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Abstract. The most widely cultivated species of cotton, ly envisioned. The relative variability of 18S-28S rDNA
Gossypium hirsutunis a disomic tetraploid (24x=52). loci versus 5S rDNA loci suggests that the behavior of
It has been proposed previously that extant A- and D-gdandem repeats can differ widely.

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 specfeés Introduction

herbaceumand G. arboreum the D-genome speciés.

raimondiiandG. thurberi,and the AD tetraploids. hir-  There are approximately 50 species in the cotton genus
sutum High signal-to-noise, single-label FISH was usedGossypiumincluding 45 diploids and at least 5 tetraplo-
to enumerate rDNA loci, and simultaneous, dual-labeids (Fryxell 1992). Collectively, they grow throughout
FISH was used to determine the syntenic relationships dfopical and subtropical parts of the world and are ge-
5S rDNA loci relative to 18S-28S rDNA loci. These nomically diversified in relation to their geographic
techniques provided greater sensitivity than our previousanges (Skovsted 1934). Seven major diploid genomic
methods and permitted detection of six newhsutum  groups ofGossypiunhave been identified and are desig-
18S-28S rDNA loci, bringing the total number of ob- nated by the letters A through G (Beasley 1940, 1942;
served loci to 11. Differences in the intensity of the hy-Edwards and Mirza 1979).

bridization signal at these loci allowed us to designate The speciessossypium hirsutunis an AD disomic
them as major, intermediate, or minor 18S-28S loci. Ustetraploid (2=4x=52) that originated from an interspe-
ing genomic painting with labeled A-genome DNA, five cific hybridization event(s) between diplotossypium
18S-28S loci were localized to tke hirsutumA-subge-  species thought to be closely related to thegdnome
nome and six to the D-subgenome. Four of the 11 18Speciess. herbaceunand the @-genome species. ra-

28S rDNA loci inG. hirsutumcould not be accounted imondii (Endrizzi et al. 1985The G. hirsutumchromo-

for in its presumed diploid progenitors, as both A-ge-somes of A-genome origin are larger, as a group, and are
nome species had three loci and both D-genome speciesmbered 1-13, whereas those of D-genome origin are
had four G. hirsutumhas two 5S rDNA loci, both of numbered 14-26. The A-genome and D-genome diplo-
which are syntenic to major 18S-28S rDNA loci. All ids are estimated to have diverged from a common an-
four of the diploid genomes we examined contained a@estor between 6 and 11 million years ago, and the hy-
single 5S locus. Irs. herbaceunfA,) andG. thurberi  bridization event(s) leading t6. hirsutumis estimated
(D,), the 5S locus is syntenic to a major 18S-28S locudp have occurred 1 to 2 million years ago (Wendel 1989;
but in G. arboreum(A,) andG. raimondii(Ds), the pro-  Wendel and Albert 1992). Previous efforts at interspecif-
posed D-genome progenitor & hirsutum the 5S loci  ic comparisons withirGossypiumhave employed mor-
are syntenic to minor and intermediate 18S-28S loci, rephological (Fryxell 1992), meiotic (Menzel 1954),
spectively. The multiplicity, variation in size and site karyotypic (Beasley 1940), genetic and molecular crite-
number, and lack of additivity between the tetraploidria (Wendel 1989).

species and its putative diploid ancestors indicate that In this study, we have used fluorescent in situ hybrid-
the behavior of rDNA loci in cotton is nondogmatic, andization (FISH) to examine the distribution of 5S and
considerably more complex and dynamic than previous18S-28S rDNA sites iis. hirsutumand closely related
- diploid species in order to address three objectives. The
Edited by:R. Appels first objective was to determine the respective homoeo-
Correspondence tdR.E. Hanso * logous relationship of chromosomes that bear 5S and
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18S-28S rDNA sequences in the diploids. The secondrslip and sealed with rubber cement. The slides were then put in
objective was to provide new molecular cytogenetic® humidity chamber in an 80°C oven for 7 min and allowed to in-
landmarks that will facilitate ongoing construction of a cubate overnight at 37°C. Each §5 of hybridization mixture
FISH-based karyotype for cotton, and development of a ontained 50% deionized formamide, 10% dextran sulfajeg 9

. T ) . scherichia colDNA, and 90 ng of biotin-labeled probe DNA in
integrated map of recombinational and physical distancaxssc. For dual labeling, 90 ng of biotin-labeled 185-28S probe

es among loci defined by molecular markers and cytogeand 90 ng of digoxigenin-labeled 5S rDNA probe were used per
netic landmarks. The third objective was to understandlide. For genomic “painting” of the A-subgenome 50 ng of bi-

the evolutionary history of rDNA loci adbossypium

Materials and methods

Probe DNA isolation and labelindNA of pAm033 (a 470 bp
BamHI fragment of the 5S rDNA repeatAtacia melanoxylom
pUC118, kindly provided by Rudi Appels) and pGMR3 (a 4.5 kb
EcoRI fragment of the 18S-28S ribosomal repeaBlytine max
in pBR325, kindly provided by Elizabeth Zimmer) was isolate
by alkaline lysis in plasmid maxipreps as described by Silhavy
al. (1984). Total genomic DNA was isolated from immature leave
of G. raimondii (2n=2x=26=D;D;) andG. arboreum(2n=2x=26=
ALA,) (accessions given below) using the technique described

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 preparatiRoot
tips of G. hirsutum (2n=4x=52=[(AD,)]? (Deltapine 50, Delta
and Pine Land Ca.)G. arboreum(Accession no. A2-92) anG.
herbaceum (2n=2x=26=A;A;) (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 tipsGofra-
imondii (Accession no. D5-1 A22) ané. thurberi (2n=2x=
26=D,D,) (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 Collectioo$sypi-

[S)

b
Paterson et al. (1993). Whole plasmid and total genomic DNA?

otin-labeled total genomic DNA d&. arboreum 1 pg unlabelled
genomic DNA ofG. raimondiiand 8ug 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: 2xSSC, 5 min; 2xSSC,
5 min; 2xSSC, 50% formamide, 10 min; 2xSSC, 5 min; 2xSSC,
5 min; and 4xSSC, 5 min. Signal from biotin-labeled probes was
then amplified with sequential 30 min applications qfgdml flu-
orescein isothiocyanate (FITC)-avidin DCS (Vector) in 4xSSC,
0.2% Tween 20, 1@ug/ml biotinylated anti-avidin D (Vector) in

d 4xSSC, 0.2% Tween 20 anduf/ml FITC-avidin in 4xSSC, 0.2%
5'Erween 20. For two-probe detection, a final incubation with

0 pg/ml rhodamine anti-digoxigenin (Boehringer Mannheim)
was added. After each step three washes were performed in
xSSC, 0.2% Tween 20 for 5 min each at 37°C. Slides were
tained in 2ug/ml 4’,6-diamidino-2-phenylindole (DAPI) in Mcl-
vaines buffer (9 mM citric acid, 80 mM NEHPO,H.,0, 2.5 mM
MgCl,) for 20 min at room temperature (RT), then with propidium
iodide (PI; 20ug/ml in 2xSSC) for 30 min at RT, and finally, anti-
fade was applied under a 22 mmx40 mm coverslip. For two-probe
detection, no Pl was used. After FISH detection of 18S-28S rDNA
loci of G. hirsutumand photography of selected metaphase
spreads was complete, coverslips were soaked off in 2xSSC, al-
lowed to destain in 2xSSC 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.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.

um Germplasm, College Station, Texas. Metaphase spreads were

prepared as described by Jewell and Islam-Faridi (1994).

In situ hybridization.The procedure used was a modification of
that of Islam-Faridi and Mujeeb-Kazi (1995). Slides were im-
mersed in 3Qug/ml RNase in 2xSSC for 45 min at 37°C, dena-
tured at 70°C in 70% formamide, 2xSSC for 2.5 min and dehy
drated in 70%, 85%, 9
—20°C.(1xSSC is 0.15 M NacCl, 0.015 M sodium citrate). The

Results

To detect 18S-28S rDNA loci with the greatest possible
sensitivity, single-label FISH was used rather than dual-

506 and 100% ethanol for 2 min each ;tabel FISH. The description and number of 18S-28S

rDNA loci we detected using this method are given in

probe mix was denatured at 80°C for 5 min, applied to the air-Table 1; photomicrographs of the results are shown in

dried slide in a 2%l volume, covered with a 20 mmx40 mm cov-

Fig. 1A—E. For simplicity, 18S-28S rDNA FISH sites

Table 1. The distribution of 18S-28S rDNA
loci in Gossypium hirsuturand closely re-
lated diploid specie:s

Haploid
genome or
subgenome

Minor
18S-28S
rDNA loci

Intermediate
18S-28S
rDNA loci

Major
18S-28S

rDNA loci Total

G. hirsutum([AD]1)
(A)

(D)
G. herbaceunfAl)
G. arboreum(A2)
G. raimondii(D5)
G. thurberi(D1)

m O O OrkF

3
1
2
3
2
2
4
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0

Headings A and D represent the A- and D-subgenom&ks bfrsutum as determined by

genomic painting with

labeled total A-genoné. @rboreun DNA
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were described as follows. Major sites were defined as
those giving very large signals observable in all interFig. 1A-E. Fluorescence photomicrographs of cotton metaphase
phase and metaphase cells. Much smaller FISH signa@)romosomes hybridized with a biotin-labeled 18S-28S rDNA
which were nevertheless detected with high frequency i obe. Signals were detected with fluorescein isothiocyanate

r
- : : ﬁFITC)-conjugated avidin and chromosomes were counterstained
interphase and metaphase cells, were described as 'ntéﬁfh propidium iodide (PI)A Partial metaphase froi@. arbor-

mediate sites. The smallest FISH signals, which wergym(a,), showing all three 18S-28S loci. Two major loci and one
generally detectable in at least 40% of metaphase cellginor site arrowhead are visible.B G. herbaceun(A,); three
were described as minor sites. Based on results fromajor loci are visibleC G. raimondii(Ds) shows two major sites,
FISH of bacterial artificial chromosome clones Gf an intermediate site, and one minor saergqwhead$. The minor
hirsutum (Hanson et al. 1995), we estimate that thesite is extremely small and is located near the centromere on the

: : - . short arm of the chromosom@.G. thurberi(D,); four major loci
smallest rDNA signals reported herein represent loci Irgre visible.E G. hirsutum([AD],); arrowheadsindicate the 11

the 25-35 kb size range. _ , observable loci. Three loci are major sites, one is an intermediate
The four largest 18S-28S rDNA loci @. hirsutum  sjte and seven are minor. Bars representr !

were previously mapped by molecular-meiotic configu-_. | h . h of th h d of
ration analysis to chromosomes 7, 9, 16 and 23 (Price g.h; F uorescence pratomicrogfaph o' ne meapnase spead o
al. 1990; Crane et al. 1993). A smaller fifth site was ob+g Ar_zuetﬁmeogn :;rbcl,?éum ”SNXnS'igin\l,\t,as '32'?6363 ewittﬁ
served but not mapped. Using somatic metaphase prepaTc-conjugated avidin and chromosomes were counterstained
rations and improved protocols for in situ hybridizationwith PI. Unlabeled total D-genom&( raimondi) DNA was used
(ISH) and detection, we were able consistently to detedp a 20-fold excess to block cross-genomic hybridizatmmow-

an adiional six minor ites. bringing the toal reportede2dsson cignesomes et bar 195285 NS laow
18S-28S rDNA.IOC' to 11 (Fig. 1E). Slml_lar res‘ﬁ“?‘ haVeand unlabeled arrowheadsepresent chromosomes from the A-
also been obtained in our laboratory using meiotic chrogypgenome. The strong signals on two pairs of D-subgenome
mosomes. To avoid confusion of signals with back-chromosomes are due to hybridization of the highly conserved
ground noise, which was extremely low, only loci at18S-28S rDNA repeat. No other areas of “painted” and “unpaint-
which a pair of signals was visible, one per chromatided” segments can be observed on A- or D-subgenome chromo-
were scored. Eleven loci were observable in greater thatpmes. Bar represents it

30% of the approximately 7G. hirsutummetaphase Fig. 3A-E. Fluorescence photomicrographs of cotton metaphase
spreads we examined. A minimum of 30 metaphasehromosomes hybridized with a biotin-labeled 5S rDNA probe.
spreads was examined for enumeration of diploid 18SSignal was detected with FITC-conjugated avidin and chromo-
28S rDNA loci. somes were counterstained with PIl. In all the diploid species

- . : (A-D), one locus is visible, located near the centromere on the
To determlne_ .the subgenomlc locations, A versus Dshort arm of a homologous pair of chromosonfe<s. thurberi
Spreads tha had been used for FISH wilh the 185-26 i "% PLIENNG of majo 18526 1ONA 81C, o

: . : : 5)- .

rDNA probe were destained, dehydrated in an ethandlirsutum([AD],); two loci are visible. The larger pair of signals
series, air-dried and then reprobed with labeled A2-getarrowheads labeled )aare located on the long arm of chromo-
nome DNA (Fig. 2). It was found that addition of a 20-F7C § 30, & SIS B e ropidiam odide
TOId EXCESS of unlabeled_ total genomic DNA@f ra- staining allows for the visualization of major 18S-28S rDNA loci
imondii to the probe mix was sufficient to suppressgynienic to both 5S rDNA loci, on the short arm of the chromo-
cross-hybridization of sequences that are shared betweebme. Bars represent fin
the two genomes, with the exception of major loci of the_.

: B ig. 4A-D. Fluorescence photomicrographs of metaphase chro-
highly conserved 18S-28S rDNA repeat. Results sho osomes of diploid cotton simultaneously tested with a biotin-la-

that five 18S-28S loci can be localized to Behirsu-  ejeq 185-285 probe and a digoxigenin-labeled 55 rDNA probe.
tum A-subgenome and six to the D-subgenome (Tablerhe 185-28S rDNA probe was detected with FITC-conjugated
1). The number of 18S-28S loci in the A-subgenome isvidin (ellow/greei and the 5S rDNA probe was detected with
two more than the additive total observed in each A-diprhodamine-conjugated anti-digoxigenin antibodiesl, Chromo-
loid, and the number of 18S-28S loci in the D-subgesSomes were counterstained with 4',6-diamidino-2-phenylindole
nome is two more than was observed in each of the DAPI). Arrowheadsindicate 18S-28S rDNA loci. In each figure

S he red-colored 5S rDNA signals are clearly visit#eG. arbor-
diploids (see Table 1). We observed no chromosomeg,ma.). Three 185-28S loci are visible; the 5S site is syntenic to

with painted and unpainted segments, other than th@e minor 185-28S site, which can very faintly be seen on the
18S-28S rDNA loci bearing D-subgenome chromo-short arm of the chromosomB. G. herbaceum(A;). All three
somes, which suggests that no large intergenomic trang:jor 18S-28S loci are clearly visible; the 5S site is syntenic to
locations have occurred following polyploidization. This one of the two telomerically located major 16€1.G. raimondii
conclusion was supported by genomic painting result 5). Three 18S-28S loci can be seen; the 5S site is syntenic to an

. L intermediate 18S-28S sitB. G. thurber{D;) shows the four ma-
using D-diploid DNA as a probe on other metaphasg,, 18s.285 rDNA loci; signal is not visible in the photograph for

spreads o6. hirsutumchromosomes (not shown). one chromosome. The 5S site is syntenic to a major 18S-28S site.
In all the diploids examined, only a single major pairBars represent 10m

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 detectedGn hirsutum

The larger 5S rDNA locus was in the long arm near the



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-subgenomend D-genomes, either a pericentric inversion or a trans-
chromosomes, whereas the smaller locus was in thgosition had occurred in the homolog of chromosome 9
short arm near the centromere of a small- to mediumer chromosome 23. Our data, showing 5S rDNA loci lo-
sized pair of D-subgenome chromosomes (Fig. 3E). cated near the centromere in the short arm of all A- and
Differentially bright PI fluorescence allowed for the D-diploids observed (Fig. 3A-D), suggest that the rear-
simultaneous visualization of major 18S-28S rDNA locirangement occurred on chromosome 9 and that this oc-
(red) and FITC-avidin-detected 5S rDNA loci (yel- curred after the polyploidization event leading2ohir-
low/green) inG. hirsutum Major 18S-28S rDNA loci sutum This conclusion is concordant with independent
were observed to be syntenic to each of the two 5%estriction fragment length polymorphism (RFLP) map-
rDNA loci of G. hirsutum corroborating the positions ping data (Reinisch et al. 1994; J. F. Wendel, personal
established by Crane et al. (1993) using molecular meicommunication).
otic ISH (Fig. 3E). In the diploid species, the syntenic The results from simultaneous FISH of 5S and 18S-
relationships of the 5S rDNA site relative to the 18S-2828S rDNA probes to chromosomes Gf herbaceum
rDNA site were determined by simultaneous detection ofA;) andG. thurberi(D,) were concordant with results
a biotin-labeled 18S-28S rDNA probe and a digoxige-from the tetraploid in that the 5S rDNA sites were syn-
nin-labeled 5S rDNA probe (Fig. 4A-D). The results re-tenic to major 18S-28S rDNA loci (Fig. 4B, D). The re-
vealed that the 5S rDNA loci of bo. herbaceunfAl) sults forG. arboreum(A,) and G. raimondii (Ds) were
and G. thurberi (D1) were syntenic to the major 18S- not as predicted, however, as neither of the 5S sites was
28S rDNA loci (Fig. 4B, D); whereas those ®f arbor-  syntenic with a major 18S-28S rDNA locus (Fig. 4A, C).
eum(A,) and G. raimondii(Ds) were syntenic to minor The G. raimondiidata are particularly interesting, as it
and intermediate 18S-28S rDNA loci, respectively, anchas been reported that this species is the most likely D-
not to major 18S-28S rDNA loci, as would be expectedgenome ancestor of the extant tetraploids (Endrizzi et al.
based on th&. hirsutumdata (Fig. 4A, C). 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 Gf
hirsutumon the D-subgenome chromosome 23 has been
A number of hypotheses may explain why all 18S-28Ssignificantly amplified in size following polyploidizat-
rDNA loci of G. hirsutumwere not accounted for in dip- ion, or that this same locus has been significantly deam-
loid progenitors. First, the number of copies of theplified in modernG. raimondiilineages.
rDNA repeat present at some A- and D-diploid loci may The size distribution of the 18S-28S rDNA sites ob-
be too few to be detected. Hence, a discrepancy in thgerved in the diploids was not as expected. Based on our
number of detectable 18S-28S rDNA loci could be ex-genomic painting data fror®. hirsutumand the previ-
plained either by elimination of copies of the 18S-28Sously mentioned ISH mapping data (Crane et al. 1993),
repeat in modern A- and D-diploids relative to the ancesthe expected pattern in the A-genome diploid species in-
tral genome donors, or by post-polyploidization amplifi- cluded one major site corresponding to chromosome 9,
cation of those 18S-28S rDNA loci of the tetraploid thatone intermediate site corresponding to chromosome 7,
originally bore few repeats. Given an estimated limit ofand three minor sites. The expected pattern of the D-ge-
25-35 kb for consistent signal detection, and the lengthome species included two major 18S-28S rDNA sites
of the probe used (4.5 kb), we infer that our currentcorresponding to chromosomes 16 and 23, and four mi-
threshold for detection of 18S-28S rDNA repeats is ap#nor sites. In A-genome diploids no fewer than two major
proximately five to eight copies. A second possible ex-185-28S rDNA sites were observed, suggesting that at
planation is that translocations with breakpoints locatedeast one major site was significantly deamplified in the
in the middle of 18S-28S rDNA loci may have bisectedA-subgenome of the tetraploid following polyploidizat-
and thus duplicated sites following polyploidization of ion, or that at least one site has been greatly amplified in
G. hirsutum Third, increases and/or decreases in sitanodern diploid ancestors of the A-subgenome donor. In
number could arise by the formation of translocationsG. raimondiithe number of major 18S-28S loci observed
with breakpoints proximal to the rDNA sites and subsewas as expected, although neither of the two major 18S-
quent fixation of duplication-deficiencies. Fourth, new 28S rDNA loci we observed was located on the predicted
rDNA loci may have been formed in the tetraploid bychromosome 23 homolog, which bears a 5S site. It is
transposition of sequences containing rDNA repeatstherefore suggested, that one of these two major 18S-28S
Fifth, deletions may have eliminated loci in modern A-sites inG. raimondiiis homologous to the major site on
and D-diploids. And finally, the diploids examined may chromosome 16 oG. hirsutum while the other has ei-
not represent the ancestral donors of the tetraploid A- dher been significantly amplified iG. raimondiirelative
D-subgenomes. to the ancient D-subgenome donor or greatly deamplified
The two 5S rDNA loci ofG. hirsutumwere previous- in the tetraploid following polyploidization.
ly mapped using ISH. A large site of 5S rDNA ISH was Several mechanisms may account for the changes in
mapped to the long arm of chromosome 9 and a someizes of rDNA loci that we observed. One proposed way
what smaller site was localized to the short arm of chrothat tandem repeats such as rDNA loci can be signifi-
mosome 23 (Crane et al. 1993). Based on the differencesintly amplified or deleted is through both homologous
in chromosomal arm location of 5S rDNA loci, Crane etand nonhomologous unequal crossing over (Arnheim et
al. (1993) proposed that following divergence of the A-al. 1980; Seperack et al. 1988). Anderson and Roth

Discussion
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(1981) have shown that iBalmonella typhimuriunun- tion between rRNA cistrons. Proc Natl Acad Sci USA 78:
equal crossing over takes place much more frequently at 3113-3117 _ _ _
rDNA loci than at 37 other loci observed. Recent datg*™heim N, Krystal M, Schmickel R, Wilson G, Ryder O, Zim-

. mer E (1980) Molecular evidence for genetic exchanges
obtained by Wendel et al. (1995) have demonstrated the among ribosomal genes on nonhomologous chromosomes in

occurrence of interlocus concerted evolution among man and ape. Proc Natl Acad Sci USA 77: 7323-7327

rDNA loci in Gossypiumtetraploids following poly- Beasley JO (1940) The origin of American tetraplGidssypium
ploidization, which may suggest that unequal crossing species. Am Nat 74: 285-286

over takes place between nonhomologous rDNA loci irBeasley JO (1942) Meiotic chromosome behavior in species, spe-
G. hirsutum The fact that rDNA-bearing chromosomes  Cies hybrids, haploids and induced polyploidsGaissypium

: - Genetics 27: 25-54
appear to be nonrandomly associated with each other @Ennett MD (1982) Nucleotypic basis of the spatial ordering of

mitotic metaphase (Figs. 1A-D, 3B—C, 4A—C) may sup- " chromosomes in eukaryotes and the implications of the order
port the theory that somatic exchange takes place be- for genome evolution and phenotypic variation. In: Dover GA,
tween nonhomologous loci, in which case homogeniza- Flavell RB (eds) Genome evolution. Academic Press, London,
tion and changes in rDNA copy number could occur es- Pp 239-262 . .
pecially quickly, particularly in plants and other Organ_Crane CF, Price HJ, Stelly DM, Czeschin DG, McKnight TD

: . : : : : (1993) Identification of a homeologous chromosome pair by
isms without germ lines that are differentiated early in situ hybridization to ribosomal RNA loci in meiotic chromo-

development. In rye, it has been shown that the telo- gomes of cotton Gossypium hirsuturmlL.). Genome 36:
meres of some “associated” chromosomes are more alike 1015-1022

in their arrays of repeats than those of “un-associated®dwards GA, Mirza MA (1979) The designation of a new G ge-
chromosomes (Bennett 1982). Significant to this poten- nome forGossypium bickiiCan J Genet Cytol 21: 367-372
tial mechanism is that 12 of 14 18S-28S rDNA loci ob-Endrizzi JE, Turcotte EL,_KoheI RJ (1985) Genetics, cytology,
served in the diploid species and all 3 major 18S-28S IO'Eryand evolution oGossypiumAdv Genet 23: 271-375

. . : - xell PA (1992) A revised taxanomic interpretationGassypi-
ci of G. hirsutumare located at either telomeric or =\, 'Rheedea 2: 108—-165

slightly subtelomeric positions, as this would possiblyHanson RE, Zwick MS, Choi SD, Islam Faridi MN, McKnight
allow significant rearrangements to occur between TD, Wing RA, Price HJ, Stelly DM (1995) Fluorescent in situ
rDNA loci without deleterious effects to the cell. It hybridization of a bacterial artificial chromosome. Genome
therefore seems reasonable to propose that in species 38: 646-651 . _
with mostly telomerically located 18S-28S rDNA re- 'Slam-Faridi MN, Mujeeb-Kazi A (1995pecale cereal®NA in
. : wheat germplasm; visualization by fluorescent in situ hybrid-

peats there will be observed on average: a greater degree zation  and breeding application. Theor Appl Genet 90:
of interlocus concerted evolution, a higher number of lo- 5g95_g00
ci, and more variability in locus number and size, bothiewell DC, Islam-Faridi MN (1994) Details of a technique for so-
within and between closely related species. matic chromosome preparation and C-banding of maize. In:

The multiplicity of sites, facility of detection and rel- ~ Freeling M, Walbot V (eds) The maize handbook. Springer,

ative variability of rDNA loci indicate that rDNA loci Mefzeeﬁ"we(ifgeéﬁ‘ir% Eezl(\)lloYoir(I:(élprE]:t%(l):ffgo\?; enome analvsis in
will have considerable utility in future molecular cytoge- : Y1009 B 9 y
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