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ABSTRACT

The complete 13 site Avril restriction map of the
genome of E. coli strain MG1655 is presented and
compared with several other E. coil strains. The map
was determined primarily by isolating individual Avrll
fragments from pulsed-field gels, and hybridizing these
large probes to a battery of mapped E. coli clones in
lambda vectors. Avril restriction patterns for eight other
laboratory strains were determined and maps for seven
of them deduced from the gel and comparisons
between the strain genotypes, the MG1655 map, and
Avtll sites in E. coil sequences taken from Genbank.

INTRODUCTION

Restriction enzymes have been used for the physical dissection
of the genomes of organisms ranging from bacteriophages to
mammels. Maps (an enumeration of the locations of restriction
sites on a DNA molecule) provide a physical description of the
molecule and provide a basis for the comparison of related
genomes. Maps also facilitate a variety of experiments requiring
the isolation of a particular region of DNA such as cloning,
sequencing, or probe isolation.
The literature contains hundreds of physical maps of subregions

of the E. coli genome in the form of restriction maps of clones.
Several more extensive regions have been mapped by merging
overlapping maps (1-8). Maps of enzymes cutting frequently
(average fragment size < 20 kb) are called high resolution maps.
A map is complete if all sites for that enzyme have been mapped
on the specified region of DNA. Partial maps are those where
an occasonal site or fragment has been located on the DNA. Low
resolution maps on the other hand contain infrequent sites and
fragment length measurement in general requires the use of
pulsed-field gels. Such a map is fundamentally different from
the assembled maps because the fragment size data is obtained
directly on whole, unfractionated E. coli DNA. Smith et al.
published a complete, 23 site NotI map of E. coli strain EMG2
(9) and partial information is available for AvrII, SpeI, SfiI, and
NotI on this and other strains. (7,8,10) This paper presents
complete Avrll restriction maps for E. coli strains MG1655, two
versions of W31 10, P678, EMG2, C600,GM48, and W3350.

MATERIALS AND METHODS

E. coli MG1655, EM62, C60, P678, W3350,and W3110 (BB)
were obtained from Barbara Backman at the Genetic Stock

Center. GM48 and W3110 (FB) were from Frederick R.
Blattner's collection, GM48 having been obtained before that
from J. Dahlberg and W3110 from W. Szybalski.
DNA of intact E. coli chromosomes was prepared as described

(11). For enzyme digestion one plug (100 pAl) was rinsed with
1 ml of digestion buffer (10 mM TRIS-HCI, pH 7.4, 10 mM
MgCl2, 60mM NaCl) for 10 min. then covered with 200 ,ul of
digestion buffer, 2 tdl of Avrll enzyme (1 unit) added, and
incubated at 370 C for 4-8 hours. Pulsed gel electrophoresis
was performed in horizontal submerged slab gels. Field pulsing
was controlled by a DNASTAR, Inc. P200 system. Two
electrode arrangements were used, FIGE (12) and CHEF (13,14).
After electrophoresis DNA bands were visualized with EtBr and
UV light. A gel slice was cut out with a scaple, DNA
electroeluded and labeled by nick translation. Phage stocks were
diluted to a titer of 5 x 103 to 1 x 105/ml and transferred to a 96
well plate. Seven microliters of each were spotted on a bacterial
lawn with a 96 well replicator. Plates were incubated overnight
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Figure 1: Avrll restriction map of E. ccli MG1655. Numbers inside the circle
indicate minutes on the E. coli genetic map. Lines between the two concentric
circles represent AvrII sites. Fragments are labeled with their name and measured
length in Kb. Lines to the outside of the circle indicate Avrll sies found by a
scan of GeriBanlkTM. Asterisk (*) indicates sites which are variable among the
strains studied here. Locations of several genes are indicated as is the section
of the chromosome inverted in strain W3 110.
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1 spots to develop. Phage DNA was transferred RESULTS
and hybridized to labeled probes as described E. coli MG1655 DNA was digested with a battery of restrictionIa clones were screened on a single filter. ...searchnes were doeneduing a progrl b enzymes to identify enzymes which cut rarely. The recognitizionsearches were doneusIng a program by sequence of AvrII (CCTAGG) has as its center the rarest
C.,Madison, WI. tetranucleotide in E. coli DNA, and AvrII was found to cut only

13 times.
The 13 site AvrII map of MG1655 DNA is shown in Figure

O o o 1. AvrII digested E. coli MG1655 DNA was electrophoresed
CM CO L ) ' Q CO under a variety of pulsing conditions and electrode arrangements.
,2cn co cn E co Bands on the gels were named A through J (smallest to largest)
WllJ C > 0 and fragment sizes were measured by comparison to 'X-ladder'

multimers as a size standard. Band names and fragment size are
- = = - ~ shown in Figures 1 and 2. Measurements were very reproducible

from gel to gel and under various pulse regimes. Measurement
of fragments A to I probably have less than 20 kb error and JI,
J2, J3, (at the extreme end of lambda ladder) are likely accurate
within 150 kb. The sum of the 13 fragment lengths is 4835 kb
within 3% of the genome size estimated by Kohara et al. (6).
Fragments smaller than 20kb may have not been visible on gels.

775 795- Fragments were located relative to the genetic map by
730- hybridization to a large ( - 600) set of E. coli clones in lambda

vectors, nearly 200 of which had been previously located to the
genetic map by comparison of the restriction map to restriction
maps of published clones as described (7). This set of mapped

580- clones covered 75 % of the genetic map and the only region with
more than a 5 min. space between mapped clones was around
40 min. When a clone whose genetic map location was known
showed positive hybridization with an AvrII fragment that

425- fragment could be assigned to the genetic map. Conversly, when
clones whose map locations were not known hybridized to a

- - - - - located AvrII fragment they were then identified as mapping to
that region of E. coli DNA. The ten Avrll fragments A through
I (band H was a double) were located in this manner.

275- Jl, J2, and J3 could not be located in this manner because they
were so large that the hybridizations showed too much

--- - background to be useful. This is because the spots of lysis of
the lambda phage also contain E. coli host DNA which is
transferred to the filter along with the lambda clone DNA. Since
the X clone DNA which hybridizes is at most 20kb long while

------ the host DNA hybridizes over the length of the probe the signal
- - - - - to noise ratio gets worse as probes get larger. Fragments < 400

kb were usable as probes.
After assigning locations to all the smaller fragments it was

iction patterns for several E. coli lab strains. The similarities clear that one of the large fragments mapped to the 8 to 29' region
izes of AvrII digestion products for nine E. coli strains are and two to the 35 to 82 minute region. J1 was located to the 8
ly. Fragment names and lengths in kb are indicated.
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Figure 3: Derived maps of seven E. coli strains are aligned linearly for comparison. Vertical bars indicate AvrII sites. Hatched triangles show the location of the
inversion point in W3110 and W3350.
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to 29' region because it was changed in size in a lambda lysogen
(att X is at 18'). J3 was located to the 58 to 82' region because
it was not present in W3 110 which has in inversion endpoint at
72'. By elimination J2 was assigned to the 35 to 58' region.

This MG1655 map was further verified by scanning
GenBankTm for E. coli sequences with AvrII sites. Lines on the
outside of the circle in Figure 1 show the results of the most
recent search (GenBankTm release #61, Sept. 1989). Sites
found in oriC, rrnB, pyrB, fhuA, phoE and rmnG correspond to
mapped sites. Two other mapped AvrH sies are probably located
in rrnC and rrnE for which sequence is not available. Of the other
three rrn operons, rrnD and rrnA do not have AvrII sites and
rrnH is located so close to fhuA that a fragment between them
may have been too small to detect on the gels so we can not be
certain that rrnH does not contain an AvrII site. The site in
GenBankTM in ebgA is not present on the MG1655 map.
Finally, the site between J2 and J3, which had not been precisely
located on the MG1655 map by hybridization but which was
presumed to be in rmnG, was accurately located by digesting our
X MG1655 clone containing rinG with AvrII and verifying that
the DNA was cut.
The digestion patterns for several other strains are shown in

Figure 2. This information together with the known strain
genotypes (16,17) and information in Figure 1 was used to deduce
the maps of seven of the other strains. This is presented in Figure
3. There are several differences between the strains, including
a surprizing difference between W3110 from two different
sources. 1) Presence or absense of the F factor which is not cut
by AvrII and runs in our gels at about 145 Kb. 2) Presence or
absence of the lambda prophage (48.5 Kb). Wild-type lambda
is cut by AvrII and the sequence predicts two cutsites 100 bp
apart from each other (18). The prophage in P678 however
appears to not be cut by Avrll while the prophage in EMG2 is
cut. 3) Presense or absence of the cut-sites at 34 min and/or in
ebgA at 68 min. 4) Inversion between rmnD at 72 min and rrnE
at 91 min. One of the published IS5 sequences (19) has an Avrll
cut site at the IS5/coli junction but neither the polymorphism at
34 min. nor at 68min. seems due to an IS5 difference (20).
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DISCUSSION
The strategy used here to construct a complete AvrII restriction
map is applicable to organisms where a significant number of
mapped clones is available and to enzymes which cut the DNA
into a few bands which are resolvable on gels. Conceptually it
is similar to the strategy used by Smith et al.(9). for the
determination of the NotI map, however, logistically it is much
simplier to hybridize a few large fragment probes isolated from
one or a few gels to a very large number of lambda clones than
to prepare and label DNA from a large number of mapped clones
each to be used as a probe against a blot of a gel. This
simplification allows the screening of many more mapped clones
and thus more accurate maps.
The AvrII maps of the eight E. coli strains presented here

demonstrate that significant map differences do occur between
E. coli lab strains. Cognizance of this fact is important when using
restriction maps in the planning of experiments such as strategies
for cloning, sequencing, or probe isolation.
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