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Large-scale hybridization-based genome mapping projects, such as the produc- 
tion of sequence-ready physical clone maps, call for robust and cheap DNA 
labeling techniques that are amenable to automation. We routinely use a high- 
throughput protocol based on fluorescence detection. DNA probes are labeled 
via polymerase chain reaction (PCR) amplification with primers that are digox- 
igenin-modified at their 5' ends. Alternatively, digoxigenin-labeled dUTP is 
incorporated in a random hexamer priming reaction. Hybridization takes place 
in small volumes by sandwiching the probe between filters and plastic sheets. 
A fluorescence signal is produced by the activity of alkaline phosphatase at- 
tached to an anti-digoxigenin antibody upon the addition of AttoPhosTM sub- 
strate. Signals are directly detected with a charge-coupled device (CCD) 
camera and scored by an image data analysis system. DNA filters can be 
reused at least 40 times without loss of data quality. Significant advantages 
compared to radioactive techniques are the reduced health risk, enabling 
highly parallel processing; the production of spot signals uniform in size and 
intensity, which is essential for efficient image analysis; and a cost reduction of 
about 70%. 

1 Introduction 

Hybridization techniques based on DNA filter arrays 
have proved to be a powerful tool for the physical map- 
ping of genomic DNA, the reconstruction of a genomic 
or chromosomal region from smaller clone fragments, by 
placing them relative to each other based on their hy- 
bridization behavior with various DNA probes fl, 21. The 
genome of fission yeast Schizosaccharomyces pombe, for 
example, was mapped this way in yeast artificial chromo- 
some (YAC), bacteriophage P1 and cosmid clones [3, 41. 
The enormous potential of the methodology conse- 
quently led to its application in a strategy for low-redun- 
dancy sequencing by ordering shotgun template clones: 
the high resolution maps generated serve as a source for 
a directed selection of overlapping DNA templates used 
in the actual sequencing reactions. After demonstrating 
the efficiency of this process in pilot studies on chromo- 
some XI1 of budding yeast Saccharomyces cerevisiae 
[5-71, the technique was optimized and applied to 
sequencing projects in the megabase range of human 
and microbial DNA (Scholler et al., manuscripts in prep- 
aration). For this purpose, radioactive labeling was re- 
placed by fluorescence-based detection of hybridization 
signals and the protocols were adapted to permit high- 
throughput data production (Fig. 1). 

Fluorescence-based DNA labeling is a well-established 
methodology in assays in which signal intensities or 
signal-to-background ratios are sufficiently high, such as 
fluorescence in situ hybridization (FISH; signal detec- 
tion with fluorescence microscope; [8]) or automated 
DNA sequencing (excitation by high-energy monochro- 
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matic light source; [9]). Many different fluorochromes 
were developed to meet various specifications [lo]. For 
filter-based DNA hybridization, with many signal spots 
to be detected simultaneously, several aspects are cru- 
cial: after stimulation with a scattering, surface-covering 
light source, the fluorescence signal intensity must be 
high and stable enough for unequivocal detection, with a 
CCD camera or an analogous detection device; the 
signal-to-noise ratio (commonly used nylon filters con- 
tain fluorescent components themselves) as well as the 
homogeneity of the signal intensities must allow clear 
spot definition and reliable evaluation; and last, but no 
less important, filters must be reusable in many subse- 
quent experiments. The fluorophor AttoPhosTM [ 111, with 
its long lifetime and a relatively large Stokes shift of 
140 nm, in combination with alkaline phosphatase for 
enzymatic signal amplification, is an ideal candidate [ 121. 
Here, such fluorescence-based protocols are described, 
adapted, and optimized for routine application in phys- 
ical clone mapping. 

2 Materials and methods 

2.1 Filter and probe preparation 

Filter arrays of 80 clones/cm2 were produced from size- 
selected shotgun template libraries with a commercial 
robotic device (BioRobotics, Cambridge, UK). DNA was 
attached to the filters for repeated use in hybridization 
experiments as described in detail elsewhere [4, 51. Non- 
radioactive DNA probes were either generated from 
restriction fragments or from the shotgun-clone inserts 
by random hexamer priming [13] or a standard PCR 
amplification. To both reaction types, digoxigenin-ll- 
dUTP (Boehringer Mannheim, Mannheim, Germany) 
was added at a concentration of 10 FM. Alternatively, 
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cloning-site flanking primers modified with digoxigenin 
at their 5' position were used in PCR, delivering results 
of equivalent quality. Clone-inserts were PCR-amplified 
in sealed 384 well plates in an Autogene I1 cycler (Grant, 
Cambridge, UK). Wells were filled with 25 pL of 10 mM 
Tris-HC1, pH 8.3, 50 mM KCI, 1.5 mM MgCI,, 0.2 mM of 
each nucleotide triphosphate, 0.01 mM digoxigenin-ll- 
dUTP, 1 p~ of each primer, and 1 unit of Tuq DNA poly- 
merase using a multichannel plate filling device (e.g. ,  
Genetics, Christchurch, UK) prior to inoculation with 
bacterial or M13 phage suspension transferred from a 
culture plate by a 384 pin replicator (Genetics). After an 
initial incubation at 95°C for 2 min, 32 PCR cycles were 
performed by alternating a 2 min period of annealing 
and primer extension at 68 "C and 30 s of denaturation at 
95°C. Post-treatment was at 72°C for 10 min. PCR prod- 
ucts were checked and simultaneously purified by brief 
electrophoresis in 1% w/v agarose gels so that the frag- 
ments all traveled nearly identical distances. Using the 
microplate array diagonal gel electrophoresis (MADGE) 
system [14], material was transferred to the gel in the 
microtiter dish format. DNA bands were either excised 
with a home-made, fitted tool that simultaneously dis- 
sects all gel areas known to contain the PCR fragments, 
or selectively in ethidium bromide-stained gels under 
long-wave UV light, and were directly used for hybridiza- 
tion. Pooling of many PCR products as mixed probes 
was possible without loss of data quality. 

2.2 Hybridization 

For probe release and denaturation, agarose blocks con- 
taining the digoxigenin-labeled DNA were heated to 
100°C for 6 min in the presence of 50 pL water and 
immediately mixed with 2 mL of 0.5 M sodium phos- 
phate, pH 7.2, 7% w/w SDS, 1 mM EDTA, pH 8, 
100 pg/mL sonified salmon sperm DNA or tRNA, pre- 
warmed to 65°C. Filters were attached at their four cor- 
ners to specifically designed metal frames (Fig. 2) for 
easy handling during the washing steps. Hybridization 
was performed either in compact hybridization boxes 

Figure 1. Procedures involved in high- 
resolution physical genome mapping: 
(1) Conventionally made, size-selected 
shotgun libraries are spotted to nylon fil- 
ters of 22 X 22 cm using a robotic device. 
(2) Filters are repeatedly used in hybridi- 
zation experiments. (3) Fluorescence 
signals are detected with a CCD camera 
system connected to an appropriate 
image analysis software. (4) Signal spots 
are transformed to clone names and 
automatically used for map generation. 
(5) By algorithms that are individually 
adaptable to the sequencing performance 
(e.g., average read-length), clones are 
selected from the map for ordered DNA 
sequence analysis. 

that consist of several narrow chambers for individual 
hybridization experiments (Engineering and Design Plas- 
tics, Cambridge, UK) or by uniformly spreading 4 mL of 

Figure 2. Scheme of the metal frame to which the filters were attached 
by small perforations for simple handling during all processing steps. 
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probe between a filter surface of 22 X 22 cm and a pla- 
stic sheet of slightly larger dimensions. Sandwich-like 
stacks of 10-15 such arrangements - directly placed on 
top of each other - were wrapped in plastic foil to avoid 
evaporation during overnight incubation at 65 "C. 

2.3 Fluorescence detection 
Washing and incubation steps were carried out following 
a protocol modified by Maier et al. [12]. Twelve to fifteen 
filters hybridized with different probes were washed in a 
plastic box. After a short rinse of the individual filters in 
40 mM sodium phosphate, pH 7.2, 0.1 Yo w/v SDS, filters 
were washed in 500 mL of the same solution at 65"C, 
followed by 5 min incubation at room temperature in 
500 mL TN buffer (100 mM Tris-HC1, pH 7.5, 150 mM 
NaC1) and another 5 min in 500 mL TBN-buffer (TN 
plus 1 Yo w/v blocking reagent, Boehringer Mannheim). 
Subsequently, the entire filter set was incubated in 
300 mL of 0.05 U/mL anti-digoxigenin alkaline phospha- 
tase complex (Boehringer Mannheim) in TNB buffer at 
room temperature for about 30 min. The antibody solu- 
tion was reused 5 times over a period of about 4 h. Prior 
to incubation with the fluorescence substrate, filter sets 
were submerged first in 500 mL of TN buffer, subse- 
quently twice in 500 mL of 100 mM Tris-HC1, pH 9, 
100 mM NaCl, 1 mM MgCl,, and finally in 500 mL of 
100 mM diethanolaminechloride, pH 9, and 1 mM MgC1,. 
Filters were briefly blotted onto Whatman 3MM paper 
to remove excess liquid and sprayed with AttoPhosTM 
solution (Boehringer Mannheim). Incubation, while pro- 
tected from drying by a cover of transparent plastic foil, 
was for 30-90 min at room temperature, and fluores- 
cence signals were detected upon irradiation with long- 
wave UV light. To remove the probe material, up to 30 
filters were washed in 1L of 0.5 M sodium phosphate, 
pH 7.2, 5 %  w/v SDS, at room temperature overnight. 
After a brief rinse in distilled water, probe was stripped 
off by two 30 min incubations in 1L of 5 mM sodium 
phosphate, pH 7.2, 0.1% w/v SDS, at 95°C. Filters were 
stored in hybridization buffer between sequential experi- 
ments. 

2.4 Data analysis 
Signal detection of the fluorescence signals was per- 
formed by a charge-coupled device (CCD) camera 
system directly from the processed filters. Images were 
imported into commercially available software (Bio- 
Image HDG Analyzer, version 2.1 [15]) run on a SUN 
Sparc-5 workstation, which reliably identifies positive 
spots by matching the actual image with an idealized 
reference image of the grid. The output files were 
reformatted by a self-made software tool, and form the 
basis for mapping analysis using algorithms that were 
described earlier [16]. The software can be downloaded 
freely from http://www.mpimg-berlin-dahlem.mpg.de/ 
-andy/welcome. html. 

3 Results and discussion 
3.1 Parallel processing 
For establishing high-throughput mapping, a system was 
set up for parallel handling of hybridization experiments 

(Fig. 1). At the current status, the crucial steps - clone 
picking, PCR amplification, DNA spotting, hybridization, 
signal detection and analysis, map generation and clone 
selection - are essentially automated, mostly using com- 
mercially available machines. Only the non-rate limiting, 
connecting processes - moving dishes or filters from one 
station to the next, and the addition of hybridization 
and washing solutions - are still being performed 
manually. One critical step for the establishment of the 
scheme was the substitution of radioactive isotopes by 
fluorescence labeling. For hybridizations on filters, our 
decision fell on the AttoPhosTM system [12] for practical 
reasons: lack of exposure to radioactivity facilitates par- 
allel processing; differences in probe concentration in 
the range of at least 15-fold were leveled by the enzy- 
matic signal amplification and had no visible effect on 
data quality in terms of signal uniformity in size and 
intensity; and cost reduction was by approximately 70%. 
Several steps of an existing protocol [12] were modified, 
or omitted, to be compatible with the parallel handling 
of, currently, up to 60 filters at a time, while simultane- 
ously achieving reproducible data quality at the lowest 
possible cost. Concerning the latter, the concentration of 
the anti-digoxigenin alkaline phosphatase conjugate, 
which is a significant cost factor, was reduced by 75%, for 
example, in addition to the fact that it was reused 4-5 
times. Filters lasted for at least 40 subsequent ex- 
periments, mostly longer. These data are based upon hy- 
bridization of more than 2000 probes. 

3.2 Fluorescence detection 

We have had negative experience with laminating filters 
on one side I171 for better transportation: they tended to 
deform after probe stripping at 95 "C. A specifically desi- 
gned flat metal frame (Fig. 2) that holds a filter at its 
four corners proved to be useful. Held by these frames, 
the filters could be placed easily in boxes that are sub- 
divided into chambers for individual hybridizations or 
washing steps. In most cases, however, hybridization was 
done in small volumes of solution that were spread be- 
tween the filter and a sheet of plastic. Up to 15 such 
sandwiched arrangements were stacked for hybridization. 
Subsequently, they were washed simultaneously in a 
large volume of buffer, after an initial rinse of individual 
filters in slots of a hybridization box. 

Signal detection of the fluorescence signals was per- 
formed by a CCD camera system directly from the proc- 
essed filters. Illumination of the area was done by two 
UV lamps (length, 30 cm; wavelength, 365 nm; power, 
15 W) placed about 30 cm above either edge of the filter 
at a slight, inward angle. This arrangement, chosen for its 
technical simplicity as compared to laser-based scanning 
devices for example, nevertheless produced excellent 
results (Fig. 3). For coordinate identification, images 
were imported to a software package (BioImage HDG 
Analyser, version 2.1), which identifies positive spots by 
matching the actual image with an idealized reference 
image of the grid [15]. Where low-quality hybridization 
data had to be analyzed, which was avoided if possible, a 
semi-manual scoring method was used instead. On a 
computer screen, a reference grid was pulled to the cor- 
rect size to fit the relevant data image. Positives, judged 
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Figure 3. Typical result of a hybridization 
to a filter clone array with a fluorescently 
labeled probe of pooled clone inserts 
made by PCR. The spots were arranged 
in blocks of 4 X 4 at an average density 
of 80 clones per cm2. Within a block, 
each DNA was present twice. Apart from 
serving as an internal control of positive 
hybridization, the orientation of the 
related spots within the box revealed the 
DNA's identity. 

by the human eye, were scored by a mouse click at the 
respective spots of the reference grid. 

3.3 Assessment of data quality 

Data aualitv was assessed manuallv and the files were 

example, can be handled simultaneously in 60 copies. By 
hybridizing pools of six probes per filter, some 5 to 6 
rounds of hybridization are necessary to produce the 
data for a complete template map of such a 0.5 Mbp 
region. 

then ised for mapping, using an -established program 
package [ 161 that calculates probe distance values and 4 Concluding remarks 
computes a minimal distance spanning all probes. For 
improved analysis, two extra features were added: listing 
the clones not positive in any hybridization, which by 
definition should be located in yet unmapped regions 
and thus lend themselves as probes in subsequent hy- 
bridizations, and automatic selection of clones for the 
definition of a minimal clone tiling path. The distance of 
probes is calculated by a maximum likelihood approach 
whereupon the shortest spanning clone coverage is 
sought through a two-dimensional graph, with the addi- 
tional requirement that every second clone had been 
used as a probe. Thereby, gaps in clone coverage are 
avoided. 

3.4 Further developments 

The current set-up is an initial phase toward a more 
complete, automated system for clone mapping by hy- 
bridization experiments. The modular organization was 
chosen for practical reasons, such as the fact that com- 
mercial devices could be used, and also because of finan- 
cial considerations. The remaining manual manipulation 
is not rate-limiting in the first instance. Nevertheless, 
developments are being pursued toward further automa- 
tion of these handling steps, which could well be per- 
formed by commercially available robotics. At present, a 
filter that is worth 0.5 Mbp of shotgun clones, for 

Clone mapping is considered by some a receding art 
because of developments such as sequencing strategies 
based on clone selection by end sequencing [18] or even 
total shotgun approaches [19] when in fact it offers a way 
out of the unnecessary cost factor of high sequence 
redundancy, which, due to improved chemistry, is no 
longer a prerequisite to accurate sequencing. Rather than 
decreasing the mapping effort, we embarked on the 
opposite. The directed approach taken reduces the redun- 
dancy of finished sequence to an overall value of well 
below 4-fold, about half that of a standard shotgun activ- 
ity, and adds extra value by a significantly lowered 
complexity in sequence assembly and a simplified finish- 
ing phase. Essential to the technology, however, are pro- 
tocols for achieving the required throughput. With the 
current system, both mapping cost and time could be 
reduced to about 10% of the corresponding sequencing 
effort. Although already a substantial improvement, this 
difference by a factor of (only) ten clearly indicates that 
prospective gains are still to be made in mapping proce- 
dures, which, after all, deal with kilobase-sized fragments 
instead of base pairs. 

For microorganisms, with their short intergenic stretches, 
a minimal clone tiling path made from a template map 
also represents a complete and perfectly normalized 
gene inventory. RNA profiling experiments [20] on such 
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a substrate could render the sequencing of an entire mic- 
robial genome unnecessary. Only genes and related 
genomic regions that exhibit an interesting response 
would be chosen for analysis. By this selective approach, 
only a few tens of thousands of base pairs of high poten- 
tial would be sequenced rather than millions of bases of 
unqualified importance. 
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