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ABSTRACT

DNA sequences have been compared in a 4,400-bp region for Escherichia coli K12 and 36 ECOR
strains. Discontinuities in degree of similarity, previously inferred, are confirmed in detail. Three
clonal frames are described on the basis of the present local high-resolution data, as well as previous
analyses of restriction fragment length polymorphism (RFLP) and of multilocus enzyme electropho-
resis (MLEE) covering small regions more widely dispersed on the chromosome. These three
approaches show important consistency. The data illustrate the fact that, in the limited context of
intraspecific genomic sequence variation, clonality and homology are synonymous. Two estimable
quantitative properties are defined: recency of common ancestry (the reciprocal of the logio of the
number of generations since the most recent common ancestor), and the number of nucleotide pairs
over which a given recency of common ancestry applies. In principle, these parameters are measures
of the degree and physical extent of homology. The small size of apparent recombinational replacements,
together with the observation that they occasionally occur in discontinuous series, raises the question
of whether they result from the superimposition of replacements of much larger size (as expected
from an elementary interpretation of conjugation and transduction in experimental E. coli systems)

or via an alternative mechanism. Length polymorphisms of several sorts are described.

OMMON ancestry is a relationship that can be

quantified in degree (recency of common ances-
try) and in the extent of the compared objects over
which this degree is uniform. The chromosome of
Escherichia coli is a good illustration of this statement.
First, it 1s one dimensional, so that the extents of
homologs are simply expressed. Second, it can be
characterized in exhaustive detail by nucleotide se-
quencing. Third, divergence time from the most re-
cent common ancestor can in principle be estimated
from a sequence difference. Fourth, the comparison
of corresponding chromosomal regions among some
37 strains of E. coli reveals clear spatial discontinuities
in the degrees of difference; the differences appear to
be neutral for the most part and so are suitable for
the estimation of divergence times (MILKMAN and
StoLTZFUs 1988; MILKMAN and BRIDGEs 1990).
Thus, we propose to define recency of common an-
cestry as the reciprocal of the log of the divergence
time in generations. For example, if a 1% sequence
difference in translated DNA in E. coli leads to the
estimate of 50,000,000 generations of divergence
time, then the recency of common ancestry estimated
from this sequence difference is 0.13.

The intraspecific nucleotide sequence differences
studied to date in E. coli (MILKMAN and BRIDGES 1990;
BISERCIC et al. 1991; DYKHUIZEN and GREEN 1986,
1991; DYKUISZEN and HARTL 1988; NELSON and SE-
LANDER 1992; NELSON, WHITTHAM and SELANDER
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1991) center on the common laboratory reference
strain K12 and the 72 ECOR strains of recent natural
origin (OCHMAN and SELANDER 1984). These studies
indicate that, with few exceptions, the chromosomal
regions compared are similar enough for their recency
of common ancestry, as defined above, to be esti-
mated: they have not diverged to the level of neutral
substitutional equilibrium. And so, in the terms of the
discontinuous segmental clonality previously described
(MILKMAN and StoLTZFUS 1988), corresponding
stretches of DNA were assigned to hierarchical clonal
levels (MILKMAN and BRIDGES 1990), which reflect
their observed similarity and inferred recency of com-
mon ancestry. In this sense, a low clonal level reflects
a high degree of homology.

Sequence types, clonal levels and clonal frames:
The term sequence type has a single quantitative defi-
nition. The comparative sequence data reported here
make desirable a small change in this definition. Se-
quence types are thus redefined here to differ from
one another by at least 1% of their nucleotides, as
opposed to the previous 0.5% (MILKMAN and BRIDGES
1990). Members of a Level II clone now share a single
sequence type; a Level III clone can include more
than one sequence type; and a Level IV clone an even
broader range of sequence types. Finally, in a given
genome, a predominant sequence type in which other
sequence types are embedded is referred to as a (Level
II) clonal frame. A Level 111 clonal frame would be
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less uniform (MILKMAN and BRIDGES 1990), compris-
ing more than one sequence type.

We would now like to amplify this subject in terms
of a table of comparison of a 4,400-bp stretch of DNA
beginning beyond the end of the #rp operon and
including tonB as well as a number of open reading
frames that have now been expressed (STOLTZFUS,
LESLIE, and MILKMAN 1988; MILKMAN and BRIDGES
1990; VANBOGELEN e? al. 1992). Thirty-seven strains
are compared completely or with minor omissions;
fragments of three others are also of some interest.
The data are presented in Figure 1, and the discontin-
uities in degree of similarity are summarized in Figure
2. The symbols in Figure 2 represent sequence types.

MATERIALS AND METHODS

The new sequence data were obtained by standard di-
deoxy methods (SAMBROOK, FRITSCH and MANIATIS 1989)
of two types, both designed to exploit PCR amplification of
specific 0.7-1.6 kb stretches of genomic DNA. Our main
method has been to use gel purified ds DNA made by PCR
amplification as a template for ss DNA production in a 15-
cycle (typically) amplification using one primer only. The ss
DNA is acrylamide-gel purified and sequenced using the
opposite amplification primer or an internal primer. Ap-
proximately 250 ng (0.5 pmol) of ss DNA is sequenced with
the Sequenase T7 DNA Polymerase Kit (U. S. Biochemical
Corp.) according to the manufacturer’s protocols, except
that labeling is carried out at 0° for 2 min and extension/
termination at 41° for 3 min. Recently, we also have been
sequencing the purified ds DNA fragment (50 fmol) with
the ATaq Cycle-Sequencing Kit (U.S. Biochemical Corp.),
using the manufacturer’s “Cycled Labeling Step Protocol”
except that 0.5 ul 0.1 M dithiothreitol is added to the samples
before heating/loading, to eliminate **S degradation back-

round, which we had observed. In both methods described,
[a-“S]dATP, -dGTP, -dCTP and -TTP (NEN Research
Products) were used in the labeling step. **S-labeled DNA
ladders were produced by constant-power electrophoresis
in standard 4% or 6% (or buffer-gradient, 8%) acrylamide
gels (SAMBROOK, FRITSCH and MANIATIS 1989); films were
exposed for one to several days; no automatic procedures
(reactions, reading) were used. In general, only one strand
has been sequenced, since the comparison of many strains
affords a considerable check on accuracy, but additional
sequencing has been used to resolve some ambiguities. The
standard reference sequences had of course been done on
both strands.

The base position numbers we use are one less than the
distance from the origin of the Genbank/EMBL sequence
of the trp operon in K12 (ECOTGP, Accession Number
JO1714), and 7,337 greater than the Genbank/EMBL se-
quence ECOTRTOI (Accession Number X13583), which
begins at ECOTGP position 7,339. Beyond this, our position
10,979 corresponds to the end (position 1,697) of the op-
positely running Genbank/EMBL sequence ECOTONB
(Accession Number K00431), whose position 189 corre-
sponds to the end (position 12,487) of the region described
here. Finally, the numbers correspond directly to those in
StoLTZFUS, LESLIE and MILKMAN (1988) and in MILKMAN
and BRIDGES (1990). Previous calibration to Genbank/
EMBL numbering for the trp operon, which has changed,
is now obsolete.

The 4,400-bp region described (ALO) is one part, essen-

tially completed, of a 12-kb region being sequenced com-
paratively. [An adjacent 4,400-bp stretch, CAF, which runs
from the middle of the trp operon to the present region;
CAF’s sequencing is about 95% complete. Finally, 3,145 bp
of DNA, including attB (the attachment site of $80), contin-
ues beyond tonB. It has been sequenced for K12, and several
other strains. This last region is called BUG.]

Abbreviations and specialized terms.

Chromosomal regions: ALO = the approximately 4,400-
bp region from positions 8,089-12,490 as defined above. It
includes the PCR fragments AL, LK and ON (MILKMAN
and BRIDGES 1990). CAF = an adjacent 4,400-bp stretch
from positions 3,630-8,100 covering the PCR fragments
CB, BA and FB.

Analytic techniques: RFLP = restriction fragment length
polymorphism. MLEE = multilocus enzyme electrophoresis.

Clonal properties: Clonal segment = stretch of DNA
sharing recent common ancestry with one or more stretches
in a corresponding position. Clonal frame: when most of the
DNA in a chromosome belongs to a single designated clone,
this DNA constitutes a clonal frame. Clonal level: hierarchi-
cal term defined in principle by recency of common ancestry
(thus clones can be nested), but in practice by degree of
sequence uniformity.

Miscellaneous: Atlas = A set of lambdoid phages, com-
plete or incomplete, inserted between positions 8,888 and
8,889 (as defined here) in E. coli. ECOR designates any of
the 72 E. coli Reference strains of recent wild origin. Indel
= observed length difference attributable to insertion or
deletion. PCR = polymerase chain reaction used to amplify
a specific stretch of DNA from a genome or other source.

RESULTS

The body of data presented is best seen by referring
to Figures 1 and 2 in conjunction with the text. Figure
1 differs from most published sequence comparisons
in presenting the polymorphic sites vertically. The
comparisons in this table are read horizontally. The
sequence described is that of the strand continuous
with the nontranscribed strand of the ¢rp genes. The
first four columns describe the comparisons. At the
very left, the nature of the difference(s) is stated:
transversion (#), C-T transition (iC), A-G transition
(iA), mixed (M), deletion (A), insertion (>>). In the next
column is the phase (remainder after dividing the
overall position number by 3). This is used to deter-
mine the codon position of the site (1, 2 or 3) in the
respective translated regions, as shown in column 3;
NT indicates that the base is not translated. Note that
when the translated DNA sequence illustrated is that
of the transcribed strand (i.e., where transcription
proceeds in the direction opposite to that of trp), the
phase number is preceded by “R”; the transitions
shown in column 1 still refer to the nontranscribed
strand, which is not illustrated. The fourth column
lists the overall position of the site numbered as de-
scribed in MATERIALS AND METHODS. The next column
gives the most frequent (“consensus”) base for each site
listed. The respective bases for K12 are in the column
headed by K; hyphens indicate identity to the consen-
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Frame or
ECOR replacement
strain symbol Position, kb (Reference: start of trp operon)
8.0........ [ 9.0, .. PO 10.0.. .0 uu.. RO & BT R B b s O B |
RED GROUP | | | | |
K,1,4,8,19,21 K KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKK

17 KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKAAAAAKKKKOQQQOQOOOQQKKKKKKKKKKK
15,16,24 P,Q KKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKKPPPPPPPPKKKKKKKKKKKKKKKKKKKKKKKOQQQQQQQOQKKKKKKKKKKK

PURPLE GROUP | | | | | | | | | |

27,70,71,72 78 T7KKKKKKKKK777777777777777777777777777777777777777777777777777777777KKKKKKKKK7 77777777777
69 KKKKKKKKKKKKKKKKKKK7777777777777777777777777777777777777777777777777TKKKKKKKKK777777777777
68 KKKKKKKKK*aKKKK77777777777777777777777777777777777777777777777777777TKKKKKKKKK222222222222
28 2 Krkkhkdkk*aKKKK777777777777777777777777777777777777777KKKKKKKKKKKKKK222222222222222222222
58 Kx*kkkkkk**aKKKK77777777777777777777777777777777777777777777777777777KKKKKKKKK22KKK7777777
29 77KKKKKKKKaKKKK77777777777777777777777777777777777777777777777777777KKKKKKKKK*KKKK7777777
45 77KKKKKKKKK7777777777777777777777777777777777777777777KKKKKKKKKKKKKKKKKKKKKKK22KKK7777777
GREEN GROUP | | | | | | | | | |

51,52,54,56 5 55555555555555555555555555555555555555555555555555555555555555555¢ 3555 g
60 L 55555555555555555555555555555 LLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLS5555
61,62 X 5XXXXXX555a55555555555 5 XXX XXX XXX XXX XXXXXXX555555555555555*%**55
65 Y,2 5555555555a555555555585Y Y Y YYY YV YYYVY55555555555855555555555555

| | | | | | | | | |
40 4 T7TKKKKKKKKK77 7755555555 Y Y Y YYYYYYYYYY55555555555555555555555 555 5522444555
35 T TTTTT’I‘TTT$$$$$$$KKKKK1&11111111111111111111115’3‘)) 55555 :»TTT’I‘TTTTTT’I'I‘: 55555555552Z**5555

| | | | | | | | | |
31 3 3333333333a3333333333333333333333333333333333333333333333333333333333333333333333333333333
37 (o] 00000000004a 3 3 3 330000000000000000KKKKKKKKKKOOOOOO0OKKKKKKKKKKKKKKKKKKKKKKKOO00000000000000

| | | | | | | | | |
50 B BBBBBBBBB5a555555555BBBBERBEBBBBEBBRBRRBRBBBRBBBRRRBEBRBEBBEREBBEBEEEBEBBRBBBEBBBBBBEBBBBBBBBBB
48 8 88888888888888888555BBBBBBBBB88888888888888555558888888888888888888888888888888888bbbbbb8
47 U UUUUUUUUUUUUUUUUUUUBBBBBBBBBBUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUU0UU0UUUU0ULUUUUUUUU
46 b bbbbbbbbbbbbbbbbbbbBBBBBBBBBBBbbKKKKKKKKKKKKKKbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbb

a!o 8!5 9?0 9!5 10!0 10!5 11!0 11!5 12!0 12!5
FIGURE 2.—Clonal segments as inferred from Figure 1. Each symbol represents 50 bp. Unlisted fragments {tentative major group} : 64
{61}; 66 {51}; 67 {71}. $ = IS1k (nonhomologous replacement); a = clonal segment of unknown affinity. * = interpretation uncertain. A is
part of a deletion. K, 7 and 5 represent what are concluded to be clonal frames or their parts. Other symbols are used only to show similarity
over homologous regions. Where B is written in corresponding parts of 50, 48, 47 and 46, it could just as well be 8, U or b. There is no way
of telling, from the present data set, which of the three sequence types is shared at that position.

sus base at the left. Then the first of six closely packed
columns contains the sequence data for not one but
two strains listed vertically, ECOR 4 and ECOR 19.
These are identical throughout the region covered.
The data are directly below the right hand digit of
the strain number in all cases. Two strains, ECOR 1
and ECOR 8, head the next column in this close set;
the position of “08” directly below “01” indicates that
these two strains are similar enough to share a column.
In this case, though, the strains do differ at positions
8,767 and 10,097: the details are signaled by “|.”
Reading across at any position demonstrates the great
similarity of the first 10 strains listed (from K12
through ECOR 24). These strains are concluded, on
the basis of these data and more extensive restriction

analysis (Table 6 in MILKMAN and BRIDGES 1990, and
subsequent unpublished data) to share a Level II clonal
frame, which is referred to here and in Figure 2 as the
“Red” or “K” clonal frame (without further qualifica-
tion as to level). Each symbol in Figure 2 represents
50 bp. A look at the region between positions 9,929
and 10,278 reveals a break in the uniformity of these
10 sequences. The rightmost two columns in the set
show that three strains, ECOR 15, ECOR 16 and
ECOR 24, share a distinctly different sequence here-
there are differences in 10 of some 350 positions. This
is interpreted as a recombinational replacement hav-
ing a more distant relationship to the other seven
strains (K to ECOR 17) than these seven share in this
region. It is represented in Figure 2 as a run of “P”s.

FIGURE 1.—Polymorphic sites in the ALO region. General symbols: Heading: Ch = Change; Ph = phase (remainder of N/3); CP = Codon
Position; n = position of nucleotide with reference to the start of the trp operon; COn = consensus (most frequent) base; K = strain K12.
Body: # = transversion; iC = C-T transition; iA = A-G transition; M = multiple; A = deletion; > = insertion; NT = not translated; R =
transcribed in reverse direction; - = consensus base; small letters = amino acid symbols. Special symbols: $ = insertion sequence IS1k
substituted; (@ = atlas insertion; = polymorphism within column; ? = uncertain base; ] = jam, order uncertain, often (as in 11,101-11,104)
with a change whose location is unclear. Incomplete sequences: [<75 bp missing] ECOR 8: 8,849-8,888, 9,700-9,708; ECOR 24: 8,816-
8,888; ECOR 35: 11,814-11,849; ECOR 37: 8,853-8,888. [>75 bp missing] ECOR 48: 8,849-8,899, 10,646-10,750; ECOR 64 start-
8,088; 11,066-end; ECOR 17 10,981-11,254 (includes apparent 235-bp deletion); ECOR 66: start-9,708 (includes large, incompletely
defined deletion). ECOR 49: 8,889-end (completion not planned). Positions 9,672-9,708 were not sequenced in most strains—primers
overlap.
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Further on, ECOR 17 has a deletion beginning about
11,000 (As in Figure 2). Finally, strains 15, 16 and
24, and also 17 share a sequence that differs noticeably
from the other six in the group between about 11,500
and 12,000 (“Q”s in Figure 2). These are the only
evident segmental differences within the K group in
the ALO region: two of them appear to be replace-
ments shared by three and by four strains, respec-
tively, and thus attributable to events in respective
common ancestors; deletions of the sort seen in ECOR
17 have been noted elsewhere, including a 319-bp
deletion in CAF shared by six ECOR strains (MILK-
MAN and BRIDGEs 1990).

The next group of eight columns covers 10 strains
sharing the “Purple” clonal frame. Four of the strains,
27, 70, 71 and 72, evince a specific sequence type
over the whole 4,400-bp range, except for stretches
of K12-type DNA from about 8,200 to 8,600, and
from about 11,500 to 11,900. There are more shared
replacements. Some are coextensive; others vary in
length (again, see Figure 2).

The next nine columns describe 11 strains, for
which only nine sequences are complete; ECOR 64
(column 7) and ECOR 66 (column 9) are not. These
11 strains share the “Green” sequence type over most
of the region; the restriction data, which again are
broadly distributed over the chromosome, suggest
that this sequence type is their clonal frame, with the
possible exception of ECOR 40.

The next two columns refer to strains that share
some similar sequences; ECOR 37 also is similar to
K12 over two stretches. Finally, six more strains are
listed, of which ECOR 49 is fragmentary. These do
not belong to large groups, but restriction analysis
(MILKMAN and BRIDGES 1990; and unpublished re-
sults) indicates close chromosome-wide similarities be-
tween ECOR 35 and 36; among 38, 39, 40 and 41;
and between 49 and 50.

Between the groups discussed individually so far,
local similarities are occasionally noted. Sequence
types seen in the form of clonal frames also appear to
have been exported as clonal segments. In Figure 2,
the symbols K, 7 and 5 are each seen outside their
groups. Also, small regions of similarity such as one
between 8,578 and 8,589 (shown as “a” in Figure 2)
occasionally appear in a broad array of strains. All of
the comparisons referred to so far clearly imply ho-
mology, but there is one replacement (symbolized by $
beginning at 8,536) that is not homologous: it is the
insertion sequence ISlk (STOLTZFUS, LESLIE and
MILKMAN 1988). This replacement evidently arrived
subsequent to what is now known to be the precise
insertion of a set of lambdoid phages, collectively called
Atlas, between positions 8,888 and 8,889 (MILKMAN
and BRIDGES 1990; STOLTZFUS 1991; see also CAMP-
BELL, SCHNEIDER and SONG 1992). Only strains 35

and 36 share IS1k. In all, 23 of the 72 ECOR strains,
all from primates and mostly from humans, have a
variety of functional or partially deleted Atlas phages
here. Their presence is indicated by “(@”. Note that
sets of closely related sequences (70 and 71 vs. 72, as
well as 51 vs. 52, 54 and 56) differ as to the presence
of Atlas.

The precise extent of the discontinuities in degree
of similarity is usually impossible to determine because
of the small proportion of base differences involved,
but ECOR 64, beginning at position 8,893, shows a
striking replacement. About 24% of some 283 bases
are different from those in ECOR 51 et al., and from
the consensus sequence. Most of these base differences
are in the third position, but there are a good number
at the other two. Numerous amino acid differences
are seen; still, there is no doubt as to the qualitative
homology relating this stretch to that in the other
strains. The distal end of the replacement seems
clearly marked within a few bases-if not indeed be-
tween 9,171 and 9,172. Proximally, Atlas intervenes:
ECOR 64’s Atlas sequence is not particularly different
from most others (Figure 3), conforming to the pre-
vious evidence (StorLTzFUs 1991; MILKMAN and
BRIDGES 1990) that Atlas has come and perhaps gone
more recently than some homologous recombina-
tional replacements. On the proximal side of Atlas,
we have been unable so far to amplify DNA from
ECOR 64 (using primers complementary either to
Atlas DNA or to the flanking DNA), suggesting that
the great sequence difference persists there as well.
[The Atlas inserts themselves are quite uniform at the
distal end, but extremely diverse, presumably due to
assorted deletions, at the proximal end.]

Comparison of the ALO sequences from 36 strains
in Figure 2 yields the following information. First,
three sets of 10, 10 and eight strains can be grouped
by common clonal frames. Of these, six, none and
four, respectively, share a given Level II clonal frame
over the entire ALO region. Second, homologous
replacements are frequently common to several
strains. These are generally on the order of 250-
1,000 bp in extent. Third, the other eight sequences
vary in their affinities. All but ECOR 31 and ECOR
47 contain clonal segments similar to one or more of
the three major clonal frames, and even these two
strains share clonal segments with others. Moreover,
in the adjacent CAF region (see MATERIALS AND METH-
oDs), ECOR 31 and ECOR 47 each have several small
Red clonal segments and three Purple ones (data not
shown).

General observations: Three general observations
can be drawn from Figures 1 and 2. First, chromo-
somes are frequently linear mosaics of small (ranging
up to 1 kb or more) discrete segments of different
sequence types, often embedded in evident clonal
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Strain numbers

64
61
40
35
50
37 Amino
71 08 acid
Ch Ph Cp N Con 24 70 51 changes
# 2 194 T - —Gm———— - 1-r
ia 3 246 ¢ A mmme——— -
ia 3 273 A G --GG~-G -
iA 2 275 A - ————G-- G d-g
iA 3 282 ¢ - ee———— A A
ic 0 3 303 ¢ - m—mee—— T
ic 0 3 360 C T - -
# 0 3 447 A - =TT~ -
iA 0 3 522 A - G—--~GG -
ic 0 3 861 C - mmeee—— TT
ic 2 2 563 ¢ - mm———— TT a-v
# 0 3 576 R - emme—— GG
iA NT 614 G = eem——— AR
ia NT 616 G - “A-———- AA
> NT 623 = mm————— ->
# NT 638 G - T=————- -
# 1 3R 661 G - e -C
ic 1 3R 682 A - mm————e— GG
# 1 3R 685 C - mmm———— AR
# 1 3R 688 T - mm——me— GG
[694-711] - mmme——e b
ic 1 3R 703 T - -—C——— *x
# 2 2R 713 A - eme———— cc
ic 2 2R 716 C - em————— TT
ic 1 3R 724 G A -A———== AR
# 1 3R 730 A G e cC
# 1 3R 733 C - em————- GG
# 1 3R 757 C - -=G-=~G -
iA 1 3R 760 T - mmee—— C -

FIGURE 3.—Comparison of Atlas distal sequences (positions 67—
761). General symbols as in Figure 1. A: in ECOR 37, the bases in
positions 616-628 are deleted. >: in ECOR 8, AGAA-
GAGTTTTGC is inserted after 623 (ECOR 8 repeats its 611-623
once exactly). *: in ECOR 8 & 51, “ATT GTC GCT ATA ACT
GCC TTT AGC CAG TTT ACG” replaces C**GA GTC TTT
TAC GGT AGT"". This results in a replacement in ORF IV (which
runs into Atlas from the right): ttvkds—rklakgsysdn.
ORF IV ends at position 643 (end of stop codon). Integrase (see
text) ends at 597 (end of first stop codon, which is followed by
another) in all strains sequenced. Unreadable sections: 40:639-653;
51:659-674; 35:640-655; 37,50:638-654; 61:647-654; 24:650~
653. ECOR 71 was sequenced by ARLIN STOLTZFUS and later by
MELISSA BRIDGES.

frames. Second, among several strains (e.g., the Red
group) where a clonal frame is shared, sporadic vari-
ation characteristic of nucleotide substitution rather
than recombinational replacement is often seen. And
third, the sequence types are distributed broadly, but
not randomly, among strains. For example, certain
inserts may be shared by members of a given clonal
frame group (P and Q in the Red group; K and “2”
in the Purple group). On the other hand, Red and
Green segments are not found close together fre-
quently, though they are both present in ECOR 35
and in EGOR 40, for example.

The nonrandom distribution of sequence types is
consistent with a historical nonrandom habitat distri-
bution of clones and/or differential compatibility
among clones. In this regard, it should be noted that
recently collected wild strains (MILKMAN 1973 and
unpublished results; MILKMAN and CRAWFORD 1983;
CAUGANT, LEVIN and SELANDER 1981) frequently in-

TABLE 1

Nucleotide differences (N) from clonal frame

Segment Frame
Red Purple Green
Symbol Length N % N % N %
P 350 bp 9 3 6¢ 2 9 3
Q 450 5 1 4% 1 10 2
2 150 32 2 4 2 4 2
L® 1,600 29 1.8 30 19 17% 1.1
X 900 20 2.2 22 24 10 1.1
v 600 14 23 15 2.5 6¢ 1.0
Z 200 9 4 84 4 8¢ 4
¢ Lowest.

b 1-X difference = 8/600 = 1.3%.
¢ X-Y difference = 4/600 = 0.7%.
4 L-Y difference = 4/300 = 1.3%.

cluded genetically diverse strains from a single fecal
sample. The ECOR strains show no general correla-
tion between genotype (as expressed in MLEE or
nucleotide sequence—Atlas is an exception) and host
(see OCHMAN and SELANDER 1984); earlier times may
have been different, however.

Among the strains, ECOR 40 is of interest because
of the variety of sequence types contained in ALO.
(This variety is seen also in CAF.) Presumably, it has
had recombinational contact with a relatively great
variety of genomes.

Some specific details from Figure 2 will now be
considered in order. First, the top row: six strains
(K12, 1, 4, 8, 19 and 21) share a sequence type that
we have called a Level 11 clonal frame. Next, the three
strains in the third row, ECOR 15, 16 and 24, share
a stretch labeled “P”; further, with ECOR 17 they
share “Q.” Is P a different sequence type from Q, or
are they of the same clonal origin? There is no way to
tell, in the absence of a reference sequence, such as those
shared by the respective six similar Red strains, or the
four similar Purples, or the four Greens.

The ECOR 37 sequence, in contrast, is concluded
to contain two replacements of the same sequence
type (K), as well as three more in CAF. We know they
are the same sequence type because they are like the
K reference sequence, and we infer that they are
replacements from the following line of evidence. It
appears that these K segments have been introduced
locally on an “O” (ECOR 37) background, rather than
vice versa, because the broader comparisons of restric-
tion analyses and MLEE show ECOR 37 to be very
different from the Red group—-indeed, from all major
groups (MILKMAN and BRIDGES 1990).

In the Red, Purple and Green groups, various ap-
parent replacements are seen. Table 1 shows that
some (P, Q, 2) are not more similar to the frame in
which they are embedded than to other frames. L, X
and Y are clearly close to the Green frame and also
to one another in their respective common regions.
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TABLE 2

Summary of nucleotide substitutions

Transitions Transversions
All Length
CoT AeG Total AeC GeoT AeT GeC Total changes (bp)
Translated (NTS) 108 89 197 22 27 24 24 97 294 3684
Nontranslated 26 24 50 10 4 4 5 23 73 686
Total 134 113 247 32 31 28 29 120 367 4370

Replacements of similar length (Figure 2) include
Y (strains 65 and 40). In the Purple set, some of the
K and “2” replacements vary in length. Some other
examples of variation in replacement length are seen
in Z (strains 65, 40 and 35) and in 5 (strains 50 and
48). It has not yet been possible to estimate the maxi-
mum replacement size, since the 4,400-bp ALO region
described here is a small window. Large replacements
are therefore not yet easy to define by sequencing,
and restriction analysis does not provide the necessary
resolution. But clearly there are small discontinuities.

Variation in nucleotides, amino acids and length:
Table 2 summarizes the nucleotide substitutions ob-
served. There is a statistically insignificant excess of
C-T over A-G transitions in both translated (NTS)
and nontranslated (the strand continuous with trp
NTS was chosen arbitrarily) DNA. Also total changes
are significantly more frequent in nontranslated DNA
than in translated DNA, but significantly less frequent
than would be predicted by the existence of neutral
alternatives for all nontranslated bases. There are
local variations in the frequency and nature of substi-
tutions as well. Figure 1 suggests that structural poly-
morphism in TonB [the protein] is adaptive: changes
involving proline are frequent, and two small phase-
constant indels (one 3 bp and the other 6 bp in extent)
are seen in tonB at 12,020 and 12,057, respectively.
Aside from the ends of the ECOR 17 deletion, no
other indels have been seen in translated regions of
ALO. Table 3 summarizes amino acid differences by
sequence type and by ORF. Compared to the five
replacements involving proline in tonB, the rest of the
translated sequence (about 4 times as long) contains
only three-two at the same position-as well as one
nonsense replacement. The individual amino acid dif-
ferences are listed in the rightmost column of Figure
1.

Atlas. Figure 3 compares sequences of a 695-bp
stretch of an arbitrarily numbered region at the distal
end of Atlas. An integrase quite similar to that of
Coliphage 21 (ScHNEIDER 1992; Genbank/EMBL
Accession Number M61865) ends at position 597 in
this region. A brief nontranslated stretch is followed
by the terminal portion of ORF IV coming in from
the right flank [a corresponding terminal portion of
ORF 1V is seen both in non-Atlas- and Atlas-contain-

ing strains proceeding left from position 8,888
(SToLTZFUS 1991; STOLTZFUS, LESLIE and MILKMAN
1988). While the sequences in Figure 3 are moder-
ately similar in general, the incidence of indels of
various sorts is considerable.

DISCUSSION

Agreement among MLEE, restriction analysis and
sequencing: The deduced clonal frames correlate well
with expectations developed from our restriction anal-
yses, and they show a striking correspondence to the
major ECOR strain classification derived from multi-
ple locus enzyme electrophoresis (MLEE). In a phen-
ogram “based on polymorphisms at 38 enzyme-encod-
ing loci” (HERZER et al. 1990; see also SELANDER,
CAUGANT and WHITTAM 1987), the 25-strain Group
A contains all nine ECOR strains that we classify by
sequencing as having the “Red” clonal frame. Group
B/’s 16 strains include all 11 strains with “Purple”
clonal frames, and the 15 strains in group B, include
all 10 that we have assigned the “Green” clonal frame.
We are not sure whether ECOR 35/36 and ECOR
38/39/40/41 should be grouped in an extended green
set. We agree that the other six strains we have
sequenced seem to fall outside of these major group-
ings.

The closeness of the agreement between the results
of sequencing in a 4,400-bp region and the aggregates
of broadly distributed MLEE and RFLP analyses is
greater than might be expected. More precisely, it
would be expected that sequencing in other regions
would not conform to this pattern, just as the RFLP
affinities vary from region to region (Table 6 in MILK-
MAN and BRIDGES 1990; additional unpublished re-
sults). While the Green group overlaps rarely with the
Purple and never with the Red, the Purple and Red
groups are often close. And indeed in the CAF region
(data not shown), all members of the Purple group
have both Red and Purple segments, with Purple
predominating only in ECOR 70, 71 and 72 and Red
in the others. The other strains appear much as they
do in ALO.

There is a discrepancy in the order of branching
between the MLEE major groups and ours: we find
that our Red [“A”] and Purple [“B;”] clonal frames
differ by about 1% of their nucleotides, and that each
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TABLE 3

Amino acid differences from consensus

Clonal Frame

Other Segments

Length
ORF (bp) Start Red Purple Green Single Close-dual Multiple? ECOR 64

I{part) 75 (7658) 1 0 0 1 0 0 —
11 504 8204 1 0 1 4 1 3 —
IV(e) 636 9408 0 0 1 1 0 1 17
\% 741 9765 0 1 2 5 0 ob —
Vi 537 10638 0 0 2 6 0 3¢ —
Pl4 396 11182 0 0 0 1 0 0 —
tonB(«) 732 12354 2 2 1 11 0 3¢

Total 3621 4 3 7 28 1 124 17

2 Or two sequences not closely related (cf. “Close-dual”).
b Including two clonal frames (already listed).

¢ Including three clonal frames (already listed).

4 Including seven clonal frames (already listed).

(«=): transcribed in direction opposite to irp.

differs from Green [“By”] by 2%, while the MLEE
phenogram places B; and Bs closer to one another
than to A. Note also that the MLEE phenogram is not
a phylogenetic tree, since it is now clear that the loci
compared do not share a common genealogy. Thus,
the branch lengths do not represent single genome-
wide evolutionary distances.

Clonal levels: The data reported here are largely
consistent with the previous assignments to clonal
levels (MILKMAN and BRIDGES 1990). Thus, K12 and
ECOR 1, 4, 16, 19 and 21 are still thought to share a
Level II clonal frame; strains K12, ECOR 15, 68 and
71 are still thought to share a Level III clonal frame.

Note that Level III clonal frames were defined to
include differences at the 1% level, so that a Level 111
clonal frame can include different sequence types, but
a Level II clonal frame cannot. The Red, Purple and
Green groups in Figures 1 and 2 are based on common
sequence types in the ALO region, as opposed to a
larger sample of the genome, so they may not corre-
spond precisely to level II clonal frames. The specific
Level 11 affinities of such strains as ECOR 15 and 68
should become clear with more extensive sequencing.
It is clear that the Red and Purple groups taken
together still evince a single Level III clonal frame.
By these definitions, the red and purple sequence
types are different; there are distinct red and purple
Level II clonal frames, which may or may not turn
out to be the prominent sequence type for ECOR 15,
24 and 68 (for example); and the K12 Level I1I clonal
frame includes the red and purple sequence types, but
not the others.

Interpretation of the replacement patterns: The
DNA fragments introduced into E. coli cells by general
transduction are on the order of 50-100 kb in length;
conjugation can introduce single strands of consider-
ably greater length. The discontinuities in sequence
type reported here, however, are often at least two

orders of magnitude shorter. This contrast in lengths
reminds us that entry into the cell is followed by a
separate process, incorporation into the chromosome.
With this in mind, three possible explanations (not
mutually exclusive) are considered.

1. Small entrant DNA fragments have been incor-
porated directly to form the observed replacements.

2. Large entrant fragments have been incorpo-
rated in toto; successive overlapping incorporations
result in short mosaic elements.

3. Large entrant molecules have been incorporated
in series of small discontinuous segments, which are
the replacements observed. (Cascade hypothesis.)

The first alternative is the simplest conceptually,
but it has no known mechanism in E. coli. Neverthe-
less, it may be unwise to rule out the possibility of
natural transformation in E. coli in the absence of a
sufficiently broad investigation of natural strains and
conditions. Natural transformation is widespread in
bacteria (STEWART 1989), and there is evidence that
this process can lead to the chromosomal incorpora-
tion of short stretches of homologous DNA. Specifi-
cally, STEWART, SINIGALLIANO and GARKO (1991 and
G. STEWART, personal communication) have demon-
strated natural transformation of rifampicin resistance
via linear genomic fragments averaging less than
1,000 bp in Pseudomonas stutzeri at a rate of 3 X 1078
per potential recipient cell, above background. Also,
Frederick Cohan (personal communication) reports
routine transformation of rifampicin resistance in Ba-
cillus subtilis using PCR-generated 3.4-kb DNA frag-
ments with the same efficiency (5 X 107 to 1 X 107%)
as genomic DNA. This mechanism thus appears con-
ceivable for E. coli. In addition, a plasmid intermedi-
ary is not out of the question. For an interesting
experimental case, see SCHNEIDER et al. (1981).

The second alternative, the production of short
discontinuities in degree of homology by overlapping
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replacements, is more plausible at first glance. Trans-
duction (ROBESON et al. 1980) and conjugation
(UMEDA and OHTSUBO 1989) are likely mechanisms
of recombination in E. coli. Presumably, progressively
shorter discontinuous sequence types would accumu-
late as one already-mosaic fragment replaces part of
an already-mosaic chromosome. Computer simula-
tions of this process, still in their initial stages, have
now routinely produced banding patterns qualita-
tively consistent with the observations reported here.

Third, the cascade hypothesis suggests that a single
large entrant molecule gives rise to a large number of
separate incorporations, perhaps because of endonu-
clease activity in wild strains, or possibly local sequence
dissimilarities. This would account for rare local runs
of discontinuous segments of a particular sequence
type; it would not exclude superimposed replacements
of the same type. There is evidence that large entrant
molecules may be incorporated discontinuously after
conjugation in E. coli. For example, PAUL and RILEY
(1974) used a combination of radioactive and density
isotopes to show the incorporation of Hfr strand frag-
ments ranging from 4,000 to 17,000 nt in length and
separated by gaps of no more than 450 nt, which
would presumably be repaired subsequently. Previ-
ously, PITTARD (1964) and HARRIS and CHRISTENSEN
(1966) (see also ARBER and MORSE 1965) had ob-
served that “restricted” (in the classic sense of the
term, but now understandable in terms of digestion
by restriction endonucleases) DNA showed far less
linkage between selected and unselected markers fol-
lowing conjugation than did unrestricted DNA. The
procedure was to select for one marker and screen
the colonies for other markers. The interpretation is
that the entrant DNA was broken up before being
incorporated, and that some fragments were de-
stroyed. This would presumably increase the level of
discontinuity above that observed in conjugation be-
tween K12 strains (which presumably did not differ
in restriction-modification systems) by PAuL and Ri-
LEY. Recently, COHAN, ROBERTS and KING (1991)
showed that transformation was reduced (but not
eliminated) between groups of B. subtilis strains dif-
fering in their restriction enzymes. These enzymes
digested the DNA of strains outside their respective
groups but not within them.

In the past, the required use of genetic markers
limited the resolution of multiple recombination
events, both in number and in distance. Even so,
multiple exchanges have been observed very fre-
quently (often, earlier, described with reference to
“negative interference”). Now the availability of ex-
tensive sequence differences permits the high-resolu-
tion observation of discontinuous incorporation in the
absence of selection for more than a single marker,

AW ——

% % %— -

B —+

FIGURE 4.—Chromosomal distribution of replacements pre-
dicted by recombination mechanisms 1 and 2 (A: random) and
mechanism 3 (B: clustered).

thus presumably under relatively natural circum-
stances.

The availability of extensive comparative sequence
data now makes it possible to test the cascade hypoth-
esis experimentally, and to examine other aspects of
recombination in E. coli at a finer level than before.
Bacteriophage P1 trp transductants are now being
produced, locally amplified by PCR, and sequenced
to determine whether donor DNA has been incorpo-
rated continuously or discontinuously. Corresponding
conjugation experiments will be undertaken shortly.

Chromosomal distribution of replacements from
a given source: While the first two mechanisms would
predict a random chromosomal distribution of re-
placements from a given source (Figure 4A), the cas-
cade mechanism could produce a demonstrable spatial
clustering (Figure 4B). In practical terms, this might
be seen in a large series of K12 replacements in ECOR
37 in the regions currently being sequenced and none
in one or more other regions. Thus, further sequenc-
ing in distant regions can provide evidence as to which
mechanism is most likely, since the cascade mechanism
implies local discontinuous series of a particular re-
placement type.

The three mechanisms imply different recombi-
nation rates: Estimation of the recombination rate
depends in part on the number of events required to
produce an observed replacement. For example, the
direct chromosomal incorporation of a small DNA
fragment would mean one event per observed replace-
ment. In contrast, the requirement of many overlap-
ping incorporations to pare large original replace-
ments down to pieces of 1 kb or less may mean several
events per observed replacement, and thus a higher
recombination rate. But the cascade hypothesis leads
in the opposite direction: the discontinuous incorpo-
ration of many small pieces of a single entrant mole-
cule would imply one initial event for many replace-
ments.

Intraclonal replacements: A high recombination
rate, especially if intraclonal replacements were fa-
vored, would predict frequent replacements within a
sequence type, where they would often be too subtle
to detect. These would invalidate the use of Level 11
clonal frames as a means of measuring divergence
among members of a Level Il clone, since each frame
could be homogenized into a cryptic hodgepodge of
segments from related genomes. This possibility could
not previously be evaluated using RFLP data alone.
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Now, in principle, differences among different ver-
sions of a Level 11 clonal frame can be compared with
differences among their respective inclusions. Four
variables, all potentially dependent on divergence
time, are of interest: Clearly, the frequency of individ-
ual nucleotide differences in clonal frames should
correlate with the frequency of individual nucleotide
differences in shared replacements, with length vari-
ation in shared replacements, and with the frequency
of unshared replacements.

The length variation would presumably reflect oth-
erwise undetectable intraclonal replacements within
the frame that had abridged the extraclonal replace-
ments. It would be of interest to find such length
variation in a clonal frame showing little sequence
variation, especially few individual nucleotide var-
iants. This would argue for the homogenization of the
clonal frame. The available data, however, are not
sufficient to support analysis.

A steady-state pattern: The observed pattern of
sequence discontinuities must be taken, it would seem,
as representative of a complex steady state. Repeated
extraclonal recombination would compromise a newly
formed genome-wide clone with replacements whose
initial size is not yet certain. On a longer time scale, it
is also clear that this mechanism would lead to the
eventual extreme reduction of all observed replace-
ment lengths, were it not for the occasional redefini-
tion of a sequence type, or “color,” as the result of the
formation of a new large clone by periodic selection,
as illustrated in Figure 2 of MILKMAN and BRIDGES
(1990).

We now return to the very small replacement, la-
beled “a” in Figure 2, whose distribution is surpris-
ingly broad. It consists of a central set of three nu-
cleotide substitutions between positions 8,578 and
8,589 (resulting in an isoleucine replacing a threonine)
in four purple and three green sequences, as well as
in ECOR 31, 37, 49 and 50. In three of the purple
sequences it extends one position earlier (and a valine
replaces alanine); in the three green sequences and in
49 and 50 it extends to 8,590 (the greens go further
to 8,611, where glutamic acid replaces aspartic). Is
this (or its complement) a coincidentally uniform rem-
nant of a large replacement that has been completely
effaced in other strains? Is there some selective advan-
tage, present or past, to the central amino acid replace-
ment? Or is this polymorphism the result of intragen-
omic conversion rather than recombinational replace-
ment? As to the last possibility, a Genbank search of
E. coli DNA sequenced to date has revealed no se-
quences that could be responsible, but a potentially
more decisive approach (genomic Southerns with a
probe containing “a”) has not been undertaken.

The occurrence of small retained replacements ev-
idently due to recombination is not limited to intra-
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FIGURE 5.—Local phylogenies. Phylogeny (left) of clonal frames
and phylogenies that would result from particular replacements
(numbering of trees corresponds to numbering of events).

specific comparisons. MAYNARD SMITH (1992) and
SPRATT et al. (1992) have described interspecific re-
placements ranging mainly between 0.1 and 1 kb in
length in Neisseria. L1U e al. (1991) have described
similar replacements among Salmonella serovars [cor-
responding to what are considered separate species by
others (L1U and SANDERSON 1992), but see LE MINOR
and PopoOFF (1987)]. Their presence and perhaps
their size may have some strong adaptive basis, in
relation to penicillin resistance (Neisseria) or surface
antigen polymorphism (Salmonella). Possibly, too,
they may provide a clue as to the mechanism of
recombination in nature.

Local genomic phylogenies: As indicated already,
knowing the direction of a replacement (knowing the
source and the recipient) is important. Figure illus-
trates a simple hypothetical example of phylogeneti-
cally distinguishable and indistinguishable conse-
quences of some replacement events. Here it is as-
sumed that a clonal frame has been characterized by
extensive (5—10 kb) and numerous (5-10 strains) com-
parisons, and that a distinct clonal segment is ob-
served. The bold tree on the left is that of the frames.
The three finer trees on the right apply to the replace-
ment segment in the middle. All the trees would
derive from sequence comparisons of the respective
segments, and the numbered events would be de-
duced from the comparison of the trees. The replace-
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ments numbered / and 2 unify the middle segment in
all eight strains and cannot be distinguished, without
further information. [A simple illustration of the way
recombination changes a tree is given in Figure 2,
DYKHUIZEN and GREEN 1991]. Incidentally, different
clonal frames do not differ uniformly along their
lengths. There may be numerous reasons for this, but
one is certainly the independent occurrence of recom-
binational replacements in each before they gave rise
to large clones.

Extent and degree of homology: Referring to the
extent of homology in terms of chromosomal length
breaks little new ground. Referring to the degree of
homology may at first glance seem to undo an impor-
tant concerted effort on the part of a number of
evolution journal editors to discourage the pointless
practice of saying “homology” when “similarity” is
meant (REECK et al. 1987). Similarity is an observation,
as Walter Fitch has said, and homology is a conclusion.
But the conclusion can be put quantitatively. It is not
enough to say that two sequences are more similar in
one region than in another, if the reason is variation
in the recency of common ancestry. REECK et al.
(1987) have correctly pointed out that “homology”
and “similarity” are not synonymous, in calling for
more precise use of both terms in the comparison of
sequences. But it would be wrong to conclude that
because two “sequences are either homologous or they
are not,” no quantification is possible. Here is a con-
tradictory example: a crossvein in the wing of Dro-
sophila melanogaster is either defective or it is not. Yet
several authors (WADDINGTON 1953; MILKMAN 1970
and references therein; MOHLER 1965) have all quan-
tified the defects and used the analysis of the data to
reach useful conclusions. Furthermore, the popula-
tion genetics concept of “identity by descent” has little
value without reference to a point in time. And while
recognizing that the homology of bird wings and
human forearms is important even without reference
to time (in part because development provides evi-
dence of common ancestry), the comparison of se-
quences calls for the quantification of homology. It is
possible that all DNA is descended from the same
ultimate template, or for that matter, one of a thou-
sand initial templates, but this distant possible com-
mon ancestry does not cloud our “qualitative” concept
of homology, simply because this concept has an im-
plicit statute of limitations. That is, homology is useful
only in reference to actual or predicted similarities (of
which common ancestry is of course not the only
possible cause). When the ancestral relationship be-
tween two structures is too distant to impose similarity,
it is no longer relevant to the comparison. Finally, it
is useful and simple to think of homology in quantita-
tive terms, even though the divergence time (like the
age of the universe) can only be estimated, and even

though the estimates may often be crude or wrong.

In conclusion, it appears that the comparative se-
quencing of K12 and the ECOR strains has produced
information consistent with MLEE and restriction
analysis, leading to the interpretation that the ob-
served linear discontinuities in similarity are due to
recombination. Three specific mechanisms have been
proposed, and it appears that the issue may be resolved
by some fairly simple experiments.
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