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ABSTRACT

We have characterized a nonlethal selection for mutations that allow Escherichia coli to grow on
large maltodextrins (Dex*) in the absence of the lamB encoded maltoporin LamB. These Dex*
mutations occur before and after imposition of the selection and the selection does not result in a
general increase in mutagenesis. The recovered Dex* mutations are almost exclusively mutations that
alter the ompF gene that encodes a major E. coli porin, OmpF even though analogous mutations in
the homologous ompC gene, which encodes the OmpC porin, can confer a Dex* phenotype. We show
that the bias for ompF mutations results from a biased recovery and that the genetic background of
the starting strain and the selection itself influences the type of mutants that are recovered. When we
use a strain carrying an amber mutation in the lamB gene we observe the same preference for ompF
mutations as when we start with a lamB deletion strain. In addition, we show that there is no
preferential mutagenesis of the lamB gene during the selection which induces transcription of the
lamB gene. We present evidence that the biased recovery of mutants observed in this selection does
not result from adaptive or directed mutagenesis and that the phenotypic fitness which allows recovery

of Dex* mutants involves more than the increased ability to take up maltodextrins.

OW bacteria genetically respond to environmen-
tal conditions is an important and fundamental
question in evolution and bacterial physiology. Several
reports have suggested that under conditions of nu-
trient limitation mutations that are advantageous are
recovered at a disproportionately high rate. These
findings have been reported for selections involving
utilization of lactose (CAIRNS and FOSTER 1991;
CAIRNS, OVERBRAUGH and MILLER 1988), $-gluco-
sides (HALL 1988) Mu-excisions (SHAPIRO 1984), and
restoration of tryptophan prototroph (HALL 1990,
1991). It has been suggested that under such condi-
tions bacteria can direct or influence the type and/or
rate at which mutations occur (SHAPIRO 1984; CAIRNS,
OVERBRAUGH and MILLER 1988). This is referred to
as directed (CAIRNS, OVERBRAUGH and MILLER 1988),
“Cairnsian” (HALL 1990) or adaptive mutagenesis
(HALL 1991) and has precipitated a discussion of the
results and possible mechanisms in the scientific liter-
ature (BENSON, PARTRIDGE and MORGAN 1988; CHAR-
LESWORTH et al. 1988; STAHL 1988; HALL 1990
1991). Alternative explanations for these experimen-
tal observations that do not invoke the idea of adaptive
mutagenesis have been proposed (LENSKI 1989).

We have previously reported that the selection for
growth on large maltodextrins (Dex™) results in a
strong bias in the type of mutants we recover (BENSON,
Occr and SAMPSON 1988). Specifically we observed
that Dex™ mutants with alterations in the ompF gene,
which encodes the OmpF porin, are recovered almost
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exclusively even though mutations in the homologous
ompC gene, which encodes the OmpC porin, can con-
fer a Dex™ phenotype. We have previously suggested
that this might also be a case where adaptive mutagen-
esis influences or determines the type of mutants that
are recovered (BENSON, PARTRIDGE and MORGAN
1988). The idea that starving cells could specifically
or preferentially mutate a gene (ompF) whose product
is directly involved in getting many necessary nu-
trients into the cells is attractive. Moreover, the Dex™
selection system is similar to other selection systems
where adaptive mutagenesis has been reported in that
the majority of the mutant colonies appear many days
after imposition of the selection. It differs in that the
proposed adaptive Dex* mutations occur in a gene
whose regulation is not directly linked to the selection
itself and mutations in other loci can yield a Dex* in
an ompF~ host. Thus it seemed appropriate to deter-
mine if adaptive mutagenic was directing the muta-
genic events and to test if adaptive mutagenesis op-
erated in systems where the medium does not directly
control transcription of the gene where the necessary
mutation must occur. In this paper we explore several
possible explanations for the observed mutant bias
and show that phenotypic fitness, genetic background
and selection conditions play important roles in deter-
mining the types of mutants recovered and that adap-
tive mutagenesis does not appear to occur.

MATERIALS AND METHODS

Media and chemicals: Microbiological media, chemicals,
maltodextrins and antibiotics were purchased, prepared and
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used as described previously (BENsON, Occr and SAMPSON
1988; SAMPSON, Mi1srA and BENSON 1989). L broth, L agar
and M63 minimal medium are described in SILHAVY, BER-
MAN and ENQUIST (1984). 4XM63 medium was prepared by
adding four times the normal amount of 10 X salts solution
to the medium. The 2 X and 0.5 X maltodextrin media
were prepared by doubling or reducing by one-half the
amount of maltodextrin added to the medium.

Bacterial strains, phages and strain constructions: Bac-
terial strains are described in Table 1. Bacterial strains were
constructed by P1 transductions as described in SILHAVY,
BERMAN and ENQuisT (1984). The Tnl0 and Tn5 deter-
minants were selected using resistance to tetracycline (25
ug/ml) or kanamycin (25 ug/ml), respectively. DME557 was
constructed using the zcb01::TnI0 determinant to introduce
the ompF-lacZ and pyrD~ genes into strain MCR106. SBM18
was constructed by introducing the ompF-1::Tn5 mutation
into RAM191 from MH450. RAM102 was constructed by
introducing the z¢i06::Tn10 into MCR106. The ompF(Dex)
and ompC(Dex) alleles shown in Table 1 have been described
(BEnsoN, Occr and SampsoN 1988; Misra and BENSON
1988a,b). The numbers refer to the amino acid positions in
the mature peptides and the letter to the single letter amino
acid code. JMM strains were constructed by introducing the
various ompC(Dex) alleles into MCR106 using the linked
(50%) 2z106::Tnl0 marker. SBM140 was constructed by
introducing the ompC(Dex)A103-110(Am)102 mutation
from SBM102 into SBM110 using the linked z£i06::Tn10
marker. SBM9532 and SBM 158 were constructed by intro-
ducing the malB region carrying the lamB(Am)5 mutation
into MCR106 or SBM110 in a two step construction where
the recipient was made Mal~ with a malK::Tn5 and then
transduced to Mal* Dex™ with a P1 lysate grown on a strain
carrying the lamB(Am)5 mutation.

Bacteriophages P1'", X", ®80pSulll ($80psupF*) (SIL-
HAVY, BERMAN and ENQUIST 1984), the OmpF specific
phages K20 (BAsSFORD et al. 1977) and Tula (DATTA,
ARDEN and HENNING 1977), the OmpC specific phages S54
(SCHNAITMAN and McDONALD 1984) and Tulb (DATTA,
ARDEN and HENNING 1977) are from laboratory stocks. The
T4(Am)39 phage as kindly provided by DIANE K1INO of the
University of Chicago. Suppression of the T4(Am)39 mu-
tation restores plaque forming ability.

Mutant selection: Spontaneous Dex* mutants were se-
lected as described previously (BENSON, Occr and SAMPSON
1988). Basically cells were grown overnight in L broth,
collect by centrifugation, washed in an equal volume of
1XM63 medium and resuspended in 5 ml of 1XM63 me-
dium. Samples (0.1-0.3 ml) were plated on M63 maltodex-
trin plates and incubated at 37°. The colony forming units
(cfu) were determined by plating suitable dilutions on L
medium. The position and number of the Dex* colonies was
recorded at approximately 24-hr intervals by marking the
back of the plate.

Amber mutations in the ompF(Dex)A111-123 allele were
identified by selecting spontaneous mutants resistant to bac-
teriophage K20 and Tula. Generally, 0.1 mi of an overnight
culture was mixed with approximately 1 X 10° plaque form-
ing units (pfu) of each phage and the mixture plated in 3 ml
of soft agar on an L plate. Amber mutations were identified
by cross streaking the phage resistant mutants against the
suppressor phage $80pSulll that carries the supF" suppres-
sor (SILHAVY, BERMAN and ENQuUIST 1984) on a maltodex-
trin plate to identify isolates where the Dex* phenotype was
restored by the ®80pSulll phage. The ompF(Dex)All1-
123(Am)110 allele was then transduced into DME557 using
the linked pyrD™ marker, pyrD* transductants were screened
for loss of the ompF-lacZ fusion (white on plates containing

the chromogenic indicator 5-bromo-4-chloro-3-indolyl-3-p-
galactoside, X-Gal) and acquisition of the suppressible Dex™
phenotype to yield SBM110. Amber mutations in the
ompC(Dex)A103-110 allele were isolated in a similar manner
using the ompC specific phages Tulb or SS4 and the linked
z£i06::Tn10 marker was used to move the mutation into the
MCRI106 genetic background to yield strain SBM102. To
test if the Dex* mutants obtained from the amber containing
strains; SBM102, SBM110, SBM140, SBM159 and
SBM9532 resulted from reversal of the amber mutation,
acquisition of a suppressor mutation, or a Dex* mutation at
an undetermined locus the Dex™ colonies were cross
streaked over the porin specific phages [Tula (OmpF),
Tulb (OmpC) and A (LamB)] and the T4(Am)39 tester
phage. If they were sensitive to the porin-specific phage but
were not sensitivity to the T4 tester phage they were scored
as revertants. If they were sensitive to the T4 tester phage
they were scored as suppressor mutants and if they remained
resistant to both the T4 tester phage and porin specific
phages, the Dex* phenotype was assumed to be the result of
Dex” forward mutation. To confirm that we could identify
revertants using these tests we randomly tested (>24) Dex*
clones we had scored as revertants by transducing the ap-
propriate gene (ompF, ompC or lamB) into a lamB™ deriva-
tive. In all cases the Dex* transductants regained both phage
sensitivity and a Dex* phenotype, confirming our original
scoring.

The frequency of resistance to phages Tula, Tulb, and
K20, the antibiotic kasugamycin (Ksg) and the amino acid
valine (Val) was determined by spreading an aliquot of
washed cells on L plates that contained phages, (approxi-
mately 1 X 10° pfu), Ksg (40 ug/ml) or glucose plates
containing 100 pg/ml valine. The frequency is expressed as
the number of mutants per number of cfu plated. Cells were
collected from maltodextrin selection plates by washing the
lawn off the plate using 5 ml of 1XM63 medium.

Mapping of the Dex* mutations: To determine the ge-
netic location of the Dex* mutations we introduced in par-
allel experiments the AompC198::Tnl0 and the ompF-
1::Tn5 mutations from SBM18 and determined if either
null mutation resulted in loss of the Dex" phenotype. To
confirm that this was a valid test we randomly chose Dex”
mutants and transduced the presumptive ompF(Dex) or
ompC(Dex) allele nonselectively into a Dex™ host using a
linked marker. In 24/24 cases tested the assignment of the
Dex* mutation was correct.

Growth test and competition studies: Plate growth tests
and competition (reconstruction) tests were done as de-
scribed previously (BENsoN, Occr and SAMPSON 1988). Bas-
ically a small number (50-100) of washed Dex" cells were
spotted on to a freshly prepared lawn of Dex” MCR106 cells
in 50-100 pl samples and the position of the spot marked.
The plates were incubated at 37° and the number of Dex*
colonies was recorded each day by marking the position the
colonies. After 4 days representative samples (48—72) of the
colonies from within the boundary of the spot were tested
for the Tc® marker present in the seeded cells. The per-
centage Tc® colonies was used as a correction factor in
calculating the number of colonies in the spot that resulted
from the seeded cells.

Biochemical studies: The porin proteins were prepared
and analyzed on linear sodium dodecyl sulfate (SDS)-poly-
acrylamide gels (11%) as previously described (L.UGTENBERG
et al. 19'75). Cells were collected from maltodextrin plates
by washing the plates with 5 ml of 1XM63 medium. The
relative amount of the two porins was determined by den-
sitometer measurements of Coomassie blue-stained gels



Nonlethal Selections 649

TABLE 1

Bacterial strains

Strain Genotype Source
MC4100  F~ araD139 AlargF-lac)4169 rpsL150 relA flbB5301 ptsF25 deoCl thi-1 rbsR CASADABAN (1976)
MCR106 MC4100 AlamB106 EMR and SiLHAVY (1980)
MH450 MC4100 ompF-1::Tn5 HALL and SiLHAVY (1981)
0C208 MCR106 ompF(Dex)A111-123 BENSON, Occi and SAMPSON (1988)
0C211 MCR106 ompF(Dex)R132 — C BENSON, Occt and SAMPSON (1988)
0C214 MCR106 ompF(Dex)R42 — S BENSON, Occt and SAMPSON (1988)
DME553  MCR106 ompFA80 Misra and BENSON (1989)
DMEB’57  MCR106 ®(ompF’-lacZ*)Hyb16-13 pyrD z¢b-01::Tnl0 S. BENSON
RAM102 MCRI106 2¢i-06::Tnl10 R. Misra
RAM105 MCR106 ompFABOzei-06::Tnl10 Misra and BENSON (1988a)
RAMI191 MCRI106 AompC198::Tnl0 Misra and BENSON (1988b)
SBM18 MCR106 ompF-1::Tn5 AompC198::Tnl10 This study
SBM102 MCR106 ompC(Dex)A103-110(Am)102 z¢i-06::Tn10 This study
SBM110 MCR106 ompF(Dex)A111-123(Am)110 This study
SBM 140 MCR106 ompC(Dex)A103-110(Am)102 ompF(Dex)A111-123(Am)110 z¢i-06::Tnl0  This study
SBM158 MC4100 lamB(Am)5 ompF(Dex)A111-123(Am)110 This study
SBM9532 MC4100 lamB(Am)5 This study
JMM120  MCRI106 ompC(Dex)R74 — S 2¢i-06::Tn10 This study
JMM121 MCR106 ompC(Dex)VA Insert z¢i-06::Tn10 This study
JMMI124  MCR106 ompC(Dex)R74 — G 26i-06::Tnl10 This study
JMM172  MCR106 ompC(Dex)R37 — H z¢i-06::Tnl0 This study
JMM176  MCR106 ompC(Dex)R37 — C zi-06::Tnl10 This study
JMM180  MCRI106 ompC(Dex)D105 — G 2¢i-06::Tnl0 This study
JMM356  MCR106 ompC(Dex)R74 — S; D105 — G 26i-06::Tnl0 This study
JMM3256 MCR106 ompC(Dex)A103-108 zi-06::Tnl10 This study
using a Hoefer densitometer and 365W software package TABLE 2

(Hoefer Scientific, San Francisco, California).

RESULTS

Dex™ cells grow after plating on maltodextrin
plates: Escherichia coli requires a functional LamB
protein (the product of the lamB gene) to grow on
maltodextrins larger than maltotriose (WANDERSMAN
and SCHWARTZ 1982). The LamB protein facilitates
the uptake of large maltodextrins across the outer
membrane. Large maltodextrin molecules can not
readily pass through the normal porins OmpF and
OmpC porins due to their size. Strain MCR106 con-
tains a 501-bp deletion within of the lamB gene and
as such is unable to grow on maltodexirins (EMR and
SiLHAVY 1980). We have routinely used this strain
and derivatives of it to obtain Dex” mutants. We
observed that the number of Dex* mutants present
on the selection plates did not correlate with the
number of cells initially plated (Table 2). The reason
for this is shown in Figure 1. Overnight inocula of
10°% to 10'° cells grow to a density of approximately
10" cells per plate by 24-36 hr post plating and then
remain at this density. Presumably the growth of the
Dex" cells occurs due to the presence of contaminating
sugars in the maltodextrin and the limited growth
ability on maltodextrins of Dex™ strains.

Dex™ cells are present in the overnight culture:
At about the time the lawn reaches confluent density

Appearance of Dex* colonies

No. of Dex* colonies

Dilu-

Strain {porin type] tion 24hr 48hr 72hr 96 hr
MCR106 10° 0 32 11 7
[OmpF* OmpC*] 10~ 0 7 6 5

107 0 7 0o 17
SBM102 10° 0 17 30 24
[OmpC(Dex"™) OmpF*] 107 0 6 15 30
1072 0 4 24 18
SBM10 10° 39 27 4 5
[OmpC* OmpF(Dex*™)] 107 1 6 5 3
1072 1 3 2 3
SBM140 10° >1000 ND ND ND
[OmpC(Dex*™ OmpF(Dex™] 107 100 205 215 41
1072 5 45 40 19

Cell were grown and mutants selected as described in MATERIALS
AND METHODS. The numbers at each time interval designate newly
appearing colonies. The porin phenotype of each strain is given in
brackets [ ]. ND = not determined.

(24-48 hr), Dex™ colonies begin to appear in the
background. To estimate the frequency of Dex* mu-
tants present in the overnight culture we plated cells
from six independent cultures at densities greater
than 6 X 10° cells per plate to reduce the post plating
growth and counted the number of Dex* colonies
present at 48 hr. For most cultures we could show
that a threefold increase in the number of cells plated
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FIGURE 1.—Growth of MCR106 cells on maltodextrin selection
plates. Cells were grown overnight in L broth and plated on 1XM63
maltodextrin agar media as described in MATERIALS AND METHODS
at initial densities of 2.9 X 10° (open circles), 2.9 X 10® (closed
circles) and 2.9 X 10 (open triangles) cfu per plate. At various
times samples of the bacterial lawn were removed and the number
of cfu determined as described previously (BEnsoN, Occr and
SampsoN 1988). The vertical axis is expressed in log 10.
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FIGURE 2.—Appearance of Dex” colonies over time. Strains
MCR106 and DME553 were prepared and plated on maltodextrin
medium as described in MATERIALS AND METHODS. The vertical

bars represent the number of newly appearing Dex* colonies at
each interval.

resulted in a threefold increase in the number of Dex*
colonies present at 48 hr. The frequency of Dex*
mutants ranged from 1.26 X 107%to 4.06 X 107'%the
average was 3.81 X 107°. These Dex* colonies pre-
sumably represent mutants that were present in the
overnight culture or occurred immediately after plat-
ing. This frequency is consistent with what we have
previously reported (BENsON, Occr and SAMPSON
1988).

Dex™ mutations continue to occur after the selec-
tion is imposed: Dex* colonies continue to appear on
the selection plates after the density of cells in the
lawn has reached a plateau (compare Figures 1 and 2
and Table 2). The number of newly appearing colo-
nies at later times (i.e., 96 hr or later) is independent
of the number of initial cells plated (Table 2), thus
Dex™ colonies appearing at later times (after 96 hr) on
plates seeded with a low (10°to 10°%) number of cells

TABLE 3

Frequency of phage-, valine- and kasugamycin-resistant mutants

Time Tula Tulb Valine Kasugamycin
(hr) resistance resistance resistance resistance
0 48x107° 1.7x107 76%x10° 96x107°
48 1.8x10™° 32x10° 1.6x10% 1.8x107°
96 40x10° 16x10° 1.6x10° 1.6x107°

Strain MCR106 was grown overnight in L broth (time = 0)
plated on 1XM63 maltodextrin medium, and mutants identified as
described in MATERIALS AND METHODS,

must represent mutants that occur after imposition of
the selection. To determine if other types of mutations
accumulated in the population the frequency of OmpF
and OmpC phage resistant mutants and two nonporin
phenotypes, kasugamycin resistance (Ksg®) and resist-
ance to valine (Val®) were determined. Data from a
representative experiment is shown in Table 3. The
frequency of these mutants in the population did not
change significantly during the selection and was sim-
ilar to that of cultures grown overnight in L broth
(Table 3).

Dex™ mutants recovered from OmpF* OmpC*
strains show a strong bias: We have characterized
many Dex* mutants obtained from strain MCR106.
Of more that 350 independent mutants analyzed from
numerous selections done during the last 7 years we
have obtained only two Dex* mutations that are not
at ompF. One is the ompC(Dex)A103-110 allele (BEN-
soN and DecLoOUX 1985) and the other is the imp4213
allele that defines a gene of unknown biochemical
function (SAMPSON, MISRA and BENSON 1989). If we
start with an isogeneic strain that lacks OmpF we have
obtained Dex* mutations at the ompC locus (MISRA
and BENsON 1988a,b) and identified a new gene cog
(Misra and BENSON 1989). There is no significant
difference in the number of Dex* colonies that ap-
peared during the selection for OmpF* OmpC* and
OmpF~ OmpC” strains (Figure 2). The final lawn
density is approximately the same for both genetic
backgrounds. DNA sequence analysis of over forty
ompF(Dex) and ompC(Dex) mutations (BENSON, OccC1
and SaMpsoN 1988; Misra and BENSON 1988a,b)
shows that the type and frequency of the Dex™ altera-
tions obtained from each strain are analogous (Table
4). For both ompF and ompC we observed that a full
spectrum of DNA alterations (transversions, transpo-
sitions, deletions and insertions) can confer a Dex*
phenotype (Table 4). This suggest that no specific
mutator gene or system is specifically involved in the
formation of these alterations. In addition we find no
evidence for a mutagenic hotspot in either gene.

Since we can isolate ompC(Dex) mutations using an
OmpF~ strain that are analogous to the ompF(Dex)
mutations (Table 4) and occur at the same frequency
it seemed paradoxical that the OmpF” strain did not
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TABLE 4

Comparison of ompF(Dex) and ompC(Dex) mutations

Codon change Mutation type ompC(Dex) ompF(Dex)
CGT to AGT (Cto A) Transversion R74 > S (7) R42 —» S (1)
R82 — S (4)
R132 > S (3)
CGT to CAT (Gto A) Transition R37 - H (1) R82 - H (1)
CGT to GGT (C to G) Transversion R74 > G (1) None
CGT to TGT (Cto T) Transition R37->C#) R82 - C(2)
R74 - C(11) R132 - C(1)
CGT to CCT (G to C) Transversion None R132 - P (1)
GAC to GGC (A to G) Transition D105 — G (1) D113 - G(1)
GTGGCT; GTGGCA Insertions VA after R74 (3) None
Deletions A103-110(2) A108-114(1)

A111-123 (1)
A114-129 (1)
A118-130 (1)
A118-133 (1)

Relevant homologous amino acid positions in OmpF and OmpC are; R42 and R37, R82 and R74, D113 and D105, R132 and R124, and
the regions (112-122) and (104-114) respectively. The designation VA refers to a six base insertion resulting in the insertion of val and ala
immediately following codon 74. The number in () refers to the number of times the alteration has been independently isolated.

yield ompC(Dex) mutants. Two nonexclusive expla-
nations for this finding are: The Dex* mutations at
ompF confer a phenotypic selective advantage that is
not conferred by Dex" mutations at ompC or the ompF
gene exhibits adaptive mutagenesis in response to
some aspect of the selection.

OmpF(Dex) mutations compete better: To test the
first explanation we introduced the ompC(Dex) alleles
into an ompF* background to vyield OmpF*
OmpC(Dex) strains. In every case the resulting JMM
strain was Dex”, eliminating the unlikely possibility
that the ompC(Dex) alleles might be phenotypically
silent in an ompF* host. To test if these OmpF*
OmpC(Dex) strains were phenotypically equivalent to
OmpF(Dex) OmpC” strains in their ability to form
colonies in a lawn of Dex™ cells we did competition
tests as described in MATERIALS METHODS. To deter-
mine if the competition test was valid we first exam-
ined eight ompF(Dex) alleles for their ability to form
colonies in a lawn of Dex™ OmpF* OmpC* cells. All
the ompF(Dex) alleles gave strong positive results, e.g.,
formed colonies. The results for two of the ompF(Dex)
alleles are shown in Table 5. We also tested if the
OmpF~ OmpC(Dex) parental strains could compete in
a lawn of Dex™ OmpF~ OmpC™ cells, all were compe-
tition positive under these conditions.

Under our routine selection conditions (1 X malto-
dextrin and 10® cells in the lawn) four of the
ompC(Dex) mutants do not compete and two have a
weak competition phenotype (Table 5). Only the
R37—C substitution and the A103-110 deletion gave
a strong competition phenotype (Table 5). These two
alleles are phenotypically the strongest ompC(Dex)
alleles we have characterized with respect to increased
outer membrane permeability (MISRA and BENSON

1988b). The mutants with a weak competition phe-
notype (the Val-Ala [VA]) insertion and the D105—
G substitution are intermediate in their permeability
(Dex™) phenotype (MisrA and BENSON 1988b). Strain
JMM356 was included as a positive control, it contains
two alterations in the ompC gene that in combination
result in a Dex” phenotype that is comparable to the
A103-110 mutation (MisrRA and BENSON 1988b).
The results presented in Table 5 represent data
from an average of at least three experiments. We
routinely found that the absolute number of seeded
ompC(Dex)" cells that formed colonies varied from
experiment to experiment but that the relative com-
petition phenotype of each strain with respect to each
other and the controls was consistent. To better char-
acterize the competition test we analyzed the effects
of altering, two parameters that naturally change dur-
ing the selection, the density of the lawn and the
concentration of the maltodextrin. Changing either
parameter does not alter the competition phenotype
for strains that do not compete (Table 5). Altering
one or both parameters had minor affects on compe-
tition for all strains that do compete (Table 5). How
these parameters affected competition is different for
each strain and no clear pattern of response was
evident suggesting that both cell density and sugar
concentration interplay to effect the ability of the
seeded cells to form colonies. These findings suggest
one reason that we did not recover OmpC(Dex) mu-
tants from MCR106 is that most ompC(Dex) altera-
tions do not confer a sufficient Dex* phenotype to
allow their recovery. However these experiments do
not eliminate the possibility that there is adaptive
mutagenesis operating at ompF during the selection
and suggest that both the density of Dex™ cells in the
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TABLE

5

Competition of the OmpC(Dex) mutants

Against lawn of

MCR106 10® concn. dextrin

MCR106 10'° concn. dextrin

Strain Alteration [1X] [0.5X] [2X] [1X] [0.5X] [2X]
JMM172 R37—>H - - - - - -
JMM176 R37—-C + ++ ++ + ++ +
JMM120 R74 > 8 - - - - - -
JMM124 R74 -G - - - - - -
JMM170 R74>C - - - - - -
JMM180 D105 —-> G wk - - wk - -
JMMI121 VA insert wk wk + - - -
JMM3256 A103-108 + ++ ++ + ++ ++

Controls
JMM356 R74 — S; D105 — G OmpC(Dex) + ++ ++ + ++ ++
0C211 R42 — S OmpF(Dex) ++ ++ ++ ++ + ++
0C214 R132 — C OmpF(Dex) + ++ ++ ++ ++ ++

Competition tests were done as described in MATERIALS AND METHODS. () means that <10% of the seeded cells formed colonies by 72
hr, (wk) means that 10-50% of the seeded cells formed colonies by 72 hr, (+) means that 50-80% of the seeded cells formed colonies by 72
hr, and (++) means that >80% of the seeded cells formed colonies by 72 hr. Each scoring represents the average of at least three independent

competition experiments. Concn. = concentration. Strains are described in Table 1.

background lawn and the concentration of maltodex-
trins affect the ability of Dex* mutants to form colo-
nies.

The porin level influences the type of mutants
recovered: MCR106 cells grown overnight in L broth
have approximately twice as much OmpC as OmpF
protein in their outer membrane (Figure 3, lower
panel). Within 8 hr after plating on 1XM63 malto-
dextrin medium the level of OmpC decreases and the
level of OmpF correspondingly increases (data not
shown), by 48 hr the level of OmpC is approximately
40% of the total porin (OmpF plus OmpC) and re-
mains at this level (Figure 3, lower panel). These
findings suggested that the increased level of OmpF
in the outer membrane might account for the bias we
observed for ompF(Dex) mutants. If this is true then
under conditions where the OmpC porin is preferen-
tially expressed ompC(Dex) mutants should be re-
covered. We made use of the fact that the expression
of OmpF and OmpC is influenced by osmolarity
(HALL and SiLHAvVY 1981) and determined a salt
concentration (4XM63) where the level of the OmpC
porin remains high (Figure 3, upper panel).

When MCR106 was plated on 4XM63 maltodextrin
medium we observed a delay in the appearance of
Dex* colonies, a decrease in the total number of Dex*
colonies (Figure 4, upper panel) and a 40-50% de-
crease in the final bacterial lawn density as compared
to the same culture plated on 1XM63 plates (data not
shown). The delay in appearance of colonies results
from slower growth on 4XM63 medium and the
decrease in the density of the lawn presumably ac-
counts for the decrease in the total number of Dex*
colonies obtained (Figure 4). After 72 hr the number

of newly appearing colonies on 4XM63 was about
one-third that observed for the same culture plated
on 1XM63 maltodextrin media (Figure 4, upper
panel). The actual number of Dex* colonies fluctuated
from plate to plate (Figure 4, lower panel) and for
each culture (data not shown). We have mapped the
location of the Dex* mutations for 59 independent
Dex" isolates obtained from 4XM63 plates. Sixty-nine
percent of the mutants (41 out of 59) carried
ompC(Dex) mutations and 31% (18 out of 59) carried
ompF(Dex) mutations. This included colonies that ap-
peared at day 3 and day 5. We observed no correlation
between when the colony appeared and the type of
mutation it contained. All 59 of the Dex™ mutations
tested mapped to either ompF or ompC.

Does the level of gene expression influence the
type of mutants that we recover: The above obser-
vations suggest that the amount of a specific porin
biases the type of mutants we recover. However an
alternate explanation is that it is not the level of the
protein per se that drives the recovery bias but an
increased level of transcription and this may represent
a form of adaptive mutagenesis. The systems where
adaptive mutagenesis has been reported involve selec-
tions that induce transcription of the gene where the
proposed adaptive mutagenic events occur and the
idea that transcription can lead to increased mutagen-
esis has been proposed as a possible mechanism to
explain directed mutagenesis (Davis 1989). We rea-
soned that if there is transcription biased mutagenesis
then the frequency of other types of mutations at
ompF and ompC mutations might be different under
1XM63 and 4XM63 selections. To test this we deter-
mined the frequency of empF and ompC phage resist-
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FIGURE 3.—Relative porin composition during the selection.
MCR106 was grown and plated on maltodextrin plates as described
in MATERIALS AND METHODS. At the indicated times cells were
collected, and outer membrane proteins prepared and relative porin
levels determined as described in MATERIALS AND METHODS. The
lower panel shows the result for cells grown on normal (1XM63)
maltodextrin medium and the upper panel for cells grown on
(4XM63) medium. The zero time point reflects the composition of
the starting cells grown overnight in L broth. The percentage was
determined from the area of the each porin peak divided by the
total area of the two peaks.

ant mutants in cells taken from 1XM63 and 4XM63
maltodextrin plates. There is no significant difference
in the frequency of phage resistant mutants under the
two conditions (Table 6), suggesting no preferential
mutagenesis at either loci. However, since phage re-
sistant mutants may require a different set of condi-
tions for recovery than Dex* mutations we devised a
second test involving selection for a Dex™ phenotype.
To test if adaptive mutagenesis is involved in biasing
the type of mutants recovered we constructed strains
carrying amber alleles in the ompF(Dex)A111-123 and
ompC(Dex)A103-110 Dex* mutations which that have
a strong competition phenotype (Table 5) and selected
Dex” mutants using these strains. We reasoned that if
adaptive mutagenesis was responsible for biasing the
type of Dex™ mutants recovered then reversal of an
amber mutation in a competition positive ompF(Dex™)
allele should mimic that seen for forward mutations
to a Dex” phenotype and be the predominant type of
mutation recovered. Conversely if adaptive mutagen-
esis is not involved then reversal of the amber muta-
tion in the Dex™ allele should be observed at an inter-
mediate level. Also, if adaptive mutagenesis is oper-
ating at ompF then reversal of an amber mutation in
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FIGURE 4.—Appearance of Dex* colonies on 4XM63 maltodex-
trin medium. Mutants were selected using strain MCR106 as de-
scribed in MATERIALS AND METHODS. The upper panel shows the
results for both normal (1XM63) and 4XM63 medium for an equal
aliquot of the same culture. The lower panel shows the results for
four different platings of the same culture on 4XM63 medium.
The scale on the lower panel is approximately one-third that of the
upper panel. Each time point shows the number of newly appearing
mutants.

an ompC(Dex™) allele should be a very rare event, i.e.,
the forward mutation of empF* to ompF(Dex) should
be the predominate type of mutation recovered anal-
ogous to when we start with an OmpF* OmpC* strain.

The frequency and kinetics of appearance of Dex*
colonies for strains carrying amber mutations in the
ompF(Dex) and ompC(Dex) alleles is similar to that of
MCR106 (OmpF* OmpC*) (Table 2). Strain SBM140
which carries amber mutations in both the ompF(Dex)
and ompC(Dex) genes has a greatly increased fre-
quency of Dex* mutants in the overnight culture but
only a slight increased frequency at later time points
(Table 2). The increased frequency of Dex* cells in
the overnight inoculum results from a disadvantage
in growth ability that OmpF~ OmpC™ cells exhibit and
the fact that porin plus strains rapidly out grow the
porin minus strains (PUGSLEY and SCHNAITMAN 1978).
Since both revertants and suppressor mutations yield
a porin plus Dex™ phenotype it is not surprising that
the initial frequency of Dex* mutations is several or-
ders of magnitude higher then that seen for the porin
plus strains (Table 2)

For the SBMI110 [ompF(Dex)Al111-123(Am)110
OmpC*] we found that only 32% of the mutants
resulted from reversal of the amber mutation (Table
7). For SBM102 [OmpF" ompC(Dex)A103-
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TABLE 6

Frequency of phage and valine resistant mutants on 1XM63 and 4XM63

Tula resistance

Tulb resistance

Valine resistance

Time
(hr) 1XM63 4X6M3 1XM63 4XM63 1XM63 4XM63
0 8.4 X107 8.4 x10°® 2.1 X 107° 2.1x107® ND ND
48 4.6 X 1077 5.3 X 1077 2.3 % 107° 4.0 x 1077 8.5 x 1077 5.3 X 1077
120 9.6 X 107° 1.9%x10°° 5.2 % 1077 2.2 x 1077 1.8 x 1077 2.3 %1077
Mutant frequencies were determined as described in MATERIALS AND METHODS. ND = Not determined.
TABLE 7
Types of Dex* revertant colonies
Strain Type of revertant 24 hr 96 hr 168 hr Totals (%)
SBM102 OmpCr 1 7 8 16 (15)
[LamB~ OmpF* OmpC(Dex*")] Sup. 3 2 2 7 (6)
Others 32 27 26 85 (79)
Total tested 36 36 36 108
SBM110 OmpF™ 10 14 11 35 (32)
[LamB~ OmpC* OmpF(Dex*")] Sup. 6 7 11 24 (22)
Others 20 15 14 49 (45)
Total tested 36 36 36 108
SBM 140 OmpF™ 20 3 13 36 (17)
[LamB~ OmpF(Dex*™) OmpCDex*™)] OmpC™ 0 0 5 5(3)
Sup. 51 6 28 85 (39)
Others 1 63 26 90 (41)
Total tested 72 72 72 216

Dex™ mutants were selected on 1XM63 maltodextrin medium and classified as described in MATERIALS AND METHODS. The porin phenotype
of each strain is presented in brackets [ ]. " indicates loss of the amber mutation, Sup. = acquisition of a suppressor phenotype.

110(Am)102] we found that 15% of the Dex™ mutants
recovered resulted from reversal of the amber muta-
tion in ompC (Table 7). For strain SBM140
[ompF(Dex)A111-123(Am)1100mpC(Dex)A103-
110(Am)102] reversal of the ompF and ompC amber
mutations make up 17% and 3% of the Dex™ mutants
obtained. These finding coupled with the phage re-
sistance data (Table 6) argue that the bias recovery of
ompF(Dex) mutants does not result from adaptive
mutagenesis at the ompF locus and demonstrate that
ompC mutations that confer a Dex* phenotype can
occur and allow colonies to form in an ompF* genetic
background on 1XM63 medium.

Increased expression of the lamB gene does not
lead to increase mutagenesis: We wished to deter-
mine if the maltose system would exhibit adaptive
mutagenesis in the Dex* selection. The LamB malto-
porin is the normal means by which maltodextrins are
taken into the cell and transcription of the malB
operon that includes the lamB gene is induced by
maltose (RANDALL-Hazelbauer and SCHWARTZ 1973;
RAIBAUD et al. 1979) and maltodextrins. If adaptive
mutagenesis is a general property of E. coli then we
should see preferential recovery of mutations at lamB
if they can result in a Dex* phenotype. To test this we
used an amber mutation at codon five of the lamB
signal sequence [lamB(Am)5]. This strain in Dex™ and

reversal of the UAG codon can result in a Dex*

phenotype (D. Jackson, personal communication).
When strain SBM9532 [lamB(Am)5 OmpF* OmpC*)
is plated on maltodextrin plates there is a greater than
50-fold induction of the lamB gene (data not shown).
The frequency and kinetics of appearance of Dex*
colonies is similar to that for strain MCR106 (B~ F*
C*) and RAM105 (B~ F~ C*)(data not shown). To
identify which mutations yield a Dex” phenotype in
this background mutants were characterized as de-
scribed in MATERIALS AND METHODS. At early time
points (days 1 and 2) alterations that reverse the lamB
amber mutation were preferentially obtained. Their
early appearance suggest they were present at the
time of plating. At later times SBM9532 behaves in a
manner analogous to strain MCR106 (lamBA106) e.g.,
there is a biased recovery of ompF Dex* mutants and
no bias for the reversal of the lamB lesion. Conse-
quently we find no indication of adaptive mutagenesis
or evidence that increased transcription results in
increased recovery of mutations at the induced locus.
We consistently observed that the Dex" cells present
in the overnight culture were mutants where the
lamB(Am)5 mutation had been reversed or sup-
pressed. All of the lamB(Am)5 revertants tested (>12)
have a competition positive phenotype (data not
shown). Why we did not obtain ompF(Dex) mutants at
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FIGURE 5.—Type of Dex™” mutants obtained from a lamB*" strain.
Dex* mutants were selected and classified as described in MATERIALS
AND METHODS. Upper panel shows data obtained from SBM9532;
the open circles show the percentage of mutants where the lamB
amber mutation has been reversed; the closed circles, suppressor
mutations; and the open triangles, ompF(Dex) mutants. Each time
point represents the average of three independent experiments. At
least 54 Dex* colonies were characterized from each time point
except day one where only 19 colonies were tested. The lower
panel shows data obtained from SBM 158, the open circles show the
percentage of mutants where the lamB amber mutation has been
reversed; the closed circles, suppressor mutations; the open trian-
gles, mutants where the ompF amber has been reversed; and the
closed triangles, mutants that are not one of three described classes.
Each time point represents the average of three independent ex-
periments. At least 80 Dex™ colonies were characterized from each
time point except day one where only 24 colonies were character-
ized.

the early time points is not known. The predominant
type of Dex” mutations obtained after 72 hr are
ompF(Dex) mutations (Figure 5) suggesting that at
later times the ability to take up maltodextrins is not
the sole criteria determining the type of mutant re-
covered since cells with a wild-type LamB present in
the outer membrane would have an increased ability
to take up maltodextrins (MIsRA and BENSON 1988a).
Strain SBM110 (LamB~ OmpF(Dex)*™ OmpC*) does
not exhibit a bias recovery for omp¥F alterations (Table
7). To test if this also would be true for strain SBM158
(LamB*™ OmpF(Dex)*™ OmpC™*) Dex* mutants were
selected and characterized (Figure 5). We find that as
with strain SBM110 the bias recovery of mutants with
alterations at ompF is not seen. Thus strains carry the
lamB(Am)5 mutation behave like strains carrying the
lamBA106 mutation, if the strain is OmpF* there is a
strong bias for the recovery of ompF(Dex) mutants but
if the strain is ompF(Dex)*™, [OmpF~] this bias is not

observed (Table 7 and Figure 5). A second
ompF(Dex)™™ mutation behaves in an analogous man-
ner.

DISCUSSION

Conclusions: We draw the following conclusions.
(1) Dex™ cells continue to grow and divide after plating
on maltodextrin until the lawn reaches saturation.
This saturation limit is dependent upon the genotype
of the cells plated and on the selection conditions
themselves. (2) Dex* cells can be present in the culture
prior to plating on selective media. (3) Dex” mutations
occur after the selection is imposed, and after the
bacterial lawn has reached saturation. (4) Dex™ colo-
nies carrying ompF(Dex) mutations are preferentially
recovered from OmpF™ cells although analogous al-
terations in the ompC gene confer a Dex” phenotype.
(5) Increasing the level of OmpC porin in the outer
membrane allows the preferential recovery of
ompC(Dex) mutations in an OmpF* OmpC* back-
ground. (6) The level of transcription does not play a
role in determining the type of mutants we recover.
(7) The bias we observed results from selective advan-
tages which are determined by a combination of fac-
tors or parameters including: genetic background,
lawn density and medium composition.

The occurrence of Dex* mutants: Work of LURIA
and DELBRUCK (1943) and LEDERBERG and LEDER-
BERG (1952) showed that mutations that confer resist-
ance to lethal agents occur prior to exposure to the
selective agent. The ability to demonstrate the gen-
erally accepted premise that mutations occur in the
absence of selection for the Dex* selection system was
more difficult since cells that are phenotypically Dex™
have some capacity to grow under the initial condi-
tions (Figure 1). This growth precluded the use of the
LuriA and DULBRUCK fluctuation test for determining
the rate of mutation during growth in nonselective
media. It was not possible to obtain the necessary
Poisson distribution of cultures with zero mutants
since plating a low number of cells results in growth
and mutation occurrence and conversely, if we plate
sufficient cells (10'°) to prevent growth the population
contains preexisting mutants. However, our analysis
of the selection allowed us to design experimental
conditions where we could estimate the frequency of
Dex™ mutants present in the overnight culture to be
approximately 3 X 107° consistent with the fact that
only a limited number of specific changes can confer
a Dex™ phenotype (Table 4) and with previously pub-
lished estimates (BENsON, Occl and SampsoN 1988).
Based on the facts that the number Dex" colonies
fluctuates from culture to culture, the number of
Dex™* colonies in a given culture is proportional to the
number of cells plated over a narrow range, and
reconstruction experiments with ompF(Dex™) cells that
show these mutants form colonies in the bacterial lawn
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within 48 hr after plating makes us confident that the
mutants present at 48 hr post plating represent preex-
isting mutants that arose under nonselective condi-
tions.

We have shown that Dex™ mutants can occur after
imposition of the selection since the number of newly
appearing Dex™ colonies after several days is inde-
pendent of the number of initial cells plated (Table
2). The mutants that appear many days after the lawn
has reached saturation might represent mutagenic
events that occurred during the initial growth phase
on the dextrin plate and are cells that require many
days to form visible colonies. We think this unlikely
because the rate of colony growth for late arising
colonies is similar to that of the earlier colonies and
competition studies with these mutants show that they
form visible colonies in 24-48 hr when seeded into a
lawn on Dex™ cells. Thus we conclude that Dex*
mutations occur after the number of cells in the lawn
stops increasing.

How Dex™ mutations occur after the number of
cells ceases to increase is not known. The observation
that seemingly stationary populations of cells yield
events that result in mutants that form colonies or
papilla is not unique to the maltodextrin selection
system and is often observed by bacterial geneticist
for a variety of selections. One explanation for the
late arising mutants is that the population of cells is
actively dividing and that the apparent stationary na-
ture of the cell density results from equivalent cell
death and division. We think that this explanation is
unlikely since acridine straining of the population
after it reaches saturation showed that all the cells
appeared viable, we were unable to detect any dead
cells, and the number of viable cells as determined by
acridine staining correlates with the cfu (J. MuNro,
unpublished data). A similar conclusion was reach by
Hall in a study of reversal of tryptophan auxotrophy
using a different test to decide if cells were dividing
(HALL 1990). The possibility that the selection induces
a mutagenic state in all the cells in the population
resulting in a high rate of general mutagenesis seems
unlikely since we were unable to detect any increase
in the frequency of phage resistance, kasugamycin
resistance or valine resistance in the general popula-
tion. However the mutant phenotypes tested for (such
as the phage and kasugamycin resistances) may re-
quire significant growth to be adequately expressed
or as in the case of Val® may reflect as bias for the
type of mutagenic event assayed (CHARLESWORTH et
al. 1988). Thus, the conclusion that there is no in-
creased in mutagenesis should be viewed as tentative.
A similar conclusion has been arrived at by both HALL
(1990) and CAIRNS, OVERBRAUGH and MILLER (1988)
using different nonlethal selection systems. Thé mech-
anism of how the Dex™ mutations occur in nondividing

cells without a corresponding increase in mutations at
other loci remains to be determined.

The bias recovery of ompF(Dex) mutants: The
recovery of a Dex™ mutation requires two events, first
the mutation must occur and second it must provide
a sufficient selective advantage to allow growth of a
visible colony. The most striking finding for the mal-
todextrin selection system 1is that although the same
alterations in both ompF and ompC can confer a Dex™
phenotype we only recover ompF(Dex) mutations
when we start with an OmpF" OmpC™ strain. The
competition studies (Table 5) suggest that many of
the ompC(Dex) alleles do not have a strong enough
selective advantage to allow colony formation in the
presence of Dex™ cells. The competition phenotype
correlates with the strength of the permeability in-
crease conferred by the porin mutations, i.e., muta-
tions with the greatest increase in outer membrane
permeability have the strongest competition pheno-
types. The explanation we favor for the biased recov-
ery of ompF(Dex) mutations is that it results from a
phenotypic advantage under these selection condi-
tions due to the increased amount of OmpF relative
to OmpC and OmpF having a slightly larger pore
diameter (BENZ and BAUER 1988) that is functionally
better at the uptake of maltose and maltotriose (MISRA
and BENSON 1988a). This explanation is supported by
the observation that when OmpC is the major porin
species we see a bias for recovery of ompC(Dex) mu-
tants. However, uptake of maltodextrin can not be
the sole factor determining which cells from colonies
since reversal of the lamB(Am) mutation is not favored
at later time points over forward mutations to an
OmpF(Dex) phenotype (Figure 5).

This contention is also supported by the observation
that two of the ompC(Dex) alleles have a strong com-
petition phenotype (Table 5) and are readily obtained
from OmpF~ OmpC* strains (Table 4) but not OmpF*
OmpC™ strains. Based on the competition phenotype
we would expect to have routinely recovered mutants
of this type from strain MCR106, why we fail to do
so is not understood. One possibility is that the com-
petition phenotype is misleading. The competition
tests are biased, in that the seeded cells already have
a full complement of the mutant porin. Porins are
extremely abundant outer membrane proteins and it
may take several generations before the mutant porins
to replace the existing wild type proteins in the outer
membrane. As such the competition experiments do
not accurately reflect the early physiology of the mu-
tant strain when only a small percentage of the porins
will be in the mutant form. Dex* mutants at this early
stage may have an insufficient or a negative selective
advantage and as such may be unable to form a colony
or may be lost from an exponentially growing popu-
lation. The latter explanation could explain why we
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fail to recover mutants of these types as preexisting
mutants present in the overnight culture.

It should be noted that the ompC(A103-110)3256
allele was obtained from an OmpF* OmpC* strain
(BENsoN and DEcLoux 1985). However this strain
carried a plasmid encoding a defective lamB gene and
the presence of the plasmid may have altered the
selection in some unknown fashion. We characterized
this allele because we have obtained the same altera-
tion in a selection using an OmpF~ OmpC” strain that
yielded the other ompC(Dex) mutations (MISRA and
BENSON 1988b).

The other types of Dex* mutations that we have
recovered are imp4213 from MCR106 (OmpF?*
OmpC™) and imp208 and cog 174 mutations from strain
RAM105 (OmpF~ OmpC*) (M1srRA and BENSON 1989;
SAMPSON, MISRA and BENSON 1989). The imp muta-
tions are rare alleles and we have obtained only two
of them (SAMPSON, MisrRA and BENsON 1989). We
have characterized the imp4213 and the cog174 alleles
in the competition test and neither mutation yields a
strong competition phenotype (data not shown). The
finding that the imp4213 mutation was isolated from
MCR106 cells but does not have a strong competition
phenotype underscores the limits of the competition
assay and our ability to reconstruct the conditions that
might be present during the selection process. In
summary our findings strongly suggest that many
factors interplay to determine which mutations ac-
tually yield colonies. It is likely that the importance of
individual factors may change during the selection
due to alterations in lawn density, sugar availability
and other undefined parameters.

The alternative explanation for the bias recovery
of certain mutant type is that the Dex™ selection in-
duces an adaptive mutagenic state where mutations
with a strong phenotypic advantage preferentially oc-
cur and result in a bias in the type of mutants re-
covered. This explanation seems unlikely since alter-
ing parameters that directly affect phenotypic fitness
of individual cells, i.e., medium and porin composition
alters the type of mutants we recover. In addition
studies with amber mutations suggests there is no
strong bias for specific mutagenic events at the DNA
level at either ompF or lamB. The experiments involv-
ing the amber mutations suggest that altering the
porin composition of the cell affects the spectrum of
mutations that are recovered. The simplest explana-
tion is that these changes affect the fitness level nec-
essary for a Dex™ cell to be able to form a visible
colony in a dense lawn of Dex™ cells.

The idea that increased transcription can result in
preferential mutations during long term nonlethal
selections does not appear to apply in the dextrin
selection system. Although we see a slight preference
in reversion of the ompF(Dex)*™ as compared to the

ompC(Dex)™ on 1XM63 medium this preference is
not sufficient to account for the extreme bias we
observe for the type of Dex™ mutants we recovered
from strain MCR106. More importantly, reversion of
the lamB amber is not stimulated by plating on mal-
todextrins and in fact is less frequent than Dex”
forward mutations at the ompF gene (Figure 5, upper
panel). The latter finding suggest that unlike the lac,
trp and bgl systems the dextrin selection system does
not have the ability for directed or adaptive mutagen-
esis.

The role that the selection environment plays in the
type of mutants recovered is obviously important and
seldom defined or characterized. In this study we
observe that the type of mutants recovered is influ-
enced by environmental conditions as well as the
genetic background of the starting strain. This suggest
that porin composition, functionality, and expression
level as well as medium composition and genetic back-
ground and possibly yet undefined factors interplay
to determine the type of mutants that will be re-
covered. Minor changes in any of these parameters
may alter the minimal selective advantage level a
mutation must confer to allow out growth into a
recoverable colony and affect the type and frequency
at which a specific mutation is recovered.

This work was support by grant DMB-881708 from the National
Science Foundation. We thank NANCY TRUN for many helpful
suggestions and discussions.

LITERATURE CITED

BAssFoRD, P. J., D. L. DIEDRICH, C. L., SCHNAITMAN and P. REEVES,
1977 Outer membrane proteins of Escherichia coli. J. Bacte-
riol. 131: 608-622.

BENSON, S. A, and A. DEcLOUX, 1985 Isolation and characteriza-
tion of outer membrane permeability mutants in Escherichia
coli K-12. J. Bacteriol. 161: 361-367.

BENSON, S. A,, ]J. L. Occt and B. A. SaMPsoN, 1988 Mutations
that alter the pore function of the OmpF porin of Escherichia
coli K12. J. Mol. Biol. 203: 961-970.

BENSON, S. A., L. PARTRIDGE and J. MORGAN, 1988 Is bacterial
evolution random or selective? Nature 336: 21-22

BENZ, R., and K. BAUER, 1988 Permeation of hydrophilic mole-
cules through the outer membrane of gram-negative bacteria.
Review on bacterial porins. Eur. J. Biochem. 176: 1-19.

CARNs, J., and P. L. FOSTER, 1991 Adaptive reversion of a
frameshift mutations in Escherichia coli. Genetics 128: 695—
701.

CAIRNS, J., J. OVERBRAUGH and S. MILLER, 1988 The origins of
mutants. Nature 355;: 142-145.

CasADABAN, M. ]., 1976 Transposition and fusion of lac genes to
selected promoters in Escherichia coli using bacteriophage
lambda and Mu. J. Mol. Biol. 104: 541-555

CHARLESWORTH, D., B. CHARLESWORTH, J. BULL, A. GRAFFEN, R.
HoLLIDAY, R. F. ROSENBERGER, L. M. V. VALEN, A. DANCHIN,
I. TESsMAN and J. CAIRNS, 1988  Origins of mutants disputed.
Nature 336: 525-528.

Datra, D. B., B. ARDEN and U. HENNING, 1977 Major proteins
of the Escherichia coli outer membrane as bacteriophage recep-
tors. J. Bacteriol. 131: 821-829.

Davis, B. D, 1989 Transcription bias: a non-Larmarkian mecha-



658 S. A. Benson, A. M. DeCloux and J. Munro

nism for substrate induced mutations. Proc. Natl. Acad. Sci.
USA 86: 5005-5009.

EMR, S., and T. J. SILHAVY, 1980 Mutations affecting localization
of Escherichia coli outer membrane protein, the bacteriophage
lambda receptor. J. Mol. Biol. 141: 63-90.

HaLL, B. G., 1988 Adaptive evolution that requires multiple
spontaneous mutations. 1. Mutations involving an insertion
sequence. Genetics 120: 887-897.

HaLL, B. G., 1990 Spontaneous point mutations that occur more
often when advantageous than when neutral. Genetics 126: 5~
16.

HaLL, B. G., 1991 Adaptive evolution that requires multiple
spontaneous mutations: Mutations involving base substitutions.
Proc. Natl. Acad. Sci. USA 88: 5882-5886.

HaLL, M. N, and T. J. SiLHAvY, 1981 The ompB locus and the
regulation of the major outer membrane porin proteins of
Escherichia coli. J. Mol. Biol. 146: 23-43.

LEDERBERG, ]., and E. LEDERBERG, 1952 Replica plating and
indirect selection of bacterial mutants. J. Bacteriol. 63: 399
408.

LENSKI, R. E., 1989 Are some mutations directed? Trends Ecol.
Evol. 4: 148-150.

LUGTENBERG, B., J. MEIJERS, R. PETERS, P. vAN DER HOEK and L.
VAN ALPEN, 1975 Electrophoretic resolution of the major
outer membrane proteins of Escherichia coli K-12 into four
bands. FEBS Lett. 58: 254-258.

LURIA, S., and M. DELBRUCK, 1943 Mutations of bacteria from
virus sensitive 1o virus resistant. Genetics 28: 491-504.

Misra, M., and S. A. BENSON, 1988a Isolation and characteriza-
tion of OmpC porin mutants with altered pore properties. J.
Bacteriol. 170: 528-533.

Misra, R., and S. A. BENSON, 1988b  Genetic identification of the
pore domain of the OmpC porin of Escherichia coli K-12. J.
Bacteriol. 170: 3611-3617.

MIsrA, R., and S. A. BENSON, 1989 A novel mutation, cog, which
results in production of a new porin protein (OmpG) of Esche-
richia coli K-12. J. Bacteriol. 171: 4105-4111.

PUGSLEY, A. P., and C. A. SCHNAITMAN, 1978 Identification of
three genes controlling production of new outer membrane
pore proteins in Escherichia coli K-12. J. Bacteriol. 135: 1118-
1129,

RamBauD, O., M. Roa, C. BRAUN-BRETON and M. SCHWARTZ,
1979 Structure of the malB region in Escherichia coli K-12.
Mol. Gen. Genet. 174: 241-248.

RANDALL-HAZELBAUER, L., and M. ScCHWARTZ, 1973 Isolation of
the phage receptor from Escherichia coli K-12. J. Bacteriol. 116:
1436-1444.

SAMPSON, B. A., R. Misra and S. A. BENsON, 1989 Identification
and characterization of a new gene of Escherichia coli K-12
involved in outer membrane permeability. Genetics 122: 491~
501.

SCHNAITMAN, C. A, and G. A. McpoNaLD, 1984 Regulation of
outer membrane protein synthesis in Escherichia coli K-12:
deletion of ompC affects expression of the OmpF protein. J.
Bacteriol.. 159: 555-563.

SHAPIRO, |. A., 1984 Observations on the formation of clones
containing araB-lacZ cistron fusions. Mol. Gen. Genet. 194:
79-90.

SiHAavy, T. J, M. L. BErRMAN and L. W. ENQuIsT,
1984  Experiments with Gene Fusions. Cold Spring Harbor Lab-
oratory, Cold Spring Harbor, N.Y.

STAHL, F. W., 1988 A unicorn in the garden? Nature 335: 112-
113.

WANDERSMAN, C., and M. SCHWARTz, 1982 Mutations that alter
the transport function of the LamB protein in Escherichia coli.
J. Bacteriol. 151: 15-21.

Communicating editor: N. R. DRINKWATER



