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Organization of Repetitive Elements in the
Upland Cotton Genome (Gossypium
hirsutum)

R. J. Baker, J. L. Longmire, and R. A. Van Den Bussche

To better understand the evolutionary nature of the economically important upland
cotton (Gossypium hirsutum), 1,719 randomly chosen recombinants from a cosmid
genomic library were examined for repetitive elements. Average insert size was
approximately 34 kb, which represents 2.6% to 4.4% of the haploid genome of G.
hirsutum (depending on the estimate for haploid genome size used). Probes rep-
resentative of microsatellites, tandem repeats, transposable elements, a low copy
number gene (catalase), and a chloroplast gene were used. Of the four dinucleo-
tides, (CT), and (GT), were present in 3.6% and 1% of the clones, respectively,
whereas, (AT), hybridized to a single clone and (GC),, as well as the chloroplast
gene, did not hybridize to any clone. The tandemly repeated rDNA cistron hybrid-
ized to 60 of the 1,719 clones. We estimate the copia-like family of retrotranspos-
able element to be present in thousands of copies. When data from all probes are
analyzed, the upland cotton genome consists of approximately 61% unique se-
quences and low copy number DNA, which agrees well with previously published

estimates that were determined using other methods.

Upland cotton, G. hirsutum, is an allotetra-
ploid (“AD-genome”; 2n4x = 52), cultivat-
ed species which resulted from the hy-
bridization of a diploid African or Asian
(*A-genome”; 2n = 26) species with an
American (“D-genome”™) species (Beasley
1940, 1942; Endrizzi et al. 1985; Skovsted
1934; Wendel 1989) and is one of the most
important agricultural crops worldwide.
Of the 26 currently recognized linkage
groups in cotton, only 65 genes have been
reported as mapped to 17 linkage groups
and only 12 of these linkage groups have
been associated with their respective
chromosome (Endrizzi et al. 1984).

Few publications have examined the rel-
ative distribution and abundance of repet-
itive DNA in this economically important
crop (approximately $5.5 billion in the
United States in 1990; Price et al. 1990).
Walbot and Dure (1976) have divided the
cotton genome into three major kinetic
components (unique, middle repetitive,
and highly repetitive sequences) with an
interspersion of the middle repetitive se-
quences with the single-copy sequences
constituting a large portion of the cotton
genome; based on these observations,
they presented a model for the number of
individual sequences in each component.

Their model allows us to test their predic-
tions concerning the organization of the
cotton genome, as well as to examine the
efficiency of cosmid libraries for identify-
ing various aspects of the cotton genome.
The strength of different approaches for
evaluating copy number and genome or-
ganization is that when estimates are cor-
roborating, the confidence in these esti-
mates becomes more robust.

To test the predictions of Walbot and
Dure (1976), as well as provide base line
data on the nature of the cotton genome,
we have isolated the most abundant re-
petitive elements in the upland cotton (G.
hirsutum) genome and estimated their rel-
ative copy number and frequency of co-
occurrence. In addition, we have exam-
ined the abundance of representative
microsatellites, a retrotransposon, and the
low copy number catalase gene.

Materials and Methods

Construction of Cosmid Genomic
Library

We isolated high molecular weight geno-
mic DNA from G. hirsutum leaf tissue, using
a procedure modified from Hillis et al.
(1990). Our procedure consisted of plac-



ing 5-6 g freshly ground leaf tissue
(ground to a fine powder in liquid nitro-
gen) in 10-15 m! of prewarmed (70°C) ex-
traction buffer (5% CTAB [hexadecyltri-
methylammonium bromide], 3.5 M NaCl;
0.25 M Tris-Cl, pH 8.0; 0.05 M EDTA; 0.04%
B-mercaptoethanol) in a 50-ml corex tube.
This solution is then incubated in a 60°C
water bath for 1-1.5 h. After incubation, an
equal volume of chloroform:isoamyl al-
cohol (CI) is added and mixed gently on a
tube rotator for 10 min. Debris is then pel-
leted by centrifugation for 10 min at room
temperature. The aqueous phase is trans-
ferred to a fresh tube and extracted with
Cl at room temperature for 2-3 min. The
solution is then centrifuged again to fur-
ther purify the DNA. The aqueous phase
is transferred to a clean tube, and the DNA
is precipitated by adding 2 vol. of absolute
ETOH and inverting end over end for 3—-4
min. The DNA is spooled out with a glass
pipette and placed in a 1.5-m| eppendorf
tube. The sample is allowed to air-dry and
then is resuspended in 200-300 pl of 1XTE
(10 mM Tris-HCl, 1 mM EDTA; Sambrook et
al. 1989). This method produces high mo-
lecular weight DNA that is of sufficient pu-
rity and quality to allow restriction endo-
nuclease digestion and cloning.

After partial digestion with Sau 3Al and
dephosphorylation with calf intestinal al-
kaline phosphatase, approximately 0.5 pg
of cotton genomic DNA was ligated with
1.0 pg of Bam HI cloning arms from the
cosmid vector sCos-1 (Evans et al. 1989),
and in vitro packaging was carried out in
Giga Pack Gold extracts (Stratagene). Pri-
mary infection of E. coli host strain
DH5aMCR yielded 4.5 X 10° independent
recombinants, giving an approximately 12-
fold statistical representation of G. hirsu-
tum genomic sequences. We determined
average size of inserts in the cosmid vec-
tor by digesting 20 randomly chosen
clones with Eco RI; the resulting fragments
were separated in a 0.8% agarose gel. We
determined fragment sizes from digitized
images of photographs of the ethidium-
stained gel using the computer programs
Adobe Photoshop 2.0 and NCSA Gel Read-
er 2.02 for the Macintosh.

Characterization of Repetitive Elements
in the Genomic Library

A total of 1,728 independent clones from
the primary library were picked, grown,
and archived in 96-well microtiter plates.
We used a replica plater (Sigma Chemical
Co.) to inoculate nylon membranes (MSI
Magna NT 0.45 micron, Biodyne B 0.45 mi-
cron) with clones from the microtiter

plates. Membranes were incubated at 37°C
for 7 h on LB agar containing kanamycin
(30 pg/ml) and then transferred to LB agar
containing kanamycin and chlorampheni-
col (170 ug/ml; Sambrook et al. 1989) and
grown overnight at 37°C. We fixed DNA
onto membranes by sequentially placing
them on blotting pads soaked in 0.4 M
NaOH (5 min), 0.5 M Tris, and 1.5 M NaCl,
pH 7.5 (5 min), and 2Xx SSC (5 min), fol-
lowed by baking at 80°C for 1-2 h.

We hybridized membranes with a vari-
ety of radiolabeled probes to determine
the distribution and relative abundance of
these sequences in the cotton genome.
Prior to hybridization, membranes were
washed in 0.1 SSC, and 0.1% SDS for 1 h
at 65°C in a shaker bath. Prehybridization
was carried out at 65°C for 1 h in 6Xx SSC,
40% formamide (Kodak), 1% SDS, 0.005 M
EDTA (pH 8.0), and 0.005 g/ml Carnation
evaporated milk. Membranes were hybrid-
ized overnight at 42°C in fresh prehybrid-
ization solution containing approximately
1 X 10¢ cpm/ml of radioactively labeled
probe. We labeled all probes with [a-
2P]dCTP or [o-*?P]dATP by nick transla-
tion. Unincorporated radioactivity was
separated from the labeled probe by spin
column chromatography (Sambrook et al.
1989). Prior to hybridization, probes were
denatured for 10 min at 37°C in 0.1 M
NaOH. Following hybridization, mem-
branes were washed once for 15 min in 2X
SSC, 0.1% SDS at room temperature and
twice for 15 min each in 0.1x SSC, 0.1%
SDS at 50°C. We autoradiographed washed
membranes at —80°C using Kodak XAR-5
film and two Lightning Plus intensifying
screens. For each probe, we scored each
clone on a scale of 0, representing no de-
tectable hybridization, to 3, a completely
black spot on an autoradiograph repre-
senting maximum detectable hybridiza-
tion.

Source of Probes

We purchased approximately 1.2 kb dinu-
cleotide probes (GT), X (AC),, (CT), X
(GA),, (AT), X (TA),, and (GO), X (CG),
from Pharmacia LKB. Hereafter, these four
microsatellites are referred to as (GT),,
(CT),, (AT),, and (GC),. The sunflower ri-
bosomal gene complex (pHAR-1; supplied
by Mike Arnold, University of Georgia),
cotton catalase gene (Ni et al. 1990), and
a portion of the copia-like reverse tran-
scriptase gene (VanderWiel et al. 1993)
were supplied as cloned fragments. The
copia-like reverse transcriptase clones
(A108, D104) represent two of the approx-
imately nine families of copia-like retro-

transposable elements detected in the cot-
ton genome (VanderWiel et al. 1993). We
isolated all cloned fragments from their
vectors by digestion with appropriate en-
zymes and electrophoresis in 0.8% low-
melting point agarose gels. After electro-
phoresis. the insert was cut from the gel
and purified using Prep-A-Gene (BioRad
Laboratories). The purified insert was gel
purified a second time to ensure that all
vector DNA was removed from the sample.

Contamination of the Genomic Library

With Organeller DNA

A potential source of error in our esti-
mates for the number of unique. middle
repetitive, and highly repetitive DNA of up-
land cotton would be if our library was
contaminated with either chloroplast or
mitochondrial DNA. To evaluate whether
this was a source of error, we amplified an
approximately 2.5-kb section of the chlo-
roplast genome from upland cotton using
primers for the ribulose-1,5-bisphosphate
carboxylase gene (Z1; Mcintosh et al. 1980
and ORF106 Hiratsuka et al. 1989). Condi-
tions for amplification were as described
by Arnold et al. (1991) except that 25-ul
reactions were performed. Approximately
500 ng of this PCR product were trans-
ferred to nylon membrane by slot blot
transfer to be used as a positive control
for hybridization experiments. We labeled
1 ug of the 2.5-kb chloroplast fragment
with «-**P-dCTP by a random priming re-
action (Feinberg and Vogelstein 1984) and
used it to probe the cotton cosmid library
following the methods outlined earlier.

Characterization of Repetitive Families
of Elements

We sorted families of repetitive DNA by
isolating cosmid DNA after a standard
miniplasmid DNA isolation procedure;
they were then digested with Eco RI and
electrophoresed in 0.8% agarose gels. DNA
was transferred to nylon hybridization
membrane following the method of
Southern (1975) and hybridized with rep-
resentative clones following the procedure
outlined above for screening the genomic
library.

Strengths and Limitations of the
Methods

It is generally assumed that a library con-
structed from genomic DNA provides an
accurate representation of the organism’s
genome from which the DNA was original-
ly isolated. Two of the possible sources
that can prevent a library from actually
being representative of the organism’s ge-
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Table 1.
from Gossypium hirsutum genomic DNA

Representation of nine probes in 1,719 independent clones from a cosmid library constructed

Inter-
No. of clones* spersion
frequency
Probe Negative Positive Copy no. (kb)
(AT), 1,718 (100.00) 1(0.06) 29 + 56
(GO), 1,719 (100.00) 0 (0.00)
(CT), 1,657 (96.39) 62 (3.61) 1,768 = 432 1/922
(GT), 1,702 (99.013 17 (1.00) 485 = 228 1/3.370
rDNA 1.659 (96.51) 60 (3.49) 1.714 + 428
Copia-like (A108) 1,657 (96.39) 62 (3.61) ) oo
Copia-like (D104) 1,666 (96.92) 53 (3.08) 1943 = 453 17839
Catalase 1,718 (99.94) 1(0.06) 29 = 56
G. hirsutumn genomic DNA 1,168 (67.95) 551 (32.05)

“ Percentages are shown in parentheses: some values do not total 100 due to rounding error.
» This apparent interspersion frequency is based on the estimated copy number of the A108 and D104 subfamilies

of copia-like elements.

nome are a nonrandom distribution of re-
striction sites for the enzyme used to di-
gest the genomic DNA and methylation of
nucleotides within the recognition site of
the chosen restriction endonuclease.
Whereas it is not possible to eliminate
these potential sources of error in the con-
struction of the genomic library, for the
following reasons, the construction of our
upland cotton cosmid library should be
minimally affected by these factors, if af-
fected at all. First, to eliminate the nonran-
dom distribution of restriction endonucle-
ase recognition sites, we performed a
partial digestion of the genomic DNA with
Sau 3Al, a restriction endonuclease that
has a 4-bp recognition sequence. Second,
to construct the library, we chose Sau 3Al
because it is not sensitive to methylation
(Strategene, La Jolla, California). Finally, in
the construction of this cosmid library we
used technology identical to that used in
the construction of the human chromo-
some specific libraries for the Human Ge-
nome Project which have been shown to
be representative of the DNA comprising
each chromosome (Longmire et al. 1993).

A second cautionary note must be made
in consideration of our estimates of copy
number of repetitive elements. First, esti-
mates of copy number of repeated ele-
ments are always problematic because er-
ror can come from several sources. These
sources of error for direct examination of
copy number experiments can be attrib-
uted to DNA loading, stringency of hybrid-
ization and washes, and the efficiency of
transfer of DNA in Southern blot experi-
ments. Moreover, estimations of copy
number of repetitive elements based on
C,t analysis are subject to assumptions
concerning the specific model employed.

In this study we calculated copy num-
ber by assuming that each clone con-
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tained a single copy of the particular ele-
ment used as a probe and then
extrapolated how many copies would be
present in a complete genome based on
the amount of the genome the archived
clones are estimated to represent. Our
scoring of the hybridization based on rel-
ative intensity can bias the estimate of
copy number of repetitive DNA. Highly in-
tense hybridization (scores of 3) can be
due to either a high degree of DNA simi-
larity between the probe DNA and the in-
sert DNA, or it can be attributed to mul-
tiple copies of a repetitive family within
the cosmid. Likewise, those cosmids that
gave less intense hybridization (scores of
2 and 1) can be attributed to either a short
piece of a large repetitive element or di-
vergent copies of a repetitive family (such
as members of transposable element fam-
ilies and imperfect microsatellite repeats).
The approach of screening large-insert
cosmids to provide an estimate of copy
number has the potential for providing an
underestimate of the total number in that
any recombinant cosmid could potentially
contain more than a single copy of a re-
petitive sequence. Moreover, when geno-
mic DNA is used as a probe, different in-
dependent clones will hybridize with
varying intensity. This difference in inten-
sity could be due to either relative copy
number of the repetitive element or the
relative amount of diversity seen in that
family of repetitive DNA. Therefore, copy
number estimates, as well as relative
abundance of different classes of repeti-
tive DNA from this approach, must be con-
sidered as minimal (in the case of copy
number) or with some caution (for abun-
dance of different classes of repetitive
DNA). The advantage of using large-insert
recombinants (such as cosmids), howev-
er, is that this method provides a means

to detect nonrandom associations of re-
petitive elements within the genome (Ja-
necek et al. 1993).

Results

Of the 1,728 archived cosmid clones
screened in this study, 1,047 did not hy-
bridize to any of the nine probes exam-
ined. To evaluate how many of these
clones did not contain cotton genomic
DNA, cosmid DNA was prepared from 120
arbitrarily chosen clones of the possible
1,047 and digested with the restriction en-
donuclease Eco Rl.-Absence of detectable
bands in one of these clones suggested
that this colony did not contain a recom-
binant cosmid or failed to grow to a den-
sity that allowed detection of the recom-
binant cosmid DNA using a standard
miniprep procedure. All the remaining 119
cosmid clones contained insert DNA.
Thus, of the 1,047 clones that did not hy-
bridize to any probe, we extrapolate that
approximately nine of these clones did not
contain inserts. This brings the total num-
ber of recombinant cosmids screened to
1,719.

The size of partially digested G. hirsutum
DNA inserted into 20 randomly selected
cosmid clones ranged from 24,400 to
45,300 bp, with a mean of 33,500 bp. Based
on this mean insert size, the 1,719 cosmid
clones represent (0.575 X 10* bp. Consid-
erable variation exists among estimates of
the size of the haploid cotton genome.
Bennett et al. (1982) estimated that the
haploid genome of upland cotton con-
tained 3 pg DNA/cell whereas Arumungan-
athan and Earle (1991) estimated approx-
imately 5.08 pg DNA/haploid cell. Given
these estimates, the 1,719 archived recom-
binant cosmids represent 2.6% (Arumun-
ganathan and Earle 1991) to 4.4% (Bennett
et al. 1982) of the upland cotton genome
(assuming haploid genome sizes of 2.2 X
10° and 1.3 X 10° bp, respectively). Of the
1,719 recombinant cosmids screened in
this study, 1,047 clones (60.6%) did not hy-
bridize to any of the nine probes exam-
ined. This is because the single (and po-
tentially low copy number) elements are
inadequately represented in the sample of
DNA labeled as a probe to produce de-
tectable hybridization (Janecek et al.
1993). Table 1 presents the number of
clones that hybridized for each of the nine
probes examined. Hybridization of the G.
hirsutum library with G hirsutum genomic
DNA resulted in some degree of hybridiza-
tion to 551 (32%) of the recombinant cos-
mids. Of these positive clones, 3% were



scored as maximally hybridizing (score of
3) whereas 7% and 22% were assigned
scores of 2 and 1, respectively. Of the
1,719 cosmid clones, none hybridized to
the cytoplasmic DNA probe from the chlo-
roplast genome. Of the 1,719 cosmid
clones examined, 60 (3.5%) hybridized to
the sunflower ribosomal probe (rDNA). Of
these 60 clones, 58 were scored as maxi-
mally hybridizing (score of 3), while one
clone was scored as 2 and a single clone
was scored as a 1.

The four dinucleotide microsatellites
used in this study varied greatly in their
representation among the 1,719 clones ex-
amined. Dinucleotides (CT), and (GT), hy-
bridized to 62 (3.6%) and 17 (1.0%) clones,
respectively. For the 62 (CT),, 40 clones
(64.52%) were scored as maximally hy-
bridizing, 12 (19.35%) were assigned a
score of 2, and 10 (16.13%) were scored as
1. For the 17 (GT),, eight (44.44%) were
scored as maximally hybridizing, five
(27.78%) were scored as 1, and four were
scored as 2. The (AT), probe produced de-
tectable hybridization to a single recom-
binant cosmid, and this hybridization was
scored as a 3. No hybridization was de-
tected with the dinucleotide probe (GC),.
Previous reviewers expressed concern as
to whether the probe was efficiently la-
beled in these experiments. Therefore, hy-
bridization of the cotton cosmid library
was performed along with slot blots con-
taining 500 ng of the (GC), and (AT), mi-
crosatellites. In these experiments, the
positive controls gave very intense hy-
bridization, but there was no detectable
hybridization with the (GC), probe.

The two copia-like reverse transcriptase
clones (VanderWiel et al. 1993) hybridized
to 62 (3.6%) and 53 (3.1%) of the clones
examined. Of the 62 clones hybridizing to
the reverse transcriptase portion of copia-
like clone A108, 20 (32.3%) were assigned
a score of 3, 18 (29.0%) were assigned a
score of 2, and 24 (38.7%) were scored as
1. When the reverse transcriptase portion
of copia-like clone D104 was used as a
probe, of the 53 only eight clones were as-
signed a score of 3 (15.1%), 21 clones were
assigned a score of 2 (39.6%), and the re-
maining 24 clones (43.4%) produced min-
imal levels of hybridization (scored as 1).
Finally, a single clone hybridized with the
cotton catalase ¢DNA probe, and this
clone was assigned a score of 3 (maximum
intensity).

Co-occurance between pairs of probes
hybridizing on single cosmids was detect-
ed at levels expected based on their rep-
resentation in individual clones (Table 2).

Table 2. Pairwise comparisons of the seven probes detected in 1,719 cosmid clones from the genomic

library of Gossypium hirsutum

G. hirsutum
Copia-like Copia-like genomic
Probe (CT), (GT), rDNA A108 D104 Catalase DNA
(€T, — 0.65 2.15 2.22 1.90 0.04 19.77
(0.20) (2.15) (1.43) (0.43) (0.04) (12.58)*
(GT), 1 — 0.62 0.65 0.55 0.01 5.74
0.62) (0.65) (0.55) 0.0D) (1.31)
rDNA 0 0 — 2.15 1.84 0.03 19.13
(0.62) (1.84) (0.03) (83.10)*
Copia-like A108 4 0 1 — 1.9 0.04 19.77
(1.023.58)* (0.04) (12.58)*
Copia-like D104 1 0 0 46 — 0.03 16.90
+ 0.03) (16.90)*
Catalase 0 0 0 0 0} — 0.32
(0.32)
G. hirsutum genomic DNA 4 3 59 0 —

- +

4 0

Two probes—(GC), and (AT),—that failed to hybridize to any library clones or a single clone are not included.
Above the diagonal: the expected number for each pair of probes based on total occurrence in the 1,719 clones
examined. Chi-square values are shown in parentheses, significant chi-square (P < .05) values are denoted by an
asterisk. Below the diagonal: observed numbers for each pair of probes: plus sign indicates pairs of probes ob-
served more often than expected; minus sign indicates pairs of probes observed less than expected.

However, five pairs of probes were detect-
ed to co-occur either significantly greater
than or less than expected, based on their
individual representation. The three pairs
of probes co-occurring significantly less
than expected were (CT),/G. hirsutum ge-
nomic DNA, copia-like A108/G. hirsutum ge-
nomic DNA, and copialike D104/G. hirsu-
fum genomic DNA; however, rDNA/G.
hirsutum genomic DNA and the two copia-
like reverse transcriptase clones co-oc-
curred significantly more frequently than
expected.

To determine the number of different re-
petitive families represented by the re-
combinant cosmids hybridizing to G. hir-
sutum genomic DNA, we first examined the
41 clones that were assigned a score of 3
(that class giving maximal hybridization)
but that did not hybridize to probes for
microsatellites, copia-like elements, or the
catalase gene. Upon digestion with Eco RI,
all of these clones produced the charac-
teristic banding pattern of the rDNA cis-
tron (bands approximately 3.1 and 2.9 kb)
and the approximately 6.7-kb sCos-1 vec-
tor. Probing these clones with the sunflow-
er rDNA probe confirmed that all 41 of
these clones contained the rDNA cistron.
Likewise, when representatives of the re-
maining 113 clones that were assigned a
score of 2 and did not hybridize to probes
for microsatellites, copia-like elements or
rDNA were used as probes, all 113 clones
and essentially all bands hybridized.
These 113 clones appear to represent a
second family of repetitive DNA.

Discussion

Repetitive elements in the genome vary
tremendously among species, and the up-

land cotton genome appears to be among
those genomes containing the fewest fam-
ilies and relative abundance of tandemly
repeated DNAs. Based on C,t analysis,
Walbot and Dure (1976) concluded that
the cotton genome is comprised of ap-
proximately 60.5% unique sequence DNA,
27% middle repetitive sequence DNA, and
the remaining approximately 12.5% highly
repetitive sequence DNA. They produced
a model for the organization of the cotton
genome which predicts that there exists
1.5 X 10° unique sequence elements and
1,184 middle repetitive sequences. They
did not provide an estimate for the num-
ber of highly repetitive and palindromic
sequences because their data for these
components of the genome were not ame-
nable to such computations.

In this study, 60.9% of the 1,719 clones
did not hybridize to any of the probes ex-
amined. This group of clones would rep-
resent the unique to low copy DNA or ex-
tremely divergent members of repetitive
families such as Copia-like elements, and
our estimation of this class of DNA is not
different from the estimate of 60.5% by
Walbot and Dure (1976). When G. hirsutum
DNA was radioactively labeled and probed
back to the library, 32% of the cosmid
clones resulted in some degree of hybrid-
ization. This would represent the highly
repetitive and middle repetitive classes of
DNA. If we assume those clones scored as
producing maximal hybridization repre-
sent the highly repetitive class of Walbot
and Dure (1976), we estimate that this
component makes up approximately 3% of
the repetitive DNA, whereas Walbot and
Dure (1976) estimated this component to
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comprise approximately 12.5% of the re-
petitive DNA. Finally, 7% of the repetitive
DNA was scored as a 2 (indicating inter-
mediate levels of hybridization), whereas
22% of the repetitive DNA was assigned a
value of 1. If we assume these two cate-
gories represent middle repetitive DNA,
and even if we add those clones that hy-
bridized to the dinucleotide and copia-like
probes, then this value for middie repeti-
tive DNA is higher but still not remarkably
different from the 27% value calculated by
Walbot and Dure (1976) for this class of
repetitive DNA. The presence of dinucleo-
tide microsatellites and copialike ele-
ments would occupy only a small portion
of a 33-kb insert so that their presence
would not greatly affect the estimation of
middie repetitive DNA present in the cot-
ton genome. Some discrepancies between
our estimates for the relative abundance
of each class of repetitive DNA and those
of Walbot and Dure (1976) may be ex-
plained by (1) the subjectivity of assigning
the level of hybridization in our study to
classes 0, 1, 2, and 3, without quantifying
the actual amount of hybridization; (2) the
difference in hybridization intensity among
clones in our study that may relate not
only to copy number but also to the de-
gree of divergence among members of a
family of repetitive elements; and (3) the
different estimates of the haploid genome
size used by Walbot and Dure (0.8 pg/hap-
loid cell) and this study (3 pg to 5.08 pg/
haploid cell). However, even with these ca-
veats, there is considerable concordance
between these two studies concerning the
relative abundance of the three classes of
DNA (unique, middle repetitive, and highly
repetitive).

The 20 randomly selected recombinant
cosmids from the upland cotton library
that were analyzed contained inserts rang-
ing from 24,400 bp to 45,300 bp, with a
mean insert size of 33,500 bp. Additionally,
because the sCos-1 vector will not accept
foreign DNA smaller than approximately
25 kb (Evans et al. 1989), all cosmids will
contain inserts larger than the size classes
examined by Walbot and Dure (1976).
Therefore, the use of cosmid libraries al-
lows us to make some general tests of the
interspersion patterns predicted by Wal-
bot and Dure (1976). They estimated in-
terspersion patterns for these various
classes of DNA and suggested that the ge-
nome should be arranged in the following
four groups: (1) 25% of the repetitive and
36% of the unique DNA should be ar-
ranged as 1,250 nucleotide repetitive ele-
ment plus 1,800 nucleotide nonrepetitive
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element; (2) 5% of the repetitive and 16%
of the unique DNA should be arranged as
1,250 nucleotide repetitive element and
4,000 nucleotide nonrepetitive element;
(3) 8% of the unique DNA should be ar-
ranged as nonrepetitive DNA 6,000 nucle-
otides from the nearest repetitive DNA;
and (4) 8% of the genome should be pal-
indromic and highly repetitive DNA reas-
sociated by C,t = 0.1. Calculations based
on the cosmid library disagree with these
predictions. When the 113 class-2 repeti-
tive DNA clones are digested with Eco Rl
and probed with radioactively labeled up-
land cotton genomic DNA, nearly every
band from each clone produces a detect-
able signal. Additionally, 61% of the 1,719
cosmid clones, containing an average in-
sert size of approximately 34 kb, did not
hybridize to radioactively labeled genomic
DNA. Finally, few of the 1,719 cosmids hy-
bridized to more than a single probe.
Those clones that did hybridize to two
probes were either cases in which the two
copia-like reverse transcriptase clones
were compared or when the rDNA and G.
hirsutum genomic DNA were compared
(Table 2). As explained below, these cases
of co-occurrence greater than expected
are probably due to either significant DNA
similarity between the two copia-like re-
verse transcriptase probes (VanderWiel et
al. 1993) or the high copy number of rDNA
cistrons in the cotton genomic DNA and
not the presence of multiple families of re-
petitive DNA within a single recombinant
cosmid.

We interpret these data to suggest that
from an organizational standpoint, the re-
petitive DNA appears to be more closely
grouped and that stretches of single-copy
DNA are larger in the upland cotton ge-
nome than hypothesized by Walbot and
Dure (1976). If the estimations of Walbot
and Dure (1976) that unique DNA was sep-
arated from the nearest repetitive DNA by
approximately 6 kb had been accurate, we
would expect to see very few of the 1,719
cosmid clones not hybridizing to any of
the repetitive probes used in this study,
given that the average cosmid insert size
is 34 kb.

Characterization of Repetitive DNA
Families in Upland Cotton

Ribosomal DNA. Walbot and Dure (1976)
hybridized '*[-labeled cytoplasmic rDNA
to whole-cell DNA on filters and in solution
and concluded that there were approxi-
mately 300 to 350 copies of the rRNA cis-
tron per haploid genome and suggested
that along with the smaller genome size

(0.8 pg DNA/cell), G. hirsutum had a re-
duced number of rDNA cistrons than re-
ported for other higher plant species.
They further suggested that the wide
range of multiplicity of the rDNA cistron
reported for other higher plant species
(1,580 to 27,000) may be due in part to the
use of polyploid seed tissue for these de-
terminations.

Probing the G. hirsutum library with the
sunflower rDNA cistron (pHAR-1) revealed
hybridization to 60 independent cosmid
clones. Based on the number of clones
that hybridized to the rDNA probe, and an
examination of 3.5% of the cotton genome
(average of the 2.6% to 4.4% estimates of
genome size), we estimate there are ap-
proximately 1,714 copies of the rDNA gene
complex in the cotton genome (Table 1).
However, it is probable that this repre-
sents an underestimation of the actual
number of rDNA genes in the upland cot-
ton genome. The reason for this possible
underestimation is that when the 60
clones containing the rDNA genes were di-
gested with Eco Rl electrophoresed, and
visualized by staining with ethidium bro-
mide, the predicted insert size from each
of these clones appeared to be smaller
than could be cloned into the sCos-1 vec-
tor and still maintain a viable cosmid
(Evans et al. 1989). However, if multiple
copies of the rDNA cistron were tandemly
arranged, this would produce an adequate
size for cosmid viability. Moreover, when
the recombinant cosmids containing the
rDNA cistron were hybridized with geno-
mic DNA, only those bands that also hy-
bridize with the sunflower rDNA probe
show detectable hybridization, providing
further evidence that these clones only
contain rDNA cistrons. We interpret these
results to indicate that these cosmids rep-
resent multiple copies of the tandemly re-
peated rDNA gene complex. If this obser-
vation is correct, then the actual number
of copies of the rDNA gene complex in the
upland cotton genome would be signifi-
cantly higher than our estimate.

Although our estimate for copy number
of the rDNA cistron is greater than that
predicted by Walbot and Dure (1976), the
primary difference between these values
is attributable to the different estimates
used for the size of the haploid genome.
When these values are adjusted for the dif-
ferent genome size estimates, copy num-
ber estimates of the rDNA cistron in cot-
ton are essentially identical and indicate
that, relative to other plants with similar
sized genomes, upland cotton has a re-
duced number of rDNA sites.



The remaining 113 clones that hybrid-
ized to cotton genomic DNA but did not
hybridize to any of the other probes used
in this study appear to represent a second
family of repetitive DNA. Not only do all
clones cross hybridize when representa-
tives of these clones were used as a probe,
but all also cross hybridize when various
Eco RI bands were isolated from individual
clones and used as probes. These data are
interpreted to suggest that this group of
113 clones represents a second family of
repetitive DNA which occurs in the upland
cotton genome as tandemly repeated units
whose total size is at least as great as the
size of the insert (24 to 45 kb) in the re-
combinant cosmid.

Microsatellites. Microsatellites are rela-
tively short (<100-bp) runs of tandemly
repeated DNA with repeat lengths of 6 bp
or less (Stallings 1992). These microsatel-
lites have been shown to be useful genetic
markers because the number of repeats
within a specific cluster is often highly
variable and because these variations can
easily be analyzed using the polymerase
chain reaction (Litt 1991; Weber 1990a,b).
Characterization of the relative abundance
of microsatellites in the cotton genome
could provide valuable genetic markers
for mapping the cotton genome or for the
identification of the numerous available
cultivars of upland cotton. The four dinu-
cleotides used in this study represent all
possible combinations of two different
dinucleotides. The four dinucleotide mi-
crosatellites varied greatly in their repre-
sentation among the 1,719 clones exam-
ined. Dinucleotides (CT), and (GT), each
hybridized to 3.6% and 1% of the clones
that were screened, (AT), hybridized to a
single cosmid, but (GC), did not hybridize
to any of the clones screened. Assuming
that we examined approximately 3.5% of
the cotton genome (averaging the esti-
mates of genome size), the upland cotton
genome contains approximately 1,768
(CT), and 485 (GT), repetitive sequences
(Table 1). Based on the single hybridizing
recombinant cosmid to the (AT), repeat
probe, we would predict that the upland
cotton genome contains approximately 29
copies of this repetitive sequence; how-
ever, due to the small number of hybrid-
izing clones, considerable error surrounds
this estimate (Table 1).

As discussed by Rafalski and Tingey
(1993), the only published data on the rel-
ative frequency of occurrence of dinucle-
otide microsatellites in plants is based on
a search of the sequences in the major da-
tabases. This search revealed that the di-

nucleotide (AT), was the most abundant
of the sequences examined, which is in
contrast to our results. However, our
knowledge of the relative abundance of
microsatellite repeats in plants is not suf-
ficient to allow for generalizations con-
cerning their organization and distribution
in the genome (Rafalski and Tingey 1993).

Whereas data on the abundance of di-
nucleotide repeats are lacking in plants,
data from mammalian systems do exist, to
allow a direct comparison between their
frequency in cotton and mammalian ge-
nomes. Using an identical approach as
this study, Janecek et al. (1993) examined
the four dinucleotide repeats in a genomic
library of the white-footed mouse (Pero-
myscus leucopus) and found that there
were approximately 75,000 (GT), and
51,000 (CT), repetitive sequences, where-
as the dinucleotides (AT), and (GC), each
hybridized to a single clone. We have also
examined the frequency of these four di-
nucleotides in the New World bat, Macro-
tus waterhousii (Van Den Bussche RA,
Longmire JL, and Baker RJ, in prepara-
tion), an organism that relative to other
mammals has a reduced genome size (Ba-
ker et al. 1992; Burton et al. 1989). We
found that even though there is a reduc-
tion in the relative number of each of
these dinucleotides in M. waterhousii com-
pared to P. leucopus, the relative order of
abundance in M. waterhousii is the same
as detected by Janecek et al. (1993).

Based on a computer search of pub-
lished human and rat sequences in the
major data bases, Beckmann and Weber
(1992) found the relative abundance of
these four dinucleotides were the same as
detected in P leucopus (Janecek et al
1993) and M. waterhousii (Van Den Bus-
sche et al, in preparation), in that (GT),
was the most abundant closely followed
by (CT),, whereas (AT), and (GC), were
infrequently detected. Beckmann and We-
ber (1992) further extrapolated from their
data that there would exist 100,000 total
(GT), sequences in the human genome,
which they suggest agrees well with esti-
mates based on hybridization data (Ha-
mada et al. 1982; Litt and Luty 1989; Stall-
ings et al. 1991; Sun et al. 1984; Tautz and
Renz 1984).

An additional method of examining the
relative abundance of dinucleotide re-
peats, which takes into account the ge-
nome size, is the apparent interspersion
frequency. As with the estimates of rela-
tive abundance, considerable variation ex-
ists for interspersion frequencies among
organisms. Interspersion frequencies of

(GT), have been estimated as one (GT),
repeat every 106 kb in Macrotus (Van Den
Bussche et al., in preparation), 54 kb in
humans (Moyzis et al. 1989), 40 kb in Pero-
myscus (Janecek et al. 1993), 21 kb in Rat-
tus (Stallings et al. 1991), and 18 kb in Mus
(Stallings et al. 1991). For upland cotton,
the apparent interspersion frequency of
the dinucleotide (GT), is one repeat clus-
ter every 3,370 kb.

Although fewer genomes have been ex-
amined for the dinucleotide repeat (CT),,
patterns similar to (GT),, albeit slightly re-
duced, have been documented in mam-
mals. For example, the apparent intersper-
sion frequency of (CT), is one repeat
sequence every 115 kb and 59 kb in the
genome of Macrotus (Van Den Bussche et
al., in preparation) and Peromyscus (lane-
cek et al. 1993), respectively. Within the
upland cotton genome, the apparent inter-
spersion frequency of (CT), microsatelli-
tes is one repeat cluster every 922 kb.

When the cotton dinucleotide repeat
data are interpreted in light of these other
studies, it appears that the cotton genome
has a greatly reduced number of these mi-
crosatellites relative to the few well-stud-
ied mammalian cases. The cotton genome
is also unique among these studies in that
(CT), is more common than (GT),.

Transposable elements. VanderWiel et al.
(1993) performed a phylogenetic analysis
of a portion of the reverse transcriptase
gene of copia-like elements present in the
genome of upland cotton and concluded
that the upland cotton genome may con-
tain as many as nine families of copia-like
elements. Although VanderWiel et al
(1993) did not perform formal copy-num-
ber experiments, they estimated that co-
pia-like retrotransposons are present in
the genome of upland cotton in hundreds
if not thousands of copies. Based on
screening the upland cotton cosmid li-
brary with representatives of two of the
nine families, we estimate the number of
copia-like retrotransposons in G. hirsutum
to be in the thousands. Hybridization of
the cosmid library with the copia-like re-
verse transcriptase clone A108 produced
detectable hybridization to 62 of the 1,719
clones, while hybridization with a copia-
like reverse transcriptase probe from an-
other family, D104, resulted in some level
of hybridization to 53 of the 1,719 clones.
Based on these values we estimate these
families to be present in approximately
1,400-2,387 and 1,200-2,308 copies, re-
spectively depending on how much of the
cotton genome our 1,719 archived clones
represent. These values probably repre-
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sent overestimates of the number of copia-
like retrotransposons in that these two
probes hybridize to the same recombinant
cosmids with a significantly higher co-oc-
currence than would be expected based
on their individual frequency of occur-
rence in the library. Additionally, because
VanderWiel et al. (1993) have shown sig-
nificant levels of DNA similarity between
these two families, a more conservative
estimate for the copy number of copia-like
retotransposable elements would be to
base it on only those clones that hybrid-
ized to either of the two probes and count-
ing those clones that hybridized to both
probes only once. In this case there were
68 clones that hybridized to copia-like re-
verse transcriptase. This would indicate
that approximately 1,900 copies of copia-
like retrotransposable elements of the
A108 and D104 type exist in the genome
(Table 1).

Low copy genes. The upland cotton ge-
nome contains two copies of the catalase
gene (Percy and Wendel 1990). When a
cDNA probe from the catalase gene of cot-
ton was used as a probe to the cosmid
library, a single clone hybridized, and this
hybridization was scored as maximal. Ad-
ditionally, the clone containing this cata-
lase gene did not hybridize to any of the
other probes in this study. This is inter-
preted as further evidence that the unique
and low copy DNA is separated from re-
petitive elements by distances greater
than that previously estimated (Walbot
and Dure 1976).

Representation of Organellar DNA in
the Library

Although the rbcl chloroplast gene did not
hybridize to any of the 1,719 clones, it is
still possible that the chloroplast genome
is represented in the library because the
chloroplast genome is sufficiently large
that a cosmid insert could be present
without including the region covered by
the chloroplast rbel probe. However, if it
is assumed that chloroplast DNA would be
randomly inserted into cosmids, it is not
highly probable that chloroplast DNA is
represented in many of the cosmid clones
of which the library consists. No tests
were performed to test for the presence of
mitochondrial DNA in the library. As chlo-
roplast DNA is much more abundant in
preparations of cellular DNA than is mi-
tochondrial DNA, we think that it is highly
improbable that organellar DNA has sig-
nificantly biased our calculations of the
abundance of repetitive elements in the
cotton nuclear genome.
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Genome

Walbot and Dure (1976) stated that cotton
contains over 1,000 middle repetitive DNA
families, each occurring on the average
over 100 times per genome. Based on our
results, the number of middle repetitive
families in cotton would be much smaller
than this estimate of 1,000. We conclude
that the highly repetitive and middle re-
petitive families in cotton would consist of
at least rDNA, the dinucleotide repeats
(CT), and (GT),, a copia-like retrotrans-
posable element family, and, finally, anoth-
er tandemly repeated family present in 113
of the 1,719 cosmid clones sampled.

In general, estimates for the percentage
of the upland cotton genome comprising
the unique, middle repetitive, and highly
repetitive components are in agreement
with estimates based on C_t analysis (Wal-
bot and Dure 1976). Some of the discrep-
ancies that exist between estimates for
the middle and highly repetitive classes of
DNA, as well as the total number of fami-
lies, found in the upland cotton genome
may be related to the different approaches
used in this study and that of Walbot and
Dure (1976). Probing cosmid libraries may
bias the results toward identifying those
repetitive families that are under concert-
ed evolution. For instance, although we es-
timated the copia-like retrotransposon to
be present in approximately 1,500 to 2,600
copies, only nine clones that hybridized
with G. hirsutum genomic DNA contained
the copia-like family. This resulted in these
probes (the two copia-like reverse tran-
scriptase probes and G. hirsutum genomic
DNA) occurring significantly less frequent-
ly than expected based on their relative
frequency of occurrence (Table 2). It may
be that enough variation exists in this fam-
ily of repetitive DNA that under the strin-
gency conditions we employed few of the
members of the other seven families of co-
pia-like elements were detected (Van-
derWiel et al. 1993).

It is not clear how much of a bias is ac-
tually introduced into our estimates, but
based on hybridization of the cosmid li-
brary with G. hirsutum genomic DNA, our
estimates for the number of unique, mid-
dle repetitive, and highly repetitive DNA
are in good agreement with that of Walbot
and Dure (1976). If our approach failed to
detect a significant number of families of
repetitive DNA, then these values would
also change. Probably the estimates that
would be most affected by this bias would
concern the interspersion pattern of re-
petitive elements within the unique se-

quences. Correcting for underestimations
of interspersed repetitive elements in the
cotton genome would bring our estimates
of interspersion patterns closer to those
described by Walbot and Dure (1976), but
this correction would also result in a
greater divergence of our estimates of the
relative kinetic groups from that described
by Walbot and Dure (1976).
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