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ABSTRACT A promising strategy for DNA sequencing
exploits transposons to provide mobile sites for the binding of
sequencing primers. For such a strategy to be maximally
efficient, the location and orientation of the transposon must be
readily determined and the insertion sites should be randomly
distributed. We demonstrate an efficient probe-based method
for the localization and orientation of transposon-borne primer
sites, which is adaptable to large-scale sequencing strategies.
This approach requires no prior restriction enzyme mapping or
knowledge of the cloned sequence and eliminates the ineffi-
ciency inherent in totally random sequencing methods. To test
the efficiency ofprobe mapping, 49 insertions of the transposon
vy (TnlOOO) in a cloned fragment of Drosophila melanogaster
DNA were mapped and oriented. In addition, oligonucleotide
primers specific for unique subterminal y8 segments were used
to prime dideoxynucleotide double-stranded sequencing. These
data provided an opportunity to rigorously examine yO inser-
tion sites. The insertions were quite randomly distributed, even
though the target DNA fragment had both A+T-rich and
G+C-rich regions; in G+C-rich DNA, the insertions were
found in A+T-rich "valleys." These data demonstrate that yv
is an excellent choice for supplying mobile primer binding sites
to cloned DNA and that transposon-based probe mapping
permits the sequences of large cloned segments to be deter-
mined without any subcloning.

The current commitment to determining the sequence of the
genomes ofhumans and other model organisms is stimulating
technical advances in molecular genetics and giving new
insights into genome structure, gene function, and evolution.
Techniques for the rapid determination of nucleotide se-
quence have been developed (1, 2), and vectors such as
cosmids (3) and bacteriophage P1 (4) permit large genomic
segments to be cloned in Escherichia coli. Typically, large
cloned DNAs are fragmented so that relatively short pieces
can be brought into juxtaposition with fixed primer binding
sites for sequencing, either by subcloning or by the genera-
tion of nested deletions (5). Even larger DNA segments may
be sequenced directly by oligomer walking (6), by using a
library of primers (7), or by the ExoMeth method (8).
A fundamentally different sequencing approach that uses

transposons to provide mobile sites for primer binding has
several attractive features: subcloning and/or the isolation of
nested deletions are not required, only two primers are
needed, and large cloned fragments can be sequenced di-
rectly. Transposons have been successfully used to provide
DNA sequencing primer sites in plasmids, phage A, and in
chromosomal DNA (9-14). However, even with trans-
posons, sequence acquisition is either random and therefore
highly repetitive, or it requires the time-consuming construc-
tion of a restriction map to locate the insertions. Further-

more, the usefulness oftransposon-borne primer sites may be
limited if the transposon inserts nonrandomly.
We demonstrate here an efficient method for localizing and

orienting mobile primer sites using the transposon y8
(TnJOOO) (15, 16) in a probe-mapping strategy. This involves
digestion of the plasmid with a single restriction enzyme that
recognizes sites in the transposon and vector, but not in the
cloned fragment. Hybridization patterns with specific probes
permit the transposon's location and orientation to be deter-
mined. Probe mapping of transposons requires no knowledge
of the target DNA sequence or prior restriction enzyme
mapping. In addition, we show that the previously reported
preference of yS for A+T-rich 5-base-pair (bp) target sites
(11) does not translate into regional insertion specificity, even
though the Drosophila melanogaster target fragment selected
for this study has regions of both high and low G+C content.
The use of probe-mapped y8 insertions to provide primers for
DNA sequencing avoids the duplication of effort inherent in
totally random sequencing methods and shows particular
promise for adaptation to the analysis of large cloned frag-
ments.

MATERIALS AND METHODS
Transposon Mutagenesis. The E. coli K-12 strains used

were MG1063 (F+ recA56 thi) (15), containing monomeric
pDmHJ6.7, and CBK861 [F-, rpsL109 thyA A(proB-lac)
recA]. Plasmid pDmHJ6.7 contains a 6.7-kilobase (kb) frag-
ment of D. melanogaster DNA cloned into the EcoRI site of
pBR325 (Ampr, Tetr, Cams) (M.T.B. and L.D.S., unpub-
lished data). Transposition of y6 from the F factor to
pDmHJ6.7 occurred in MG1063. The transpositional cointe-
grate was transferred by conjugation to CBK861, where it
underwent resolution. Therefore, each plasmid in CBK861
contained a single 'y8 insertion (see refs. 15-17 for additional
information).
To ensure that every insertion was independent, plate

matings were used. MG1063 (pDmHJ6.7) was streaked on L
agar (LA) plates containing ampicillin (100 ,ug/ml) and the
plates were incubated at 370C. After overnight growth, these
plates had both confluent growth and small isolated colonies.
They were replica plated to a lawn of CBK861 (107 cells)
freshly spread on LA plates containing thymine (0.079 mM),
tetracycline (25 ug/ml), and streptomycin (200 ,ug/ml) and
were incubated at 37°C. After 1 or 2 days of incubation,
isolated single colonies were picked from the replica plates
and purified on the same medium.
Probe Mapping of Transposon Insertions. Plasmid DNA

was prepared by a rapid boiling method (18) from 1.5-ml
cultures that had been grown overnight in L broth plus
thymine, tetracycline, and streptomycin. Samples of DNA
were digested with EcoRI according to the supplier's (BRL)
instructions and the resulting fragments were electropho-
resed in 1% agarose, visualized by ethidium bromide staining,
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RESULTS
Rationale of Probe Mapping. Probe map

efficient localization of insertions and by
consuming steps involved in the prior gener
tion enzyme map of the target DNA and
mapping of the transposon-mutagenized p]
mine the insertion sites. Thus, it is expected
favorably with random sequence acquisiti
test the effectiveness ofprobe mapping, we e
features of wild-type yeS and of a 6.7-kb J

DNA EcoRI fragment cloned into pBR325. y6, a member of
Xhol EcoRi the Tn3 transposon family, is 6 kb long and contains two

internal EcoRI sites (see refs. 15 and 16). Radioactive probes
were prepared from a unique subterminal restriction enzyme

0 fragment of yO and from a terminal restriction fragment of the
cloned D. melanogaster target DNA (Fig. 1). This particular

BgE"l eukaryotic fragment was chosen to test probe mapping be-
I|r cause prior partial sequence determination had revealed

regions of atypical base composition that would be useful for
EcoRI testing the randomness of 'y8 insertion. Furthermore, since

the restriction map of this fragment was known, it could be
used to design the probe.

the D. melanogaster To determine the location and orientation of transposon
hme recognition sites insertions, plasmid DNA samples were digested with EcoRI
synthesized from the and the four resulting fragments were separated in agarose
*. gels. Plasmids with an insertion in the cloned fragment
idard procedures. yielded two fragments of fixed sizes, one of 6.0 kb derived
eparation (a 0.5-kb from the vector and the other of 0.8 kb derived from within
and a 1.4-kb Xho the transposon, and two variably sized fragments, each
ig. 1) were labeled derived from one end of the transposon plus adjacent cloned
L) with [32P]dCTP DNA (Fig. 2B; lanes 2, 5, 7, and 9). Plasmids with insertions
imer method (19). in the vector were identified by the presence of the 6.7-kb
I autoradiography intact cloned DNA (Fig. 2B; lanes 1, 3, 4, 6, and 8). Of 85
to rehybridizationg plasmids examined, 49 (58%) contained the yS insertion in the
o1 cloned fragment, consistent with its relative target size. After

pared for sequenc transfer of the digestion products to nitrocellulose, the inserts
ene glycol precip- were mapped by hybridization to the probes. One of the two
ehe gyand 8 trans- variably sized fragments in each lane hybridized to the probehe
L

and6trans- specific for the 6 end of the transposon (Fig. 2A), and the
Cy (11). Dide5 other contained the y end of the transposon. Similarly, for

) were conducted plasmids with inserts in the cloned region (lanes 2, 5, 7, and

hate cNewdEd 9), one of the variably sized fragments hybridized to a probe

bls kt (Nhe En- specific for one end of the cloned fragment (Fig. 2C). In two
e kit (Pharmacia cases (lanes 5 and 7), both probes hybridized to the same

*ctrophoresed and fragment. From the hybridization patterns, the location and
zchniques (23). orientation of each insertion were determined (Fig. 3A).

v6 Insertion Specificity. A central issue in the effectiveness
of any transposon in facilitating DNA sequencing is its
randomness of insertion. Many analyses have shown that y3

rping permits the insertions tend to be random along the length of a target
passes the time- fragment (see ref. 16), although the 5-bp target sites dupli-
*ation of a restric- cated upon insertion are very A+T-rich (11). The target DNA
I the subsequent chosen for probe mapping provided a substrate for detecting
lasmids to deter- possible transposon insertion bias because it contains regions
I to compete very ofdistinctly different base compositions, ranging from 23% to
ion methods. To 65% G+C (Fig. 3B). Nonetheless, the distribution of yeS
exploited existing insertions in this nonuniform target DNA sequence was not
D. melanogaster strongly biased (Fig. 3A).
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FIG. 2. Sample data for probe
mapping. Mutagenized plasmids were
digested with EcoRI, and the result-
ing fragments were separated in 1%
agarose gels and stained with ethid-
ium bromide (B). After transfer to
nitrocellulose, fragments were visual-
ized by hybridization to a probe spe-
cific for the 6 end of the transposon
(A). After autoradiography, the hy-
bridized probe was removed by alkali
treatment, and the filter was rehybrid-
ized with a probe specific for one end
of the target DNA (C). Conditions for
hybridization, washing, and autorad-
iography have been described (20).
The 4.2-kb band in lane 8 is due to
partial digestion.

Proc. Natl. Acad. Sci. USA 87 (1990)

11

-6.7---- 10

4
I
I

A



Proc. Natl. Acad. Sci. USA 87 (1990) 6215

d
._4

-W

70

60 -I

0 50 r

X 40

uj 30 -

XO 20 -

10

0

6
21
/ 2

6.7

11 11
2

I I

5 4 3 2
I'I

2
11

Interval, kb

11 I 1'
2 /4

2

2.7

An examination of three insertions with landing sites
located in regions of low (25%), medium (45%), and high
(65%) G+C composition was made (Table 1). No obvious
shared features ofthe DNA sequences adjacent to the landing
sites were revealed. The DNA sequence of the 5-bp landing
sites that were duplicated by y8 insertions at 17 sites are
shown in Table 2. The duplications were A+T-rich, although
less so than reported previously (11). We have also compared
the G+C composition of the landing sites with those of their
immediate environments. There is no simple relationship
between the two, although in 12/14 cases the 5-bp landing
sites have lower G+C content than their immediate surround-
ings (Table 2). Another way to examine landing sites is by
considering average G+C composition. In G+C-rich regions,
insertions were found in A+T-rich valleys (Fig. 4). These
probe-mapping and DNA-sequencing studies show that y5

insertions are quite randomly distributed. In other words,
although y6 target sites tend to be A+T-rich, there is no
obligate requirement for an A+T-rich region.

Statistics of the Approach. Probe mapping of transposon-
borne primer sites will be advantageous only if this additional
step is practical in terms of materials, time, and labor. A
previously developed statistical formula (24) may be used to
calculate mapping requirements, assuming random inser-
tions. Given a circular plasmid oflength t, the probability that
n arcs of length a will cover the entire circle is

a j=0( () t )+

[The ambiguous symbol (x)(+) indicates that the function
vanishes for x 5 0 and equals (xy when x 2 0. Therefore,
whenever (jalt) 2 1, the last term in the equation becomes
0. The conditional statement, P(Na ' n) is the probability that
the total number of arcs of size a randomly distributed on a
circle sufficient to cover the entire circle is less than or equal
to n.]

Table 3 presents the theoretical numbers of random inser-
tions that must be mapped in plasmids of different sizes to
achieve a 90% probability ofobtaining complete single-strand
sequence information, assuming 375-, 500-, or 1000-bp se-
quence acquisition from each primer. Although double-

0

I III111

FIG. 3. Distribution of -y8 inser-
tions in the target DNA. (A) Location
of y8 insertions. Lines above the bar
indicate that the end of the transpo-
son is on the left; lines below indicate
that the y end of the transposon is on
the left. Heavy lines with numbers
indicate multiple insertions within 100
bp of each other. (B) Histogram of
G+C content (calculated in 250-bp in-
tervals) of that portion of the target
DNA previously sequenced (M.T.B.
and L.D.S., unpublished data).

strand sequencing has some technical difficulties, obtaining
375 bp from each transposon end was accomplished, even
from this relatively large plasmid of almost 13 kb. The
mapping requirements are quite reasonable for current tech-
nologies and will become even more favorable as sequencing
efficiency improves (see columns 2 and 3 in Table 3). In
practice, only a fraction of the insertions are chosen for
sequencing and they can be selected to provide double-strand
coverage.

Efficacy of Sequencing with Probe-Mapped Primer Sites.
Compared with the use of unmapped transposons to provide
primer binding sites for DNA sequencing, the localization
and orientation of transposon insertions by probe mapping
requires the additional step of a very limited restriction
enzyme analysis. The advantages of bidirectional, nonran-
dom (and therefore nonredundant) sequencing makes this
additional step well worth the effort. For example, to se-
quence a 6.7-kb fragment of DNA by random methods, at
least a 6-fold excess, which corresponds to 40 kb, is needed.
This also involves additional efforts in computer data entry
and sequence alignment. However, with probe-mapped in-
sertions (Fig. 3), only 20 insertions would be required to
efficiently generate 14 kb of sequence information (estimating
350 bp from each transposon end). It is important to note that
although 49 insertions were mapped to the cloned fragment,
only a fraction of these would be actually used for sequencing
purposes. In addition to the significantly lowered amount of
sequence data that must be collected and entered, very little
computer time is required for alignment since the linkage
information has already been acquired by probe mapping.
Moreover, in random methods, the location and extent of
sequence gaps due to nonrandom subcloning or to repetitive
DNA are difficult to determine and thus introduce additional
uncertainties that are not encountered in probe mapping.

DISCUSSION
Utilizing the transposon y6 and a cloned D. melanogaster
fragment in a test system, we demonstrate the efficiency and
utility of probe mapping for the localization and orientation
of transposon-borne primer sites. The probe mapping strat-
egy permits nonrandom sequence acquisition with no in vitro

Table 1. Sequences flanking selected yS landing sites
Insert Sequence

1 TTTTCGTCAC TTTCCATTTT TAAAAGGATG TAATA TGGGTTTTGA GACTTTCAAA TGTTGATTGA
37 ATAAGCTTTC CATTGACCAC GGCCGATTTT AAGTA CTTCTTGATG AATGGCGCTA ACTTTTGGGC
36 CTGAGCATGG AGAAGCGTGG TCAGGTGCCA AAGAT CTTCCACGTC AACTGGTTCC GCAAGAGTG

Duplicated target sequence is in boldface type. See Fig. 4 for details.
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Table 2. Transposon landing sites
Mapped Target %

Insert position sequence G+C

32 6.6 TAATG
31 6.6 TAAAC
1 6.6 TAATA
8 6.6 ATAAA

80 6.2 GATTA
41 5.7 AGATA
16 5.4 ACAAA
37 5.4 AAGTA
29 5.3 AAGAT
43 3.6 AAGTT
60 2.5 AACTC
12 2.1 TTAAA
14 2.0 GCAGT
36 2.0 AAGAT
25 1.5 GTATA
58 1.4 AACAC
62 0.3 GTGAC

43
57
29
_*

*

*

48
43
55
54
54
32
42
54
49
45
49

The target sequences are presented in the 5'-3' yend of the insert.
The percentage G+C was calculated for 65 bases (the duplicated
sequence plus 30 bases on each side).
*Sequence information derived from only one primer.

cloning steps, using only two oligonucleotide primers that are
specific for unique subterminal segments at each end of 'y6.
This approach, which requires no prior restriction enzyme
mapping or knowledge of the cloned sequence, eliminates the
inefficiency inherent in totally random sequencing methods.
Our data are in agreement with previous data that showed

a preference for A+T-rich 5-bp target sites (11). This bias is
not, however, reflected in regional specificity; y8 insertions
were distributed randomly in segments of nonuniform DNA
composition (Fig. 3). Nonetheless, an examination of the

A Insertion #1
(TAATA)

Table 3. Number of mapped insertions required to achieve a
90%o probability of sequencing entire plasmid

Sequence obtainable

Size of from single insertion, kb
plasmid, kb 0.75 1 2

5 37 25 10
10 87 61 25
15 141 100 43

These values were obtained by applying the equation presented in
Results. These calculations assume that sequencing primers com-
plementary to each transposon end would be used.

landing sites shows that in G+C-rich regions, they consis-
tently occur in A+T-rich "valleys" (Fig. 4; data not shown).
Thus, it is likely that y6 insertions occur by a relatively
nonspecific interaction with target DNA followed by local
searching for an A+T-rich landing site. The essentially
random distribution of y8 insertions makes this transposon a
superior candidate for the development of sequencing strat-
egies.
The efficiency of a probe-mapping strategy could be sig-

nificantly improved with several minor modifications. Small
vectors and minitransposons containing different subtermi-
nal recognition sites for restriction enzymes that cut target
DNA infrequently would reduce probe mapping to a single
hybridization step, since mapping such asymmetric sites in
the vector would eliminate the need for plasmid-specific
probes. In addition, the significantly smaller size of a mini-
transposon provides a positive trade-off, permitting the map-
ping of corresponding larger cloned fragments. Multiplex
sequencing (25) could also be adapted for use with trans-
posons that are engineered to contain different oligonucleo-
tide "tags."
Transposon-based probe mapping can also be used to

increase the power of other mapping, amplification, and

i Insertion :3
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FIG. 4. Graphic representation of base composition of DNA surrounding selected yS landing sites. The IBI-Pustell DNA sequence analysis
program was used to generate a graph ofG+C base composition (using a weighted 10-bp interval) over the 100 bp surrounding selected y8 landing
sites (arrows).

Proc. Natl. Acad. Sci. USA 87 (1990)



Proc. Natl. Acad. Sci. USA 87 (1990) 6217

sequencing techniques. For DNAs of unknown sequence
cloned in large-capacity vectors, probe-mapped transposons
can be used (i) to provide mobile anchors for polymerase
chain reaction amplification (26); (ii) as mobile substrates for
limited DNA sequencing to obtain new sequence tagged sites
(27); and (iii) to supply mobile pairs of appropriate rare
restriction sites for ExoMeth sequencing (8). Thus, in con-
junction with improved vectors and engineered minitrans-
posons, probe-based mapping of transposon insertions has
significant potential for improving the efficiency of diverse
methods for DNA analysis and characterization.
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