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We describe a method for comparative macrorestriction mapping of the chromosomes of Escherichia coli
strains. In this method, a series of physically tagged E. coli K-12 alleles serve as mobile landmarks for mapping
DNAs from other strains. This technique revealed evidence of strain-specific chromosomal additions or
deletions in a pathogenic isolate and can be applied to most strains, yielding information on genealogy as well
as virulence. In theory, the same strategy can be used to map and compare genomic DNAs from a wide variety

of species.

Application of physical mapping techniques for comparing
evolutionarily diverged Escherichia coli chromosomes is typi-
cally not straightforward. For instance, use of Southern anal-
ysis to align the chromosomal restriction fragments of diverged
strains may yield conflicting data as a result of sequence
repeats (17). Recently, bacteriophage P1 transduction of alle-
les tagged by transposon insertions has been used to align
corresponding chromosomal NotI (10) and Sfil (18) restriction
fragments from pairs of E. coli K-12 strains. Aligning chromo-
somal fragments by this procedure is not usually subject to the
limitations encountered with standard physical mapping tech-
niques because it depends, in part, on genetic detection of
shared homologies. We reasoned that, similarly, genetic infer-
ence could be adapted for identification of physical map
alignments between the chromosomes of even substantially
more diverged E. coli isolates. This report demonstrates use of
K-12 alleles bearing insertions of the recognition site for the
rare-cutting restriction endonuclease NotI to construct a com-
parative macrorestriction map of the chromosomes of E. coli
K-12 and a pathogenic E. coli strain.

(Preliminary results of this work were presented previously
(23].)

The E. coli strains and phages and plasmids used in this
study are listed in Table 1. A series of nine E. coli K-12
transposon insertions linked to known markers between 63 and
86 min was isolated by P1 cotransduction (15). The pooled
inserts from which this series was isolated were generated in
K-12 strain MG1655 (1) through combined use of an altered-
target-specificity ISI0 transposase (3) and minitransposon
‘Tn10dKanRCP1’ (13) containing a transposase deletion and
the Notl restriction enzyme recognition site. (The correspond-
ing insertion mutants were generated by electroporation [8] of
strain MG1655 with suicide plasmid pGI250 DNA [13].) The
genetic map coordinates of each of these nine MG1655
chromosomal TnZ0dKanRCP1 inserts were confirmed through
cotransductional linkage analyses to flanking K-12 markers
(28) (results not shown).

The nine corresponding MG1655::Tn/0dKanRCP1 alleles
could be mobilized not only into K-12-derived strains, but also
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into other E. coli backgrounds. These alleles were introduced
into wild-type strain MG1655 and neonatal meningitis-associ-
ated strain RS218 (5) by P1 transduction (15). Transductants
from all crosses arose at frequencies of ~107® CFU per
recipient and formed grossly normal colonies on solid Luria-
Bertani medium (15). For each cross, Notl digestion and
pulsed-field gel electrophoresis of genomic DNAs, which were
carried out as described elsewhere (10), confirmed a uniform
integration site in multiple transductants (results not shown).

Changes in the Notl digestion patterns of DNAs from pairs
of MG1655 and RS218 transductants, each pair having inher-
ited the same TnI0dKanRCP1 insert, are shown in Table 2.
Incorporation of an insert in either strain resulted in the loss of
a single native Notl fragment and the appearance of two
smaller subfragments. From such data, the location of an insert
could be narrowed to two possible positions relative to the
preexisting Notl sites flanking it (see reference 19 for a
detailed example). Its location could then be further narrowed
to only one position from the alterations caused by additional
inserts at neighboring linkage map coordinates contained
between the same two preexisting Notl sites; these indicated
the clockwise and counterclockwise distances from the flanking
sites to the insert and, thereby, its precise physical map
coordinate (disregarding the asymmetry of the NotI site in the
1.2-kb TnZ0dKanRCP1 element).

A comparison of the size discrepancies among fragments
created by the insertion of Tn/0dKanRCP1 at different posi-
tions in the same native MG1655 Notl fragment (either
fragment A or fragment L) confirmed the orientations of the
subfragments predicted from the E. coli linkage map and the
MG1655 Notl map (Table 2 [xM1346, xM1347, xM1348,
xM1349, xM1350, and xM1352 or xM1353, xM1354, and
xM1355]). When the same insertions were transduced into
strain RS218, the changes in the NorI digestion patterns made
it possible to align several RS218 Notl fragments with the
linkage map; these data indicated that fragment A of strain
RS218 contains ~61 to ~81 min (Table 2 [xM1501 to
xM1506]) and that fragment K of strain RS218 contains ~81 to
~86 min and corresponds to fragment L of strain MG1655
(Table 2 [xM1507 to xM1509}]).

While it is possible that pairs of corresponding Tnl0d
KanRCP1 inserts in strains MG1655 and RS218 would reveal
regional chromosomal size identities or discrepancies between
the two strains, many of these might be obscured in restriction
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TABLE 1. Strains, phages, and plasmids used in this study

J. BACTERIOL.

Strain, phage, or plasmid

Description

Source and/or reference

E. coli 1aboratory strains
MG1655

K-12 prototype; F~ A~ Mal* Tc¢® Km® Cm®
MG1655/pMS421/pJD12; delivery system for Tn/0dCamMCS; tac promoter-

thr-1 ara-13 leuB6 tonA2 lacY1 supE44 gal-6 rfoDI1 galP63 malTI \* xyl-7 mtA2

GE2515

inducible transposase; Cm*
CAG12177 MG1655 zeh-298::Tnl0;Tc"
CAG12168 MG1655 zgd-210::Tnl0;Tc"
CAG18475 MG1655 metC162::Tnl0;Tc"
CAGI12152 MG1655 zgh-3075::Tnl0;Tc*
CAG12153 MG1655 zha-6::Tnl0;Tc"
CAG12075 MG1655 zhd-3083::Tnl0;Tc"
P678

thi-1 Cm®
CAG18501 MG1655 zie-296::Tnl10;Tc*
CAG18431 MG1655 ilv-500::Tnl0;Tc"
xM1337 CAG12168 zgd-1::Tnl0dKanRCP1;Tc* Km"
xM1338 CAG18475 zgf-1::Tn10dKanRCP1;Tc* Km*
xM1339 CAG12152 zgh-1::Tn10dKanRCP1;Tc® Km*
xM1340 CAG12153 zha-1::Tn10dKanRCP1;Tc* Km"
xM1341 CAG12075 zhd-1::Tnl10dKanRCP1;Tc* Km"
xM1342¢ P678 zhf-2::Tn10dCamMCS;Mal* Cm"
xM1343 CAG12177 (Tnl0dKanRCP1);Tc* Km*; P1 donor to generate xM1353
xM1344 CAG18501 zie-1::Tnl0dKanRCP1;Tc* Km"
xM1345 CAG18431 zif-1::Tnl10dKanRCP1;Tc® Km*
xM1346 MG1655 zgd-1::Tnl10dKanRCP1;Km*
xM1347 MG1655 zgf-1::Tn10dKanRCP1;Km"
xM1348 MG1655 zgh-1::Tn10dKanRCP1;Km"
xM1349 MG1655 zha-1::Tn10dKanRCP1;Km"*
xM1350 MG1655 zhd-1::Tnl0dKanRCP1;Km"
xM1352 MG1655 zhf-2::Tn10dCamMCS;Cm’
xM1353 MG1655 zid-1::Tnl0dKanRCP1;Km*
xM1354 MG1655 zie-1::Tnl0dKanRCP1;Km"*
xM1355 MG1655 zif-1::Tnl0dKanRCP1;Km"®

E. coli pathogenic strain
RS218

E. coli RS218-K-12 chimeras

Serotype O18:K1:H7; newborn-meningitis prototype; Km® Cm®

xM1500 RS218 zfj-1::Tnl10dKanRCP1;Km*

xM1501 RS218 zgd-1::Tn10dKanRCP1;Km"

xM1502 RS218 zgf-1::Tn10dKanRCP1;Km"

xM1503 RS218 zgh-1::Tnl10dKanRCP1;Km*

xM1504 RS218 zha-1::Tnl0dKanRCP1;Km"

xM1505 RS218 zhd-1::Tn10dKanRCP1;Km*

xM1506 RS218 zhf-2::Tn10dCamMCS;Cm"*

xM1507 RS218 zid-1::Tnl10dKanRCP1;Km"*

xM1508 RS218 zie-1:Tnl0dKanRCP1;Km*

xM1509 RS218 zif-1::Tn10dKanRCP1;Km"
Phage

P1Adam rev6 Large plaque revertant of P1 cm ¢1.100 r~ m~ damAMB
Plasmid

pGI250 Suicide vector for delivery of Tn/0dKanRCP1; Km" Em" tac promoter-

inducible altered-target-specificity transposase

. Eisenstein (9)
. Weinstock (10)

B

G

R. Matthews (28)
R. Matthews (28)
R. Matthews (28)
R. Matthews (28)
R. Matthews (28)
R. Matthews (28)
I. Blomfield (1)

R. Matthews (28)
R. Matthews (28)
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

R. Silver (27)

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

D. Friedman (31)

J. Mahillon (13)

2 The insertion in strain xM1342, in contrast to those in the eight other minitransposon insertion mutants of K-12 strains (see text), contained the Tn/0dCamMCS
element. The pool of inserts from which it was isolated was generated in GE2515 as described elsewhere (10).

fragment length (RFL) analyses by rearrangements or by base
pair-level divergence. Nevertheless, more than half of the
inserts introduced into the two strains caused Notl RFL
isomorphisms. Pairs of MG1655 and RS218 Notl fragments
with indistinguishable lengths were generated by the inserts at
70, 72, 75, 84, and 85 min (Table 2 [xM1349 and xM1504;
xM1350 and xM1505; xM1352 and xM1506; xM1354 and
xM1508; and xM1355 and xM1509]; Fig. 1A, lanes 6 and 7;
Fig. 1B, lanes 6 and 7 and 8 and 9).

A comparative Notl restriction map of strains MG1655 and
RS218 between 63 and 86 min was made by aligning the native
Notl fragments from the two strains at the integration sites of
pairs of corresponding Tn/0dKanRCP1 inserts (i.e., by align-
ing the native fragments with genetic clamps [Fig. 1C]) and
then comparing the lengths of the corresponding subfragments
from the two strains. This process indicated that in all of the
instances of RFL isomorphism described above, a shared
endpoint of each isomorphic NotI fragment pair was generated
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TABLE 2. Minitransposon Tn/0dKanRCP1-mediated

Notl cleavages
Tnl0dKanRCP1 Disrupted Lengths (kb) of ~ -inkage map
insert-bearing native fragment subfragments Tn10dKanRCP
strain® (kb (CW, CCWY insert (min)?

xM1346 Aprcess (992) 750, 240 63
xM1501 Agsoig (870) 795, 75

xM1347 ApGiess ) 650, 340 65
xM1502 Agsis (870) 660, 175¢

xM1348 Apmciess (992) 540, 450 67
xM1503 Agszis (870) 530, 340

xM1349 Apcisss (992) 420, 570 70
xM1504 Ags21s (870) 420, 450

xM1350 Anciesss (992) 360, 630 72
xM1505 Ags2is (870) 360, 510

xM1352 MG1655 230, 760 75
xM1506 Agszis (870) 230, 640

xM1353 Lyciess (207) 139, 68 83
xM1507 Kgrs21s (178) 131, 47

xM1354 Lyciess (207) 78, 129 84
xM1508 Kgs218 (178) 78, 100

xM1355 Luciess (207) 52, 155 85
xM1509 Kgrs215 (178) 52, 126

“The insertions in strains xM1352 and xM1506 were generated with
Tnl0dCamMCS (10) instead of Tn/0dKanRCP1.

® Fragments are labeled as in the legend to Fig. 1.

 Pulsed-field gel electrophoresis pulse ramping over ranges determined
according to the equation described by Smith (4) was used for resolution and/or
sizing of particular fragments. Fragment sizes were interpolated as described
elsewhere (10). Fragment pairs were considered to be isomorphic (shown in
boldface) if they were indistinguishable after side-by-side electrophoresis with
appropriately targeted pulse ramping for 12 h. Values show physical map
orientations (clockwise [CW] or counterclockwise [CCW], according to the
convention for E. coli K-12 [2]) as indicated by the NotI digestion patterns of the
genomic DNAs from strains bearing insertions at neighboring linkage map
coordinates contained by the same native fragment (see text) (and by the Notl
digestion patterns of genomic DNAs from double insertion mutants generated by
transduction of strain xM 1506 with lysates of strains xM1502, xM1503, xM1504,
and xM1505).

4 According to the convention for E. coli K-12 (19, 28).

¢ The full-length RS218 subfragment counterclockwise of the 65-min insert
was expected to be 210 kb (see Fig. 1).

by one of two conserved preexisting NotI sites (at either 81 or
86 min) and that, therefore, the respective subfragments
forming each isomorphic pair contain corresponding chromo-
somal segments. Moreover, the map indicated that all of the
isomorphic pairs themselves are nested in relation to one or
the other of the conserved Notl sites. Thus, the longest
isomorphic pair in each of the two nested series, which
together account for more than half (996 of 1,930 kb) of the
MG1655 and RS218 sequences between ~63 and ~86 min,
appeared to contain conserved ordered arrays of shared ho-
mologies (i.e., of Tn/0dKanRCP1 insert integration sites) that
are uninterrupted by insertions or deletions.

The high proportion of NotI RFL isomorphisms detected
between strains MG1655 and RS218 could be understood as a
function of both (i) conservation of gene order between E. coli
strains (cf. reference 25) and (ii) conservation of coinherited
Notl sites in DNAs that are diverged at only ~3% of base pair
positions (as are, generally, the chromosomal DNAs from
random E. coli isolates [16]). This isomorphism served as a
baseline for comparisons with which it was possible to detect
localized RFL discrepancies between the two strains. Indeed,
the Notl RFL polymorphism in the 63- to 86-min region of the
MG1655-RS218 comparative map was fully accounted for by
just a few segments of RFL dimorphism (explainable as
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insertions or deletions) interposed between isomorphic seg-
ments (Fig. 1C).

Evidence for strain-specific DNA additions or deletions in
the chromosomal region from 63 to 86 min was obtained as
Notl RFL dimorphisms between MG1655 and RS218 DNAs or
as a shortened RS218 Notl subfragment (generated by strain
RS218’s incorporation of the 65-min chromosomal landmark)
(Fig. 1C). Five DNA bulges (or loops [20]) were indicated in
this region of the comparative map; two contained excess
RS218 DNAs (55 of 973 kb [~6%]), and three contained
excess MG1655 DNAs (39 of 957 kb [~4%]). The bulges
detected by this method possibly represented insertions of
chromosomal sequences unique to each strain. At least one of
them, the RS218 bulge at 65 min, contained a strain-specific
virulence gene cluster that is widely thought to have originated
by interspecies gene transfer (4a). Also, the possibility that
some of them represented deletions or duplications or rear-
rangements involving sequences from outside the mapped
interval could not be excluded. Detection of isomorphisms and
only five localized dimorphisms raises the heretofore unrecog-
nized possibility that extensive RFL isomorphisms may exist
generally between the chromosomal DNAs of evolutionarily
diverged E. coli isolates and that these might be masked (in
native macrorestriction digestion patterns) by a relatively few
genetic events.

The analysis of diverged E. coli chromosomes by use of
Tnl0dKanRCP1 insertion alleles (mobile physical map land-
marks) was reminiscent of heteroduplex analysis of bacterio-
phage DNAEs, in that the latter procedure also yields structures
composed of subunits that can be classed as either nearly
identical or substantially unrelated (32). However, a much
lower density of association points between the diverged
DNAs was achieved by the present method. Because of this,
chromosomal intervals that were found to contain dimor-
phisms may contain significant domains of sequence similarity
as well, while DNA segments identified as similar by their RFL
isomorphism are also undoubtedly diverged, at least at the
level of base pair substitutions.

The method for comparative genome mapping reported
here is theoretically applicable to any E. coli strain that is
susceptible to generalized transduction with P1. Moreover, this
comparative strategy may be used to characterize physical map
degeneracy in other species under virtually any circumstances
in which gene order is conserved and the fidelity of allelic
exchanges can be maintained. It is anticipated that through
comparisons across three or more E. coli lineages it will
generally be possible to infer whether the chromosomal struc-
ture forming one half of any given RFL dimorphism is derived
or ancestral (and thus whether derived forms arose by DNA
additions or deletions). This may supplement the unrooted E.
coli genetic trees that have been determined by multilocus
enzyme electrophoretotyping (26) and permit inferences about
the contribution of chromosomal additions or deletions to the
evolution of lineages (see below).

An efficient feature of the method demonstrated here is that
by this approach it is unnecessary to construct complete
chromosome maps before comparing particular chromosomal
intervals. In this respect, the method is analogous to PCR-
based sequencing comparisons between isolates from diver-
gent lineages (14). This is because in both instances corre-
sponding intervals defined by flanking sites of shared homology
(detected with Tn/0dKanRCP1 insertions or with PCR prim-
ers, respectively) are targeted for comparison. Although com-
parative macrorestriction mapping with mobile physical map
landmarks fails to distinguish the base pair substitutions de-
tectable by sequencing, a significant advantage is that it allows
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FIG. 1. Comparative macrorestriction mapping between 63 and 86 min with mobile physical map landmarks. (A) NotI restriction mapping of
chromosomal landmarks between 63 and 81 min inherited as TnJ0dKanRCP1 inserts by MG1655 and RS218 transductants. Pulsed-field gel
electrophoresis pulse ramping was from 35 to 40 s for 9.5 h and from 55 to 60 s for 14.5 h. Lanes: 1, yeast chromosomes (Bethesda Research
Laboratories, Bethesda, Md.); 2, MG1655; 3, RS218; 4, xM1348; 5, xM1503; 6, xM1349; 7, xM1504; 8, A concatemers (Bethesda Research
Laboratories). (Lane pairs 4 and 5 and 6 and 7 were of MG1655 and RS218 transductants containing pairs of corresponding chromosomal
landmarks near 67 and 70 min, respectively.) Yeast chromosomes were as follows (marked at left by white bars), in order of ascending sizes: 0.21,
0.28, 0.35, 0.4, 0.55, 0.60, 0.68, 0.75, 0.79, and 0.83 mb. A concatemers were as follows (marked at right), in order of ascending sizes: 48.5, 97, 145.5,
194, 242.5, 291, 339.5, 388, 436.5, 485, 533.5, 582, 630.5, 679, 727.5, 776, and 824.5 kb. The 22 native NotI fragments from MG1655 genomic DNA,
with lettering and sizes (kilobases) according to Heath et al. (10), were as follows: A, 992; B, 358; C, 358; D, 279; E, 263; F, 251; G, 273; H, 245;
I, 90; J, 214; K, 153; L, 207; M, 190; N, 129; O, 251; P, 103; R, 96; S, 36; T, 38; U, 41; V, 14; and W, 14. (Note that band Q, representing the F
factor in K-12 strain EMG2 [29], is missing from the MG1655 digest [1].) Fragment Agg,,5 (870 kb) was the uppermost band in RS218’s NorI digest
pattern. The positions of new fragments (two per lane) and missing parental fragments (one per lane) in the NotI digests of the transductants’
DNAs are marked by black bars and white bars, respectively. (B) NotI restriction mapping of chromosomal landmarks between 81 and 86 min.
PFGE pulse ramping was from 8 to 10 s over 16 h and from 21 to 22 s over 6 h. Lanes: 1, A concatemers; 2, MG1655; 3, RS218; 4, xM1353; 5,
xM1507; 6, xM1354; 7, xM1508; 8, xM1355; 9, xM1509; 10, \ concatemers. (Lane pairs 4 and 5, 6 and 7, and 8 and 9 were of MG1655 and RS218
transductants containing pairs of corresponding chromosomal landmarks near 83, 84, and 85 min, respectively.) A concatemers (marked at left) and
the Notl fragments from MG1655 were as described for panel A. Fragment Kgg,5 (178 kb) was the 11th band from the top in RS218’s Notl
digestion pattern. The changes in NotI digestion patterns inherited by the transductants are indicated as described for panel A. (C) Alignment of
Notl restriction fragments with pairs of corresponding Tn/0dKanRCP1 inserts (genetic clamps). The alignments indicated were based on genetic
clamps near 63, 65, 67, 70, 72, 75, 83, 84, and 85 min (Table 2) and E. coli linkage map conservation. Double arrows extending from the RS218
landmarks near 70 and 84 min indicate the contributions of the data from Table 2, xM1504 and xM1508, respectively, to assembly of the map. The
isomorphism depicted for the 63- to 65-min interval is speculative because of the absence of direct evidence of either RFL isomorphism or
dimorphism for this segment. The RS218 bulge depicted at 65 min was linked by P1 transduction to the site of the 65-min Tn/0dKanRCP1 insert
in one-third of the transductants and mapped counterclockwise to this insert.

rapid detection of additions or deletions in chromosomal
segments of much greater sizes (~10% to ~10° kb) than those
readily screened by sequencing.

Rare-cutter restriction sites in naturally occurring transpos-
able elements have been used to map large DNAs (30). In
addition, the rare-cutter sites contained by the Tnl0 insertions
in a Salmonella typhimurium: Tnl0 mapping set (24) have
recently been used to facilitate physical mapping of related
strains (11a, 12). However, limitations to the use of wild-type
Tnl0 inserts for comparative mapping are that they retain the
ability to transpose to new sites during transduction (11) as
well as to cause chromosomal inversions, duplications, and
deletions (21). These events might complicate interpretation of
chromosomal landmarks, especially when divergence between
strains may reduce the rate of incorporation of markers by
homologous recombination (7).

Comparative genome mapping with genetically transmissible
physical markers permits a bridging of the gulf between
classical bacterial-genetics inference, which is generally con-
fined to crosses between isogenic strains (cf. references 6 and
7), and molecular techniques that allow sequence-based infer-
ences regardless of the possibilities for genetic analysis. Thus,
application of this method (in addition to allowing rapid
restriction mapping in uncharacterized strains) may result in
evidence of chromosomal additions or deletions that can be
both invisible to linkage analyses (cf. reference 22) and difficult
to detect by nongenetic approaches to aligning diverged re-
striction fragments. Indeed, the method may be useful for
mapping many of the lineage-specific traits (e.g., virulence
factors) carried by different E. coli strains, provided the genes
for those traits are contained in lineage-specific chromosomal
insertions.



VoL. 176, 1994

However, this method also represents a new approach to
genealogy. This is because it provides not only an efficient way
to distinguish chromosomal genotypes, as do both multilocus
enzyme electrophoretotyping and classical serotyping, but also
new markers of chromosomal genotype (additions or dele-
tions) identified by a procedure that is independent of their
phenotypes. (In contrast, the base pair substitutions in con-
served genes identified by multilocus enzyme electrophoreto-
typing are strongly biased in favor of selective neutrality, and
similarly, the sequence differences accounting for surface
structure variation identified by their affects on serotype are
strongly biased in favor of niche-specific selectivity.) Since the
chromosomal additions or deletions identified by this proce-
dure may theoretically be neutral or subject to natural selec-
tion, their phenotypes in actual cases can inform us about the
role these events play in the evolution of adaptive variation.
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