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Cot-based sequence discovery represents a powerful means by which both low-copy and repetitive sequences can
be selectively and efficiently fractionated, cloned, and characterized. Based upon the results of a Cot analysis,
hydroxyapatite chromatography was used to fractionate sorghum (Sorghum bicolor) genomic DNA into highly
repetitive (HR), moderately repetitive (MR), and single/low-copy (SL) sequence components that were
consequently cloned to produce HRCot, MRCot, and SLCot genomic libraries. Filter hybridization (blotting) and
sequence analysis both show that the HRCot library is enriched in sequences traditionally found in high-copy
number (e.g., retroelements, rDNA, centromeric repeats), the SLCot library is enriched in low-copy sequences
(e.g., genes and “nonrepetitive ESTs”), and the MRCot library contains sequences of moderate redundancy. The
Cot analysis suggests that the sorghum genome is approximately 700 Mb (in agreement with previous estimates)
and that HR, MR, and SL components comprise 15%, 41%, and 24% of sorghum DNA, respectively. Unlike
previously described techniques to sequence the low-copy components of genomes, sequencing of Cot
components is independent of expression and methylation patterns that vary widely among DNA elements,
developmental stages, and taxa. High-throughput sequencing of Cot clones may be a means of “capturing” the
sequence complexity of eukaryotic genomes at unprecedented efficiency.

[Online supplementary material is available at www.genome.org. The sequence data described in this paper have
been submitted to the GenBank under accession nos. AZ921847-AZ923007. Reagents, samples, and unpublished
information freely provided by H. Ma and ]. Messing.]

When a solution of denatured genomic DNA is placed in an
environment conducive to renaturation, the rate at which a
particular sequence reassociates is proportional to the number
of times it is found in the genome. This principle forms the
basis of DNA renaturation kinetics (also called Cot analysis), a
technique by which the redundant nature of eukaryotic ge-
nomes was first demonstrated (Britten and Kohne 1968; see
Fig. A in the online supplement to this article for a review of
Cot analysis, www.genome.org). In a typical renaturation ki-
netics study, samples of sheared genomic DNA are heat-
denatured and allowed to reassociate to different Cot values
[Cot value = the product of nucleotide concentration in
moles per liter (C, or Co), reassociation time in seconds (t),
and, if applicable, a factor based upon the cation concentra-
tion of the buffer; for review, see Britten et al. 1974]. For each
sample, renatured DNA is separated from single-stranded
DNA using hydroxyapatite (HAP) chromatography, and the
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percentage of the sample that has not reassociated (%ssDNA)
is determined. The logarithm of a sample’s Cot value is plot-
ted against its corresponding %ssDNA to yield a Cot point, and
a graph of Cot points ranging from little or no reassociation
until reassociation approaches completion is called a Cot curve
(Peterson et al. 1998). Mathematical analysis of a Cot curve
permits estimation of genome size, the proportion of the ge-
nome contained in the single-copy and repetitive DNA com-
ponents, and the kinetic complexity of each component. In-
terspecific comparison of Cot data has provided considerable
insight into the structure and evolution of eukaryotic ge-
nomes (e.g., Britten and Kohne 1968; Davidson et al. 1975;
Goldberg et al. 1975; Galau et al. 1976; Hake and Walbot
1980; Geever et al. 1989).

With the advent of molecular cloning techniques, most
genome researchers abandoned Cot analysis. However, the
principles of nucleic acid hybridization developed through
Cot research form the basis of many molecular biology tech-
niques, and information generated in Cot studies remains
central to current knowledge of genome structure (for review,
see Goldberg 2001).

Repetitive DNA has proven a particularly difficult prob-
lem in the investigation of eukaryotic genomes, especially in
plants where large genomes are common. In some plants (e.g.,
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maize, SanMiguel and Bennetzen 1998), recent retroelement
amplification has made BAC end sequencing and assembly of
shotgun-sequenced clones almost impossible. Consequently,
substantial efforts are taken to isolate DNA regions that do not
contain repetitive sequences. One means of obtaining single/
low-copy sequences is to prepare cDNA libraries. However,
the representation of genes in a given cDNA library is only
indicative of gene expression in the source tissue(s), and gene
copy number is not accurately reflected in cDNA libraries
even if “normalization” techniques (e.g., Ko 1990; Soares et al.
1994; Neto et al. 1997; Poustka et al. 1999) are employed.
Repetitive DNA is often more highly methylated than low-
copy DNA, and consequently some researchers have used
methylation-sensitive restriction enzymes (e.g., McCouch et
al. 1988) or bacterial host strains that preferentially restrict
methylated DNA (Rabinowicz et al. 1999) to produce genomic
libraries enriched in low-copy (ostensibly genic) DNA. How-
ever, cloning strategies involving the preferential exclusion of
hypermethylated DNA may result in the loss of important/
interesting genes because the pattern and significance of DNA
methylation can differ markedly between species (e.g., Sim-
men et al. 1999), genes within an organism (e.g., Lois et al.
1990; Wolfl et al. 1991), developmental stages (for review, see
Heslop-Harrison 2000), and different regions of the same gene
(e.g., Li et al. 1993; Riesewijk et al. 1996). Clearly, alternative
strategies for isolating and sequencing the unique elements of
genomes are needed.

The results of a Cot analysis provide the information
needed to isolate the major kinetic components of a genome
in a manner independent of sequence expression (Britten and
Kohne 1968) and/or methylation (Burtseva et al. 1979). How-
ever, to our knowledge DNA fractionated via Cot/HAP tech-
niques has not previously been used in the construction of
genomic libraries. Here we describe the production and char-
acterization of genomic libraries derived from the three major
kinetic components of sorghum (Sorghum bicolor) DNA. Sor-
ghum was chosen for this study because (to our knowledge) it
has not been the subject of a Cot analysis, it has a 4000-6000
year history of cultivation (Kimber 2000), it is one of the most
agronomically important plant species in the world (Smith
2000), and its relatively small genome is a valuable “window”
into the low-copy sequence diversity of closely related, large-
genome crops such as maize and sugarcane (see Draye et al.
2001).

Our results suggest that cloning of isolated kinetic com-
ponents is a useful and powerful means to clone genomic
sequences based upon their relative iteration and to effi-
ciently discover new DNA sequences in a manner indepen-
dent of expression and/or methylation patterns. The combi-
nation of Cot-based cloning and high-throughput sequencing
of Cot libraries [Cot-based cloning and sequencing (CBCS)]
represents a means by which the sequence complexity of large
genomes can be “captured” at a fraction of the cost of shotgun
sequencing.

RESULTS

Melting Temperatures and GC Content

of Sorghum DNA

Melting curves were generated for sheared sorghum DNA in
0.03, 0.12, and 0.5 M sodium phosphate buffer (SPB), and
melting temperatures (Tm) for DNA in each buffer were de-
termined using first-derivative analysis. The melting tempera-
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tures for sorghum DNA in 0.03, 0.12, and 0.5 M SPB are 75.1°,
84.1°, and 93.1°C, respectively.

For DNA dissolved in buffers with a monovalent cation
concentration (M,,,,.) between 0.01 and 0.2 M, the GC con-
tent of the DNA can be calculated using the formula
%GC =2.44 (Tm — 81.5 — 16.6 log M,,,,) (Mandel and Mar-
mur 1968). Consequently, the sorghum DNA samples in 0.03
M SPB (Na* = 0.045 M) and 0.12 M SPB (Na* = 0.18 M) result
in %GC estimates of 38.9% and 36.5%, respectively. The av-
erage of these two values is 37.7%.

Cot Analysis

A Cot curve for Sorghum bicolor was prepared according to
Peterson et al. (1998) and analyzed using the computer pro-
gram of Pearson et al. (1977). The analysis providing the low-
est RMS (root mean square deviation) and goodness of fit
values (0.02554 and 0.02712, respectively) is a three-
component fit with no constrained variables.

In all Cot analyses, a certain fraction of the DNA forms
duplexes even at Cot values approaching zero. Such early re-
naturation is thought to be due to base pairing between
complementary sequences on the same DNA molecule (i.e.,
foldback DNA; Britten et al. 1974). As shown (Fig. 1), approxi-
mately 16% of sorghum DNA had reassociated by the earliest
Cot point (107> Mesec) and consequently was not included
in the curve. No detectable reassociation was observed until a
Cot value of about 0.02 Mesec.

Four percent of the sorghum DNA did not reassociate by
the highest Cot value (20,000 Mesec). DNA that does not
reassociate by such a high Cot value is thought to be damaged
and incapable of binding to HAP (e.g., Kiper and Herzfeld
1978).

The sorghum Cot curve consists of a fast, an intermedi-
ate, and a slow reassociating component. The complete Cot
curve, renaturation profiles of the three Cot components, and
the reassociation rate (k), Cot'z value, kinetic complexity, and
genome fraction of each component are presented in Figure 1.
In diploid organisms, the slowest reassociating component of
a Cot curve generally represents single-copy DNA sequences.
In such cases, genome size can be estimated by comparing the
k value of the slow reassociating component to E. coli’s rate
constant (k=0.22 M~ 'esec™!) and DNA content (Zimmer-
man and Goldberg 1977). The genome of E. coli (strain K12,
substrain MG1655) is 4,639,221 bp (Blattner et al. 1997). As-
suming that the sorghum slow reassociating component
(k=0.001474 M~ 'esec™ ') is composed of single-copy DNA,
the estimated 1C genome size of sorghum would be
G = (4,639,221 bp X 0.22 M~ 'esec™ ') + 0.001474
M lesec ' =6.92 X 10® bp or 692 Mbp. While this value is
slightly lower than the reported values based on Feulgen den-
sitometry (753-837 Mbp, Laurie and Bennett 1985) and flow
cytometry (748-772 Mbp, Arumuganathan and Earle 1991),
there is only a 7.5%-17% difference between the Cot-based
genome size and these previous estimates. Consequently, it is
likely that the slow reassociating component is primarily
single-copy DNA, and thus we refer to it as the single/low-
copy (SL) component.

Assuming that the SL component has a repetition fre-
quency of 1, the average repetition frequency of the DNA in
the other components can be estimated by dividing their k
values by the k value of the SL component (Hood et al. 1975).
The predicted repetition frequencies of sequences in the fast
reassociating component and in the intermediate reassociat-
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Figure 1 Sorghum cot analysis. (A) Complete Cot curve, data analysis, and component isolation. A

least-squares curve (thick black line) was fitted through the data points (open circles) using the computer
program of Pearson et al. (1977). The curve consists of highly repetitive (HR), moderately repetitive (MR),
and single/low-copy (SL) components characterized by fast, intermediate, and slow reassociation, respec-
tively. For each component, the following values have been placed to the right of the component’s general
location: Fraction = the proportion of the genome found in that component, Kinet. Comp. (kinetic
complexity) = the length in nucleotide pairs of the longest nonrepeating sequence calculated from the Cot
data, k = the observed reassociation rate in M~ 'es~', and Cot'z = the value on the abscissa of the
complete Cot curve at which half the DNA in the component has reassociated. Black diamonds mark the
positions on the complete Cot curve of the Cot'z values for HR, MR, and SL components. For a Cot
component, 80% of the sequences in that component will renature in the “two Cot decade region”
(TCDR) flanking the component’s Cot'2 value (brackets centered at Cot'2 markers; Britten and Davidson
1985). We utilized this principle in isolating HR, MR, and SL Cot components for Cot library construction.
In brief, all double-stranded DNA within a component’s TCDR was isolated except for areas that overlap
the TCDRs of other components (regions marked by upward vertical dashes, diagonal stripes, and cross-
hatching delimit areas of the curve used in HRCot, MRCot, and SLCot library construction, respectively).
Note that the area isolated for use in constructing the SLCot library extends a short way past the right end
of the TCDR for the SL component; this is presumably not a problem as any double-stranded DNA in the
region to the right of the SL component TCDR is likely to be single-copy. (B) The predicted individual
renaturation profiles of the HR component, MR component, and SL component are shown.

The (253 + 409 + 499 = 1161)
“quality clones” were BLASTed
against the GenBank Nr (nonre-
dundant), GenBank EST, and
SUCEST Sugarcane EST (http://
sucest.lbi.dcc.unicamp.br/en/)
databases. For each quality
clone, only bit scores (S') of
55.44 or greater were deemed
significant and used in charac-
terizing the clone. Unlike E val-
ues (E) commonly used to
compare the quality of hits, bit
scores provide a means of
comparing the significance of
database hits independent of
database and query size (see
www.ncbi.nlm.nih.gov for de-
tails). For a database of 3.5 bil-
lion nucleotides (slightly larger
than the effective size of the
GenBank Nr and EST databases
at the time of sequence analysis)
and an effective query length of
159 nt, a bit score of 55.44 is
roughly equivalent to an E value
of 1 X 10~ >. For a given quality
clone, the term “primary hit”
was used to indicate the data-
base sequence (if any) showing
the highest significant homol-
ogy to that clone.

Categorization

of Cot Clones

Each Cot clone was placed into
a single descriptive category
(“BLAST category”) based
upon the scheme shown in Fig-
ure 2. Because of the difficulty
associated with evaluating EST
hits (see Limitations of the

ing component are 7.8864/0.001474 (5350.3) and 0.1062/
0.001474 (72.1), respectively. In light of their relative repeti-
tiveness, the fast and intermediate reassociating components
are hereafter referred to as the highly repetitive (HR) and
moderately repetitive (MR) components.

Library Construction, Blot Analysis, and Sequencing
HRCot, MRCot, and SLCot libraries were generated from iso-
lated Cot components (see Methods for details on compo-
nent isolation and cloning). The relative iteration of the in-
sert DNA in the three Cot libraries was examined by compar-
ing the intensity with which Cot clone probes hybridized to
replica Southern blots of sorghum genomic DNA. The aver-
age intensity of hybridization to blots incubated with radio-
labeled HRCot sequences was 43,067 cpm (= 6248) while the
average values for the MRCot and SLCot blots were 3783 cpm
(= 1419) and 1377 cpm (+ 253), respectively.

We sequenced a total of 384 HRCot, 480 MRCot, and
576 SLCot clones of which 253, 409, and 499 (respectively)
met our sequence quality criteria (i.e., Ph/Pr value >16 over
300 continuous bases, high-quality insert sequence =50 bp).

EST Data and Table A in the online supplement to this article,
www.genome.org), GenBank Nr database hits were given pri-
ority in the classification scheme with EST hits used only to
categorize clones without significant Nr hits or with Nr hits to
genomic sequences of unknown character. Results of category
assignment and a list of characterized gene and repeat se-
quences recognized by various Cot clones are given in Table 1.
An overview of the data is shown in Figure 3.

All three libraries possessed more clones in the no signifi-
cant hit BLAST category than any other. Roughly 70% of the
SLCot clones showed no significant database hits, whereas
about 50% of the MRCot clones and 35% of the HRCot clones
fell into this category.

HRCot hits were primarily to plant repetitive DNA se-
quences (Lapitan 1992; Bennetzen et al. 1998; Heslop-
Harrison 2000) including retrotransposons and other dis-
persed repeat sequences, rDNA sequences, and sorghum cen-
tromeric repeat sequences. The relative percentage of clones
showing homology to repetitive ESTs was considerably higher
for the HRCot library (19.4%) than the other two libraries
(6.6% for MRCot, 2.2% for SLCot). None of the HRCot clones
produced a significant hit to a characterized gene sequence, and
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The clone produced a significant hit when BLASTed against the GenBank Nr, EST, and/or

HRCot library. Likewise, sequences with
homology to retrotransposon genes/

SUCEST EST Databases pseudogenes in the GenBank Nr data-
YYES base were limited to MRCot clones
The clone produced a significant hit when BLASTed against the GenBank Nr Database l (Table 1). Of particular note, 10% of the
*YES NO ¢ MRCot sequences correspond to chloro-
The clone showed at least one significant hit The clone showed a PlaSt DNA, presumably a contaminant
to IDNA | significant hit 1o one or in the nuclear DNA isolation process
more GenBank ESTs (Fig. 3). However, chloroplast sequences
¥ NO and/or SUCEST ESTs were detected in less than one percent
The primary GenBank Nr hit wasto a YES ¥ of the SLCot clones and none of the HR-
characterized gene, repeat sequence, or The ol duced Cot clones. While chloroplast DNA was
NO organellar sequence s ieﬁi:;eh%r tol;;eE;T not a desired end product of Cot library
¥ NO rgenoognized by at least construction, the observation that chlo-
The primary Nr hit was to one other Cot clone roplast sequences are almost exclusively
a Sorghum bicolor vES ¢ limited to MRCot clones neatly 1l_lus-
genomic clone / trates the “two Cot decade” principle
YES YES ¥ NO The clone used in the isolation of individual Cot
- - produced a components; that is, 80% of the copies
YES The hit was to a region NO| | significant hit NO of a given DNA sequence are contained
arg:‘o:a;:c?zj g;re]:;a:es;?;e;ce re::z;:izEesdTby wi.thin a span of two Cot decades (Fig. 1;
/ at least two Britten and Davidson 1985). Based on
" YES l NO additional Cot the Cot curve, the MR component con-
- - clones stitutes 41% of the genome, but if a
Clor;}es were plzti‘c;dlmto'the fo:ll.owm;gl classes based tenth of this component is actually
e o | | v o chlooplast DNA, the percntage of the
genome found in the MR component
¥ v & l & ‘ L L L Y 7 may be closer to 37%.
Z & =z o o) g Z Q 9 g Q z g = Of the 1161 Cot clone sequences
g2 Z g § g 3 3 g 5 838 % g £ used in sequence analysis, only one
% g g 3 g & 2 2 % S g & clone showed a significant primary hit
g s 2 2 g E i L:;_ 3 = ran @ to a mitochondrial DNA sequence. This
o o _g > g 2 5§ bt @ clone (SLCot4G05) appears to contain a
- :z> 8 > g % 23 portion of the Sorghum bicolor Fy-F,
g =S ATPase alpha subunit gene (GenBank
AJ278690).
Dispersed repeat sequences
Retrosor-6

Figure 2 Classification of Cot clones based on sequence analysis. For comparative purposes,
each of the sequenced Cot clones meeting the minimum sequence quality requirements (see
Methods section) was assigned to a single descriptive “BLAST category” based upon its significant

database hits according to the classification scheme shown.

the percentage of unique EST clones in the HRCot library was
much lower than corresponding values for the MRCot and
SLCot libraries (Table 1, Fig. 3).

Among the three Cot libraries, the SLCot library showed
the highest percentage of hits to characterized gene sequences
and unique ESTs. No centromeric sequences were detected,
and only 6.2% of the SLCot clones fell into any of the repeat
sequence categories.

The MRCot library showed intermediate levels of repeat
sequences and unique sequences. With regard to low-copy
sequences, the percentage of MRCot sequences in the unique
EST category was roughly the mean of the corresponding val-
ues for the HRCot and SLCot libraries (Fig. 3). Of the charac-
terized gene sequences detected in the Cot libraries, 25% were
found in the MRCot library (the remaining 75% were in the
SLCot library). Although the HRCot library had the greatest
fraction of clones with homology to known repeats (Table 1),
some repeat sequences (presumably of moderate iteration)
were more abundant in the MRCot library. For example,
clones with homology to the retroelement Leviathan were
three times more common in the MRCot library than the
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One of the largest continuous sorghum
DNA sequences in the GenBank Nr da-
tabase is a 126 kb BAC clone containing
the 22 kD Kkafirin cluster (GenBank
AF061282; V. Llaca, A. Lou, and J. Mess-
ing, unpubl.). A total of 15.2% of the HRCot clones, 2.4% of
the MRCot clones, and 1.0% of the SLCot clones showed pri-
mary hits to this BAC. Interestingly, 34 of 39 (87.1%) of the
HRCot and 7 of 7 (100%) of the MRCot primary hits to the
kafirin cluster BAC are localized within a 7377 bp sequence
found only once in the BAC (bases 127,895-135,271). None of
the SLCot hits to the kafirin cluster BAC recognize the 7377
bp sequence. Although the 7377 bp sequence represents only
4.5% of the bases in the kafirin cluster BAC, it accounts for
13.4% of all primary HRCot hits, making it the most fre-
quently recognized S. bicolor sequence.

In their annotation of the kafirin cluster BAC, (GenBank
AF061282) V. Llaca, A. Lou, and J. Messing have deemed the
7377 bp sequence a “retroelement”. Although they have
named five other sorghum retroelements (Refrosor-1, Retrosor-
2, Retrosor-3, Retrosor-4, and Retrosor-5), they did not name the
7377 bp retroelement sequence. Our study of the sequence
likewise suggests that it is a retroelement (see Fig. 4A), and
with the support of J. Messing (pers. comm.), we have named
the sequence Refrosor-6. Retrosor-6 possesses no large open
reading frames (ORFs) although nucleotide-protein BLAST
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Table 1.

BLAST-Based Categorization of HRCot, MRCot, and SLCot Clones

BLAST categories? Subcategories®

No significant hit
Chloroplast DNA
Mitochondrial DNA
rDNA 185-5.85-26S rDNA

5S rDNA

Sorghum, pHind12

Sorghum, pHind22

Sorghum, pSau3A9

Sorghum, pSau3A10

Sorghum, CEN38

CACTA-type element/TNP-2 gene
Sorghum Leviathan

Sorghum, Candystripe-1

Sorghum. Retrosor-2

Sorghum. Retrosor-6

Barley, cereba polyprotein pseudogene
Rice, gypsy-like integrase gene

Maize, rev. tra./integr. pseudogene
Sorghum, putative LTR

Putative MITE in sugarcane ubi9 gene
Putative MITE in sorghum kafirin BAC
PRBM-1-related repeat

Sorghurn HCSR-1 repeat

Sorghum HCSR-7 repeat
Johnsongrass XSR3 repeat®
Johnsongrass XSR6 repeat®

Sorghum, putative dispersed repeat
Rice, bZIP DNA-binding factor

Rice, monosaccharide transporter 1
Barley, cp33Hv protein

Ice plant protein kinase

Maize, peroxidase gene

Sorghum, NADPH-dependent reductase
Rice, OsNAC4 gene

Canola, FCA gene

Centromeric repent

Retroelement®

MITE®

Other dispersed repeat®

Characterized gene

Uncertain character®
Repetitive EST
Ambiguous EST
Unique EST
Total

HRCot MRCot St.Cot
No % No. % No % Ref./Acc.”

920 356 199 48.7 339 67.9
0 0.0 41 10.0 5 1.0
0 0.0 0 0.0 1 0.2

22 8.7 35 8.6 9 1.8  Many refs.
2 0.8 0 0.0 0 0.0 Many refs.
2 0.8 4 1.0 0 0.0 Miller et al. 1998a
0 0.0 1 0.2 0 0.0  Miller et al. 1998a
4 1.6 1 0.2 0 0.0 Jiang et al. 1996
3 1.2 0 0.0 0 0.0  Miller et al. 1998b
1 0.4 0 0.0 0 0.0  Zwick et al. 2000
0 0.0 2 0.5 1 0.2 He etal. 2000
1 0.4 5 1.2 0 0.0 U07815, U07816
2 0.8 0 0.0 0 0.0 Chopra et al. 1999
1 0.4 1 0.2 3 0.6 AF061282

34 13.4 7 1.7 0 0.0 AF061282
0 0.0 1 0.2 0 0.0  Presting et al. 1998
0 0.0 3 0.7 0 0.0 AF244793
0 0.0 1 0.2 0 0.0 AF030633
1 0.4 0 0.0 0 0.0 AF061282
0 0.0 3 0.7 0 0.0 AF093505
0 0.0 0 0.0 1 0.2 AF061282
1 0.4 0 0.0 0 0.0 Turcich et al. 1996
0 0.0 0 0.0 1 0.2 AF061282
2 0.8 0 0.0 0 0.0 AF061282
0 0.0 1 0.2 0 0.0 X54624
1 0.4 0 0.0 0 0.0 X54625
1 0.4 2 0.5 0 0.0 AF114171
0 0.0 0 0.0 1 0.2 U04295
0 0.0 0 0.0 1 0.2 AB052883
0 0.0 0 0.0 1 0.2 AJ224325
0 0.0 0 0.0 1 0.2 730331
0 0.0 0 0.0 1 0.2 AJ401276
0 0.0 0 0.0 1 0.2 AF010283
0 0.0 1 0.2 0 0.0 AR028183
0 0.0 1 0.2 0 0.0 AJ237848
4 1.6 7 1.7 3 0.6

49 19.4 27 6.6 11 2.2
11 4.3 11 2.7 23 4.6
21 8.3 55 13.4 96 19.2

253 100 409 100 499 100

“Clones have been placed into 13 BLAST “categories” according to Figure 3. Some BLAST categories have been further divided into
“subcategories.” For each Cot library, the number (#) and percentage (%) of clones in a BLAST category/subcategory are given.

PA literary reference (Ref.) or GenBank Accession number (Acc.) is given for the sequence or sequences in a subcategory.

“Cot clones categorized as “Retroelements,” “MITEs,” and “Other dispersed repeats” collectively constitute “dispersed repeat sequences.”
9Johnsongrass (Sorghum halepenese Pers.), an extremely aggressive weed, appears to be an interspecific hybrid descendant (autoallotetra-

ploid) of S. bicolor and S. propinquum (Paterson et al. 1995).
¢Genomic sequence of uncertain character.

(blastx) results indicate that it shares limited homology to an
ORF1 polyprotein (S’ = 43.9 bits) of the gypsy-type retroele-
ment Athila (Pélissier et al. 1995) and a putative Arabidopsis
pol protein (S’ = 42.4 bits). The apparent absence of gag and
env genes and the limited homology to known pol sequences
suggest that the copy of the retroelement found in the kafirin
cluster is no longer capable of autonomous replication.

To examine the abundance and dispersal pattern of Ret-
rosor-6 in the genome of S. bicolor and to check for its presence
in the wild species S. propinquum, a Cot clone containing 190
bp of the Retrosor-6 sequence was radiolabeled and used to
probe a Southern blot containing restriction-digested S. bi-
color and S. propinquum DNA. As shown in Figure 4B, the Ret-
rosor-6 hybridization pattern for both sorghum species is es-

sentially the same, consisting of a few dark bands within a
smear of hybridization signal.

While most of the Retrosor-6 retroelement shows numer-
ous Cot clone hits (Fig. 4A), the region between bases 2000
and 4000 has only two hits. To explore whether this region
has diverged more rapidly than other parts of Retrosor-6, high-
density BAC grids from both sorghum species were probed
with a Cot clone containing part of the Retrosor-6 LTR se-
quence (e.g., Fig. 4C), and duplicate copies of the grids were
probed with a sequence from the 2-4 kb region of the retro-
element (Fig. 4D). When the autoradiograms for the LTR re-
gion and the 2-4 kb region were digitally aligned and com-
pared, only minimal differences could be detected in the hybrid-
ization patterns for a particular species (e.g., Fig. 4C and D).
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Figure 3 Sequence composition of different Cot libraries. Black bars
represent HRCot clones, white bars represent MRCot clones, and di-
agonally striped bars represent SLCot clones. The BLAST group “Dis-
persed repeat sequences” is composed of the Retroelement, MITE, and
Other dispersed repeat BLAST categories (see Fig. 2 and Table 1).

To estimate the copy number of Retrosor-6 in the ge-
nomes of S. bicolor and S. propinquum, the BAC grids probed
with the Retrosor-6 LTR sequence were analyzed using a den-
sitometer (see Fig. 4E). The grid densitometry results suggest
that there are approximately 6275 copies of Retrosor-6 in the S.
bicolor genome and 6748 copies in the S. propinquum genome
(see Table B in the online supplement to this article, www.
genome.org). Assuming an average size for the retroelement
of 7377 bp, Retrosor-6 accounts for approximately 6.0% and
6.3% of genomic DNA in S. bicolor and S. propinquum, respec-
tively.

Of note, two of the randomly selected HRCot clones hy-
bridized to Southern blots (see Library Construction, Blot Analy-
sis, and Sequencing above) were later shown to contain por-
tions of Retrosor-6. One clone (HRCot2G11) containing part of
the Retrosor-6 LTR produced the highest level of hybridization
of any of the randomly selected Cot clones with a specific
activity of 10,000 cpm. The second clone (HRCot3B01), car-
rying part of the internal sequence of Retrosor-6, resulted in a
hybridization intensity of 5000 cpm, that is, half that of the
clone containing the LTR sequence.

Molecular Genetic Markers, BAC End Sequences,

and Cot Clones

Cot clones were BLASTed against approximately 1500 mo-
lecular markers (see the section Molecular Markers in the on-
line supplement to this article, www.genome.org) from a
high-density sorghum molecular map based on RFLP segrega-
tion in the progeny of a cross between S. bicolor and S. propin-
quum (Chittenden et al. 1994; Draye et al. 2001). Fourteen Cot
clones contained inserts with significant homology (S’
=76.28) to a total of nine markers on the molecular map (see
Table C in the online supplement).

The Cot clone sequences also were compared to 116 sor-
ghum BAC end sequences (H. Ma, J. Bowers, and A. Paterson,
unpubl.). None of the BAC ends showed significant homol-
ogy to SLCot clones. However, 12 BAC ends possessed signifi-
cant homology to HRCot clones, six recognized MRCot
clones, and two recognized both HRCot and MRCot clones. In
total, 20 of the 116 BAC ends (17%) exhibited significant
homology to at least one of the 1161 sorghum Cot clone
sequences. Assuming that the Cot libraries are representative
of the sequence complexities of the components from which
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they were prepared, a 15% probability that any randomly se-
lected sorghum genomic sequence will share significant se-
quence identity with one or more of the 1161 quality Cot
clones (see the section Probability of Significant BAC End/Cot
Clone Homology in the online supplement) would be pre-
dicted. The observed percentage of BAC ends with homology
to the Cot clones (17%) and predicted percentage (15%) are
not significantly different (see Test of Significance of a Binomial
Proportion in the online supplement), suggesting that the Cot
libraries are reflective of their respective Cot components.

DISCUSSION

Although renaturation kinetics has long been used to charac-
terize genomes (Britten and Kohne 1968), to our knowledge
the present study is the first report in which Cot components
isolated from genomic DNA have been cloned and sequenced.
Our results indicate that (1) the Cot libraries differ with regard
to sequence iteration and composition in a predictable man-
ner, (2) most of the highly repetitive DNA in the sorghum
genome is found within the sequenced HRCot quality clones,
(3) a previously unnamed sorghum retroelement is a major
component (and perhaps the most abundant sequence) in
both the S. bicolor and S. propinquum genomes, (4) Cot clones
can be used to augment the information content of both mo-
lecular and physical maps, and (5) sequencing of clones from
Cot libraries may represent a means by which the diversity of
sequences found in a genome can be efficiently “captured”.

Effectiveness of Cot-Based Cloning

The three Cot libraries differ in relative sequence iteration and
composition in a manner reflecting the nature of the compo-
nents from which they were derived; that is, construction of
repetition-based DNA libraries using Cot techniques is effec-
tive. When Southern blots of sorghum genomic DNA were
probed with randomly selected, radiolabeled Cot clone in-
serts, those blots hybridized with HRCot sequences exhibited
a mean labeling intensity (cpm) >10 times that of MRCot-
probed blots and >30 times that of SLCot-probed blots. De-
tailed sequence analysis of 250-500 Cot clone inserts from
each of the three Cot libraries revealed that the HRCot library
is rich in sequences traditionally found in high-copy numbers
(e.g., retrotransposons, TDNA, centromeric repeats), the SLCot
library is enriched in sequences with homology to character-
ized genes and unique ESTs, and the MRCot library possesses
its own subset of repeat sequences as well as exhibiting some
overlap with the HRCot and SLCot libraries (Table 1, Fig. 3).
Additionally, the observed percentage (17%) of random sor-
ghum BAC end sequences recognizing one or more of the
1161 sorghum Cot clone sequences was found to be statisti-
cally indistinguishable from the percentage expected if the
Cot libraries are representative of their respective Cot compo-
nents (15%). Because the methods employed do not rely upon
differential expression and/or methylation of sequences, Cot-
based cloning provides a means by which any genomic se-
quence (including genes expressed at low levels or during
short developmental timeframes) can be isolated and cloned
based upon its relative iteration.

Retrosor-6

The previously discovered sequence exhibiting primary ho-
mology to the greatest number of Cot clones is a 7377 bp
retroelement found in the sorghum Kafirin cluster sequence
(GenBank AF061282; V. Llaca, A. Lou, and J. Messing, un-
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Figure 4 Retrosor-6. (A) The structure of Retrosor-6 and the distribution of the 41 sorghum Cot clones with primary homology to Retrosor-6.
Retroelement features of Retrosor-6 include (o) duplicated target site sequences flanking both ends of the sequence, (B) long terminal repeats
(LTRs) (bases 1-1279 and 6098-7377) with the canonical LTR start/end nucleotides 5'-TG. . .CA-3’, (x) a primer binding site complementary to
the plant tRNA for asparagine (bases 1286-1301), (3) an internal sequence region with homology to ORF1 of the Arabidopsis gypsy-type
retroelement Athila, and (€) a polypurine tract (bases 6083-6095) (see Murphy et al. 1995 for review of retroelement structure). A scale showing
distance in base pairs has been positioned underneath the diagram of the retroelement. For each Cot clone recognizing Retrosor-6, a thin black
line has been placed above the retroelement marking the relative position(s) and length of the sequence shared by that clone and Retrosor-6.
Because the LTRs have almost identical sequences (99.5% sequence identity), all of the clones with homology to one LTR have a similar/identical
degree of homology to the other LTR. For these clones, lines have been positioned above both LTRs. (B) Hybridization of a Retrosor-6 probe
(diamond-headed arrow in A) to a Southern blot. The labels at the head of each lane indicate the source of DNA in that lane and the restriction
enzyme with which the DNA was digested. Specifically, b = S. bicolor, p = S. propinquum, E1 = EcoRI, H3 = Hindlll, E5 = EcoRV, and X1 = Xbal. The
two species show essentially identical hybridization patterns and intensities. (C) S. bicolor grid probed with a sequence from the Retrosor-6 LTR
(chevron-headed arrow in A). (D) A grid identical to that in ‘C’ probed with a Retrosor-6 partial internal sequence (triangular-head arrow in A). The
hybridization patterns observed for grids probed with the internal Retrosor-6 sequence are virtually identical to those produced by the LTR sequence
probe for both S. bicolor (C and D) and S. propinquum (data not shown). (E) A section of the S. propinquum BAC grid probed with part of the LTR
sequence of Retrosor-6. The number of copies of Retrosor-6 in the S. propinquum and S. bicolor genomes were estimated as described in Table B
(available in the online supplement to this article, www.genome.org) and the Methods section. The region on the grid used as “background” is
enclosed within a circle. Examples of clones showing relatively intense hybridization signals are marked by arrows (triangular-heads) whereas clones
with relatively weak but interpretable hybridization signals are marked by arrowheads (chevrons).

publ.). This retroelement (now called Retrosor-6) is highly re-
iterated in both S. bicolor and S. propinquum (Fig. 4B). These
two species possess the same chromosome number and can be
crossed (e.g., Chittenden et al. 1994), but the resulting prog-
eny exhibit the aberrant segregation and partial sterility that
typifies interspecific hybrids. Two lines of evidence suggest
that most copies of Retrosor-6 in both sorghum species are
similar to the copy of the retroelement found in the kafirin
gene cluster. First, S. bicolor and S. propinquum BAC grids
probed with part of the Retrosor-6 LTR showed hybridization
patterns nearly identical to those observed for duplicate blots
probed with part of the internal region of the retroelement
(Fig. 4C,D). Second, a Southern blot probed with a portion of
the Retrosor-6 LTR exhibited hybridization signal about twice

that of a duplicate blot probed with an internal sequence of
similar length—an observation suggesting that there are
roughly two copies of the LTR for each copy of the internal
sequence. Based on the assumption that most copies of Ret-
rosor-6 are similar to the kafirin cluster copy of the retroele-
ment, densitometric analysis of BAC grids indicates that Ret-
rosor-6 accounts for approximately 6% of the DNA in both
sorghum species (see Table B in the online supplement for this
article, www.genome.org). Because S. bicolor and S. propin-
quum have similar genome sizes and possess roughly the same
number of copies of Retrosor-6, the retroelement may have
been introduced into a common ancestor of the two species
rather than into the species separately. However, on the as-
sumption that Retrosor-6 provides no selective advantage to
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the genome and hence can undergo mutation without influ-
encing fitness, the preponderance of apparently intact copies
of Retrosor-6 and the relatively high level of shared sequence
identity between the LTRs of the kafirin cluster copy of Ret-
rosor-6 (615/618 bp matches, S’ = 1171 bits) suggest that the
retroelement may be fairly new to the Sorghum genus.

Cot Clones and the Sorghum Molecular Map

Cot clone sequences were compared with the sequences of
markers on the sorghum molecular map (Bowers et al. 2000).
Three of the nine molecular markers recognized by Cot clones
appear to be rDNA sequences. The three “rDNA molecular
markers” are found at essentially the same locus on S. bicolor
linkage group C (see Table C in the online supplement to this
article, www.genome.org). The 18S-5.85-26S rDNA locus has
been localized by fluorescence in situ hybridization to the
longest S. bicolor mitotic metaphase chromosome (Sang and
Liang 2000). Likewise, we recently demonstrated that the
longest S. bicolor pachytene chromosome is the nucleolus or-
ganizer chromosome (Draye et al. 2001). Consequently, it ap-
pears that S. bicolor mitotic metaphase chromosome 1, mei-
otic chromosome 1, and linkage group C are the same entity,
the first instance in which a sorghum linkage group has been
assigned to a cytologically distinguishable chromosome.

Potential Bias in the Sorghum Cot Libraries

E. coli possesses three endonuclease systems that preferen-
tially restrict methylated DNA; McrA, McrBC, and Mrr. These
restriction systems do not cleave DNA that has been methyl-
ated by the bacterium’s endogenous methylase systems (Re-
daschi and Bickle 1996). In preparing the sorghum Cot librar-
ies, we used the Promega pGEM-T Easy cloning kit and the
accompanying host strain JM109. While JM109 lacks func-
tional McrA and Mrr restriction systems (it is mcrA~, mrr™), it
does possess a functional McrBC protein (mcrBC*). The McrBC
protein cleaves DNA sequences with the following configura-
tion: 5'-Pu™CNy,,_goPu™C-3" (Pieper et al. 1997). Conse-
quently, it is possible that certain methylated (presumably
highly repetitive) sequences from sorghum are underrepre-
sented in one or more of the Cot libraries due to preferential
restriction by the McrBC system. However, it is likely that the
relatively small size of the Cot clone inserts (~100-400 bp)
and the relatively large size of McrBC recognition sites (=44
bp) substantially decreased possible effects of McrBC during
cloning. The limited effect of the McrBC genotype on sor-
ghum Cot library construction is suggested by the observation
that the highest proportion of HRCot clones showing signifi-
cant hits to the GenBank Nr database contain sequences that
are frequently methylated in plants, that is, retrotransposons
(Rabinowicz et al. 1999) and centromeric sequences (Moore et
al. 1993) (Table 1, Fig. 3). Regardless, to construct a Cot library
that is truly representative of a particular Cot component, one
should use a host strain with a genotype that is insensitive to
DNA methylation patterns.

Continued Use of Sorghum Cot Libraries

Now that the feasibility of Cot-based cloning has been dem-
onstrated, we have begun to use the sorghum Cot libraries as
a means to augment the information content of the rapidly-
growing S. bicolor and S. propinquum physical maps (Bowers et
al. 2001; Draye et al. 2001). For example, Cot clones with
homology to Retrosor-6 are being used to determine the ge-
netic and physical distribution of this element by evaluating
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colocalization of Refrosor-6 and genetically mapped RFLPs on
S. bicolor and S. propinquum BACs. This basic principle will
likely be used to physically map other repeat sequences. Cot
clone insert sequences with homology to characterized plant
genes (see Table 1) will be used to find sorghum homologs/
orthologs in BAC clones and position these sequences on the
physical maps.

Comparison of BAC ends with sorghum Cot clone se-
quences provides a means to identify BAC ends that contain
repetitive DNA sequences. As described in the Results, 17% of
sorghum BAC ends (n =116) show homology to HRCot/
MRCot sequences. These BAC ends likely contain repetitive
elements and thus may be of limited use in contig assembly.

Experimental Modifications and Applications

While the goals of the present study were to investigate the
feasibility/usefulness of cloning isolated Cot components and
further characterize the sorghum genome, Cot clones could
be employed in other ways. Additionally, many of the experi-
mental parameters utilized in this project could be altered to
meet different research needs. For example:

(1) In our research, only double-stranded DNA resulting from
reassociation was used in preparing Cot libraries. How-
ever, HAP-fractionated single-stranded DNA can be used
in Cot-based cloning as well. In this regard, we have taken
single-stranded Cot DNA, generated complementary
strands via the random primer method (Mackey et al.
1995), and used TA-cloning techniques (Kawata et al.
1998) to produce ssDNA-derived Cot clones (D. Peterson,
A. Nagel, S. Wessler, and A. Paterson, unpubl.). The use of
ssDNA fractions in cloning would be advantageous in in-
stances where the quantity of genomic DNA is limited.
Additionally, fewer base pair mismatches would be ex-
pected if primer extension techniques rather than strand
renaturation were used to generate duplexes for cloning
and sequencing.
Foldback sequences could be cloned to produce a “fold-
back Cot” (FBCot) library. Although most foldback DNA is
probably repetitive in nature (Davidson et al. 1971), some
foldback sequences may be single/low-copy DNA; likewise
the foldback fraction may contain some sequences not
represented in the HR, MR, and/or SL components. Con-
sequently, FBCot libraries may be a source of useful se-
quence information. We have used random primer/TA-
cloning techniques to produce FBCot clones for S. bicolor,
although these clones have not yet been sequenced (D.
Peterson, A. Nagel, S. Wessler, and A. Paterson, unpubl.).
(3) If the DNA fragments in a component are of a length
optimal for automated sequencing (about 500-1000 bp),
the fragments can be cloned using standard techniques. If
the DNA fragments in an isolated component are rela-
tively short (e.g., 200 bp as in the present research), prior
to cloning the fragments can be joined together using
DNA linkers with highly recognizable sequences under
reaction conditions that result in concatemers with mean
lengths in the optimal size range for sequencing. The gen-
eration and cloning of concatemers as described above is
similar to the SAGE (serial analysis of gene expression)
technique (Velculescu et al. 1995).
(4) By using renaturation kinetics to further purify/characterize
isolated Cot components into subcomponents (i.e., mini-
cot analysis; see Britten et al. 1974; Goldberg 1978; Kiper
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and Herzfeld 1978), the resolution of Cot analysis (and

subsequently Cot-based cloning) could be increased.

In species where methylation is known to be associated

with repetitive DNA (e.g., Rabinowicz et al. 1999), cloning

of isolated SL sequences into mcrBC*/mcrA*/mrr* bacterial
strains may further decrease contamination of the result-
ing library with repeat sequences.

(6) EST/cDNA and genomic libraries could be screened with
isolated Cot fractions to identify populations of clones
containing probable unique and/or repetitive sequences.

(7) The possibility of affordably automating (and thus stan-
dardizing) many of the Cot analysis/HAP fractionation
procedures is well within modern capabilities.

S

=

Capture of Sequence Complexity Using Cot-Based
Cloning and Sequencing (CBCS)

While analysis of complete genome sequences is the ultimate
means by which the genomes of different species can be com-
pared, genome sequencing may not be an affordable, realistic,
and/or desirable option for species with large, highly repeti-
tive genomes. An alternative to genome sequencing is the
“capture” (isolation, cloning, and sequencing) of an organ-
ism'’s sequence complexity (Britten et al. 1974); that is, the com-
bined length in nucleotide pairs of the different DNA se-
quences that comprise a genome (Britten et al. 1974). Because
most prokaryotic genomes are relatively devoid of repetition,
the sequence complexity of a bacterial genome is roughly the
same as its genome size (Britten and Kohne 1968). In contrast,
the sequence complexity of a eukaryotic genome is the com-
bined length of all of its single-copy DNA sequences plus one
copy of each repeat sequence (e.g., a genome composed of
100,000 copies of sequence A, 9000 copies of sequence B,
3400 copies of sequence C, two copies of sequence D, and one
copy each of sequences E-Z would have a sequence complex-
ityof A+ B+ C+D+E+F...+Zbp). Cot analysis provides an
accurate means of estimating the sequence complexity of ki-
netic components (Britten et al. 1974). To distinguish be-
tween the exact sequence complexity of a component/
genome (presumably only determinable by complete compo-
nent/genome sequencing) and an estimate of its sequence
complexity based on a Cot analysis, the term “kinetic com-
plexity” is used to identify the latter (Britten et al. 1974).
However, this convention does not mean that kinetic com-
plexity values do not accurately reflect sequence complex-
ity—as an analogy, the exact genome size of an organism
cannot really be determined except by complete genome se-
quencing, although genome size can be accurately estimated
using Feulgen densitometry, flow cytometry, Cot analysis,
and other methodologies. Because each repeat sequence is
counted only once in determination of a genome’s sequence
complexity, the contribution of repeat sequences to sequence
complexity is generally quite small. In contrast, single/low-
copy sequences account for the vast majority of a genome’s
sequence complexity (e.g., 98% of the combined kinetic com-
plexity of the sorghum HR, MR, and SL Cot components is
found in the SL component; Fig. 1).

The use of bacterial strains sensitive to DNA methylation
has been proposed as a means to capture the low-copy se-
quences that comprise most of a genome’s sequence complex-
ity (i.e., “methyl filtration”, Rabinowicz et al. 1999). However,
methyl filtration and similar approaches such as Pstl cloning
are based on the assumption that hypermethylated sequences
represent DNA that is nongenic whereas hypomethylated se-

quences represent low-copy DNA. In most (if not all) in-
stances, using cloning/sequencing techniques centered on
differential sequence methylation will result in the loss of
many important and interesting genes: (1) it is common
knowledge that methylation is one of the primary means by
which genes are regulated, and that the methylation status of
genes (or portions of genes) differs markedly between tissues
and/or developmental stages (Siegfried and Cedar 1997; Hes-
lop-Harrison 2000), (2) some genes are normally active when
hypermethylated (Lois et al. 1990; Wolfl et al. 1991; Heslop-
Harrison 2000) and may not function if they are demethyl-
ated (Li et al. 1993), (3) in some genes methylation at one site
enhances transcription whereas methylation at another site
reduces transcription (Li et al. 1993; Riesewijk et al. 1996), and
(4) some species normally possess hypermethylated genes and
hypomethylated repeat sequences (Simmen et al. 1999).

We propose “Cot-based cloning and sequencing” (CBCS)
as a means to capture the sequence complexity of a genome in
a manner independent of methylation. In CBCS, isolated ki-
netic components are cloned to produce Cot libraries, and
clones from each library are sequenced using high-
throughput methods. To obtain comparable sequence com-
plexity coverage for different Cot components, Cot clones
from each Cot library are sequenced in proportion to the ki-
netic complexity of the component from which they were
derived.

The usefulness of CBCS is best demonstrated when com-
pared with shotgun sequencing (the sequencing of randomly
selected clones from a genomic library), the primary means by
which genomes are currently sequenced. In shotgun sequenc-
ing, the number of different clones (n) that need to be se-
quenced in order to have 99% confidence that all genomic
elements have been sequenced at least once (i.e., that the
sequence complexity of the genome has been captured) can
be calculated using the following formula:

n=In1 - 0.99) = [In(1 — (Z =+ G)] 1)

where Z = mean insert size in bp and G = 1C genome size in
bp (Paterson 1996). For a standard sorghum (1C = 760 Mb)
genomic library containing 600 bp inserts, 99% confidence
can be obtained by sequencing 5.8 X 10° randomly selected
genomic clones. In Cot library construction, genomic DNA is
separated into kinetic/sequence complexity-based compo-
nents prior to cloning and sequencing. Consequently, for a
Cot library the probability of sequencing 99% of the DNA
elements in the component used to construct that library is a
function of the component’s kinetic complexity (y) rather
than genome size:

n=1In(1 - 0.99) + [In(1 — (Z++v)] 2

Assuming one had sorghum HRCot, MRCot, and SLCot
libraries with 600 bp inserts, 99% confidence could be ob-
tained for (1) the HR component by sequencing 142 HRCot
clones, (2) the MR component by sequencing 3.1 X 10* MR-
Cot clones, and (3) the SL component by sequencing 1.3 X
10° SLCot clones. The total number of Cot clones that would
need to be sequenced to have 99% confidence that all HR,
MR, and SL component elements had been sequenced would
be (142 + 3.1x10* + 1.3x10° =) 1.33 X 10° clones. However,
the HR, MR, and SL components comprise only 80% of sor-
ghum DNA; the remaining 20% is divided between foldback
DNA (16%) and damaged (unannealable) sequences (4%).
With regard to the latter sequence category, it represents a
small proportion of the genome and presumably contains no
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sequences that are not found in one or more of the other
fractions. Assuming that damage is a random event that
would affect all portions of the genome in a manner propor-
tional to their relative fractions, less than one-quarter of the
4% unannealable DNA (i.e., <7.6 million base pairs or 1.0% of
the entire genome) would be high sequence complexity
(single/low-copy) DNA. Consequently, the unannealable
DNA can essentially be ignored. The same is not true of the
foldback fraction (see Experimental Modifications and Applica-
tions above). To be fairly secure of retrieving the useful se-
quence information from the foldback fraction, it can be as-
signed a “kinetic complexity” equal to the number of base
pairs it contains. In sorghum, the foldback fraction contains
(0.16 X 760 Mbp =) 1.2 X 10® bp of DNA, and thus using
Equation 2 and a mean insert size of 600 bp, sequencing of 9.2
X 10° “foldback Cot” (FBCot) clones would give 99% confi-
dence that all sequences in the foldback fraction had been
sequenced at least once. Consequently, using CBCS and the
highly conservative assumption that the foldback fraction is
largely single-copy DNA, the sequence complexity of the en-
tire sorghum genome could be captured (~99% confidence)
by sequencing a total of (1.33 X 10°+9.2 x 10° =) 2.3 x 10°
Cot clones. Undoubtedly sequencing of 2.3 million clones
would be a significant undertaking. However, capturing the
sequence complexity of the sorghum genome using the shot-
gun approach would require sequencing of (5.8 X 10° + 2.3
X 10° =) 2.5 times as many clones. The relative advantage of
CBCS over shotgun sequencing is even more pronounced for
species possessing genomes with higher proportions of repeti-
tive DNA—for some plants and animal species, CBCS allows
genome sequence complexity capture using less than one-
tenth the number of clones that would be required using
shotgun sequencing (D. Peterson, S. Wessler, and A. Paterson,
in prep.). In all cases, the minimum number of clones needed
to attain a specific level of sequence complexity coverage can
be calculated in advance of initiating sequencing.

Sorghum has a relatively high percentage of foldback
DNA compared to many species for which Cot analyses have
been performed. Several strategies employed prior to FBCot
sequencing (e.g., screening high-density grids of the FBCot
library with randomly selected FBCot clones) could be used to
identify highly redundant FBCot sequences and subsequently
reduce the number of FBCot clones that would need to be
sequenced to attain a desired level of sequence complexity
coverage.

CBCS may not provide information on small variations
in individual members of repetitive DNA families; such infor-
mation is important in the disambiguation and assembly of
complete genomic sequences. This limitation of CBCS might
be remedied by coupling it with various techniques designed
to detect small variations in related sequences (i.e., DNA rese-
quencing techniques; see Nickerson et al. 1997; Hacia 1999;
Kurg et al. 2000; Xiao and Oefner 2001). Regardless, the abil-
ity to capture the sequence complexity of a higher organism
with far less investment than is required by shotgun sequenc-
ing may greatly accelerate the timetable for genome-wide
study of many of the world’s biota.

METHODS

Plant Material

Sorghum bicolor (L.) Moench (breeding line BTx623) DNA was
used for Cot analysis, Cot library construction, and as a source
of DNA in blotting experiments. For comparative purposes,
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Southern blots and colony blots containing DNA from Sor-
ghum propinquum Kunth, a noncultivated sorghum species
crossed with BTx623 to make a detailed genetic map (Bowers
et al. 2000; A. Paterson and J. Bowers, in prep.) were probed
with BTx623 DNA probes (see below).

Melting Curves and Cot Analysis

DNA isolation, preparation, and melting analyses were per-
formed as described (Peterson et al. 1997, 1998). Cot analysis
was performed according to Peterson et al. (1998) except that
0.5 M SPB was used to elute double-stranded DNA from HAP
columns rather than 0.48 M SPB. A least squares analysis of
the Cot data was performed using the computer program of
Pearson et al. (1977).

Cloning of Cot Components

Highly repetitive (HR), moderately repetitive (MR), and
single/low-copy (SL) DNA components of the Cot curve were
prepared for cloning as outlined in Figure 5. The sections of
the Cot curve used for cloning (i.e., roughly the two Cot de-
cade regions flanking the Cot'z value of each component) are
shown in Figure 1. DNA sample concentrations were deter-
mined using KOH-denaturation and spectrophotometry as
described by Peterson et al. (1998).

Isolated Cot components were digested with mung bean
nuclease (Promega) to remove single-stranded DNA over-
hangs (see manufacturer’s instructions), and the resulting
blunt-ended molecules were cloned into E. coli (J]M109) using
the Promega pGEM®-T Easy cloning kit (cat. no. A1380). The
HRCot, MRCot, and SLCot libraries were plated onto selective
media, and positive clones were transferred via sterile tooth-
picks into freezing medium in 96-well microtiter plates. In
total, four plates of HRCot, five plates of MRCot, and six
plates of SLCot clones were obtained. Cot libraries were rep-
licated using a hand-held 96-pin replicator and stored at
—80°C (see Peterson et al. 2000 for details). Each clone was
named based upon the library, plate, row, and column in
which it was found (e.g., HRCot3A10 = HRCot library, plate 3,
row A, column 10).

Sequencing

Plasmids were isolated from Cot clones using an alkaline lysis
method with modifications made for the 96-well plate format
(Marra et al. 1997). Cycle sequencing reactions were per-
formed using the BigDye Terminator Cycle Sequencing Kit
Version 2 (Applied Biosystems, Foster City, CA) and an M]J
Research (Watertown, PA) PTC-100 thermocycler. Finished
cycle sequencing reactions were filtered through Sephadex
filter plates (Krakowski et al. 1995) directly into Perkin-Elmer
MicroAmp Optical 96-well reaction plates. Sequencing was
performed using an ABI 3700 automated DNA Analyzer. ABI
sequencer trace data was evaluated using the programs PHRED,
CROSSMATCH, and PHRAP (see www.phrap.org for additional
information). Only clones with a Ph/Pr value >16 over 300
continuous base pairs and insert sequences =50 bp in length
were used in sequence analyses.

Sequence Analysis

The sequence of each Cot clone was compared to sequences in
the GenBank Nr and EST databases (http://www.ncbi.nlm.ni-
h.gov), and the SUCEST Sugarcane EST database (http://
sucest.lbi.dcc.unicamp.br/en/) using standard BLAST (blastn)
protocols (Altschul et al. 1997). Based on the nature of the hits
(if any), each Cot clone insert sequence was placed into a
single descriptive “BLAST category” according to the scheme
shown in Figure 2.

The Retrosor-6 sequence (bases 127,895-135,271 of Gen-
Bank AF061282) was compared to data in the GenBank Nr
database using standard blastn (nucleotide query — nucleotide
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Sheared genomic
DNA in 0.12 M SPB
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ssDNA (Cot > 0.9416; contains
middle-copy, low-copy, and
unannealable DNA sequences)

!
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column used to concentrate DNA sample
and exchange buffer for 0.5 M SPB

y

ssDNA concentration
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DNA denatured and
allowed to renature to
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dsDNA
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DNA denatured and
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sample with aCot = 0
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dsDNA (fold-back
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sequences) are
discarded L
ssDNA (containing
highly-repetitive sequences
minus fold-back DNA) dsDNA composed of middie-
repetitive DNA sequences {Cot
i >0.94161 and < 67.8)

ssDNA concentration determined by spectrophotometry

DNA denatured and allowed to reanncal to a
Cot equivalent to 10,000. Resulting duplexes
should be single/low-copy sequences.

\ Millipore Amicon Centriplus YM-30 column /

DNA denatured and allowed to reanneal at 64°C (criterion + 5°C)
for 19 hr. Resulting duplexes are highly-repetitive sequences.

used to concentrate DNA sample and exchange
buffer for deionized water

{

DNA digested with mung bean nuclease to remove single-stranded overhangs (i.e., produce DNA duplexes)

’

DNA cloned into E. coli using Promega pGEM-T Easy Cloning Kit

Figure 5 Overview of the steps involved in cloning HR, MR, and SL Cot components. DNA was
denatured by heating samples in boiling water for 5-10 min. For samples in a particular sodium
phosphate buffer (SPB), renaturation was allowed to occur at the criterion (Tm — 25°C) unless noted
otherwise (see Britten et al. 1974 for details). Single-stranded DNA (ssDNA) and double-stranded
(dsDNA) were separated using hydroxyapatite (HAP) chromatography. To attain the equivalent of a
specific Cot value when starting with an isolated Cot fraction, the desired Cot value should be
multiplied by the fraction of the genome remaining single-stranded at the Cot value of the starting
material (see Hood et al. 1975). This principle was employed once in the isolation of the MR com-
ponent (*) and once in the SL component isolation (T): * From the Cot curve, 0.67 of the genome
is single-stranded at a Cot of 0.94161. To achieve renaturation equivalent to Cot 67.8 with whole
genomic DNA, the Cot >0.94161 DNA was renatured to a Cot of (67.8 X 0.67 =) 45.4.F From the
Cot curve, 0.28 of the genome is single-stranded at a Cot of 94.161. To achieve renaturation
equivalent to Cot 10,000 with whole genomic DNA, the Cot >94.161 DNA was renatured to a Cot

of (10,000 X 0.28 =) 2800.

database) and blastx (nucleotide query — protein database)
programs (Altschul et al. 1997).

Southern Blots

Southern blots containing S. bicolor and S. propinquum DNA
were prepared and probed as described by Chittenden et al.
(1994). For simple determination of hybridization intensity,
15 clones from each Cot library were randomly selected as
sources of probes. Clone inserts were preferentially amplified
by PCR and labeled with *?P-dCTP using nick translation.
Each blot was hybridized with 1.8 ng/mL (= 20 pCi/mL) of
radiolabeled probe DNA in hybridization buffer for 16 h at
65°C. Excess solution was drained from blots, and blots were
given three successive 20 min washes (65°C) in 0.25 X SSPE

dsDNA (Cot <94.161) is
discarded

YM-30 column used to concentrated
DNA sample and exchange buffer

SL (aqueous 0.75 M NaCl, 50 mM
- NaH,P0,-H,0, 6.3 mM EDTA, pH 7.4)
containing 0.25% SDS (1.0 L per
wash with agitation). Membranes
were blotted dry with paper towels
and wrapped in plastic wrap. A Gei-
ger-Muller counter was used to mea-
sure the relative amount of hybrid-
ization (cpm) of each probe to its cor-
responding blot.

After sequence analysis, one of
the S. bicolor/S. propinquum Southern
blots was probed with radiolabeled
insert from a Cot clone with substan-
tial sequence identity to Retrosor-6
ssDNA (Cot > 94.16) (HRCot3E04). Hybridization condi-

¢ tions were identical to those de-

scribed above. An autoradiogram of

the blot was obtained using standard
protocols.

Sheared genomic
DNA in 0.5 M SPB

DNA denatured and
allowed to renature to
Cot 94.161

HAP chromatography

Millipore Amicon Centriplus

for 0.5 M SPB

Colony Blotting

High-density grids containing
18,432 double-spotted clones were
SSDNA concentration prepared from the S. bicolor BAC li-
determined brary BTx623 (D. Begum, unpubl.)
and the S. propinquum library SP/YRL
l (Lin et al. 1999) as described by Choi
and Wing (1999). For each BAC li-
brary, two identical BAC grids (i.e.,
two grids containing the same clones
in the same order) were selected for
analysis. One S. bicolor grid (SB1) and
one S. propinquum grid (SP1) were
each probed with part of the long ter-
minal repeat (LTR) sequence (clone
MRCot2B04) of Retrosor-6, whereas
the duplicate filters (SB2 and SP2)
were probed with a sequence found
in the central region of Retrosor-6
(clone HRCot3C12) (Choi and Wing
1999). Autoradiogram images were
digitally captured using an Alpha In-
notech (San Leandro, CA) Alphalm-
ager 2200 image capture/analysis sys-
tem. The two SB images were aligned,
superimposed, and compared using
Adobe Photoshop 6.0. SP images were

likewise compared and analyzed.

To estimate the Retrosor-6 copy
number in the genomes of S. bicolor
and S. propinquum, the Alphalmager
Spot Densitometry application (Al-
phalmager 2200 v. 5.1) was used to
analyze one section (i.e., one-sixth)
of BAC grid SB1 and one section of
grid SP1 (see Fig. 4E). For a section, a
region within the section containing no visible probe hybrid-
ization was selected and set as “background.” The “Integrated
Density Value” [IDV = %, (each pixel value — background)] for
the entire section was then determined. Because BAC clones
are double-spotted on grids, the IDV of the section was di-
vided by two to yield the “Section IDV.” Using a circular sam-
pling tool with a fixed diameter slightly smaller than a clone,
IDV readings were taken for 50 different clones ranging from
the lowest detectable hybridization signal to the highest hy-
bridization intensity (Fig. 4E). Clones were selected from all
areas of a grid section. The mean density value of the five
clones with the lowest IDVs (LowIDV) and the mean value of
the five clones with the highest IDVs (HighIDV) were deter-
mined. For both §. bicolor and S. propinquum, comparison of
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the LowIDV and HighIDV indicate an approximately fourfold
difference in clone hybridization intensity. It was assumed
that the LowIDV represents clones with one copy of Retrosor-
6, and therefore inferred that the HighIDV represents clones
with four copies of Retrosor-6. To determine the mean number
of clones per section, the SectionIDV was divided by the Lo-
wIDV. The resulting value was used to estimate the Refrosor-6
copy number per genome and the percentage of the genome
composed of Retrosor-6 DNA (see Table B in the online supple-
ment to this article, www.genome.org).

Comparison of Cot Clones With Sorghum Molecular
Markers and BAC End Sequences

Cot clone sequences were compared to roughly 1500 molecu-
lar markers (see the section Molecular Markers in the online
supplement for GenBank accession numbers) on the sorghum
molecular genetic map using standard BLAST (blastn) proce-
dures (Altschul et al. 1997). The chromosomal positions of
Cot clones containing sequences with high sequence similar-
ity to molecular genetic markers (8’ =76.28) are shown in
Table C of the online supplement. BAC end sequences
(n = 116) obtained from H.-M. Ma were BLASTed against the
GenBank dbGSS database (which contains the sorghum Cot
clone sequences). Significant hits to Cot clones (8’ =76.28)
were noted.
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