing D-subgenome chromo-
somes, which suggests that no large intergenomic trans-
locations have occurred following polyploidization. This
conclusion was supported by genomic painting results
using D-diploid DNA as a probe on other metaphase
spreads of G. hirsutumchromosomes (not shown).

In all the diploids examined, only a single major pair
of 5S rDNA FISH signals was observed per haploid ge-
nome, located near the centromere on the short arm of
the respective chromosome (Fig. 3A–D). Two pairs of
signals of unequal size were detected in G. hirsutum.
The larger 5S rDNA locus was in the long arm near the
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Fig. 1A–E. Fluorescence photomicrographs of cotton metaphase
chromosomes hybridized with a biotin-labeled 18S-28S rDNA
probe. Signals were detected with fluorescein isothiocyanate
(FITC)-conjugated avidin and chromosomes were counterstained
with propidium iodide (PI). A Partial metaphase from G. arbor-
eum(A1), showing all three 18S-28S loci. Two major loci and one
minor site (arrowheads) are visible. B G. herbaceum(A2); three
major loci are visible. C G. raimondii(D5) shows two major sites,
an intermediate site, and one minor site (arrowheads). The minor
site is extremely small and is located near the centromere on the
short arm of the chromosome. D G. thurberi(D1); four major loci
are visible. E G. hirsutum([AD] 1); arrowheadsindicate the 11
observable loci. Three loci are major sites, one is an intermediate
site and seven are minor. Bars represent 10µm&/fig.c:

Fig. 2. Fluorescence photomicrograph of the metaphase spread of
G. hirsutumshown in Fig. 1E rehybridized with biotin-labeled to-
tal A-genome (G. arboreum) DNA. Signal was detected with
FITC-conjugated avidin and chromosomes were counterstained
with PI. Unlabeled total D-genome (G. raimondii) DNA was used
in a 20-fold excess to block cross-genomic hybridization. Arrow-
headsshow chromosomes that bear 18S-28S rDNA loci; arrow-
heads labeled Drepresent chromosomes from the D-subgenome
and unlabeled arrowheadsrepresent chromosomes from the A-
subgenome. The strong signals on two pairs of D-subgenome
chromosomes are due to hybridization of the highly conserved
18S-28S rDNA repeat. No other areas of “painted” and “unpaint-
ed” segments can be observed on A- or D-subgenome chromo-
somes. Bar represents 10µm&/fig.c:

Fig. 3A–E. Fluorescence photomicrographs of cotton metaphase
chromosomes hybridized with a biotin-labeled 5S rDNA probe.
Signal was detected with FITC-conjugated avidin and chromo-
somes were counterstained with PI. In all the diploid species
(A–D), one locus is visible, located near the centromere on the
short arm of a homologous pair of chromosomes. A G. thurberi
(D1); note the PI staining of major 18S-28S rDNA loci. B G. ar-
boreum(A2). C G. herbaceum(A1). D G. raimondii (D5). E G.
hirsutum([AD] 1); two loci are visible. The larger pair of signals
(arrowheads labeled a) are located on the long arm of chromo-
some 9 and the smaller pair of signals (unlabeled arrowheads) are
located on the short arm of chromosome 23. Propidium iodide
staining allows for the visualization of major 18S-28S rDNA loci
syntenic to both 5S rDNA loci, on the short arm of the chromo-
some. Bars represent 10µm&/fig.c:

Fig. 4A–D. Fluorescence photomicrographs of metaphase chro-
mosomes of diploid cotton simultaneously tested with a biotin-la-
beled 18S-28S probe and a digoxigenin-labeled 5S rDNA probe.
The 18S-28S rDNA probe was detected with FITC-conjugated
avidin (yellow/green) and the 5S rDNA probe was detected with
rhodamine-conjugated anti-digoxigenin antibodies (red). Chromo-
somes were counterstained with 4’,6-diamidino-2-phenylindole
(DAPI). Arrowheadsindicate 18S-28S rDNA loci. In each figure
the red-colored 5S rDNA signals are clearly visible. A G. arbor-
eum(A2). Three 18S-28S loci are visible; the 5S site is syntenic to
the minor 18S-28S site, which can very faintly be seen on the
short arm of the chromosome. B G. herbaceum(A1). All three
major 18S-28S loci are clearly visible; the 5S site is syntenic to
one of the two telomerically located major loci. C G. raimondii
(D5). Three 18S-28S loci can be seen; the 5S site is syntenic to an
intermediate 18S-28S site. D G. thurberi(D1) shows the four ma-
jor 18S-28S rDNA loci; signal is not visible in the photograph for
one chromosome. The 5S site is syntenic to a major 18S-28S site.
Bars represent 10µm



Figs. 1A–3A(for legends see p. 57)



Figs. 3B–4D(for legends see p. 57)
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centromere of a medium-sized pair of A-subgenome
chromosomes, whereas the smaller locus was in the
short arm near the centromere of a small- to medium-
sized pair of D-subgenome chromosomes (Fig. 3E).

Differentially bright PI fluorescence allowed for the
simultaneous visualization of major 18S-28S rDNA loci
(red) and FITC-avidin-detected 5S rDNA loci (yel-
low/green) in G. hirsutum. Major 18S-28S rDNA loci
were observed to be syntenic to each of the two 5S
rDNA loci of G. hirsutum, corroborating the positions
established by Crane et al. (1993) using molecular mei-
otic ISH (Fig. 3E). In the diploid species, the syntenic
relationships of the 5S rDNA site relative to the 18S-28S
rDNA site were determined by simultaneous detection of
a biotin-labeled 18S-28S rDNA probe and a digoxige-
nin-labeled 5S rDNA probe (Fig. 4A–D). The results re-
vealed that the 5S rDNA loci of both G. herbaceum(A1)
and G. thurberi (D1) were syntenic to the major 18S-
28S rDNA loci (Fig. 4B, D); whereas those of G. arbor-
eum(A2) and G. raimondii(D5) were syntenic to minor
and intermediate 18S-28S rDNA loci, respectively, and
not to major 18S-28S rDNA loci, as would be expected
based on the G. hirsutumdata (Fig. 4A, C).

Discussion

A number of hypotheses may explain why all 18S-28S
rDNA loci of G. hirsutumwere not accounted for in dip-
loid progenitors. First, the number of copies of the
rDNA repeat present at some A- and D-diploid loci may
be too few to be detected. Hence, a discrepancy in the
number of detectable 18S-28S rDNA loci could be ex-
plained either by elimination of copies of the 18S-28S
repeat in modern A- and D-diploids relative to the ances-
tral genome donors, or by post-polyploidization amplifi-
cation of those 18S-28S rDNA loci of the tetraploid that
originally bore few repeats. Given an estimated limit of
25–35 kb for consistent signal detection, and the length
of the probe used (4.5 kb), we infer that our current
threshold for detection of 18S-28S rDNA repeats is ap-
proximately five to eight copies. A second possible ex-
planation is that translocations with breakpoints located
in the middle of 18S-28S rDNA loci may have bisected
and thus duplicated sites following polyploidization of
G. hirsutum. Third, increases and/or decreases in site
number could arise by the formation of translocations
with breakpoints proximal to the rDNA sites and subse-
quent fixation of duplication-deficiencies. Fourth, new
rDNA loci may have been formed in the tetraploid by
transposition of sequences containing rDNA repeats.
Fifth, deletions may have eliminated loci in modern A-
and D-diploids. And finally, the diploids examined may
not represent the ancestral donors of the tetraploid A- or
D-subgenomes.

The two 5S rDNA loci of G. hirsutum were previous-
ly mapped using ISH. A large site of 5S rDNA ISH was
mapped to the long arm of chromosome 9 and a some-
what smaller site was localized to the short arm of chro-
mosome 23 (Crane et al. 1993). Based on the differences
in chromosomal arm location of 5S rDNA loci, Crane et
al. (1993) proposed that following divergence of the A-

and D-genomes, either a pericentric inversion or a trans-
position had occurred in the homolog of chromosome 9
or chromosome 23. Our data, showing 5S rDNA loci lo-
cated near the centromere in the short arm of all A- and
D-diploids observed (Fig. 3A–D), suggest that the rear-
rangement occurred on chromosome 9 and that this oc-
curred after the polyploidization event leading to G. hir-
sutum. This conclusion is concordant with independent
restriction fragment length polymorphism (RFLP) map-
ping data (Reinisch et al. 1994; J. F. Wendel, personal
communication).

The results from simultaneous FISH of 5S and 18S-
28S rDNA probes to chromosomes of G. herbaceum
(A1) and G. thurberi (D1) were concordant with results
from the tetraploid in that the 5S rDNA sites were syn-
tenic to major 18S-28S rDNA loci (Fig. 4B, D). The re-
sults for G. arboreum(A2) and G. raimondii (D5) were
not as predicted, however, as neither of the 5S sites was
syntenic with a major 18S-28S rDNA locus (Fig. 4A, C).
The G. raimondii data are particularly interesting, as it
has been reported that this species is the most likely D-
genome ancestor of the extant tetraploids (Endrizzi et al.
1985). If this is indeed the case, then our results indicate
that, barring reciprocal rearrangement between minor
and major rDNA loci, the 18S-28S rDNA cluster of G.
hirsutumon the D-subgenome chromosome 23 has been
significantly amplified in size following polyploidizat-
ion, or that this same locus has been significantly deam-
plified in modern G. raimondiilineages.

The size distribution of the 18S-28S rDNA sites ob-
served in the diploids was not as expected. Based on our
genomic painting data from G. hirsutumand the previ-
ously mentioned ISH mapping data (Crane et al. 1993),
the expected pattern in the A-genome diploid species in-
cluded one major site corresponding to chromosome 9,
one intermediate site corresponding to chromosome 7,
and three minor sites. The expected pattern of the D-ge-
nome species included two major 18S-28S rDNA sites
corresponding to chromosomes 16 and 23, and four mi-
nor sites. In A-genome diploids no fewer than two major
18S-28S rDNA sites were observed, suggesting that at
least one major site was significantly deamplified in the
A-subgenome of the tetraploid following polyploidizat-
ion, or that at least one site has been greatly amplified in
modern diploid ancestors of the A-subgenome donor. In
G. raimondiithe number of major 18S-28S loci observed
was as expected, although neither of the two major 18S-
28S rDNA loci we observed was located on the predicted
chromosome 23 homolog, which bears a 5S site. It is
therefore suggested, that one of these two major 18S-28S
sites in G. raimondii is homologous to the major site on
chromosome 16 of G. hirsutum, while the other has ei-
ther been significantly amplified in G. raimondiirelative
to the ancient D-subgenome donor or greatly deamplified
in the tetraploid following polyploidization.

Several mechanisms may account for the changes in
sizes of rDNA loci that we observed. One proposed way
that tandem repeats such as rDNA loci can be signifi-
cantly amplified or deleted is through both homologous
and nonhomologous unequal crossing over (Arnheim et
al. 1980; Seperack et al. 1988). Anderson and Roth



(1981) have shown that in Salmonella typhimuriumun-
equal crossing over takes place much more frequently at
rDNA loci than at 37 other loci observed. Recent data
obtained by Wendel et al. (1995) have demonstrated the
occurrence of interlocus concerted evolution among
rDNA loci in Gossypiumtetraploids following poly-
ploidization, which may suggest that unequal crossing
over takes place between nonhomologous rDNA loci in
G. hirsutum. The fact that rDNA-bearing chromosomes
appear to be nonrandomly associated with each other at
mitotic metaphase (Figs. 1A–D, 3B–C, 4A–C) may sup-
port the theory that somatic exchange takes place be-
tween nonhomologous loci, in which case homogeniza-
tion and changes in rDNA copy number could occur es-
pecially quickly, particularly in plants and other organ-
isms without germ lines that are differentiated early in
development. In rye, it has been shown that the telo-
meres of some “associated” chromosomes are more alike
in their arrays of repeats than those of “un-associated”
chromosomes (Bennett 1982). Significant to this poten-
tial mechanism is that 12 of 14 18S-28S rDNA loci ob-
served in the diploid species and all 3 major 18S-28S lo-
ci of G. hirsutum are located at either telomeric or
slightly subtelomeric positions, as this would possibly
allow significant rearrangements to occur between
rDNA loci without deleterious effects to the cell. It
therefore seems reasonable to propose that in species
with mostly telomerically located 18S-28S rDNA re-
peats there will be observed on average: a greater degree
of interlocus concerted evolution, a higher number of lo-
ci, and more variability in locus number and size, both
within and between closely related species.

The multiplicity of sites, facility of detection and rel-
ative variability of rDNA loci indicate that rDNA loci
will have considerable utility in future molecular cytoge-
netic studies of G. hirsutumand its diploid relatives.
Further, the data indicate that rDNA loci have much to
offer as a tool for analyzing the evolution and behavior
of tandemly repeated gene families, how they contribute
to genomic elasticity, and how they may promote or con-
strain changes relevant to polyploidization. Subsequent
studies using FISH of both repetitive and single-copy se-
quences will likely add to the information we have pre-
sented and contribute greatly to our understanding of the
homologous relationships between the chromosomes of
G. hirsutumand the chromosomes of A- and D-diploids,
and more generally, to genome evolution per se.
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