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ABSTRACT

Electrophoretic techniques were employed to study variation in chromo-
somal genes encading enzymes and in the distribution of cryptic plasmids in the
E. coli population of a human host over an 11-month period. Thirteen of the 15
enzymes studied were polymorphic, and mean genetic diversity per locus was
0.39. Among 550 clones isolated from fecal samples, protein electrophoresis re-
vealed 53 distinct electrophoretic types (ETs). Most ETs appeared on only one
or a few days and were considered transients, but two (ET-12 and ET-13)
were observed many times over extended periods and represented residents.
Complete turnover in the transient ETs in the population occurred in periods
of from two weeks to a month. ETs appearing in one month showed no par-
ticular genetic similarity to those of the previous month. All but 4 of
the 53 ETs carried one or more ‘“cryptic” plasmids with molecular weights
ranging from 1 to 80 megadaltons. With few exceptions, the plasmid composi-
tion of each ET was unique. In the course of the 11-month sampling period,
there were changes in the plasmid profiles of the resident strains ET-12 and
ET-13, and also in the profile of a recurrent strain, ET-2, which was isolated
on four days. Modification of the plasmid profile of ET-12 involved the se-
quential addition of relatively high molecular weight bands. For ET-2 and
ET-13, the changes in the plasmid profiles were radical, suggesting invasions
of new cell types rather than merely the addition and deletion of plasmids.
The results of this study provide three lines of evidence that recombina-
tion plays a minor role in the generation of genetic diversity in the E. coli
population of a single host. (1) Several pairs of loci were in strong linkage
disequilibrium; compared to a randomly generated array of genotypes, the
sample of ETs contained an excess of pairs differing at one or two loci and too
many pairs with highly distinctive combinations of electromorphs. (2) In most
cases where pairs of ETs differed at a single locus and, therefore, could rea-
sonably have been generated by phage- or plasmid-mobilized gene transfer,
the plasmid profiles of the pair members were radically different and/or the
potentially transmitted alleles were not present in other ETs in the population.
(3) Although ET-12 was abundant, being represented by 252 of the 550 clones
sampled, the electrophoretic type most similar to ET-12 differed from it at six
loci, and ET-12 carried two unique alleles. We conclude that most of the
genetic diversity observed in this human host is a consequence of successive
invasions of E. coli genotypes.

FUNDAMENTAL to much of population genetic theory is the concept of the
Mendelian population, in which recombination occurs at a rate sufficiently

Genetics 98: 467-490 July, 1981



468 D. A. CAUGANT, B. R. LEVIN AND R. K. SELANDER

high for the population to evolve as a unit, rather than as an array of genetically
independent lineages or clones. In most higher organisms, recombination is
coupled with reproduction, and individuals in the same geographic area constitute
a Mendelian population. Even for many predominantly “asexual” eukaryotes,
rates of recombination resulting from occasional sexual reproduction are high
enough to make populations rather than clones the primary units of evolution
(May~aRD SMrta 1978).

In bacteria, the transfer of genes between individuals is an infectious process
that is independent of reproduction. Under laboratory conditions, recombination
has been shown to occur in many species of bacteria; and in one of them, Bacillus
subtilis, experiments performed in semi-natural conditions suggest that recom-
bination by means of transformation is involved in short-term adaptation to the
environment (Gramam and Istock 1978, 1979). However, it is not clear how
frequent recombination is in natural populations of any bacterial species. For the
common intestinal bacterium Escherichia coli, recent studies suggest that re-
combination occurs at a low rate and that populations exist and evolve as groups
of nearly independent clones.

There are two lines of evidence indicating that the rate of recombination is
low in natural populations of E. coli. The first is based on in vitro estimates of
the rate parameters of phage adsorption and conjugative plasmid transfer
(ScuLesINGER 1932; LeviN, StEwart and Cuao 1977; Levin, StEwarT and
Rice 1979). Even with substantial rates of mobilization of chromosomal genes,
the rate of gene replacement by recombination that is mediated by phage and
conjugative plasmid vectors would not be expected to exceed the rate of gene
modification by mutation. This argument is considered in detail by LeviN
(1981b).

The second line of evidence is derived from an electrophoretic survey of genetic
variation at 20 enzyme loci in 109 strains of E. coli isolated from humans and
other mammals (SELANDER and Levin 1980). In spite of a mean genetic diversity
per locus of nearly 509%, five pairs of clones with identical electromorphs for all
20 enzyme loci were isolated from unassociated hosts. Included in this collection
of “wild” clones was one that is electrophoretically indistinguishable from the
common type of the laboratory strain K12, the ancestor of which was isolated
from a human host nearly 60 years ago. SELANDER and LEviN (1980) attributed
the persistence of genotypes to a low rate of recombination, coupled with a
purging of genetic variation by periodic selection.

Although these @ priori and interpretative arguments for a low rate of recom-
bination are strong, the formal possibility remains that conditions for plasmid-
and phage-mediated gene exchange are more favorable in natural populations
than in laboratory cultures. It is also possible that chromosomal genes are trans-
mitted at a high rate in the process of the spread of plasmids that results from se-
lection for antibiotic resistance or other plasmid-determined characters. Finally,
it can be argued that the stability of electrophoretic genotypes is a consequence of
natural selection for specific arrays of isozymes, rather than a failure of recom-
bination to disrupt gene complexes.
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In an effort to understand the population structure and the role of recombina-
tion in the adaptation and evolution of E. coli, we have surveyed genetic variation
in a population in a natural habitat, the intestine of a human. In this investigation,
we employed electrophoresis to examine variation in genes encoding enzymes and
in complements of plasmids among the bacterial clones. We present evidence for a
large amount of genetic diversity in the E. coli population of an individual host,
and we confirm earlier reports, based on serotyping, of the exisience of both
transitory and persistent clones and of rapid changes in the genetic composition of
populations (Sears and Browwnrie 1952; Cook, Ewins and SmHooTer 1969). Our
study provides additional evidence of limited genetic recombination in natural
populations of E. coli, indicating that most of the genetic diversity in single hosts
is a consequence of infection from external sources. The work also supports the
hypothesis that “cryptic” plasmids carry genes that play a significant role in the
adaptation of E. coli.

MATERIALS AND METHODS

Isolation and identification of E. coli: Clones were isolated from fecal samples taken from
one of the authors (BRL) over a period of 11 months. In this period, the host had two head colds
and a short-term case of intestinal influenza, but was otherwise healthy. He was not under
antibiotic treatment during the sampling period or in the five years before the study was made.

Fecal samples on sterile cotton swabs were suspended in buffer and streaked on lactose mini-
mal plates to isolate single colonies. After the plates had incubated at 37° for 24 hr, colonies
were chosen without regard to color, size or morphology. To eliminate contaminating bacteria
and fungi, the clones were streaked for two cycles on minimal lactose and one cycle on com-
plete medium (tetrazolium lactose). Single colonies from each of the final complete-medium
plates were then tested for growth on citrate minimal medium. Those that were citrate nega-
tive were stored for electrophoresis. (Less than 1% of the colonies isolated in this way were
capable of growing on citrate.) For protein electrophoresis, the clones were stored in stabs and,
for DNA electrophoresis, in glycerol at —20°. One clone of each electrophoretically distinct
type was tested with the API 20E (TM) system for the identification of Enterobacteriaceae, and
all were classified as members of the “species” E. coli.

Electrophoresis of enzymes: Each clone was grown overnight in 100 ml of nutrient broth
(Difco), supplemented with 0.24 gm/l IPTG (Sigma) to induce the synthesis of 8-galactosidase.
After being washed with deionized water, the bacterial pellet was suspended in 2 ml of buffer
(0.01 m Tris and 0.001 m EDTA, pH 6.8) and sonicated (in pulses, with cooling) for 1 min.
The resulting suspension was centrifuged at 37,000 X g for 20 min at 4°, and the supernatant
(protein extract) was stored at —70° until used for electrophoresis.

Techniques of starch-gel electrophoresis were similar to those described by Seranper ef al.
(1971), and 15 enzymes were stained (Table 1). It is likely that all 15 of the enzymes assayed
are coeded by chromosomal rather than plasmid-born genes. The genes for 11 of them have
been identified and mapped (Bacamany and Low 1980), and all 15 enzymes were present in
several clones in which we were unable to detect plasmids.

Extraction and electrophoresis of plasmid DNA: Clones were grown to late log-phase in
Luria broth, at which time 200 ug/ml of chloramphenicol were added for 2 to 3 hr to increase
the synthesis of plasmid DNA.

Two standard procedures were used to extract low molecular weight plasmid DNA. In
most cases, the technique of Birnsorm and Dory (1979) was employed, with the following
modifications: (1) 1.5 ml of cell suspension, rather than 0.5 ml, were used; (2) only one
ethanol precipitation was used, which was kept overnight at —20°; (3) 4 gl of a heat-treated
1 upg/ml solution of Ribonuclease A was added to the final DNA suspension to eliminate the
low molecular weight RNAs. For some of the samples, the technique of Guerry, LEBLANC and
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TABLE 1

Electrophoretic conditions

Distance of
migration of
Potential amaranth dye
Enzyme (volts) (em) Bulffer system

Phosphoglucorutase (PGM) 130 9 Tris-citrate - NADP, pH 8.0
Malate dehydrogenase (MDH)
B-Galactosidase (BGA)
6-Phosphogluconate dehydrogenase (6PG)

Phenylalanyl-leucine peptidase (PE2) 130 8 Tris-citrate, pH 8.0
Leucyl-glycyl-glycine peptidase (PE3)

Isocitrate dehydrogenase (IDH) 130 10 Tris-citrate, pH 6.7
Phosphoglucose isomerase (PGI)
Aconitase (ACO)

Mannose-6-phosphate isomerase (MPI) 395 8 Lithium hydroxide, pH 8.2
Glutamic oxaloacetatic transaminase

(GOT)
Adenylate kinase (AK) 100 7 Phosphate, pH 7.0

Glyceraldehyde-3-phosphate

dehydrogenase (G3P) 250 10 Poulik, pH 8.7
Glucose-6-phosphate dehydrogenase (G6P)
Alcohol dehydrogenase (ADH)

Farxow (1973) was used. In both procedures, the final pellet was resuspended in TES buffer
(50 mm NaCl, 5 mm EDTA, 30 mm Tris, pH 8.0). Both methods gave similar results with re-
spect to plasmid banding on gels.

For electrophoresis of plasmid DNA, we used 0.7% agarose gels and a procedure similar to
that described by MEevErs et al. (1976).

RESULTS

Electrophoretic variation: In total, 550 clones were isolated and examined in
the 11-month sampling period. These represent 53 distinct combinations of elec-
tromorphs (designated, henceforth, as electrophoretic types or ETs), which are
shown, in order of their first occurrence, in Table 2. Two of the 15 enzymes,
GOT and G3P, were monomorphic, and the number of electromorphs identified
for the remaining 13 enzymes ranged from 2 for PE3, MPI and PGM to 12 for
BGA. The mean number of electromorphs per locus was 4.1. Mean genetic diver-
sity per locus among the 53 ET's was 0.39, which is only 209, less than that found
by Seranper and LeviN (1980) among 109 clones representing 98 ET's isolated
from 89 individuals of a large variety of mammalian species. ET-2, which was
represented by nine clones collected on four days, is electrophoretically identical
to laboratory strain K12, but it is not sensitive to most K12 phages and does not
carry the genetic markers of the K12 strains used in our laboratories.



TABLE 2

Electromorph genotypes in 550 clones of E. coli from a single human host
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TABLE 2—Continued

Enzyme locus}

D. A, CAUGANT, B. R. LEVIN AND R. K. SELANDER

IDI1 PE2 PE3 AK G6P BGA 6PG MPI PGM ACO ADH MDH

PGI

N*

Electrophoretic
type

15
12
15
12
22

30

20
21

22

23

11

24
25

18
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15
15
15
12
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16
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19
15
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Sampling variation: We would have liked to have obtained random samples of
the E. coli population from various parts of the intestinal tract of the host, but
owing to the difficulty and inconvenience of taking repeated samples in situ, we
sampled the clones present in the feces. In an attempt to determine the magnitude
of error that this procedure engenders, samples were obtained in three ways: (1)
by inserting sterile cotton-tipped swabs into the anus shortly after defecation
(swab samples); (2) by suspending a day’s output of feces in a sterile saline
solution and rapidly agitating the suspension to release bacteria (full fecal sam-
ple); and (3) by inserting cotton-tipped swabs into different parts of a single
fecal mass (fecal probes). The number of ETs obtained by each of these
procedures is shown in Table 3.

Our study did not demonstrate an association between the number of clones
analyzed and clonal diversity. For example, 11 ETs were observed in a swab
sample of 21 clones taken on May 20, but only one ET was found in a sample of
74 clones isolated from 7 probes of a fecal mass on February 16. From the full
fecal sample (taken on February 9), only 13 ET's were identified among the 50
clones isolated. For all samples, the coefficient of correlation between number of
clones and number of ET's is 0.227, which is not significant (P > 0.05).

Although the data are not sufficient for a definitive evaluation of the relative
merits of the various sampling techniques, it is apparent that the swab technique
is not grossly inferior to the others. Better estimates of total diversity might be
obtained by full fecal sampling, but the swab technique has the advantage of
convenience,

Data from the fecal probe samples provide some evidence of spatial and/or
temporal heterogeneity in the intestinal flora. As shown in Table 4, the distribu-
tion of ETs along the fecal mass sampled on March 7 was nonrandom.

Finally, it is important to note that, because selective media were not used in
isolating clones, our sampling procedures would detect only those ETs represented
by large populations.

Temporal variation in electrophoretic types: The dates of appearance and num-
bers of clones of each isolated ET are indicated in Table 3. Except for some ETs
that were present in the 13-day period in January, when samples were taken
daily, most ET's appeared in only one sample and were represented by only one
or a few clones. Three ETs, however, were observed over extended periods. One
of these persistent (or resident) types, ET-12, was first detected in Augusi, 1979,
and continued to be recovered until the end of the sampling period in March,
1980. Some 252 of the 550 clones isolated were ET-12. The second resident type,
ET-13, was present in August and for a good part of the January sampling period,
but it was not detected after January, despite the fact that more than 200 addi-
tional clones were examined. ET-2 was isolated on only four days, but these were
distributed over a major part of the sampling period, from May, 1979, to
February, 1980.

The overall pattern of temporal variation in clonal composition was as follows:
(1) The resident clone ET-12 fluctuated markedly in abundance. It was common
on the first 6 days of the 13-day sampling period in January, then all but dis-
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TABLE 4

Number of clones of various elecirophoretic types in fecal probe samples
taken on three successive days

Electrophoretic type

Date Sample 12 42 43 44 45 46 47 48 49 50 51 52 53
3/5/80 1 12

2 12

3 11
3/6/80 1 3 4 4 1

2 1 3 4 3 1

3 3 1t 3 1 1 3
3/7/80 1 7 4 1

2 1 2 2 4 1 1 1

3 1 2 4 1 1 2 1

appeared between days 7 and 12, but subsequently again became predominant.
It is noteworthy that in the week (January 18-23) when ET-12 was at low fre-
quency, ET-13, the other common resident clone, increased in frequency and
several new ET's appeared. (2) Except for the residents ET-12 and ET-13 and the
recurrent ET-2, there was a complete replacement of ETs in a period of two weeks,
from January 12-17 to January 18-24. From January to February, the turnover
was also complete, and, again, there was a replacement of ETs from February to
March.

Plasmid diversity: A DNA gel showing representative clones of the resident
ETs isolated at different times in the sampling period is shown in Figure 1; Figure
2 is a diagram of the plasmid profiles (PP) of these clones. PPs of the transitory
ETs are shown in Figure 3. E. coli strain x2556, which carries eight plasmids of
known molecular weight (Macrina et al. 1978), was run on each gel, and the
molecular weights of plasmids from “wild” E. coli clones were estimated from
their mobilities relative to those of this strain.

To determine which bands represent covalently closed-circle plasmid DNA, we
applied the criterion described by Biransorm and Dory (1979). However, it is
possible that some bands represent nicked circles or other denatured forms of
plasmids. In the case of very low molecular weight plasmids, the intensity of
bands occasionally varied among preparations of the same clone, apparently as a
result of variation in degree of preciptation. For this reason, we aitached no
significance to the ahsence of these bands.

Clones of a given ET that were isolated on the same day usually had the same
PP. There were, however, a few exceptions. One of the three clones of ET-13 col-
lected on August 22, 1979, differed from the other two in having two bands of
slightly different mobility, and a similar phenomenon was noted among clones of
ET-2 isolated in January. There was also one case of a transitory ET showing
heterogeneity in plasmid profile among clones collected on the same day.
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Ficure 1.—Agarose gel of the low molecular weight (plasmid) DNA of the resident and
recurrent electrophoretic types ET-12, ET-13 and ET-2, and molecular weight standard x2556.
DNA for this gel prepared by procedure of Guerry, LEBLANC and FarLrow (1973).

As shown in Figures 1 and 2, the PPs of each of the three persistent ETs
changed in the 11-month sampling period. For ET-2 and ET-13, plasmid compo-
sition was completely altered. If we were to consider only the PPs, we would re-
gard ET-2 and ET-13 as six or seven distinct types of E. coli, each of which had a
shorter tenure in the host than that suggested by the protein data alone. For the
resident ET-12, the temporal changes in PP were considerably less dramatic. Be-
tween August, 1979, and March, 1980, high molecular weight plasmid bands
were added to the PP, but the other bands remained unchanged.

Of the 50 transitory ETs, all but four had at least one plasmid band (see
Figure 3). The PPs of most of these ET's were unique; and in those cases where
pairs of ETs had indistinguishable PPs, the pair members were very similar
electrophoretically.

DISCUSSION

Earlier work on populations of E. coli in individual humans, by the use of
serotyping, led to the recognition of resident and transient strains (SEArs, BRowN-



DIVERSITY AND VARIATION IN E. coli 479
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Ficure 2.—Diagram of the plasmid profiles (PPs) of the resident and recurrent electro-
phoretic types ET-12, ET-13 and ET-2.

1EE and Ucmivama 1950; Sears and BrownNLEE 1952). Resident strains persist
for months or years, and transients are present for only a few days or weeks.
Sears et al. (1956) determined that individual humans (and dogs as well) harbor
only one or two resident strains at any one time; the results of our electrophoretic
analysis are fully in agreement. SEars, BRow~NLEE and UcaHivama (1950) re-
ported that transient populations rarely consist of more than three or four strains
on any one day; and Sears and BrownNLeE (1952) usually identified no more
than 10 serotypes from an individual, even in studies extending over periods of
several years. In contrast, we were able to distinguish a dozen or more electro-
phoretic types on a single day and a total of 53 over an 11-month period. The
difference presumably reflects the greater power of protein electrophoresis to
distinguish clones, but it remains possible that this host carried a more diverse
array of genotypes than did most hosts sampled in earlier studies. The number
of distinct types of E. coli is further increased when the data on plasmid profiles
are considered.

The serotype studies of SEars and BrownNLEE (1950) and Cooke, Ewins and
SaootEer (1969) indicated that the genetic composition of the E. coli population of
a host changes dramatically over short periods of time. The present electrophoretic
analysis clearly confirms this finding.

Sources of clonal diversity: The primary question raised by our finding of
large numbers of electrophoretic types and rapid changes in clonal structure is,
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Frcure 3.—Diagram of the plasmid profiles (PPs) of the transient electrophoretic types.
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Figure 3, continued

what are the proximate sources of the genetic diversity of the E. coli population in
a host? MiLrmaN (1975), observing several combinations of electromorphs at
three polymorphic loci in clones from individual mammalian hosts, concluded
that “the likeliest explanation is recombination within each host.” Extending this
hypothesis of the in situ generation of diversity, we could also include mutation
occurring within the host as a second source of new genotypes.

An alternative hypothesis, which we will call the immigration model, is that
most of the observed clonal diversity in a host results from repeated infection from
environmental sources. According to this view, relatively little of the diversity in
the population of a host is generated in situ.

The case for low rates of recombination: If recombination in E. coli occurred at
rates sufficiently high to overcome periodic selection (associated linkage) (Ar-
woob, ScHNEIDER and Ryan 1951) and to render a population esseniially “pan-
mictic,” as suggested by MiLrman (1975), we would expect a nearly random
distribution of electromorphs among the ET's. But this is not what we observed.
Rather, there is strong linkage disequilibrium between several pairs of loci, as
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shown in Table 5. Of the 78 tests of association performed (some of which in-
volved the combining of electromorphs of similar mobility to satisfy cell-size
requirements, which weakens the test), 16 yielded P values of less than 0.01.
The nonrandomness of the distribution of electromorphs can also be seen in an
analysis of pairwise comparisons of all 53 ETs with respect to the number of loci
by which they differ, together with the distribution of differences between pairs
in a theoretical population consisting of genotypes formed randomly from pools
of electromorphs in which the electromorph frequencies were the same as in the
sample of 53 ETs examined (Figure 4). In the empirical sample, there are too
many pairs of ETs that differ at only one or two loci, and too many that differ at
many loci. Among the latter is the resident of ET-12, for which the average num-
ber of differences from other ETs is 9.1 loci, with a range of from 6 to 12.
Although these results clearly demonstrate that recombination does not occur
frequently enough to randomize the distribution of electromorphs, it is possible
that some of the observed diversity was generated in the host by recombination.
In attempting to estimate how much of the within-host genetic diversity is gen-
erated by in situ recombination, we have to consider the fact that gene transfer in
E. coli is a nonreciprocal process (only recipients are recombinants) and that
few, very closely linked genes would be transferred in any given exchange event
(see Hayes 1968). For the set of 15 enzyme loci we have assayed, co-transfer of
more than one gene would be unlikely; therefore, we assume that single in situ
recombination events would produce only single electromorph changes in geno-
type. Additionally, we assume that no more than one gene-transfer event would
have occurred for any single cell lineage. With these considerations in mind, we
have employed the following criteria in attempting to assess the magnitude of in
situ recombination: (1) Where pairs of ETs differ at a single protein locus, but
the members have very different plasmid profiles, we attribute the difference to

TABLE 5

Significance levels for tests of linkage disequilibrium between pairs of
electrophoretic types of E. coli

Locus IDH PE2 PE3 AK G6P BGA 6PG MPI PGM ACO ADH MDH
PGI 0.004 0.003 0549 0512 0.145 0011 0495 0.00f 0512 0.000 0.000 0.055
IDH 0249 0731 0275 0.101 0.007 0076 0232 0275 0.003 0.005 0275
PE2 0.626 0.626 0.007 0.655 0680 0.106 0412 0111 0.008 0.626
PE3 0.364 0.107 0.081 0.638 0.052 0364 0.065 0446 0.364
AK 0.967 0.182 0.833 0415 0.005 0430 0.285 0.001
G6P 0430 0765 0.101 0967 0.043 0.021 0.967
BGA 0.698 0.018 0.368 0.032 0.056 0.368
6PG 0966 0.833 0.329 0470 0.833
MPI 0.639 0.010 0.002 0.415
PGM 0430 0285 0.001
ACO 0.000 0.665
ADH 0211

MDH
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Ficure 4.—Distribution of differences at 15 loci in 1378 pairwise comparisons of 53 ETs.

divergence occurring before the host was infected by the strains, rather than to
in situ recombination or mutation. (2) Where two ETs differ at a single locus and
have identical or nearly identical plasmid profiles (differing by, at most, one
plasmid band), the difference in electromorphs is attributed to in situ mutation
rather than to recombintion, provided that neither electromorph was observed in
other clones in the sample. (3) Where two ETs differ at a single locus and have
nearly identical plasmid profiles, and both electromorphs were represented in
other ETs, we consider recombination to be a more likely source than mutation
of the electromorph difference.

Because E. coli can exchange genes with other species of bacteria, it could be
argued that some of the electromorphs that we have attributed to mutation in £.
coli actually were transferred through recombination with other species. It seems
unlikely, however, that interspecific recombination is an important source of the
variation that we observed, since rates of recombination between species, even
closely related forms such as Shigella flexneri and E. coli under laboratory con-
ditions, are much lower than within species (FALKow e al. 1963; ScENEIDER and
FarLxow 1964).

Of the 1378 pairwise combinations of the 53 ETs we identified, 21 differed at a
single locus. Applying the above criteria for the in situ generation of the ET
differences, we find that only 3 of these meet all criteria for recombination being
more likely than mutation; and in the case of three other pairs, mutation is more
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likely than recombination (see Table 6). For the remaining pairs, we believe that
divergence from a common ancestor occurred before the infection of the host.

The array of electromorphs of the resident ET-12 provides additional support
for the hypothesis that in situ recombination is rare and furiher suggests that all
strains are not equally likely to serve as donors and recipients of genes (also see
Curriss 1969; Jones and Curtiss 1970). Although ET-12 was present in most
samples (see Table 2) and was represented by 252 of the 550 clones examined, the
most similar genotype (ET-23) differed from it by six loci and had a distinciive
plasmid profile. Hence, it is unlikely that this or any of the other ETs arose by
gene transfer to ET-12 or by mutation of ET-12. Furthermore, we found no evi-
dence that ET-12 served as a donor of genes; potentially, we might have detected
such a transfer because ET-12 carries unique electromorphs at two loci (6PG
and AK; see Table 2).

The second resident strain, ET-13, is a member of a complex of strains that are
closely related to the laboratory strain K12. This complex includes ET-2, which is
indistinguishable electrophoretically from K12, and also ET-25 and ET-26. ET-
26 differs from ET-13 in having a “null” (4) versus 2 electromorph at IDH. Since
null IDH was recorded in only one other ET, which was isolated in March after
ET-13 had disappeared, we presume that the change from 2 to null represents a
mutation. ET-25 differs from ET-13 in having an 18 rather than a 4 electro-
morph at 6PG; because electromorph 18 is unique, we again atiribute the change
to mutation. ET-13 differs from ET-2 in having a 5 rather than a 4 electromorph
at 6PG, but since their plasmid profiles are very different, we cannot infer that
one of these ETs was directly derived from the other. Thus, since the resem-
blances between the resident ET-13 and other ETs are most readily explained by
mutation, there is no need to invoke recombination.

It is of some interest that, for an unexpectedly large number of ETs that differ
by single enzymes, the pair members were collected on the same day. For reasons
presented above, we do not believe that many of these pairs were generated by
mutation or recombination in the host. Rather, we suggest that most or all of

TABLE 6

Comparison of ET's differing at only one locus

Number of

Number of identical Probable origin

ET pair Locus Electromorph plasmids* plasmids of difference
42-51 IDH 2 — 4+ 4 — 4 4 Mutation
13-26 IDH 2 -— 4t 3—3 3 Mutation
13-25 6PG 4 —18% 3—3 3 Mutation
42-48 ADH 5—1 4—4 4 Recombination
30-50 G6P 5—4 2-—2 1 Recombination
47-50 AK 1—3 3—2 2 Recombination

* In cases where an ET has several plasmid profiles, the ETs used for the pairwise comparison
were those with the most similar profiles.

1 The number of the electromorph corresponds to a “null” allele.

1 Unique electromorph.
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them were derived from common ancestors by these processes at an earlier time,
and that the co-occurence of genetically similar types is a consequence of local
selection for clones of the same general genotype, or of the occurrence of related
forms in the source populations.

Among the few ETs for which we cannot rule out in situ recombination as a
source of variation, some are one- or two-enzyme variants of ET-13, which differs
from the common form of the laboratory strain E. coli K12 at only one of the
15 enzyme loci (Table 6). (As noted earlier, ET-2 is identical to the common
K12 for all fifteen enzymes.) That many “wild” E. coli are genetically similar
to K12 is consistent with the view that the ancestor of this laboratory strain is a
common E. coli type in the human intestinal tract (SELaNDER and LeviN 1980).
However, it should be noted that the plasmid profiles of many of these K12-like
ETs differ markedly from each other and from the profile of laboratory K12
(which may or may not have a single large plasmid, F); these “wild” K12s are
resistant to most of the phage that attack laboratory strains of K12.

The case for immigration: We now turn to a consideration of immigration as
an explanation for the extensive clonal diversity that we have observed. Several
lines of evidence support the interpretation that much of the diversity in human
hosts arises through repeated colonization of the intestinal tract from outside
sources. First, it has been demonstrated that humans frequently acquire strains of
E. coli from food and water. In a study in a hospital ward, CookE et al. (1970)
found that 63 of 873 samples of food tested contained E. coli in concentrations
ranging from 25 to 10* per gram. Significantly, E. coli serotypes recovered from
fecal samples of patients in the ward were generally similar to those present in the
food, and several cases of contamination of patients by specific serotypes in food
were recorded. Cooke et al. (1970) concluded that temporal variation in the
genetic structure of E. coli populations in the patients was caused in large part by
changes in the serotypes occurring in food.

Experimental attempts to establish new strains of E. colf in humans and ani-
mals have yielded varying results. Cooke et al. (1970) mentioned experiments in
which the ingestion of 10* or more E. coli in milk led to the presence of a strain
in the feces for periods of from two to eight weeks. However, two attempts by
Sears, BrowNLEE and UcrHivama (1950) to establish strains resulted in their
presence in feces for only a few days. Anperson (1975) showed that, if ingested
in sufficiently large numbers, even a “weakened” laboratory strain of K12 can
survive for several days in the human intestine and may even multiply there for
a short time (see also LEvy, MarsHALL and Rowse-EacLe 1980).

Another line of support for the immigration model is an absence of any particu-
lar similarity between ETs collected in consecutive months. This may be illus-
trated by comparing the 14 ETs isolated in the latter part of the 13-day January
sampling period with the 11 ETs recorded in February (Table 3). In this analysis,
we used the Euclidean distance between pairs of ETs, based on all polymorphic
loci, with the potential contribution of all loci to the distance being equalized by a
ranging transformation. For the pairwise comparisons of the January and Febru-
ary ETs, mean distance was 1.257; and for a corresponding set of 100 randomly
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selected pairwise comparisons of ET's, mean distance was 1.244. Thus, the appear-
ance of a new set of strains in February was more probably a result of colonization
than of mutational and recombinational transformation of the strains present
in January.

A third line of evidence involves changes in the plasmid profiles of single ET's
that were isolated at different times (Figures 1 and 2). ET-2 was observed in
three widely-spaced sampling periods, and the clones isolated in each period car-
ried a unique plasmid complement. Because these three very different profiles
cannot readily be constructed from one another by the simple transfer of plas-
mids, it seems likely that the ET-2 clones with different profiles were inde-
pendently derived from different contaminated foods or other sources. Even the
radical change in plasmid profile that occurred in the resident ET-13 can more
readily be accounted for by independent invasions of clones carrying different
arrays of plasmids than by the in situ transfer of plasmids.

Finally, the immigration hypothesis is also supported by the sharing of ET's
among individuals of the same family or those otherwise closely associated. A
study of the flora of the BRL family demonstrated extensive sharing of ET's among
family members and even household pets (CauecanT, LEVIN and SELANDER, in
preparation; also see SEars and BRowNLEE 1952, on infant twins).

In summation, there is reason to believe that immigration occurs frequently
enough to produce most of the diversity and changes in the clonal composition
of the E. coli population that we have observed in a single host. This diversity
cannot be readily accounted for by in situ recombination and mutation.

Plasmid diversity: On the basis of earlier observations on “wild” E. coli (M.
Ricamond and R. Curriss III, personal communication), we expected DNA
electrophoresis to reveal the presence of plasmids in many of the clones. Never-
theless, since the host was healthy and had not been under antibiotic treatment,
the high frequency of plasmid-bearing cells, the large number of plasmids carried
by individual ET's and the diversity of plasmids in the population at large were
surprising. Though all but one of these plasmids are “cryptic” in the sense that
we do not know the phenotypes for which they code (see the appPENDIX for a
description of a fortuitous exception), it is likely that most of them code for spe-
cific bacterial-host functions and are maintained in the population by selection
for these characters. This interpretation is based on both a priori considerations of
the conditions for the existence of plasmids and circumstantial evidence obtained
in this survey and in other studies.

Theoretically, there are conditicns under which conjugationally transmitted
plasmids that are not favored by selection can become established in bacterial
populations (StewarT and Levin 1977; Levin and Stewart 1980). A necessary
condition for the existence of unselected and negatively selected plasmids is that
their rate of infectious spread by conjugation exceeds their rate of loss by vege-
tative segregation and selection against the cells carrying them. For self-
transmissible, conjugative plasmids, these conditions are relatively broad; for
plasmids that transfer at rates similar to those that are permanently derepressed
for conjugative-pili synthesis (see Levin, STewarT and Rice 1979), these condi-
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tions have been considered biologically realistic (Stewarr and Levin 1977).
However, most naturally occurring plasmids are repressed for conjugative-pili
synthesis (MeynELL 1973), and in hetercgeneous natural populations, unlike
those considered in the mathematical models upon which this theory is based,
only a portion of the cells not carrying a plasmid could serve as recipients for it.
For these and other reasons, LEvin (1981a, in press) suggested that it is highly
unlikely that “unselected” conjugative plasmids would be maintained in bacterial
populations.

For nonconjugative plasmids, in the absence of positive selection, the condi-
tions for existence are narrow and are unlikely to obtain, even if these non-self-
transmissible plasmids are readily mobilized and are transmitted by very fertile
conjugative elements (Levin and StewarT 1980). Thus, based on existing theory
and estimates of parameters, we would not expect plasmids to be maintained for
long periods of time unless there were at least occasional episodes when selection
favored cells carrying them over cells without plasmids. This condition would, of
course, exist only when a plasmid codes for a phenotype that enhances host-cell
fitness.

The plasmids detected by our DNA electrophoresis procedure ranged in size
from 1 to 80 megadaltons. Even if those represented by the lower molecular
weight DNA bands are frugal in the number of genes committed to insuring their
replication, they could have only a few genes available for the coding of charac-
ters that emhance host-cell fitness. But many of the higher molecular weight
“cryptic” plasmids, which are as large as or larger than known colicinogenic plas-
mids and conjugative R-plasmids, could have sufficient DNA to code for many
characters that could enhance the fitness of their hosts.

One line of circumstantial evidence supporting the hypothesis that these plas-
mids are under selection is provided by changes in the PPs of the resident and
recurrent ETs. In the cases of ET-2 and ET-13, the temporal changes in PPs were
sufficiently radical to suggest that clones of ET-2 and ET-13 with different arrays
of plasmids had colonized the human host at different times. These different
arrays of plasmids presumably would provide phenotypes that are favored in
different environmental conditions. For the resident ET-12 clones, the temporal
changes in PP were more subtle, suggesting a sequential addition of higher mo-
lecular weight plasmids to an array already carried by the ET-12 cell line. Possi-
ble sources of the new plasmids are a transposon added to one of the existing
ET-12 plasmids (BenweTT, RicEMOND and PerrRocHEILOU 1980) and conju-
gative plasmids transmitted from other cells in the host. Regardless of the source
of the added plasmids, we would not expect most cells of the resident strain to
carry them unless they conferred a selective advantage.

A recent study by Levy, MarsaaLL and Rowse-EacrLe (1980) of the survival
of E. coli host-vector systems in the human intestine offers additional support for
the hypothesis that cryptic plasmids enhance host-cell fitness. In this investiga-
tion, E. coli K12 cells carrying a nonconjugative pBR322 plasmid had a higher
survival rate than did members of the same cell line not having the plasmid. There
are no known genes on pBR322 that can account for this increased rate of survival.
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Environment and adaptation: Our study and an earlier one based on sero-
typing (Sears, BRownNLeEe and Ucmivama 1950) indicate that the short-term
adaptation and evolution of populations of E. coli in human hosts occur primarily
through clonal replacement, a process about which little is known, either from a
genetic or ecological standpoint. Among the questions raised by research on the
genetic structure of populations in human hosts are the following: What are the
ecological and genetic circumstances under which a particular genotype becomes
established as a resident, and what environmental changes in the intestine lead to
fluctuations in the population size of a resident strain and its eventual replace-
ment by another? Sears, BRowNLEE and Ucnivama (1950) found that a change
in resident strains is sometimes accompanied by diarrhea, but that resident strains
may persist in spite of this. Are there, in fact, two ecologically and biochemically
different groups within the species E. coli, one consisting of strains that normally
are residents in humans and other mammals and another composed largely of
transients, or do all strains have the potential of becoming residents, given the ap-
propriate conditions? Do co-resident strains occuy different regions of the intes-
tine or different “niches” in the same regions? How does the ecology of a resident
differ from that of a transient? Do resident strains show greater temporal sta-
bility of the genotype than do transient sirains as a consequence of relatively
strong normalizing selection in their “niches™?

Long-term studies now in progress on the E. coli flora of family members and
hosts who have experienced extinction and re-establishment of their E. coli flora
may provide answers to some of these questions.
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APPENDIX
B-Galactosidase Gene on a Plasmid

One strain, ET-7, showed five bands on starch gels stained for 8-galactosidase. Since 8-galac-
tosidase is a tetramer (Fowrer and Zasin 1977), it seemed likely that this ‘“heterozygous”
phenotype was produced by the combination of two dissimilar subunits of the enzyme, one
being coded by a chromosomal gene of the bacterial-host strain and another by a gene carried
on a plasmid. Results of tests were consistent with this hypothesis. By culturing the ET-7 strain
with an E. coli K12 strain that was deleted for the lac operon, CSH50 nal [A(lac pro) ara nal
rspE], we were able to transmit a lactose phenotype to the latter. There were no plasmid bands
on DNA gels of the CSH50 nal strain, but the lec+ transconjugants of the strain show two
high-molecular-weight plasmid bands that are indistinguishable from the two bands shown by
the ET-7 strain. The lac-} transconjugants display a single band of B-galactosidase activity that
is the same as one of the presumed homotetamer bands seen in the ET-7 strain, Further tests
with the phage lambda and the E. coli K12 transconjugants of this lactose plasmid, which we
shall designate as pDXX1, indicate that the plasmid also carries genes for the restriction and
modification of DNA, and that this restriction modification system is different from that carried
by E. coli K12. There are many reports of lactose plasmids in species that are normally unable
to use this sugar (see, for example, Guiso and UrrMann 1976). Why lac-}- cells such as those of
ET-7 carry plasmids with extra lactose-fermenting genes, and why plasmids themselves carry
genes for the restriction and modification of DNA remain unanswered questions.



