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Summary 

Gridded on high density filters, a Pl genomic library of 
17-fold coverage and a cosmid library of 8 genome 
equivalents, both made from S. pombe strain 972h-, 
were ordered by hybridizing genetic markers and indi- 
vidual clones from the two libraries. Yeast artificial 
chromosome (YAC) clones covering the entiregenome 
were used to subdivide the libraries, and hybridization 
of short oligonucleotides and DNA pools made from 
randomly selected cosmids provided further mapping 
information. Restriction digests were generated as an 
independent confirmation of the clone order. The high 
resolution clone map was aligned to the genetic map 
and the physical Not1 and YAC maps. The usefulness 
of the various mapping techniques and cloning proce- 
dures could be assessed upon the different data sets. 

Introduction 

The fission yeast Schizosaccharomyces pombe is a uni- 
cellular fungus with a genome of about 14 Mb, which is 
organized into three chromosomes of 3.5,4.6, and 5.7 Mb. 
It has all the basic characteristics of a eukaryotic genome, 
yet it contains relatively few repetitive sequences. Over 
500 nonallelic genetic markers have been identified, with 
over 250 markers mapped to the chromosomes (Lennon 
and Lehrach, 1992). Biologically, S. pombe is of interest 
because it is similar to humans in some respects and is 
likely to have many functions that are conserved in mam- 
malian cells. It therefore serves as an important biological 
model system, as in the intense studies carried out on 
cell division cycle control (e.g., Booher and Beach, 1969; 
Kinoshita et al., 1990; Enoch and Nurse, 1991; Forsburg 
and Nurse, 1991). Other biological problems in S. pombe 
have also received much attention, including signal trans- 
duction, recombination, mechanism of mitosis, and con- 
trol of meiosis and cell differentiation (reviewed by Hayles 
and Nurse, 1992). Becauseof this inherent biological inter- 
est in S. pombe, the moderate size of its genome, the 
relative paucity of repeat sequences, and the high density 
of genetic markers, the analysis of the S. pombe genome 
was chosen as a test case for the application of various 
hybridization protocols developed for large-scale high res- 
olution genome mapping. 

Hybridization permits the simple and fast identification 
of homologous DNA and RNA stretches, and large num- 

bers of clones can be analyzed in parallel. One of its main 
features is the fact that any piece of DNA can be either the 
probe or the probant, so that each experiment can actually 
be carried out either way, whichever is more convenient 
to analyze or produces more information. On this basis, a 
system has been developed that provides a tool to gener- 
ate a physical map based on clone libraries made from 
large genome portions or an entire genome and to assign 
other mapping data toward these ordered libraries. As 
stages in this process, a large number of different refer- 
ence libraries for various organisms, including humans, 
has been created, and a range of hybridization procedures 
has been established (Craig et al., 1990; Lehrach et al., 
1990; Nizetic et al., 1991; Hoheisel et al., 1991; Ross et 
al., 1992). 

Most large-scale mapping efforts on the cosmid level 
reported earlier, in particular, the extensive analysis of the 
Caenorhabditis elegans genome, relied on data from gel 
fingerprinting techniques (Coulson et al., 1986). Although 
a strong analogy exists between the types of information 
generated by gel and hybridization fingerprinting meth- 
ods, there are large differences with respect to the experi- 
mental manipulations involved (Lehrach et al., 1990). In 
general, hybridization techniques are more work effective, 
owing to much simpler handling requirements and the 
analysis of large clone numbers in parallel. Gel fingerprint- 
ing, on the other hand, is less sensitive to the occurrence 
of repeat sequences than clone hybridization. The hybrid- 
ization of short oligomers combines these features in a 
single technique. 

For the experiments reported here, genomic libraries 
from the S. pombe strain 972h- were established in yeast 
artificial chromosome (YAC), bacteriophage Pl , and cos- 
mid vectors. Owing to the relatively small size of the S. 
pombe genome, the mapping analysis was mainly based 
on single clone hybridizations. Hybridizations with clone 
pools and oligonucleotides were performed as an addi- 
tional source of data, assisting in the determination of the 
clone order as much as the comparison of the results ob- 
tained with the different probe types. The parallel use of 
the three libraries not only contributed substantially toward 
the resolution of the clone order on all levels but also allows 
an evaluation of the effectiveness of the three cloning pro- 
cedures. 

Results 

Mapping Strategy and Procedure 
Following the approach of integral genome mapping (Leh- 
rach et al., 1990) utilizing different libraries in parallel so 
that information produced on one mapping level can in- 
stantly be used to assist the analysis on another level, 
work was simultaneously started with the YAC and cosmid 
libraries, the complete map of the former having been re- 
ported earlier (Maier et al., 1992). Owing to technical prob- 
lems, the genomic Pl library only became available ata 
later stage. DNAs of known genetic markers and randomly 



Figure 1. Autoradiographs of Probe Hybrid- 
izations onto Cosmid and Pi Filters 
Probes made from single cosmid clones (A and 
D), a pool of 12 cosmids (B), and a genetic 
marker DNA (E) were hybridized. (C) and (F) 
show the results obtained with a single YAC 
clone and a cosmid containing several copies 
of the rDNA repeat, respectively. 

selected cosmid clones were isolated, labeled by random 
hexamer priming (Feinberg and Vogelstein, 1983), and 
hybridized to the library filters. Rather than use a short 
probe made from both insert termini of the cosmids (Ho- 
heisel et al., 1991) thus avoiding any potential cross- 
hybridization caused by most of the genomic insert DNAs, 
we chose the technique of labeling the whole cosmid, and 
thusdetecting repeat sequences in the S. pombe genome, 
for two reasons. First, since the physical map is a step 
toward the eventual sequence analysis, it should indicate 
the locations of repeats, so that procedures can be de- 
signed for either sequencing through such DNA stretches 
or avoiding them. Second, the work on S. pombe was 
carried out as a test case for the mapping of larger ge- 
nomes, in particular, those of mammals. Therefore, the 
analysis tools developed should be able to deal with some 
level of repeated sequences, which are very abundant in 
larger genomes. 

On the YAC level (Maier et al., 1992) cosmid probes 
were picked at random until the majority of the genome 
was covered by contigs. Then, YACs representing the al- 
ready mapped part of the genome were hybridized to the 
cosmid library to identify the cosmids located in the gaps, 
which in turn could then be used as probes to close the 
map. This proved to be an important prerequisite for an 
efficient ordering process. At the same time, the entire 
cosmid library of about 23fold genome coverage was thus 
subdivided into small portions covered by the respective 

YAC clones. Five remaining undetected overlaps were 
bridged by hybridizing rescued YAC ends to the YAC and 
cosmid filters. The identified cosmids were again used to 
confirm the YAC-YAC overlaps defined by the rescued 
probes. 

For the cosmid ordering, various hybridization proce- 
dures were applied. A strategy of “sampling without re- 
placement” was followed with the single clone hybridiza- 
tions (Figure 1A). Only clones not hit in any of the earlier 
marker and cosmid hybridizations were used in the next 
round of experiments, until 99.5% of a subset of 3072 
cosmids, representing about 8 genome equivalents, had 
been hit at least once. During this phase, the efficiency of 
the probe selection was significantly increased as com- 
pared with a totally random selection by coarsely ordering 
the as yet unhit cosmids on the basis of the data obtained 
from the YAC-cosmid hybridizations (Figure 1C). Since 
the probings were done in batches of 30 to 80 parallel 
hybridizations, evenly spaced clones could be picked as 
probes, thus avoiding unnecessary redundancy. 

In addition to the single clone hybridizations, cosmids 
were individually grown and prepared in pools of 12 clones 
each. Clones were arranged in a twodimensional pooling 
scheme, so that each clone was present in two different 
pools, which allows each hybridization signal to be related 
to a particular clone (Evans and Lewis, 1989). To reduce 
background signal, end-specific probe was created by a 
polymerase extension of two radioactively labeled oligonu- 
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cleotide primers annealing to the vector directly adjacent 
toeitherendof theinsert(Figure 16; Hoheiselet al., 1991). 
The pool hybridizations were found to be as effective as 
single clone hybridizations, but hybridization results of a 
much higher quality were required, considerably increas- 
ing the experimental effort to be put into each experiment. 
Repeat sequences in the probe pools made discerning the 
relation between the observed signals and the individual 
clones responsible for them more complicated or even 
impossible, thus transforming these and all intersecting 
pools into multilocus probes, rather than agroupof unique 
probes. 

Thirty-two oligonucleotides 1 l-l 2 nt long were also hy- 
bridized. Oligonucleotide hybridization has been pro- 
posed as an efficient means of ordering clones by hybrid- 
ization fingerprinting (Lehrach et al., 1990) and has been 
demonstrated to work effectively on a small virus genome 
(Craig et al., 1990). Its major advantages over other hybrid- 
ization procedures are that the number of probes neces- 
sary is independent of the genome size and that the hybrid- 
izations are far less affected by repeat sequences in the 
DNA. Because oligomers assay for the presence of a short 
sequence, they offer more detailed clone ordering infor- 
mation than hybridizations of cosmids to cosmids can. The 
sequences of the oligomers used on S. pombe were based 
on simple tandem di-, tri-, and tetranucleotide repeats or 
were random with 30%-50% G or C content, avoiding 
certain features known to be highly frequent in the Esche- 
richia coli DNA, which is always present in the colony spots 
of the in situ filters. Annealing was performed at 8OC and 
at high probe concentration, whereby a duplex was formed 
indiscriminately on all clones. Signal discrimination was 
achieved subsequently during the filter washing, the con- 
ditions having been determined empirically for each oligo- 
nucleotide. Owing to their different nature as multilocus 
probes, the oligonucleotide results were initially not di- 
rectly included in the analysis but were used to check the 
probe order obtained by other means. 

Contig Assembly 
In the analysis, more accurate and longer clone contigs 
were obtained by ordering the probes first and then fitting 
the clones to the probe order. A probe-probe comparison 
based on the hybridization frequencies of a relatively large 
number of clones has a higher information content than a 
clone-clone comparison based’on the hybridization data 
of the much smaller number of probes. Using newly de- 
signed algorithms and software tools described in detail 
elsewhere (Mott et al., submitted), the distance between 
each possible pair of probes was calculated from the per- 
centage of clones hybridizing only to one probe but not to 
both, formally the same distance used by Cox et al. (1990) 
for positioning markers on the basis of DNA fragmentation 
in radiation hybrid cells. The probe order was derived by 
algorithms using simulated annealing to produce a set of 
probe tagged sites, named in analogy to the concept of 
a sequence tagged site (Olson et al., 1989). Contiguous 
arrays of probes were formed, which were kept separate 
whenever the distance between two neighboring probes 
exceeded a given value. Usually a threshold was used that 

was roughly equivalent to a 2 clone link between a pair of 
probes. In the final map, however, such a low value was 
only accepted if supported by additional mapping informa- 
tion, such as the parallel existence of the cosmid and Pl 
maps. Another algorithm exploited aset of heuristic rules, 
producing an almost identical order of probes. Since these 
ordering processes were based on the assumption that 
each probe is unique, an optional filtering process was 
implemented so that clones with probable well-to-well con- 
taminations or containing known repeat sequences (e.g., 
ribosomal DNA [rDNA]), both of which often cause false 
connections, were detected and excluded from further cal- 
culations. 

Gap Closure and Pl Mapping 
After the sampling without replacement strategy was fin- 
ished, the cosmids were assembled in some 140 contigs, 
which is in good agreement with computer simulations 
(data not shown). These contigs were ordered and ori- 
ented, where possible, by taking account of the genetic 
markers, the cosmid probe tagged site order on the YAC 
map (about 1 probe per 100 kb; Maier et al., 1992), and 
the YAC-cosmid hybridizations. Potential contig links, in- 
dicated, for instance, by single clone overlaps between 
neighboring contigs or by the pool or oligomer data, and 
suspected undetected overlaps due to the lack of a probe 
on the clone overlaps, were checked by hybridizing either 
clones thought to bridge the relevant gap or terminal 
clones of the 2 contigs, quickly reducing the number of 
contigs to 75 and eventually to 72. 

As a quality control and confirmation of the cosmid map, 
a parallel map was built with the PI library, ordering the 
clones by hybridizing a subset of the probes already used 
on the cosmids. Wherever necessary, additional probes 
were hybridized to make the probe order as determined 
with the Pl library valid on its own account. Any discrep- 
ancy between the two maps was solved by comparisons 
with other available mapping data, in particular, the YAC 
map, followed by further probe hybridizations as veri- 
fication. 

The remaining gaps in the cosmid map were known from 
the YAC data to be no longer than an average Pl clone. 
To speed up the gap closure process, the bridging of the 
remaining breaks was carried out with the Pl library 
clones, owing to their greater length (about twice that of 
a cosmid), instead of extending work to the remaining 15 
genome equivalents available in cosmids. 

Physical Clone Map of S. pombe 
Figure 2 shows the physical map of the entire S. pombe 
genome. The established probe order is based on the com- 
bined results from the YAC, Pl, and cosmid libraries. A 
set of clones from each of these libraries is shown (25 
YACs, 209 Pl clones, and 241 cosmids). Clone and probe 
names are given, so that any region can be described 
immediately by a list of names. Note that clones that have 
only one probe in common do not necessarily overlap. 
Since the probes are clones themselves, in some cases 
the listed clones only overlap with either end of the relevant 
probe, not with each other. Therefore, the probes must be 
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Figure 2. Physical Map of the S. pombe Genome 

The order of a clone set of the YAC, Pl, and cosmid libraries is shown, 
fitted to the established probe order. Broken lines show which probe 
was hybridized to which libraries. Clone and probe names are given 
to allow instant identification of clones covering any region of interest. 
The letters c (cosmid), p (Pi), and y (YAC) identify the clone type. The 
prefixdh5indicatesaprobe that isacosmid taken from an extracosmid 
library of 15 genome equivalents, and pl indicates a probe that is a 
PI clone. Genetic markers are highlighted with black dots. The posi- 
tions of the Notl sites are given at the top. LTR and rDNA indicate the 
localization of retroviral long terminal repeat sequences and copies of 
the ribosomal DNA, respectively; repA to repF indicate the positions 
of other repeats of unknown sequence. 



Table 1. Results of the Contig Assembly Process 

Contig Gaps in 

Chromosome Cosmids Pl Clones 

I 31 3 
5700 kb 

II 24 0 
4600 kb 

Ill 14 0 

Combined 

3 

0 

0 

Number of Probes to Contigs 

Cosmids Pl Clones 

64. 51 
67 76 
42 40 

(2& (& 
120.9 kb] [25.3 kb] 

(231) (171) 
[la.9 kb] 126.9 kb] 

(120) (109) 

Combined 

95 
67 
46 

(3:; 
[17.4 kb] 

(279) 
[16.5 kb] 

(156) 
2500 kb + 1000 kb rDNA 

Total 69 3 3 

a Each row is the number of probes to 1 of the 4 contigs of chromosome I. 
b Numbers in parentheses, subtotals of probes to the entire chromosome. 
c Numbers in brackets, average probe distances on the chromosome. 

120.6 kb] [22.9 kb] I151 kb] 

623 probes 505 probes 764 probes 

included in any list of clones spanning a certain region. 
For most of the genome, the probes are relatively evenly 

spaced along the genome. Only in regions of uncertainty, 
i.e., mainly around repetitive sequences, was the probe 
number significantly increased above average (e.g., the 
area between probes 28~3 and 13912 on chromosome 
Ill). Altogether, 784 probes were hybridized to the Pl and 
cosmid libraries, with all the probes used for the creation 
of the YAC map included in this number. There were no 
major differences in the average distance between probes 
among the three chromosomes (Table 1). The main cause 
for the relatively high number of breaks in the cosmid map 
is the insufficient coverage by cosmids of about 8 genome 
equivalents and, resulting from this fact, the strategy of 
closing gaps by hybridizations to the Pl library rather than 
by work-intensively exhausting the 8-fold cosmid coverage 
to its limits or by extending work to the remaining 15 ge- 
nome equivalents. However, interruptions of the cosmid 
map are also due to the presence of rDNA sequences 
throughout the genome (see below). The greater insert 
length of the Pl clones gave them a better chance to span 
the 10.4 kb rDNA sequence. 

After filtering out the clones that are positive for the rDNA 
and centromeric clones and eliminating apparent well-to- 
well clone contaminations, the remaining clones are found 
on average by three probes each (Pl ,2.93; cosmid, 3.03). 
Twenty-seven percent of the cosmids and 29.5% of the Pl 
clones show connections to other regions of the genome 
by an average of 1.4 probes. This rate of cross-hybridiza- 
tion of a rather distinct portion of the clones is probably 
caused to a large extent by repeated misscoring of clones 
with a high copy number. This effect is most clearly visible 
with the - 2.7% of the cosmid library that consists of vector 
concatemers with no genomic insert, which showed up 
strongly in most hybridizations. Another factor, of course, 
could be the presence of relatively short repeated se- 
quences that cross-hybridize. Sequences as short as 25 
bp have been found to be responsible for such a signal 
(J. D. H., unpublished data). 

Relation to Physical and Genetic Mapping Data 
The map obtained with the cosmids and Pl clones is in 
agreement with the YAC clone order (Figure 2; Maier et 
al., 1992) and aligns to the Notl restriction map (Fan et al., 
1989). The locations of most of the 75 genetic markers on 
the map are consistent with the genetic map. The few 
inconsistencies previously detected by the YAC mapping 
(Maier et al., 1992) were confirmed: fad7 7 was found to be 
on the short arm of chromosome II, and wee7 is located 
next to cut7 and cut70 on the short arm of chromosome 
Ill. The order of nda2 and ndad on the long arm of chromo- 
some II is reversed, so that nda3 is closer to the cen- 
tromere. 

In addition to these findings, the marker phol (Elliott et 
al., 1988), thought to map in between nda3 and nda2, was 
mapped distal to nda2. Based purely on the Pl hybridiza- 
tion data, the ordering algorithm actually produced a loop 
at the end of the long arm of chromosome II. Its stem was 
created by a strong cross-hybridization (repE; Figure 2) 
between probe 3b9 (distal to nda3) and probes 17f8 and 
284 (proximal to phol). The region around p/r07 was 
thereby actually left unconnected. Taking into account the 
probe order of the YAC map and to a lesser extent that of 
the cosmid map, however, the branch containing probes 
17f8 and 284 was cut off, thereby creating the map shown 
in Figure 2. Additional circumstantial evidence for the very 
terminal position of p/707 was provided by the poor and 
variable cloning efficiency of the genomic DNA sur- 
rounding the marker. No cosmid containing p/r07 was 
identified in the total cosmid library of 23fold genome cov- 
erage. Screening another cosmid library of an additional 
15 genome equivalents (unpublished data) did detect 
three clones, however. The genomic insert DNA used for 
this second library had been partially cut with about twice 
the frequency used the first time. Nearly identical cleavage 
conditions had been used for the Pl library, in which three 
clones were found, too. This phenomenon can be ex- 
plained by the fact that there are few Mbol sites situated 
more terminal than 7.77707, causing the strong underrepre- 
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sentation of the region and an increasing probability of 
cloning with a higher frequency of cleavage. 

The marker a&l, for which there was no mapping infor- 
mation available (Lennon and Lehrach, 1992) is located 
next to argl and rikl on the long arm of chromosome III. 

Repeat Sequences and Ambiguities 
The 10.4 kb rDNA repeat (Schaak et al., 1982) retrotrans- 
posable regions (Levin et al., 1990), and centromeric se- 
quences (Chikashige et al., 1989) are the three most fre- 
quently occurring repeat sequences in S. pombe. Apart 
from the 70 to 100 copies of rDNA clustered at both ends 
of chromosome Ill, there was cross-hybridization to rDNA 
by cosmid and Pl clones across the entire genome. Based 
on the hybridization results, however, the locations of only 
8 copies of the repeat are unambiguous (Figure 2). There 
are 4 copies on chromosome I, 2 on chromosome II, and 
2 in the middle of chromosome Ill. Using a probe for the 
long terminal repeat (LTR) sequence of retroviral elements 
(Levin et al., 1990) 52 locations were identified (Figure 
2): 25 on chromosome I, 20 on chromosome II, and 7 on 
chromosome Ill. Twenty-three cosmids (0.8% of the 
clones) and 37 Pl clones (1.1%) from the centromeric 
regions showed cross-hybridization. Owing to the long in- 
sert sizes of the Pl clones and with the help of cosmids 
identified by chromosome-specific centromere probes and 
confirmed locations on the YAC map, all three centro- 
meres could be spanned with the Pl library. 

Apart from these major repeats, six other repeated ele- 
ments were identified. One is located at four positions 
in the genome (repA; Figure 2). There was very strong 
cross-hybridization between the clones detected by 
probes lel 1 (distal to rad4, chromosome I), 2ell (proxi- 
mal to swirl, chromosome I), 1362 (proximal to pkil, chro- 
mosome I), and 1 fl0 and 13912 (distal to rad78, chromo- 
some Ill). At the latter position, this repeat was responsible 
for the best probe order, as calculated by the ordering 
algorithm, consistently creating a branching point in the 
map, with one branch leading to a dead end. The probe 
order in this region was manually adapted, taking into ac- 
count the known probe order and distances of the YAC 
map and the genetic distances between genetic markers 
surrounding this area, so that it fit these criteria but was 
still in agreement with the hybridization dataobtained from 
the cosmid and Pl clones, although it does not represent 
the best fit purely based on this data set. The analysis was 
made even more difficult by the presence of another repeat 
sequence (repF) linking 58f2 (distal to nda3, chromosome 
II) to 3c9 (proximal to lf10, chromosome Ill). Further con- 
nections were found between (repB) 15f9, 1 b9 (distal to 
cdc5, chromosome I), and 1387 (distal to topl, chromo- 
some II); (repC) 2el (distal to pkil, chromosome I) and 
2894 (proximal to rad77, chromosome I); and (repD) le9 
(distal to mei3, chromosome II) and 13~10 (his2, chromo- 
some II). 

While the maps of chromosomes II and Ill are continu- 
ous, there are three contig breaks in chromosome I. The 
gap between probes ~1-3194 and pl-34a9 (distal to gln7) 
might actually be bridged by a single clone. These data, 

however, cannot be considered valid by themselves and 
could not be confirmed by other means. The gap between 
probes 2611 and ~1-998 (proximal to swi4) could be 
caused by the repeat sequence repA. The intensity of 
cross-hybridization is strong, suggesting several copies of 
the repeat in this position, which might preventthe connec- 
tion between the probes. For the third break, at probes 
8bl and 2762 near the centromere, there is no apparent 
explanation. The lack of connecting clones could be due 
to unclonability in E. coli, the absence of Mbol sites in 
this region, or sheer coincidence, although the latter is 
unlikely, considering the coverage of the libraries used. 

Reference System 
Filters containing all the library clones have been distrib- 
uted freely during the period of mapping, and clones identi- 
fied by the users have been provided. Apart from linking 
the probes to the developing physical map and vice versa, 
other laboratories could already work on a more detailed 
(e.g., sequence) analysis of the genomic region of their 
interest even before the physical map was completed. 
Their markers were thus automatically positioned in the S. 
pombe genome without any additional effort by the user. 
Also, since one particular genome is being used as a refer- 
ence by a large number of groups, the data generated are 
more easily comparable. 

Reference filters of all three libraries, as well as identi- 
fied clones, representing either the entire library or the 
minimal set of clones shown in Figure 2, are being distrib- 
uted without restriction. The minimal set of clones span- 
ning the genome is also available under the condition that 
the data generated will eventually be reported to the refer- 
ence data base set up in our laboratory. The information 
stored in this data base will be freely accessible through 
the reference library system (Lehrach et al., 1990). Restric- 
tion patterns generated with the enzymes BamHI, Pstl, 

Figure 3. Hybridization of the Oligonucleotide GClTCTCAAAG to a 
High Density Filter 

The experiment was actually carried out on a filter containing all 8640 
cosmids. Only one-sixth of the filter is shown. Probe annealing was 
carried out as described in Experimental Procedures. The filter was 
washed at 25% for 3 hr. Film was exposed for 6 hr. 
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Figure 4. Assessment of the Quality of Oligomer Hybridization 

(A) BamHCPstl digests of clones from part of the contig represented 
in (C) (part of the region between pkil and red25 on chromosome I). 
Preparations are presented from all clones assigned by an earlier 

and Hindlll on a set of clones covering the genome are 
stored in this data base. Owing to a comparatively high 
cleavage frequency, the patterns produced by the latter 
enzyme, in particular, might allow the positioning of 
clones, for example cDNAs, without even hybridizing them 
to the reference filters. 

Assessment of the Oligomer Hybridizations 
To test the effectiveness of the oligomer fingerprinting ap 
preach, a set of oligonucleotides was hybridized to high 
density filters of the S. pombe cosmids (e.g., Figure 3). 
Two types of oligonucleotides were used for hybridization. 
The first type was dodecamers based on simple tandem 
di-, tri-, and tetranucleotide repeats. The second type con- 
sists of random sequence undecamer oligonucleotides 
with 300/b-50% G or C content, avoiding the nearest- 
neighbor sequence compositions known to be highly fre- 
quent in the E. coli genome. The latter set had been se- 
lected using a higher order Markov chain selection 
algorithm. Hybridization data were scored by hand; hence, 
normalization for the amount of DNA in each filter spot 
could not be performed. Out of a larger group of oligonucle- 
otides, 32 oligomers produced discriminable signal, with 
an average signal frequency of 3.3% of the clones. To 
assess the quality of these data, we prepared DNAs from 
the complete set of 100 cosmids in 2 contigs, digested 
them with BamHl and Pstl, and hybridized Southern blots 
of them to the oligomer probes that scored positive in these 
regions and, as a control, a few of the negative ones (e.g., 
Figures 4A and 48). Figure 4C presents 1 of the 2 contigs 
actually ordered according to the oligomer data. This 
caused a slight change in the clone order as determined 
from the single cosmid hybridizations; the probe order was 
unaffected, however. Theapparently missing values in the 
cosmid-cosmid hybridization data are due to nongrowth of 
the clones of the filters, variable clone length, or unscored 
weak signals. Most of the latter show up in the hybridiza- 
tion with 1382, which is a repetitive probe (repA), so only 
the few unequivocally unique signals are shown. 

In the majority of cases, the oligomer signals from the 
high density filter clearly correspond to hybridization with 
a particular restriction fragment. In many cases, additional 
cosmids with the same fragment were found by Southern 

version of the map to this section by more than one positive cosmid 
probing. 
(B) Southern blot of (A), probed with the undecamer GCTTCTCAAAG 
(lane 11 in [Cl). The two smaller fragments at the left of the gel are due 
to the fact that the relevant genomic fragment is linked to the vector 
arm in these clones. The appearance of a second band in the leftmost 
lane is due to incomplete digestion of the DNA. The gap in oligomer 
signal between clones 1 OA6 and 32D6 is due to mispositioning of these 
clones in the early version of the map on which the clone order in the 
gel was based. m. DNA marker. 
(C) Representation of the manually scored oligonucleotide probing 
data from high density filters (closed), additional cosmids containing 
the same fragments detected on Southern blots (stippled), and false 
positives (horizontal lines in lane 15). Probe names are given at the 
top and bottom, clone names at the right and left. 
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hybridization. These missed positives were the most com- 
mon discrepancy, with high density filter probings missing 
from none to more than half of their targets and an overall 
false negative frequency of 26%1 for this data set. In sev- 
eral cases, more than one oligomer detects a particular 
BamHI-Pstl fragment, for example, Cl’TGAAAClTG (Fig- 
ure 4, lane IO), GCllCTCAAAG (lane 1 l), and CllTGA- 
GAAGC (lane 12). Between them, the pattern of unde- 
tected positive clones is not the same. The potentially 
more troublesome false positives are much less frequent, 
with the tested set of oligomers giving rise to 19 scattered 
false positive signals out of a total of 234 scored in the two 
areas. The observed pattern of discrepancies probably 
reflects a bias inherent in manual scoring, in that only the 
more obviously positive colonies are likely to be noticed. 

Discussion 

The feasibility of large-scale genome mapping by hybrid- 
ization fingerprinting clone libraries has recently been 
demonstrated on the YAC level with the coverage of the 
entire S. pombe genome (Maier et al., 1992) and the eu- 
chromatin of the human Y chromosome (Foote et al., 
1992). While an ordered YAC library bridges the gap be- 
tween the levels of linkage and cytogenetic mapping on 
one hand and of recombinant DNA technology on the 
other, a finer analysis is necessary for more detailed stud- 
ies of the genomic DNA and ultimately for its sequencing. 
The work presented here shows that hybridization tech- 
niques are a powerful means to that end. 

Most basic placement information was obtained from 
hybridizations of entirely anonymous clones. The fre- 
quency of hybridization allows the calculation of the dis- 
tance between probes and hence the determination of 
their order as a probe tagged site map. The advantage of 
this approach is the fact that no information is needed 
about a clone used as a probe before its application as an 
ordering tool. The very same raw data that determined the 
probe order are then used again to fit a clone coverage to 
the generated probe tagged site map. This employment of 
one data set for two purposes is one of the reasons for the 
efficiency of the methodology; two additional reasons are 
the ability to relate results from any level of analysis and 
the capacity to examine large clone numbers in parallel. 
In comparison with the gel fingerprinting of C. elegans, 
about one-quarter as many experiments was sufficient for 
the initial characterization of a region in cosmids (620 for 
14 Mbp:17,000for 100 Mbp; Coulson et al., 1991), with far 
less experimental effort involved. 

The results obtained with the clone pools were effec- 
tively comparable with the single clone hybridizations. 
However, a higher quality of the hybridization results was 
required. For analysis on the cosmid and/or Pl level of a 
genome the size of the unicellular fungus or smaller, the 
advantage of a reduced number of experiments is bal- 
anced or outweighed by the considerable increase in ex- 
perimental effort. For larger genomes, however, pooling 
offers a way of ordering at least those regions that do not 
contain too many repeat sequences. Particularly the use 

as probes of transcribed sequences such as cDNAs and 
exon-trap clones will allow the mapping of the genomic 
DNA in parallel with the simultaneous positioning of the 
transcribed sequences on this map. Work on this basis is 
under way in our laboratory with, for instance, two Dro- 
sophila cDNA reference libraries of good representation 
whose clones have been checked for repeat sequences 
and various genomic libraries of Drosophila melanogaster 
(Hoheisel et al., 1991); work has also been started with a 
wide variety of human libraries. 

As illustrated by the experiments on S. pombe, the main 
obstacle for a practical application of oligonucleotide fin- 
gerprinting for high resolution mapping in cosmids and Pl 
clones on a large scale is the speed and accuracy with 
which these data can be harvested. To utilize fully the 
oligonucleotide fingerprinting technique, the rate of false 
negatives has to be reduced. The signal strength is firmly 
dependent on the quantity of target DNA present at each 
spot. The DNA amounts, however, vary strongly on ac- 
count of the cosmid copy number in the cells as well as 
the cell number itself. Signal intensities have hence to be 
normalized on the basis of a vector hybridization, indicat- 
ing the amount of cosmid DNA at each filter position, to 
obtain reliable data. In addition, the frequency of positive 
clones and thereby the efficiency of the procedure would 
be increased, because a manual analysis is biased toward 
the strong signals, missing the large number of less obvi- 
ous positive clones. Thus, improvement in automated im- 
age processing is absolutely necessary for the analysis of 
oligomer data and is the focus of our current efforts on the 
process of data gathering. 

For the establishment of the clone order with oligonucle- 
otides, expansion of the analysis software is still neces- 
sary. On the experimental side, for instance, the YAC- 
based subdivision of cosmid and Pl libraries will simplify 
the reconstruction of an oligonucleotide map, because 
multilocus oligonucleotide probes can then be locally 
treated as single-copy probes in regions defined by hybrid- 
izations with YACs. The battery of 32 oligomers used on 
S. pombe is not large or informative enough to give the 
cosmid order by itself. However, it demonstrates the infor- 
mative value of this work-saving approach, especially 
when projected for use on larger genomes. Although the 
search for suitable oligonucleotides proved to be more 
cumbersome than expected, a set of about 150 oligonucle- 
otides would allow fingerprinting of cosmid and Pl libraries 
made from very large genomes with less experimental 
effort than has been put into the mapping of S. pombe. 

The parallel use of three clone libraries and the instant 
relation of the different analysis levels greatly helped the 
progress of the mapping. The YAC map provided a frame- 
work that supported the more detailed analysis in Pl and 
cosmid clones and made the resolution of difficult regions 
easier or possible at all, a fact also observed during the C. 
elegans analysis (Coulson et al., 1991). Cosmid cloning, 
on the other hand, provided an extremely robust system, 
combining a reasonable insert size with very simple han- 
dling. The Pl clones proved to be a valuable alternative 
orcomplementto cosmid cloning. Although the librarycon- 
struction at the time was not as straightforward as cosmid 



cloning, these problems have been overcome with later 
modifications. Owing to their average insert length of 
about double that of a cosmid, Pl clones were more suc- 
cessful in spanning repeat sequences, particularly the 
10.4 kb rDNA. However, as far as experimental work for 
(further) analysis that requires DNA preparation is con- 
cerned, cosmids are advantageous for their higher yield 
and purer DNA. 

For a large-scale mapping project aiming at complete 
coverage, a minimum of about 10 genome equivalents 
seems to be essential, a number suggested by preliminary 
calculationson the basisof the S. pombe results. Although 
such good coverage was not necessary to obtain data on 
all regions of the genome with high probability, any degree 
of redundancy proved to be extremely helpful and was 
certainly essential for resolving problematic areas. Since 
library construction and data acquisition by hybridization 
from larger libraries are less work intensive and time con- 
suming than a subsequent investigation of unresolved re- 
gions, higher coverage should be sought. 

The high resolution physical map of S. pombe provides 
instant access to any segment of the genome. The probe 
order for all three libraries-YAC, Pl, and cosmid-was 
determined independently, based on the relevant set of 
raw data. The congruity between these data sets, as well 
as their coherence to the genetic and the Notl information, 
illustrates the accuracy of the clone coverage obtained. 
Apart from the known repeat sequences, for which there 
were specific probes available (long terminal repeat and 
rDNA), the locations of unknown repeat sequences in the 
genome were identified merely on the basis of the hybrid- 
ization results. Because of the lack of an automated image 
analysis that could take into account different signal inten- 
sities rather than rely on yes-no digitizing information, and 
because of the lack of problem-oriented software, only 
strong cross-hybridization events were identified. Further 
developments in this direction might lead to a more de- 
tailed analysis of the genome structure from the basic hy- 
bridization data. 

The physical clone map will readily assist in the se- 
quence determination of the S. pombe genome by directly 
serving as a substrate for standard sequencing strategies. 
Alternatively, a fragment library of 0.5-l .O kb DNA frag- 
ments could be created and ordered by hybridizations on 
the basis of the cosmid and Pl maps and additional inter- 
nal order information from oligomer hybridizations. The 
necessary experimental tools for polymerase chain reac- 
tion amplifying tens of thousands of such fragments within 
a week (Meier-Ewert et al., 1993) and spotting them on a 
support medium for hybridization are in place. This set 
of fragments, because they are ordered, would allow an 
efficient approach toward the sequencing of the genome. 
The sequence analysis of S. pombe and its comparison 
with Saccharomyces cerevisiae (Oliver et al., 1992) C. 
elegans (Sulston et al., 1992) and humans should provide 
extremely valuable information for the understanding of 
their biologies and define the gene set that underlies the 
basic eukaryotic cell and is likely to be common to all 
eukaryotic organisms. 

Experlmental Procedures 

Prepration of the Clone Libraries 
Cells of the S. pombe strain 972h- were grown to saturation in M9 
minimal medium (Sambrook et al., 1989). For cosmid cloning, the DNA 
was prepared according to Herrmann and Frischauf (1987) and cloned 
into Lawrist4 vector following a protocol detailed earlier (Hoheisel et 
al., 1991). yielding clones with an average insert size of 37.5 kb. The 
8840 individual clones picked and stored in microtiter dishes represent 
the genome about 23fold. 

For cloning into bacteriophage Pl, the S. pombe cells were embed- 
ded in agarose, and the chromosomal DNA was prepared as described 
by Larin and Lehrach (1990). the final DNA concentration being about 
2 pg per block. The DNA was partially digested with Mbol to produce 
fragments of -80 kb on average. After dephosphorylation with calf 
intestinal alkaline phosphatase, blocks were treated with proteinase K 
and phenylmethylsulfonyl fluoride (Larin et al., 1991). Vector arms 
were generated from pAdlOsacB11 (Pierce et al., 1992) by lineariza- 
tion with Seal, dephosphorylation, and BamHl cleavage at the cloning 
site. The ligation reaction was performed in agarose with an 8 M excess 
of vector arms and 2.5 Ulpl T4 DNA ligase (New England Biolabs) at 
18OC overnight. The reaction was terminated by addition of EDTA to 
20 mM. The ligation mixture was melted at 8S°C for 15 min and loaded 
evenly into a trough of a 1% low melting point gel in 0.5x TBE buffer 
(Sambrook et al., 1989). The gel was electrophoresed in a contour- 
clamped homogeneous electric field apparatus for 18 hr, using a pulse 
time of 4 s at 180 V. DNA of limiting mobility was isolated by agarose 
treatment and packaged in vitro as described (Sternberg et al., 1990). 
Clones were recovered in the E. coli strain NS3145 and selected on 
2YT agar containing 30 ug/ml kanamycin and 5% sucrose. A total of 
3458 clones with an average insert size of 70 kb (17 genome equiva- 
lents) were picked individually into microtiter dishes. 

Clones were robotically arrayed in high density grids of 9,218 (i.e., 
3 x 3,072) or 20,738 (8 x 3,458) clones onto 22 x 22 cm Hybond N+ 
membranes and grown overnight on agar plates containing 30 ug/ 
ml kanamycin. Cosmid incubation was performed at 37°C while Pl 
clones were grown at room temperature, followed by an induction on 
fresh plates containing 1 mM isopropyl+-o-thiogalactopyranoside for 
8 hr at 37OC. Filter processing was carried out as described (Hoheisel 
et al., 1991). 

Hybrldlxatlons 
Cosmid, Pi, and marker DNAs were prepared by an alkaline lysis 
procedure (Pohl et al., 1982). Probe DNA was radioactively labeled by 
random hexamer priming (Feinberg and Vogelstein, 1983) or, in the 
case of cosmid pools, by a primer extension reaction, as described in 
detail elsewhere (Hoheisel et al., 1991). No competition reaction was 
carried out. The library filters were prehybridized in 0.5 M sodium 
phosphate (pH 7.2) 7% SDS, 1 mM EDTA, and 0.1 mg/ml yeast tRNA 
at 85OC for 2 hr to overnight. Hybridization was performed in the same 
buffer at 85OC overnight, and the probe concentration was 2 x 1Q 
to 5 x 10s cpm/ml. The filters were briefly rinsed in 40 mM sodium 
phosphate @H 7.2) 0.1% SDS at room temperature. The same buffer 
at room temperature was then added, and the filters were washed by 
rocking slowly in a water bath at 85OC for about 20 min. Only filters 
hybridized with identical probe were washed together. The filters were 
briefly blotted dry, and film was exposed for 2 hr to overnight at -7OW. 
using an intensifying screen. To strip the probe off the filters, l-2 liters 
of 5 mM sodium phosphate (pH 7.2), 0.1% SDS at room temperature 
was poured into a box containing up to 80 filters and kept in a water 
bath at about 90°C for 30 min, after which the procedure was repeated. 
Following this procedure, filters continued to produce reasonable re- 
sults after - 30 cycles. 

DNA oligomers were labeled at the 5’ end with [Y-~P]ATP and T4 
polynucleotide kinase. Hybridization was carried out in 800 mM NaCI, 
80 mM sodium citrate, 7.2% (v/v) sodium Sarkosyl, and about 20 pM 
probe at 8OC overnight. The filters were washed in the same buffer at 
temperatures between B°C and 28“C over various time periods. 

Data Analysls 
Hybridization results on autoradiographs were either digitized using 
specially adapted software (A. Ft. Ahmadi, unpublished data) or read 
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in manually. Dataanalysiswascarriedouton aSUNSPARC-II worksta- 
tion, using software written in C and Prolog. The data base handles 
hybridization data from avariety of sources, e.g., optical densities from 
computer-based image analysis, x and y coordinates from the digitizer, 
and text files of clone names. These input formats are translated into 
a canonical format, listing the positive clones for each experiment 
merged for each round of analysis. The software tools developed allow 
a quality control of the data, from a simple graphical listing of the 
hybridization results according to entry date, to checking for expen- 
mental artifacts (e.g., high probe concentration produced an increased 
background signal on some clones), to the identification of probable 
well-to-well contaminations in the library microtiter dishes, to rather 
complex comparisons between the various clone maps (Mott et al., 
submitted). 

Alignment to the Notl map 
S. pombe genomic DNA was digested to completion with Notl. The 
fragments were separated by contourclamped homogeneous electric 
field gel electrophoresis and were transferred onto filters. Clones from 
the developing physical maps were hybridized to the digests (Figure 
2). From these results and from hybridizations with the minimal set of 
YAC clones, the positions of the Notl sites could be narrowed down to 
relatively small areas. Clones covering those regions were isolated, 
hybridized discriminately with a Notl octamer (Hoheisel et al., 1990) 
and/or digested with Notl to determine the locations of the sites accu- 
rately. 
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