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A High-throughput AFLP-based Method
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Maps: Progress Toward a Sorghum Genome Map
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University of Michigan, Ann Arbor, Michigan 48109 USA

Sorghum is an important target for plant genomic mapping because of its adaptation to harsh environments,
diverse germplasm collection, and value for comparing the genomes of grass species such as corn and rice. The
construction of an integrated genetic and physical map of the sorghum genome (750 Mbp) is a primary goal of
our sorghum genome project. To help accomplish this task, we have developed a new high-throughput
PCR-based method for building BAC contigs and locating BAC clones on the sorghum genetic map. This task
involved pooling 24,576 sorghum BAC clones (∼4× genome equivalents) in six different matrices to create 184
pools of BAC DNA. DNA fragments from each pool were amplified using amplified fragment length
polymorphism (AFLP) technology, resolved on a LI-COR dual-dye DNA sequencing system, and analyzed using
Bionumerics software. On average, each set of AFLP primers amplified 28 single-copy DNA markers that were
useful for identifying overlapping BAC clones. Data from 32 different AFLP primer combinations identified
∼2400 BACs and ordered ∼700 BAC contigs. Analysis of a sorghum RIL mapping population using the same
primer pairs located ∼200 of the BAC contigs on the sorghum genetic map. Restriction endonuclease
fingerprinting of the entire collection of sorghum BAC clones was applied to test and extend the contigs
constructed using this PCR-based methodology. Analysis of the fingerprint data allowed for the identification of
3366 contigs each containing an average of 5 BACs. BACs in ∼65% of the contigs aligned by AFLP analysis had
sufficient overlap to be confirmed by DNA fingerprint analysis. In addition, 30% of the overlapping BACs
aligned by AFLP analysis provided information for merging contigs and singletons that could not be joined
using fingerprint data alone. Thus, the combination of fingerprinting and AFLP-based contig assembly and
mapping provides a reliable, high-throughput method for building an integrated genetic and physical map of
the sorghum genome.

[The sequence data described in this paper have been submitted to the GenBank data library under accession
no. AF218263.]

Integrated genetic and physical genome maps are ex-
tremely valuable for map-based gene isolation, com-
parative genome analysis, and as sources of sequence-
ready clones for genome sequencing projects. Various
methods have been developed for assembling physical
maps of complex genomes. One of the best character-
ized approaches uses restriction enzymes to generate
large numbers of DNA fragments from genomic sub-
clones (Brenner and Livak 1989; Gregory et al. 1997;
Marra et al. 1997). These DNA fingerprints are com-
pared to identify related clones, and to assemble over-
lapping clones in contigs. The utility of fingerprinting
for ordering a complex genome is limited, however,

due to variation in DNA migration from gel to gel, the
presence of repetitive DNAs, unusual distribution of
restriction sites and skewed clone representation.
Moreover, fingerprinting, unless combined with other
methods, does not link genomic clones directly to ge-
netic maps. Therefore, most high-quality physical
maps of complex genomes have been constructed us-
ing a combination of fingerprinting and PCR-based or
hybridization-based methods (Marra et al. 1997; Cao et
al. 1999; Vollrath and Jaramillo-Babb 1999; Zhu et al.
1999).

Over the past two and one-half years we have been
constructing an integrated genetic and physical map of
the sorghum genome. Sorghum was selected for ge-
nome map construction for several reasons. Firstly, the
sorghum genome is small (750 Mbp) relative to most
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other grasses of commercial importance, with the ex-
ception of rice which has a genome size of 430 Mbp
(Arumuganathan and Earle 1991). Secondly, sorghum
is tolerant to harsh environments and has a diverse
germplasm collection (∼40,000 accessions), making
this species an excellent system for the analysis of the
genes contributing to environmental stress tolerance
and other traits (Doggett 1988). Third, sorghum is
closely related to corn, one of the best plant genetic
systems, from which it diverged only 15–20 million
years ago (Doebley et al. 1990). Genome sequencing,
mapping, and related analyses indicate that although
noncoding sequences in sorghum and maize have di-
verged significantly, gene order and gene sequences in
these two species are highly conserved making com-
parative analysis useful (Avramova et al. 1996; Tik-
honov et al. 1999). Finally, several sorghum genetic
maps have been constructed (Chittenden et al. 1994;
Boivin et al. 1999; Peng et al. 1999), and a high-quality
sorghum BAC library was available as a starting point
for the construction of a physical map (Woo et al.
1994).

In this article, we describe a combination of meth-
ods that, when fully implemented, will allow construc-
tion of an integrated genetic and physical map of the
sorghum genome. The project started with the con-
struction of an additional sorghum BAC library (Tao
and Zhang 1998), and the characterization of the two
sorghum BAC libraries for chloroplast, mitochondrial,
centromeric, rDNA, and subtelomeric sequences. The
entire set of 26,000 BAC clones was fingerprinted and
contigs based on the fingerprint data were assembled.
In addition, a high-throughput PCR-based screening
method was developed which combines sixfold BAC
DNA pooling and amplified fragment length polymor-
phism (AFLP) technology. This methodology allowed
us to identify BAC clones containing genetic markers,
thereby linking the DNA-based physical map to the
sorghum genetic map. This combination of ap-
proaches provides a low cost, efficient way to build
high-quality integrated genetic and physical genome
maps.

RESULTS

BAC Library Characterization
Two sorghum BAC libraries were used in this study.
DNA for both libraries was derived from the elite
sorghum genotype BTx623. The first library of
13,440 clones was constructed by Woo et al. (1994)
from total sorghum DNA that had been partially re-
stricted with HindIII. Woo et al. (1994) reported an
average insert size of 157 kbp in this library, although
inserts up to 340 kbp were observed. A second BAC
library containing 12,576 clones was constructed for
this study from nuclear DNA partially restricted with

EcoRI (Tao and Zhang 1998). EcoRI was selected to in-
crease the overall genome coverage of the two libraries.
The average insert size in the EcoRI-based library was
140 kbp.

To survey the level of contaminating organellar
DNA and identify clones containing repetitive DNA
elements in the sorghum HindIII and EcoRI BAC librar-
ies, the BAC clones were arrayed on high density filters
and hybridized to 32P-labeled organellar and repetitive
DNA probes. To determine the level of chloroplast con-
tamination within the two BAC libraries, six plastid
genes, estimated to be equally spaced around the plas-
tid genome, were selected as probes. Approximately
10.5% of the clones in the HindIII library (1404⁄13,440
inserts) and 3.3% of the clones in the EcoRI library
(152⁄4608 inserts) contained plastid DNA (data not
shown). The reduced fraction of chloroplast clones in
the EcoRI library reflects the use of nuclear DNA for
library construction (Tao and Zhang 1998). Both librar-
ies were also analyzed for the presence of mitochon-
drial DNA sequences by probing with a pool of three
different sorghum mitochondrial genes. Less than
0.1% of the clones (10⁄12,288 inserts) hybridized to
this probe mixture, indicating little contamination
from mitochondrial DNA (data not shown). Gel analy-
sis further revealed 7.5% of the clones (∼1950) lacked
genomic inserts. Accounting for the clones with no
inserts and those of mitochondrial and chloroplast ori-
gin, ∼22,200 BAC clones remained for physical map
construction. With an average BAC insert size of 148.5
kbp and a sorghum genome size of 750 Mbp (Arumu-
ganathan and Earle 1991), the collection provides ∼4
times the coverage of the genome. Therefore, there is a
98% chance of finding any specific region of the sor-
ghum genome from this combined collection of BACs.

Repetitive DNA sequences can be a source of error
in contig assembly. Therefore, the two sorghum BAC
libraries were screened for three known classes of re-
petitive DNA elements (rDNA, centromeric, and sub-
telomeric sequences). Centromere-specific repetitive
DNA elements have been identified in sorghum (Jiang
et al. 1996; Miller et al. 1998a,b) and some of these
elements show significant sequence identity to Ty3/
gypsy-like retrotransposons (Miller et al. 1998a). The
Sau3A9 repetitive element is present in the centro-
meres of sorghum as well as many other cereals (Jiang
et al. 1996), whereas the Sau3A10 element is limited to
the centromeres of the genus Sorghum (Miller et al.
1998b). The Sau3A10 element is estimated to comprise
between 1.6%–1.9% of the sorghum genome and is
arranged in long tandem arrays, interspersed with
other DNA repeat sequences, including Sau3A9 (Miller
et al. 1998b). When Sau3A10 was used to probe the two
BAC libraries, 6.4% (395⁄6144 inserts) of clones from
the HindIII library and 4.6% (282⁄6144 inserts) of
clones from the EcoRI library hybridized to this probe.
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When the Sau3A9 element was used as probe, 3.6%
(222⁄6144 inserts) and 3.1% (192⁄6144 inserts) of the
clones in the HindIII and EcoRI libraries hybridized, re-

spectively. The majority of the
clones recognized by the Sau3A9
probe also hybridized to the
Sau3A10 probe.

Telomeres are DNA-protein
complexes found at the termini
of eukaryotic chromosomes. The
DNA portion of the telomere is
comprised of a heptameric se-
quence (CCCTAAA) arranged in
tandem repeats many kilobases
in length (Richards and Ausubel
1988; Burr et al. 1992). To deter-
mine the percent of BAC clones
in the sorghum libraries con-
taining subtelomeric repeats, a
sequence from a subtelomeric
repeat was obtained by amplifi-
cation of sorghum DNA with
the telomere-specific primer
(CCCTAAA)7 followed by flank-
ing PCR (Siebert et al. 1995).
This probe hybridized to 2.8% of
the clones in the BAC library
(171/144 clones). Additional ex-
periments will be required to de-
termine if the clones identified
by this probe are derived from
telomeres because these telo-
meric repeats are also found in
the centromeric regions of some
plant species (Richards et al.
1991; Presting et al. 1996).

R ibosomal RNA genes
(rDNA) in sorghum are orga-
nized as direct tandem repeats of
several thousand rDNA mono-
mer units encoding the 5.8S,
17S, and 26S rRNAs (Springer
et al. 1989). Clones containing
ribosomal gene sequences
comprised 2.3% of the EcoRI li-
brary (107⁄4608 inserts) but less
than 0.1% (2⁄3072 inserts) of
the HindIII library. The discrep-
ancy in the percentage of clones
containing rDNA between the
two libraries is likely due to the
presumed absence of HindIII
sites in the rDNA monomer and
thus the inability to clone in-
serts containing the rDNA tan-
dem repeats with HindIII. The

absence of HindIII sites within rDNA regions is also
reflected in the fingerprinting data. BAC clones from
the EcoRI library that contained rDNA repeats did not

Figure 1 Autoradiograph of a typical 33P-labeled DNA fingerprint gel. Each lane represents
the fingerprint analysis from an individual sorghum BAC clone digested with HindIII and HaeIII
followed by labeling at the HindIII terminus. Labeled l⁄Sau3A standard was loaded in the first
and every ninth lane (l). The asterisk marks the position of the common cloning vector band
appearing in all BAC clone lanes. Arrows at the top and bottom of the image delineate the
region of the gel that was used for band calling in Image 3.5.
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produce a fingerprint pattern following digestion with
HindIII and HaeIII and subsequent labeling of the
HindIII termini (data not shown). All of the BAC clones
identified with these three classes of DNA repetitive
elements were noted in the database and the informa-
tion used during contig assembly.

DNA Fingerprint Analysis and Contig Assembly
DNA fingerprints of the approximately 26,000 BAC
clones present in the two libraries described above
were collected as the first step in contig assembly. For
DNA fingerprint analysis, the strategy developed at the
Sanger Centre (Sulston et al. 1988, 1989; Soderlund et
al. 1997, 1998) and modified by Tao et al. (1995) was
used. An autoradiogram of a representative 33P-labeled
DNA fingerprinting gel is shown in Figure 1. We have
previously shown that the fingerprinting protocol used
here is highly reproducible since fingerprinting the
same BAC clone multiple times yielded identical fin-
gerprint patterns (Klein et al. 1998). The overall effi-
ciency for this procedure was ∼86% (imaged finger-
prints/BAC clones analyzed). Of the 14% of BAC clones
not producing usable fingerprints, ∼2% were due to
failed DNA isolations, 3.5% resulted from poor quality
fingerprints and the remainder were either clones
without inserts (7.5%) or clones containing rDNA in-
serts (1%). The fingerprint data was analyzed using the
software program Image V3.5. An average of 40 DNA
fragments was analyzed per BAC clone. Bands at the
top and bottom of the gel (area above and below ar-
rows in Fig. 1) were ignored in the band calling process
because of band compression and distortion, respec-
tively.

Following image analysis, contig assembly was
performed using the program FPC V4.5. The tolerance
and cut-off values for automated contig assembly were
determined empirically using the FPC V4 User’s
Manual and User’s Guide for reference (Soderlund
1999). The tolerance (i.e., the maximum distance, mea-
sured in tenths of a millimeter, which two bands from
two different clones can differ and still be considered
the same band), was determined by viewing a set of
related clones with similar fingerprints in the FPC fin-
gerprint window and varying the tolerance between
three and nine. The effect of the change in tolerance
was visualized by highlighting a clone at each toler-
ance and comparing bands of the selected clone with
the same bands in the other clones. From this analysis,
a fixed tolerance of seven was chosen for this finger-
printing project. To determine the appropriate cut-off
value or “Sulston score” (i.e., the threshold value rep-
resenting the maximum allowable probability of a
chance match between any two clones), the cut-off
value was varied and the effect on the chloroplast con-
tig was examined. All of the chloroplast-containing
BACs should assemble into one contig at the correct

cut-off value. Using this criterion, a cut-off value of 5
2 10114 was chosen. The results of automated contig
assembly at a tolerance of seven and a cut-off of 5 x
10114 are shown in Table 1. This initial set of core
contigs was analyzed for correct clone order by run-
ning the consensus bands (CB) algorithm on each in-
dividual contig using the calc function at a cut-off
value of 10114. In addition, clones of a contig were
viewed in the FPC fingerprint window to help verify
order as described in the FPC User’s Guide (Soderlund
1999). Contigs that were split into two or more discon-
nected contigs following the calc routine were disas-
sembled, if necessary, and the nonoverlapping clones
moved to new contigs or to contig 0 (singletons).

Following verification of the set of core contigs,
the cut-off value was raised in fivefold increments from
5 2 10114 to 10110 to look for possible merges be-
tween existing contigs, to add singletons to existing
contigs, and to create new contigs from the group of
singletons. During this analysis, the number of single-
ton clones decreased from 6701 to 2485 and the num-
ber of contigs in each size class increased (Table 1).
After assembly at a cut-off value of 10110, there were
3366 contigs each containing an average of 5 BACs.
The largest contig resulting from this analysis con-
sisted of 100 BACs and spanned an estimated 1.84 Mbp
(data not shown).

Following contig assembly and verification at an
initial tolerance of seven and cut-off value of 5 2

10114, the overlap between clones within a contig was
greater than 80%. At a cut-off valueof 10110, the over-
lap between clones added to existing contigs was still
greater than 60%. However, at this stringency, some
contigs could be merged with more than one other
contig or singleton indicating that some incorrect
merges would be made at this cutoff. Moreover, if the

Table 1. Automated Contig Assembly of Sorghum
bicolor Project

Contig Sizeb

No. of Contigs

5 @ 10!14 10!10

$25 7 30
10 to 24 135 191
3 to 9 1938 2058
2 1265 1087
Singletons 6701 2485
Total of contigs 3345c 3366

Total clones = 22,233; tolerance = 7; bury ∼0.1, minimum
bands = 8; average clone length = 39.7a

aAverage number of bands in a clone.
bTotal number of clones in a contig.
cAverage number of clones/contig = 4; average contig length
= 58 bands.
dAverage number of clones/contig = 5; average contig = 62
bands.
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cut-off value was increased (up to 1016) in an attempt
to build even larger contigs, an increasing number of
branch points and thus false merges were observed.
The contig branch points were not due to clones con-
taining rDNA, centromeric, or subtelomeric sequences
but could be caused by other families of repeats found
in the sorghum genome (i.e., transposable elements).
In any case, the construction of larger contigs could
not be accomplished with great accuracy using DNA
fingerprinting alone. Furthermore, fingerprinting pro-
vided no information on the localization of BAC con-
tigs on the sorghum genetic map; therefore, additional
information such as genetic marker-content mapping
was required.

BAC DNA Pooling Strategy
and Genetic Marker-Content Mapping
To permit efficient screening of BAC clones for PCR-
based genetic markers, a pooling strategy was designed
to allow 4–52 genome equivalents of DNA to be
screened for the presence of one or more clones con-
taining the same PCR product. The pooling approach
described here is based on theoretical considerations
(Barillot et al. 1991; Bruno et al. 1995), empirical test-
ing, and the requirements of practical implementa-
tion. The BAC libraries were pooled according to the
scheme shown in Figure 2. The strategy involved ar-
ranging 256 microtiter plates containing 24,576 BAC

clones into a three-dimensional stack consisting of 32
layers or plates by 24 columns by 32 rows. The stack
was pooled in six distinct ways to generate 184 unique
pools (see Fig. 2 and Methods). Since the BAC libraries
were constructed randomly and deliberately overs-
ampled the genome (∼42 redundancy), a simple pool-
ing strategy using only three pool types would be in-
adequate to unambiguously identify an individual
BAC responsible for a PCR signal. Therefore, our pool-
ing strategy utilized three additional pool types to pro-
vide redundancy and to help identify BACs containing
unique DNA sequences.

Although the stack dimensions are somewhat con-
strained by the use of 96-well microtiter plates orga-
nized in 8 row x 12 column arrays, a number of differ-
ent stack configurations for a library of the size used
here were possible. To determine the stack geometry
necessary for efficient screening of our libraries, com-
puter simulations were performed using a constant ge-
nome size of 760 Mbp and an average BAC insert size of
157 kbp, but varying the stack geometry. From these
simulations it was determined that in a stack with di-
mensions of 32 2 24 2 32, ∼87% of PCR signals could
be correctly associated with their corresponding BAC
clones. Furthermore, the simulations predicted that
∼72.5% of the markers would identify between 2–6
BACs, and over 90% of the time the coordinates of
these BACs could be assigned reliably.

Testing of BAC DNA Pools
The quality of the BAC DNA
pools, and their utility for iden-
tifying BACs containing PCR-
based markers, was tested using
primers that amplify sorghum
SSRs and STSs. Primers for 36
STSs and 48 SSRs, spaced across
the sorghum genome, were
used for PCR analysis of the
BAC DNA pools. The pools
shown in Figure 3A consisted of
either 768 (PP) or 1024 (SP)
unique clones and, in most
cases, a single BAC clone ac-
counted for the PCR signal as-
sociated with the positive
pools. On average, 2.6 BAC
clones were identified with
each STS and SSR marker ana-
lyzed. To confirm the accuracy
of the data obtained from the
BAC pools, all clones identified
as positive were individually
tested for the presence of the
marker (data not shown). This
analysis revealed a false-posi-

Figure 2 Sixfold BAC DNA pooling strategy. Two hundred-fifty six 96-well microtiter plates
containing 24,576 individual BAC clones were arranged in a three-dimensional stack consisting
of 32 layers (or plates) 2 24 columns 2 32 rows. The stack was pooled on the six unique
coordinate axes as shown to generate a total of 184 DNA pools.
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tive rate of ∼3–5%. Of the 94 BAC clones identified as
positive for an STS marker, 3 did not contain the given
marker, whereas 5 out of 106 clones identified as posi-
tive for an SSR marker did not contain the marker. In
addition, several BAC clones which were marked in the
data output file as potential positives did, in fact, con-
tain an STS (8 clones) or SSR (14 clones) marker. These

false-negative clones were occluded in
the stack (i.e., shared an x, y, or z coordi-
nate with at least one other candidate
BAC clone) and were observed most no-
tably when the marker was present in
eight or more pools of a given pool type
(data not shown).

When the PCR results shown in Fig-
ure 3A were analyzed, four BAC clones
were positive for SSR, Xtxp84, and three
clones were positive for SSR, Xtxp211.
These results were in complete agree-
ment with those obtained by fingerprint
analysis (Fig. 3, B and C). The four clones
positive for Xtxp84 had very similar DNA
fingerprints, as did the three clones con-
taining Xtxp211 (Fig. 3B). In fact, one
clone (sbb10098) contained both Xtxp84
and Xtxp211, and all six BAC clones ex-
hibited a significant degree of overlap
and were placed into the same BAC con-
tig following automated contig assembly
(Fig. 3C). These results are supported by
the genetic mapping results obtained
with the recombinant inbred line (RIL)
population where both Xtxp84 and
Xtxp211 map in close proximity to one
another on sorghum linkage group (LG)
B (G. Hart, pers. comm. and Fig. 6).

Although the results obtained from
the PCR-based screening of the BAC
pools with Xtxp84 and Xtxp211 and the
corresponding fingerprint data were in
complete agreement, this was not the
case with all 84 markers analyzed (data
not shown). For example, there were
cases where two or more clones were
identified with the same marker but fin-
gerprinting failed to place the clones in
one contig. Because all of the clones
identified as positive for an STS or SSR
were individually confirmed, the clones,
although related, may overlap to only a
small extent. At the high stringency used
for fingerprint-based contig assembly
(i.e., cut-off value of 10110), clones with
minimal overlap will not be placed in the
same contig. Alternatively, if the region
of the sorghum genome containing the

STS or SSR marker has undergone duplication, then the
positive BAC clones may not be part of the same con-
tig. In these cases, additional information will be re-
quired for accurate BAC ordering.

High-throughput PCR-based Contig Assembly
To construct a saturated STS-based map of the sorghum

Figure 3 PCR-based screening of BAC DNA pools for SSR markers. (A) BAC DNA
plate pools (PP) and side pools (SP) were analyzed for the presence of two SSRs,
Xtxp84 and Xtxp211. BAC DNA pools positive for a given SSR are identified above the
respective lane. Plant genomic DNA (BTx623) was used as PCR template in control
lanes labeled BTx. Fluorescent-labeled molecular weight standards (LI-COR) were
loaded in the first and last lanes and their sizes (bp) are indicated to the right of the
gels. (B) FPC V4.5 fingerprint analysis window displaying the representative finger-
print patterns of individual BAC clones from ctg190. Four BAC clones in ctg190 were
identified as positive for Xtxp84, and three BACs were identified as positive for
Xtxp211 (·) following analysis of the BAC DNA pools from A. (C ) FPC V4.5 contig
window displaying a horizontal representation of ctg190 that contains BAC clones
positive for Xtxp84 and Xtxp211. The characters (*, = and ∼) to the right of individual
clone names represent canonical, equal, and approximate clones, respectively
(Soderlund et al. 1998). The shaded bar below the contig display indicates the length
of the contig, measured in number of bands.
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genome (i.e., a marker every ∼0.3 Mbp) would require
approximately 2500 STS markers. However, the cost of
obtaining such a large number of STS markers is cur-
rently too high to consider for sorghum and many
other plant species. What is required is a low cost,
high-throughput PCR-based method that identifies
overlapping BAC clones and links them to the sor-
ghum genetic map. AFLP mapping utilizes the simul-

taneous amplification and
screening of sets of 25–100 ge-
nomic DNA fragments (Vos et
al. 1995). A large number of the
DNA fragments amplified by
this procedure are unique
(based on two restriction sites,
the number of specific selective
bases added to each primer, and
the specific size of the amplified
DNA fragment). The DNAs am-
plified during AFLP analysis are,
therefore, ideal for identifying
BAC clones that contain the
same unique PCR-amplifiable
DNA sequence. For clarity, we
call these unique amplified
DNA fragments, SAS-DNAs (si-
multaneously amplified single-
ton DNAs). A subset of the SAS-
DNAs will be polymorphic in
different genetic backgrounds
and can, therefore, be mapped
as AFLPs on the sorghum ge-
netic map. These AFLP/SAS-
DNAs can provide numerous
links between the sorghum ge-
netic and physical BAC-based
genome maps.

To obtain a system for
high-throughput contig assem-
bly and mapping, we combined
our sixfold BAC pooling strat-
egy with AFLP technology. On
average, between 25–100 differ-
ent SAS-DNA fragments, rang-
ing in size from 25 to 500 bp,
were amplified from sorghum
genomic DNA using AFLP tech-
nology (Fig. 4, lanes labeled
IS3620C and BTx623). Based on
computer simulations, as well
as results obtained from the
STS-content mapping described
above, BACs containing a
unique SAS-DNA fragment
should be identified (resolved)
if present in eight or fewer cop-

ies in the pooled library. As can be seen in Figure 4,
∼10–40 SAS-DNA bands fitting this description were
amplified from the BAC DNA pools with 1 primer pair
(Xtxa markers) and hence, the addresses of individual
BACs containing these SAS-DNA markers could be de-
termined. In addition to the unique SAS-DNAs, some
DNA fragments were amplified in all BAC DNA pools
but not in sorghum genomic DNA (Fig. 4). These DNAs

Figure 4 PCR-based screening of BAC DNA pools for SAS-DNA markers using AFLP technol-
ogy. AFLP templates were prepared from BAC DNA PPs (1–32) and SPs (1–16) and selectively
amplified with fluorescent-labeled EcoRI + TGA and MseI + CGG. Labeled products were analyzed
on a LI-COR DNA sequencer. AFLP template from genomic DNAs (IS3620C and BTx623) were
run as controls and are indicated above the respective lanes. Arrows to the right of the gel show
selected SAS DNA markers that were analyzed in the DNA pools. Asterisks to the right of a subset
of the markers indicate those SAS DNAs that revealed polymorphisms between BTx623 and
IS3620C and could be mapped as AFLPs on the sorghum genetic map. Fluorescent-labeled
molecular weight markers (LI-COR) were run in lanes marked M and their sizes (bp) are shown
to the left of the gel.
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are likely derived from the vector or bacterial genomic
DNA that is present in the BAC DNA pools. Other DNA
bands were amplified in nearly all of the BAC DNA
pools as well as from sorghum genomic DNA. These
products most likely originate from repetitive se-
quences scattered throughout the sorghum genome.

In the first cycle of analysis, the BAC pools were
screened with 32 different AFLP primer combinations.
A total of 891 SAS-DNA markers were identified or an
average of 28 markers per primer pair. This number of
DNA bands per gel could easily be resolved and ana-
lyzed (i.e., Fig. 4). Each SAS-DNA marker identified an
average of 2.7 BACs; similar to results obtained with
STS and SSR markers. Therefore, SAS-DNA markers
identify overlapping BACs in a manner similar to other
single copy markers. Overall, the first set of 32 primer
pairs identified approximately 2400 BACs and orga-
nized a subset of these BACs into ∼700 contigs.

Detailed analysis of 101 BACs identified by 32 SAS-
DNA markers was carried out to further characterize
this method (Fig. 5). Of the 32 SAS-DNA markers ex-
amined, 23 markers identified two or more BACs with
predicted overlaps that could be confirmed with fin-
gerprint analysis and by analysis of the individual
clones (Fig. 5). In total, the overlaps among 65 of the
101 individual BACs identified by SAS-DNA analysis
were confirmed by fingerprinting, providing a high de-
gree of confidence in these contigs. In addition, seven
of these 23 SAS-DNA markers also identified a BAC
clone from another contig or from the pool of single-
tons that could not be confirmed by fingerprint analy-
sis. There were also five SAS-DNA markers that identi-
fied one BAC from each of two contigs created by fin-
gerprint analysis, or one BAC in a contig and one
singleton BAC. These 12 SAS-DNA markers that iden-
tified BAC clones in more than one contig were valu-
able since they identified putative links between con-
tigs and/or singleton BAC clones that were not pre-
dicted by fingerprint analysis. Finally, four of the 32
SAS-DNA markers identified only one BAC clone that
was located in the pool of singletons. Analysis of the
individual clones for the presence of SAS-DNAs re-
vealed an overall false-positive rate of 15%, with the
false-positive clones most prevalent when the marker
was present in eight or more DNA pools. Therefore, to
eliminate false-positives, the incorporation of indi-
vidual BACs into contigs as well as the merging of con-
tigs containing a common SAS-DNA marker was only
allowed once order was supported by at least two in-
dependent analyses (i.e., fingerprinting and SAS-DNA
analysis).

AFLP Linkage Analysis
AFLPs have been used effectively as a high-throughput
genetic marker system (Alonso-Blanco et al. 1998; Qi et

al. 1998; Boivin et al. 1999; Vuylsteke et al. 1999;
Young et al. 1999). Because the SAS-DNA markers used
for contig assembly are based on AFLP technology (Vos
et al. 1995), any SAS-DNA marker that corresponds to a
polymorphic AFLP genetic marker will provide a direct
link between the sorghum genetic and physical maps.
Analysis of a sorghum RIL population (BTx623 x
IS3620C) (Peng et al. 1999) with the 32 unique AFLP
primer combinations used to identify SAS-DNAs iden-
tified 532 AFLP genetic markers (data not shown).
Of these, 258 (48.5%) were amplified from BTx623
DNA corresponding to an average of 25–26 markers for
each of the 10 sorghum LGs that comprise the genetic
map. Of the AFLP markers, 104 amplified from BTx623
DNA were integrated at LOD <3 into a framework
genetic map of the RI population (provided by G.
Hart, TAMU, College Station, TX) along with 70 AFLPs
amplified from IS3620C DNA. In addition, another
114 markers amplified from BTx623 were placed onto
this framework map at a LOD >3 to aid in the genera-
tion of a saturated sorghum genetic map. These 218
genetic markers amplified from BTx623 were utilized
for integration of the sorghum genetic and physical
maps.

When the AFLP genetic markers amplified from
BTx623 DNA were cross-referenced to the physical
map, >98% of the markers had a corresponding sig-
nal in the BAC DNA pools. Of these, ∼73% corre-
sponded to SAS-DNA markers that had been previously
resolved to identify BACs (data not shown). The re-
maining ∼25% of the SAS-DNA markers were not useful
as links between the genetic and physical maps due to
bacterial or vector contamination in the region of the
marker, missing data points in at least one of the six
pool types, or overrepresentation of the marker in the
BAC pools.

A representative example of the results obtained
using this methodology is displayed in Figure 6. A total
of 23 AFLPs amplified from BTx623 DNA (bold-type
Xtxa markers along LG B) and 13 AFLPs amplified from
IS3620C DNA (plain-type Xtxa markers) were mapped
to LG B. Of the 23 AFLPs amplified from BTx623, 19
corresponded to SAS-DNAs that identified BAC contigs
or BAC singletons, thereby creating physical links at
these genetic loci. Whereas a majority of the markers
either identified BAC clones within a single contig (or
one clone within the group of singletons), there were
cases in which an AFLP marker was linked to two dif-
ferent contigs or to one contig and one singleton
(Xtxa538, Xtxa281, Xtxa537, Xtxa482 and Xtxa409).
The BAC clones identified by these markers did not
exhibit enough overlap to be considered contiguous at
the cut-off values used for fingerprint contig assembly,
and therefore, must be confirmed using another inde-
pendent approach. Finally, a subset of LG B STSs and
SSRs (labeled Xtxs and Xtxp markers, respectively) that
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were assigned to BAC contigs and located on the sor-
ghum genome map are shown in Figure 6.

DISCUSSION
The generation of integrated genetic and physical
maps is a central effort of eukaryote genome research.
This can be a difficult task in complex genomes, how-
ever, because of genome size and repetitive DNA. In

addition, the polyploid nature of many plant genomes
makes physical map construction in these genomes an
even more daunting task. In this article, we describe a
novel approach for physical map construction of com-
plex genomes that combines a sixfold BAC DNA pool-
ing strategy with AFLP technology. The methodology
allowed the identification of overlapping BAC clones
and simultaneously established links between BAC

Figure 5 Analysis of individual BAC clones for SAS-DNA/AFLP markers. BAC clones identified as positive for SAS-DNA/AFLP markers
following analysis of the BAC DNA pools were individually tested for the presence of the marker. AFLP templates were prepared from
individual BAC clones as well as from genomic DNA (IS3620C, lanes marked P1; BTx623, lanes marked P2). AFLP templates were selectively
amplified with fluorescent-labeled EcoRI + TGA/MseI + CGG (A); EcoRI + TGA/MseI + CTG (B); EcoRI + CAA/MseI + CAA (C); EcoRI +
CAA/MseI + CCT (D); and EcoRI + CAA/MseI + CGT (E). Fluorescent-labeled products were run on a LI-COR DNA sequencer. Numbers to
the left of panel A indicate the sizes (bp) of molecular weight standards. SAS-DNA/AFLP markers identified in the individual BAC clones and
BTx623 genomic DNA are indicated to the right of each panel.
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Figure 6 Integrated genetic and physical map of LG B from S. bicolor BTx623 x IS3620C recombinant inbred population. LG B is shown
in three parts from the upper end to the bottom end. All SSR and RFLP markers shown were previously mapped to LG B (Peng et al. 1999;
Kong et al. 2000; G. Hart, pers. comm.). AFLP markers (labeled Xtxa along LG B) were mapped in the present study. BACs were linked
to SSRs (Xtxp markers), STSs (Xtxs markers) or AFLPs (bold-type Xtxa markers) by PCR-based screening of the BAC DNA pools. The
individual BAC clones positive for each genetic marker are indicated by symbols next to the clone name. BAC clones that were placed into
the same contig by DNA fingerprint analysis are grouped in boxes. Genetic markers linked to two different contigs or one contig and a
BAC singleton clone indicate those BAC clones positive for a common marker but not placed into the same contig by DNA fingerprint
analysis.
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contigs and the genetic map. Furthermore, this ap-
proach utilized selective AFLP primers for amplifica-
tion rather than sequence-specific STS primers, thus
eliminating the need to obtain DNA sequence infor-
mation and thereby lowering the cost of map construc-
tion. Using this methodology, in conjunction with
classical DNA fingerprinting, we have begun construc-
tion of an integrated genetic and physical map of the
sorghum genome.

Two sorghum BAC libraries containing ∼26,000
clones were used for physical map construction (Woo
et al. 1994; Tao and Zhang 1998). The average insert
size in the two libraries was estimated at 148.5 kbp.
After removal of clones containing organellar DNA
(∼1840 clones) and clones without inserts (∼1950
clones), the remaining 22,233 clones provide ∼42 cov-
erage of the sorghum genome. Analysis of the BAC

libraries for the presence of over 300 SSR, STS, and
AFLP markers indicated that the combined libraries
provide coverage of ∼98% of the genome. This is in
agreement with the 98% frequency predicted by a Pois-
son distribution for recovery of any marker from a 42

library.
All 26,000 BAC clones were subjected to standard

DNA fingerprinting using 33P-labeling and polyacryl-
amide sequencing gels as a first step in contig assembly
(Sulston et al. 1988, 1989; Tao et al. 1995; Soderlund et
al. 1997, 1998). An initial set of core contigs containing
BAC clones exhibiting a significant degree of overlap
was assembled by the software program FPC V4.5
(Table 1). Contigs were then merged and new contigs
created from the group of singletons by successively
raising the cut-off value (up to 10–10) followed by
manual interaction with the program. Analysis of the
fingerprinted clones using FPC allowed us to assemble
a large number of BAC contigs at reasonable confi-
dence with overlaps of at least 60%. After this analysis,
the FPC database contained 2485 singletons and 3366
contigs (Table 1). On average, each contig contains 5
BAC clones with an average length of ∼62 bands. As-
suming that each band is derived from a span of 3740
bp (148.5 kbp insert size 3 39.7 bands per BAC) then
the average contig is ∼232 kbp and the longest contig
assembled to date is 1.84 Mbp (data not shown).

Although FPC analysis of the fingerprint data pro-
vided a baseline for BAC ordering and contig assembly,
the fingerprint analysis described here is limited in sev-
eral ways. For example, at 42 genome coverage, it was
difficult to assemble large contigs without including
bridging clones that had minimal overlap. Ideally, ge-
nome coverage for fingerprint analysis should be ∼7–
82. Therefore, we have recently constructed a third
sorghum BAC library using BamHI to increase the cov-
erage to ∼82. In addition, when analyzing the data at
successively higher cut-off values to examine possible
contig merges, the algorithm often identified multi-
point branches during the process. In these cases, it
was impossible to determine the correct two contigs to
merge without additional information. The presence
of repetitive elements in rDNA, centromeric or subtelo-
meric sequences did not cause branch points in our
study, and others have also demonstrated that repeti-
tive sequences do not normally cause false overlaps
during FPC analysis (Tao and Zhang 1998; Zhu et al.
1999). Therefore, the observation of contig branches
may be related to genome complexity.

The limitations inherent in fingerprinting com-
plex genomes for the construction of physical maps led
us to utilize PCR-based methods for assembling and
mapping BAC contigs. Our goal was to obtain at least
2500 links between the sorghum genetic and physical
maps, or an average of one link every 300 kbp. One
approach to accomplish this was to identify BAC

Figure 6 (See facing page for legend.)

AFLP-based Sorghum Genome Map

Genome Research 799
www.genome.org

 Cold Spring Harbor Laboratory Press on June 19, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


clones containing RFLP and SSR markers. However, our
current RFLP/SSR-based genetic map does not contain
the required number of markers to accomplish this task
and the cost and time needed to generate such a large
number of STSs and/or SSRs is prohibitive for this
project. Therefore, we developed a method based on
AFLP technology that would allow overlapping BAC
clones to be identified while simultaneously generat-
ing markers that link the genetic and physical maps.

A DNA pooling strategy was developed that allows
4–52 genome equivalents of DNA to be screened effi-
ciently for the presence of multiple clones containing
the same PCR product. The DNA pooling strategy was
also designed for use with multiplexed PCR assays that
would allow parallel identification of numerous BAC
contigs; each containing a different PCR-amplified
marker. The pooling strategy implemented here con-
sisted of constructing a three-dimensional stack con-
taining 24,576 individual BAC clones and then pool-
ing the BACs on six unique coordinate axes of the stack
(Fig. 2). This resulted in a total of 184 pools each con-
taining DNA from either 768 or 1024 individual BAC
clones, which is well under the maximum number of
clones per pool that can be screened using a PCR-based
approach (Kim et al. 1996). The pooling approach al-
lowed the identification of BAC clones harboring STS,
SSR, or AFLP markers by screening the 184 DNA pools
in a single step. Other strategies utilizing superpools
and subpools in PCR-based screening approaches have
been developed and used successfully to identify indi-
vidual positive clones (Green and Olsen 1990; Asakawa
et al. 1997). However, the use of superpools followed
by subpools was not compatible with our need to
screen a redundant library representing a large genome
simultaneously for numerous AFLP markers. Therefore,
the strategy utilized in the present study, in which
clones are pooled on six coordinate axes to generate a
fixed set of DNA pools, permits the parallel screening
of redundant libraries with multiple markers and sub-
sequent identification of individual clones harboring
these markers using a minimal number of PCR assays.

The results from screening the DNA pools for STSs
and SSRs indicated that the pooling approach designed
here provided a rapid and efficient means of identify-
ing overlapping BAC clones containing a common ge-
netic marker. Analysis of the pools for 48 SSRs and 36
STSs resulted in an average of 2.6 BAC clones identified
for each PCR marker analyzed with a false-positive rate
of 3% to 5%. The average number of positive BACs per
marker was less than what was expected for a library
containing ∼42 genome equivalents. Some of this
apparent discrepancy could be due to the lack of a sig-
nal in one or more pool types since our pooling strat-
egy requires that a PCR signal be detected in all six
unique pool types to be considered a true positive.
However, these potentially false-negative clones can be

marked and individually confirmed for the presence of
the marker. False-negatives also arise if a clone is oc-
cluded within the stack. Upon screening individual
BACs, we identified 22 out of 222 occluded clones
(10%) that were, in fact, positive for the genetic mark-
ers analyzed. In general, we found that clones repre-
sented more than eight times in the pools are nearly
always occluded, and require further analysis to con-
firm BAC relatedness. If necessary, contigs of BACs
containing these markers can be identified using pools
containing fewer BAC clones (i.e., subpools).

The sixfold BAC DNA pooling strategy facilitated
the identification of overlapping BACs containing SSRs
and STSs. However, with an initial goal of obtaining at
least 2500 links between the sorghum genetic and
physical maps, it was clear that standard STS-content
mapping would not be a viable approach for our map-
ping project. Therefore, we combined our DNA pool-
ing strategy with AFLP technology in order to achieve
the necessary throughput within our budgetary con-
straints. The use of AFLP technology for identifying
overlapping BAC clones containing a common marker
has several advantages over STS-content mapping.
First, the method is rapid because multiple markers can
be mapped simultaneously. In this study, an average of
28 SAS-DNAs was amplified with each primer pair uti-
lized, and all of the fragments were analyzed simulta-
neously in a single gel. The distribution of these 28
SAS-DNA fragments in the pools of BAC DNA was used
to identify up to 28 small BAC contigs each containing
a different SAS-DNA marker. As with STS and SSR con-
tent mapping, each SAS-DNA identified an average of
∼2.7 BAC clones. In the first cycle of analysis, 32 dif-
ferent AFLP primer combinations identified 891
unique SAS-DNA markers and organized ∼2400 BACs
into ∼700 small contigs.

A second advantage of the present method is its
efficiency and low cost. The selective primers used for
AFLP amplification do not require information about
DNA sequence; therefore, the cost for primer genera-
tion is low when compared to sequence-specific STS
and SSR markers. In addition, a large number of selec-
tive primers can be utilized for AFLP amplification. In
our case, three selective nucleotides were added to each
primer giving us the ability to use 64 different EcoRI-
and MseI-selective primers in 4096 different pairwise
combinations. This high-throughput mapping ap-
proach was also facilitated by the use of a dual-dye
LI-COR DNA sequencing system (LI-COR Inc., Lincoln,
NE). Use of this system for data collection proved re-
markably sensitive and cost-efficient. With this format,
one fluorescent infrared dye (IRD)-labeled EcoRI primer
($295 for >20 nmoles) was used in combination with
16 different MseI primers to generate approximately
350 contigs. Because of the high sensitivity of the sys-
tem, we have observed that ∼20 nmoles of IRD-labeled
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primer is sufficient for as many as 100,000 selective
amplification reactions. This is more than enough re-
actions to screen the BAC DNA pools as well as the RIL
mapping population with one labeled EcoRI primer
and all 64 possible MseI primers. Moreover, when using
a double LI-COR system, a total of 256 lanes of data (64
lanes/gel 2 2 dyes 2 2 gels) can be collected in a 4 h
period. At this level of throughput, 2560 lanes of data
corresponding to the screening of the BAC DNA pools
with 10 different primer combinations were collected
per week on the instruments.

A third advantage of the current approach is that it
can be used to generate links between the BAC-based
physical map and the sorghum genetic map. Since
some of the SAS-DNA markers reveal polymorphisms
in nearly any mapping population, they can be located
on genetic maps as AFLP markers (Vos et al. 1995). In
our study, ∼30% of the SAS-DNAs could be scored as
AFLPs in the RIL mapping population derived from a

cross between BTx623 and IS3620C. In the
first cycle of analysis (i.e., 32 primer com-
binations), ∼190 SAS-DNA/AFLP links were
established between the physical and ge-
netic maps. The AFLPs were mapped onto
the existing sorghum RFLP/SSR-based ge-
netic map (Peng et al. 1999, Kong et al.
2000) without significant map distortion
(at LOD > 3, map size increased ∼12%). The
AFLP markers were distributed across each
linkage group, with some clustering of
markers in the central regions of each LG
(Fig. 6). Clustering of AFLP markers has
been seen in other genetic maps (Alonso-
Blanco et al. 1998; Qi et al. 1998; Boivin et
al. 1999; Vuylsteke et al. 1999; Young et al.
1999) and it is assumed that these clusters
correspond to regions of the genome, per-
haps around centromeres, which have rela-
tively low amounts of recombination
(Alonso-Blanco et al. 1998; Vuylsteke et al.
1999). If increased genome coverage is
needed, PstI /MseI can be used to generate a
different set of SAS-DNA and AFLP markers
(Vuylsteke et al. 1999; Young et al. 1999).
In contrast to EcoRI/MseI markers, PstI/
MseI-generated AFLPs do not appear to
cluster around centromeric regions due to
the sensitivity of PstI to cytosine methyl-
ation (Vuylsteke et al. 1999; Young et al.
1999). In any case, the AFLP markers that
are linked to the BAC contigs via SAS-DNA
analysis provide a large number of connec-
tions between the sorghum genetic and
physical maps.

Contigs organized using only finger-
print data or solely using PCR-based screen-

ing of BAC pools resulted in a low but significant error
rate. To reduce this source of error, BACs were incor-
porated into the sorghum physical map only when
their order or location was verified by two different
analyses. Fortunately, ∼65% of the SAS-DNA markers
identified two or more BACs whose predicted overlaps
could be confirmed with fingerprint analysis (cut-off
value = 10–10). Approximately 25% of these contigs
were identified with SAS-DNA markers that could also
be mapped as AFLPs and, therefore, directly placed on
the integrated sorghum genetic and physical map. An-
other ∼12% of the SAS-DNAs identified singleton
BACs, some of which also could be located on the ge-
netic map as AFLPs (e.g., Fig. 6., sbb22787 with
Xtxa326). However, singleton BACs were only incorpo-
rated into the map after the SAS-DNA was confirmed to
be present in the isolated BAC. In some cases, several
different but adjacent genetic markers identified the
same singleton BAC (e.g., Fig. 6, sbb10005 with Xtxp7,

Figure 7 Integrated genetic and physical map of the region of sorghum LG B
containing markers Xtxp50, Xtxa532, Xtxp211, and Xtxp84. The three SSR markers,
Xtxp50, Xtxp211, and Xtxp84, were previously mapped to this region of LG B (G.
Hart, pers. comm.), whereas the AFLP marker, Xtxa532, was mapped between
Xtxp50 and Xtxp211 in the present study. BACs linked to these four genetic mark-
ers by PCR-based screening of the BAC DNA pools are shown below the genetic
map with the dashed lines extending from each marker through the respective,
positive BAC clones. Four BAC clones in ctg806 were positive for Xtxa532 as well
as the singleton BAC clone, sbb15971. Three BAC clones in ctg190 were positive
for Xtxp211 as well as the singleton clone, sbb15971. Therefore, sbb15971 was
used as a bridging clone to merge ctg190 and ctg806.
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Xtxp207 and Xtxs1845; sbb6916 with Xtxa214 and
Xtxp13). This type of data was considered sufficient to
localize these BACs on the sorghum genome map with-
out further analysis.

Approximately 30% of the SAS-DNA markers iden-
tified BACs that were located in two different contigs
created by fingerprinting, or BACs located in a contig
as well as in the pool of singleton BACs. These SAS-
DNA markers are particularly valuable because they
predict links between contigs or between contigs and
singletons. The BAC clones predicted to contain these
SAS-DNAs can be marked in the database for follow-up
verification. This is important because fingerprint
analysis could not reliably merge BAC contigs unless
fingerprints overlapped by at least 60%. In contrast,
SAS-DNA markers can identify related BACs that con-
tain the same amplified DNA fragment yet have mini-
mal overlap. An example of the utility of the combined
analysis used in the current project is shown in Figure
7. SAS-DNA marker, Xtxa532, identified 4 BACs in
ctg806 as well as the BAC singleton, sbb15971. The SSR
marker, Xtxp211, also identified BAC singleton,
sbb15971, as well as three BAC clones in ctg190. This
information was sufficient to merge contigs 806 and
190 using the singleton clone, sbb15971, as a bridge.
This placement was also consistent with the order of
the four genetic markers in this region of the map
(Xtxp50, Xtxa532, Xtxp211, and Xtxp84). Although this
type of ordering is relatively infrequent at this stage of
data collection, we expect similar reinforcing informa-
tion to be available for large parts of the map once
10,000 SAS-DNA markers have been analyzed.

The first cycle of SAS-DNA analysis using 32
primer combinations identified ∼700 BAC contigs each
containing between one and three unique markers.
Our goal for the sorghum genome mapping project is
to collect data on approximately 10,000 SAS-DNA
markers providing one set of SAS-DNA linked BACs
every 75 kbp on average. This depth of coverage would
be similar to that provided by 41,000 STS markers in
the ∼3 billion base pair human genome (Hudson et al.
1995; Deloukas et al. 1998). The ordering of ∼10,000
BAC contigs with SAS-DNAs will require 12–14 cycles
of analysis (one cycle equals 32 primer combinations)
on the LI-COR DNA sequencing system. The ability to
collect data from one cycle in a 3- to 4-week period
should allow ∼8,000 to 10,000 BAC contigs to be or-
dered in a 12- to 14-month period; and ∼2500 of these
BAC contigs will also be linked to the sorghum genetic
map.

Although this article has focused on the utility of
AFLP technology and SAS-DNA markers for generating
integrated genetic and physical maps, our objective is
to create a map that will facilitate map-based gene iso-
lation. Our research team, in collaboration with several
other groups, is mapping genes that regulate flowering

time, fertility restoration, disease resistance, and genes
involved in plant response to environmental stress. In
these projects, AFLP technology, in conjunction with
bulked segregant analysis (Michelmore et al. 1991), is
being used to identify regions of the sorghum genome
encoding genes of interest. Even at this early stage of
map development, a significant number AFLP markers
found linked to a new locus have already been
mapped, and in many cases a contig of linked BACs has
been identified. This situation greatly accelerates the
search for candidate genes as well as providing se-
quence-ready BACs for follow up genome sequencing.

METHODS

Plant Materials
A Sorghum bicolor population of 137 F6–8 recombinant inbred
lines (RILs) obtained from a cross of BTx623 and IS3620C was
used as the mapping population for construction of an AFLP
linkage map. This RIL mapping population was previously
used to establish an RFLP linkage map for sorghum contain-
ing over 300 RFLPs (Peng et al. 1999), and has recently been
expanded to include more than 100 SSR loci (Kong et al. 2000;
G. Hart, pers. comm.).

Genomic DNA Extraction
Total genomic DNA was extracted from 2- to 3-week-old seed-
lings using the procedure described in Williams and Ronald
(1994) with modifications. Briefly, lyophilized leaf tissue (10–
20 mg) was cut into small pieces and transferred to a 1.5 ml
microcentrifuge tube. Extraction buffer (800 µl) containing
100 mM Tris pH 7.5, 10 mM EDTA pH 7.5, 700 mM NaCl, 12.5
mM potassium ethyl xanthogenate (PEX) was added. Leaf
pieces were pressed to the bottom of the tube with a 1-ml
pipette tip to aid in the release of nucleic acid from the tissue.
Samples were incubated at 65° C for 1 h with occasional mix-
ing. Following incubation, the supernatant was removed to a
clean 1.5-ml microcentrifuge tube and centrifuged at 15000 g
for 5 min. The supernatant (700 µl) was transferred to a 1.5-ml
microcentrifuge tube containing 700 µl isopropanol and 70 µl
of 3 M sodium acetate pH 5.2, mixed and incubated at -70° C
for 15 min (or longer). The precipitated DNA was centrifuged
at 15,000 g for 30 min, washed twice with 70% ethanol, air-
dried and resuspended in 100 µl TE buffer. To aid in DNA
resuspension, samples were incubated at 65° C for 10–15 min,
centrifuged at 15,000 g for 5 min to remove insoluble mate-
rial, and the supernatant transferred to a clean tube. The ge-
nomic DNA was quantified using a DYNA Quant 200 fluorim-
eter (Hoefer Pharmacia Biotech, San Francisco, CA).

AFLP Linkage Analysis

DNA Template Preparation and AFLP Reactions
Amplified fragment length polymorphisms (AFLPs) were gen-
erated using the protocol of Vos et al. (1995) with modifica-
tions. Genomic DNA of the parental lines and RI lines (500
ng) comprising the mapping population were completely and
simultaneously restricted with EcoRI and MseI as described
(Vos et al. 1995), except the incubation time was increased to
2.5 h. Restricted genomic DNA fragments were ligated to
EcoRI and MseI adapters overnight at 37° C and the reaction
mixture diluted to 500 µl with TE buffer and stored at 120° C.
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Preamplification of the dilute template DNA was per-
formed with AFLP primers having no (EcoRI + 0; GTAGACT-
GCGTACCAATTC) or one (MseI + 1; GATGAGTCCTGAGTAA-
C) selective nucleotide. Twenty µl PCR reactions were per-
formed containing 5 µl dilute template DNA, 30 ng each EcoRI
+ 0 and MseI + 1 primers, 0.4 U Taq polymerase (Promega
Corp., Madison, WI), 12 Taq buffer (10 mM Tris-HCl pH 9.0,
0.1% triton X-100, 50 mM KCl), 2.5 mM MgCl2, and 200 µM
dNTPs. Preamplification reactions were performed for 20
cycles of 30 sec at 94° C, 1 min at 56° C and 1 min at 72° C.
Following preamplification, the reactions were diluted 10-
fold with TE buffer and used as template for selective ampli-
fication. Selective amplification reactions were performed us-
ing primers with three selective nucleotides (EcoRI + CAA,
EcoRI + TGA, all 16 possible primers of MseI + CNN) resulting
in a total of 32 +3⁄+3 unique primer combinations. IRD-
labeled EcoRI primers obtained from LI-COR Inc. (Lincoln,
NE) were diluted to 1 µM according to the manufacturer’s
recommendation and stored at 120° C in the dark until ready
for use. Selective AFLP reactions were performed in a final
volume of 10 µl containing 2 µl dilute preamplified template
DNA (50 pg), 15 ng MseI selective primer, 0.25–0.4 µl IRD-
labeled EcoRI selective primer, 0.2 U Taq polymerase, 12 Taq
buffer, 2.5 mM MgCl2, and 200 µM dNTPs. Selective amplifi-
cation reactions were performed as follows: 1 cycle of 2 min at
94° C followed by 36 cycles of 30 sec at 94° C, 30 sec annealing
step (see below), and 1 min at 72° C. The annealing tempera-
ture in the first cycle was 65° C and was subsequently reduced
0.7°C for each of the next 12 cycles and was then continued
at 56° C for the remaining 23 cycles. Reactions were complete
after a final extension of 5 min at 72° C.

Gel Analysis
The AFLP amplification products were analyzed using a LI-
COR model 4200L-2 dual-dye automated DNA sequencing
system. Following amplification, an equal volume (5 µl) of
PCR products labeled using the IRD-700 nm EcoRI primer
(EcoRI + CAA) was pooled with the products labeled with the
IRD-800 nm EcoRI primer (EcoRI + TGA). Basic fusion dye (2
µl) (LI-COR) was added to each pooled sample and the
samples were denatured for 2.5 min at 95° C. Each sample (1
µl) was loaded on a 6.5% polyacrylamide gel containing 7 M
urea. Gels were cast using LI-COR 25-cm plates with 0.25-mm-
thick spacers and comb. Electrophoresis was performed at a
constant power of 40 W and a constant temperature of 47.5°
C for 3 h.

Analysis of AFLP Images
The raw data from the LI-COR model 4200 sequencers is pre-
sented as an autoradiogram-like image that is stored in TIFF
format. Band analysis was performed using Bionumerics soft-
ware (Applied Maths BVBA, Kortrijk, Belgium). Following as-
signment of the bands from selected individuals to band
classes; a comparative binary (+⁄1) table was generated which
displayed polymorphic bands in all of the samples. The binary
table was exported to Microsoft Excel (Microsoft, Tacoma,
WA) where it was transformed and used for genetic mapping
and other analyses.

Mapping of AFLP Markers
A framework linkage map of the BTx623 2 IS3620C RI popu-
lation, composed of a subset of the RFLPs (Peng et al. 1999)
and SSRs (Kong et al. 2000; G. Hart, pers. comm.) was pro-
vided by Dr. G. Hart (TAMU, College Station, Texas). AFLP

markers were placed on this framework map using the com-
puter program MAPMAKER V2.0 for Macintosh. AFLP markers
were initially assigned to one of the ten sorghum LGs using
the MAPMAKER place command with a threshold of LOD of
3.0. The markers assigned to a LG were ordered with respect to
the framework map using the try command, and the LOD
score for each adjacent triplet was determined using the ripple
command. An initial map of each LG was established at a LOD
>3.0. Subsequently, a LOD <3 map of each LG was created
utilizing all AFLP markers present in BTx623 DNA (source
DNA for BAC library construction) to create a saturated ge-
netic map to aid in physical map construction. At this point
a drop marker test was performed on each LG and the data
sets for AFLP markers with a high drop marker value were
compared with those of neighboring markers to identify ques-
tionable data points. Where necessary, the gel images were
rescored and errors corrected. Centimorgan values were cal-
culated using the Kosambi mapping function (Kosambi 1944).

BAC Libraries
A BAC library of the sorghum inbred line, BTx623, was con-
structed at the Texas A & M University (TAMU) BAC Center
(Woo et al. 1994). This library consists of 13,440 clones and
was prepared with DNA isolated from protoplasts after partial
digestion with HindIII. A second BAC library was constructed
at the TAMU BAC Center for use in this study (Tao and Zhang
1998). BTx623 was again used as the source material for this
library; however, the DNA was prepared from sorghum nuclei
and partially restricted with EcoRI. The EcoRI BAC library con-
tains 12,576 clones.

BAC Library Screening
High-density colony filters were prepared using a Biomek
2000 robotic workstation equipped with a high-density repli-
cating system (HDR) (Beckman Coulter Inc., Fullerton, Cali-
fornia). Each filter was inoculated with 1536 BAC clones using
a 3 2 3 matrix pattern with a 384-pin HDR tool. Filters were
inoculated and processed as described by Woo et al. (1994).
Prehybridization was performed at 65° C for 2–3 h in 1 M
NaCl, 10% dextran sulfate, 1% SDS and 12 Denhardt’s solu-
tion. Following prehybridization, the labeled probe was added
to a final concentration of 1 2 106 cpm probe/ml hybridiza-
tion solution and hybridization continued for 14–16 h at 65°
C. Filters were washed twice in 22 SSC⁄0.5% SDS and twice in
0.12 SSC⁄0.5% SDS. All washes were for 20–30 min each at 65°
C. Following washing, the filters were exposed to X-ray film
for 1–3 d.

DNA Probes
DNA fragments used to make probes for library screening
were synthesized by standard PCR using gene specific primers
that were derived from the gene sequences from GenBank. Six
DNA fragments corresponding to barley chloroplast se-
quences were amplified using total genomic DNA isolated
from barley. These included rbcL [X00630] nt 1059–2174;
psbD [X07522] nt 1–1178; psbA [X07942] nt 991–2066; ndhB
[X90650] nt 27–2245; psaC [L06607] nt 58–387; and psbB
[X14107] nt 175–1608. Three fragments corresponding to sor-
ghum mitochondrial sequences were amplified from sorghum
genomic DNA including coxI [M14453] nt 681–2181; atp9
[U61165] nt 496–1221; and orf25 [U22069] nt 30–1037. A
rDNA fragment was amplified from Arabidopsis DNA using
gene-specific primers derived from 25S rRNA [X52320] nt
1181–3588. Amplification products were purified using a QIA-
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quick PCR purification kit (Qiagen Inc, Valencia, California)
according to the standard protocol supplied by the manufac-
turer. For plastid and mitochondrial probes, equal amounts of
each purified gene-specific DNA fragment were pooled prior
to radio-labeling. DNA probes were labeled with a-32P-dCTP
by random priming (Feinberg and Volgelstein 1983).

TAR sequences linked to telomeric repeats were gener-
ated using a PCR-based method that allows walking in regions
of unknown sequence flanking a region of defined sequence
(Siebert et al. 1995). A telomere sequence-specific primer
(CCCTAAA)7 was used for the amplification of several TAR
PCR products. Several of these PCR products were cloned and
sequenced. The non-telomeric-repeat sequence from one of
these clones was used for the design of a primer that allowed
amplification of additional unknown flanking sequence. One
PCR product obtained in this fashion was cloned, sequenced,
and radio-labeled as described above for use in hybridization
experiments. The sequence of this TAR PCR product was de-
posited in GenBank under accession no. [AF218263].

DNA Fingerprinting of BAC Clones

BAC DNA Isolation and Restriction Enzyme Digestion
The inoculation of BAC clones and subsequent BAC DNA iso-
lation from 96 deep-well plates was as previously described
(Klein et al. 1998). Following purification, BAC DNA pellets
were resuspended in 90-µl TE buffer containing 10 µg/ml of
RNaseA. DNA yields ranged between 1.0 µg and 2.0 µg from
an initial 1.5-ml culture. DNA fingerprinting was performed
as described by Tao et al. (1995) with minor modifications.
Briefly, 3 µl (30–60 ng) of BAC DNA was transferred to a 0.2-
ml PCR tube on ice, to which was added an equal volume of
a fingerprinting cocktail solution that consisted of 132.5 µl
sterile water, 40.25 µl 102 multi-core buffer (Promega), 5.25
µl 0.5 mM ddGTP, 4 µl HindIII (50U/µl), 4 µl HaeIII (50U/µl),
5 µl AMV reverse transcriptase (10U/µl) and 2 µl a-33P-dATP.
The reaction mixture was incubated for 1.5–2 h at 37° C. After
digestion, the DNA was collected in the bottom of the tube by
a brief spin and 3 µl of gel loading dye (98% v⁄v deionized
formamide, 0.3% bromophenol blue, 0.3% xylene cyanol, 10
mM EDTA pH 8.0) was added. The restricted samples were
subjected to electrophoresis on 4% polyacrylamide gels con-
taining 8 M urea following denaturation for 10 min at 95° C.
Lambda DNA that had been restricted with Sau3A and end-
labeled with a-33P-dATP was loaded in the first and every
ninth lane of the gel to serve as a marker for image analysis.
Gels were run at 85 W for 2.5 h, dried and exposed to X-ray
film for 2–4 days. Following autoradiography, the films were
scanned on a UMAX Mirage D-16L scanner (UMAX Technolo-
gies Inc., Fremont, California) at 200 dpi and saved as TIFF
files. TIFF files were transferred to a SUN ULTRA10 worksta-
tion (SUN Microsystems, Fremont, California) with a Solaris
2.6 operating system for band calling and contig assembly.

To identify the restriction bands in BAC DNA finger-
prints, gel images saved as TIFF files were analyzed by the
program Image 3.5 (Sulston et al. 1988, 1989). Bands at the
top 3 cm and the bottom 7 cm of the image were ignored in
the band-calling process because of band compression and
band distortion, respectively. A specific marker file using
bands from the l⁄Sau3A restriction pattern was generated to
normalize the mobility of all restriction fragments. A vector
file was also created to filter out vector fragment(s) prior to
contig assembly. Band calling was performed automatically in
Image; however, all lanes were checked manually and band-

calling errors corrected. The band data was then transferred to
the program FPC V4.5 for automated contig assembly. Both
Image and FPC were downloaded from http://www.sanger.
ac.uk/Software (Soderlund et al. 1997). In the FPC analysis, a
fixed tolerance of seven was used and contig assembly was
initially performed at a cut-off value of 5 2 10114. The cut-off
value was subsequently raised from 5 2 10114 to 10110 for
the addition of singletons to existing contigs and the merging
of contigs.

BAC Pooling Strategy

Stack Design
For the pooling strategy used in the present study, 256 indi-
vidual 96-well microtiter plates containing 24,576 BAC clones
were arranged into a stack design. The 256 individual 96-well
microtiter plates included clones from both the HindIII and
EcoRI libraries. The stack consisted of 32 layers or plates with
each layer containing eight 96-well plates. The eight plates in
a layer were arranged in a 2 2 4 plate pattern. Because each
96-well plate is an array of 8 rows and 12 columns of wells,
this 2 2 4 plate pattern resulted in each plate layer containing
wells in a 32 row 2 24 column array (768 wells/layer).

Every well in the stack has a unique address defined by its
x, y, and z coordinates relative to the axes of the stack (see Fig.
2). Although the assignment of x, y, and z to a particular axis
is arbitrary, for our purposes, the x axis extends left to right, as
seen by an observer examining one side of the stack. A rank of
wells parallel to the x axis is a row. The y axis extends away
from the observer towards the horizon. A rank of wells paral-
lel to the y axis is a column. Finally, the z axis is mutually
perpendicular to x and y and defines vertical position (plate or
layer number) within the stack. The origin of the stack is
defined as the far-left corner of the topmost layer with its
coordinates being 1,1,1.

Pooling Strategy
The stack of microtiter plates was sampled in six distinct ways
to generate the BAC pools (Fig. 2). Each pool represents the
intersection of a plane with the stack (with the plane passing
through the wells). Planes intersecting the stack parallel to
three, mutually perpendicular, surfaces define three of the
pool types. Plate pools (PP) were prepared from each layer or
plate of the stack. All BACs in a plate pool share the same layer
(z) coordinate. The front surface of the stack facing an ob-
server was termed the face. Planes parallel to this surface de-
fined face pools (FP). Each face pool consists of BACs with the
same y coordinate (i.e., they occupy the same row as defined
above). The surfaces left and right of the stack were termed
sides. Planes parallel to these surfaces defined side pools (SP).
Each side pool consists of BACs in the same column which
share the same x coordinate. The three remaining pool types
were sections taken at an angle through the stack. Row pools
(RP) were established as follows: A BAC in row R (y), plate P (z)
is a member of row pool R + P (y + z) (i.e., all of the wells from
plate 1, row 2 are combined with those from plate 2, row 1 to
form RP3 and so on for other combinations). To keep the
number of wells in each row pool constant (768 wells per row
pool), wrapping occurred. That is, when the R + P value was
greater than 32 (the longest of the y and z dimensions), then
32 was subtracted from R + P to give the correct row pool (i.e.,
wells in plate 32, row 1 are a member of row pool 1 [32 + 1 =
33, 33>32, therefore 33 1 32 = 1]). Column pools (CP) were
established in a manner similar to that of row pools. A BAC in
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column C (x), plate P (z) was added to column pool C + P (x +
z). Thus, all the wells from plate 1, column 2 and plate 2,
column 1 are in CP3. As with RPs, when the C + P value was
greater than 32 (the longest of the z dimension), wrapping
occurred by subtracting 32 from the C + P value to determine
the correct column pool. The final pool type are called diago-
nal pools (DP). All wells in row R (y), column C (x) belong to
diagonal pool R + C (x + y) (i.e., the well at row 1, column 1 in
every plate [z] is in DP2). When the R + C value was greater
than 32, wrapping occurred as described above such that the
well at row 32, column 1 on every plate belongs to DP1.

The six pool types resulted in 184 BAC pools. Five of the
six pool types (PP, FP, RP, CP, and DP) were composed of 32
pools each containing 768 BACs. The sixth pool type (SP) was
composed of 24 pools each containing 1024 BACs. Thus every
well in the stack was present in each of the six pool types and
no well was present more than once in any pool type.

BAC DNA Isolation from Pools
Each time one of the six pool types was prepared, the 256
96-well microtiter plates comprising the pooling stack were
inoculated with BAC stocks and the BAC DNA isolated. BACs
were inoculated from a frozen stock plate using a 96-well pin
tool into microtiter plates containing 200 µl TB media plus
12.5 µg⁄ml chloramphenicol per well and the plates incubated
for 20–24 h at 37° C (without shaking). The next day the
plates were arranged into the stack design and sampled in one
of the six distinct ways to generate a particular pool type (see
above). For BAC pooling, approx. 130 µl of culture was re-
moved from each well using a multichannel pipette. The BAC
cultures were placed in sterile containers with each container
defining a given BAC pool. Each pool contained approx. 100
ml of culture. Individually, pooled cultures were transferred
to 250-ml centrifuge bottles and incubated on ice for 15 min.
The cells were collected by centrifugation at 4400 g for 15 min
at 4° C. The supernatant was removed and the pellets drained.
Cell pellets were respun for 5 min at 4400 g and the remaining
TB media removed by aspiration. The cell pellet was resus-
pended in 2.4 ml of solution I (50 mM Tris-HCl pH 7.5, 50
mM EDTA pH 7.5) by vortexing and pipetting the solution up
and down. The resuspended cell pellet was transferred to a
30-ml centrifuge tube and 4.8 ml of freshly prepared solution
II (0.2 M NaOH, 1% SDS) was added. The sample was mixed
by inversion 10–12 times and incubated 15 min at room tem-
perature. Next, 3.6 ml of ice-cold solution III (3 M potassium
acetate pH 5.2) was added and the sample mixed by inversion
12 times. Following incubation in an ice-water bath for 20
min, the sample was centrifuged at 31000 g for 20 min at 30°
C. The supernatant was transferred to a new tube and respun
at 31,000 g for 20 min at 30° C to completely clarify the
supernatant. The supernatant was filtered through miracloth
into a tube containing 1 vol (approx. 10 ml) of isopropanol,
mixed, and incubated overnight at -20° C. The precipitated
nucleic acid was centrifuged at 13,800 g for 30 min at 4° C,
washed twice (70% ethanol first wash, 80% ethanol second
wash), air-dried, and resuspended in TE buffer containing 20
µg⁄ml RNase A. The sample was incubated at 37° C for 1.5 h to
degrade RNA, transferred to a 1.5-ml microcentrifuge tube
and centrifuged at 15,000 g for 5 min to remove any residual
insoluble material. The supernatant was transferred to a new
tube and the BAC DNA quantified by fluorimetry. Typical
yields ranged between 1.5–2.0 µg BAC DNA⁄ml of starting cul-
ture.

A portion of each pooled DNA sample was further puri-

fied by phenol:chloroform extraction. Three hundred µl of
each pooled sample (approx. 30–60 µg BAC DNA) was trans-
ferred to a phase-lock gel tube (5 prime→3 prime Inc. Boulder,
CO) and phenol extracted. Following purification, BAC DNA
was resuspended in TE buffer containing 20 µg⁄ml RNase A
and the DNA quantified by fluorimetry.

PCR-based Screening of BAC Pools

STS and SSR Screening
Primers that amplify sorghum SSRs and STSs were initially
used to screen the BAC DNA pools. SSR primers were obtained
from Dr. G. Hart (TAMU, College Station, Texas). Sequencing
sorghum RFLP clones (Xu et al. 1994) generated STSs. Plasmid
DNA for sequencing was prepared using a Wizard SV + mini-
prep DNA isolation kit (Promega). Plasmid DNA was se-
quenced using a Thermo Sequenase dye terminator cycle se-
quencing kit (Amersham Life Science Inc., Arlington Heights,
Illinois) according to the manufacturer’s protocol. Sequenc-
ing was performed on an ABI Prism 377XL sequencer (PE Ap-
plied Biosystems, Foster City, California). STS primers were
designed from the sequence generated from each RFLP clone
using the Oligo 5.0 software program (Molecular Biology In-
sights Inc., Cascade, Colorado) and were obtained from
Sigma-Genosys (The Woodlands, Texas).

To screen the BAC DNA pools for PCR-based STS and SSR
markers, a hot start amplification strategy utilizing AmpliTaq
Gold DNA polymerase (Perkin Elmer, Foster City, California)
was employed as described by Klein et al. (1998). Following
amplification, loading dye was added and the samples dena-
tured for 5 min at 95° C. Samples were electrophoresed on 4%
polyacrylamide gels containing 8 M urea at 85 W for 2.5–4 h.
Gels were dried and exposed to X-ray films for 1–3 days.

A subset of the SSRs was amplified using fluorescent IRD-
labeled primers obtained from LI-COR. The IRD-labeled prim-
ers were diluted to 1 pmol⁄µl according to the manufacturer’s
recommendation. Amplification reactions were performed in
a total volume of 10 µl containing 12 Perkin Elmer buffer II,
2.5 mM MgCl2, 200 µM dNTPs, 1 pmol IRD-labeled primer, 1
pmol unlabeled primer, 0.4 U AmpliTaq Gold polymerase and
20 ng pooled BAC DNA or BTx623 DNA. Amplification con-
ditions were as previously described (Klein et al. 1998). The
fluorescent-labeled amplification products were analyzed on a
LI-COR dual-dye sequencer as described above for AFLP am-
plification products. BAC DNA pools containing STS or SSR
markers were identified manually from the autoradiograms or
TIFF images and the individual BACs containing the marker
were identified (see below).

AFLP Screening
Template preparation for AFLPs using DNA from the 184 BAC
pools was as described above for the RIL mapping population.
Phenol⁄chloroform–extracted pooled BAC DNA (500 ng) was
restricted with EcoRI and MseI and the resulting fragments
ligated to EcoRI and MseI adapters. Preamplification (+0/+1
primers) and selective amplification (+3⁄+3 primers) reactions
were performed as described above for genetic linkage analy-
sis. When analyzing candidate BAC clones for the presence of
a marker the selective amplification reaction was modified as
follows: the 10-µl reaction contained 12 Taq buffer, 2.5 mM
MgCl2, 200 µM dNTPs, 1.87 ng MseI selective primer, 0.03 µl
IRD-labeled EcoRI selective primer, 0.2 U Taq polymerase, and
2 µl dilute preamplified BAC DNA (8 pg). AFLP amplification
products from BAC DNA pools or individual BACs were ana-
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lyzed on LI-COR DNA sequencers along with amplification
products from the parental lines of the mapping population
to serve as controls. The TIFF images were imported into Bi-
onumerics software and band analysis performed.

Data Analysis
A Unix-based application was written in the Perl program-
ming language to assist in resolving candidate BAC clones
from the marker data obtained using the BAC DNA pools.
Although there are six pool types, there are only three degrees
of freedom (x, y, z) in the system. The redundancy makes it
possible to use the presence of a signal (i.e., a PCR amplifica-
tion product) in two pool types to predict the presence of the
same signal in a third pool type. Specifically, (1) plate pools
and face pools predict row pools, (2) plate pools and side
pools predict column pools, and (3) face pools and side pools
predict diagonal pools. When the three predictions are ap-
plied to real data, it is possible to relate signals appearing in
the six pool types to unique wells within the stacked plates, a
task that is nearly impossible with only three pool types. The
confirmation process eliminates many alternative addresses
and requires that a signal must be detected multiple times in
the appropriate pools before it is considered meaningful. This
feature greatly reduces the frequency of false-positives but
also means that some BACs will be missed using this approach
(false-negatives).The perl script and documentation are avail-
able at http://ars-genome.cornell.edu/software.html.
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