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Beneficial mutations in diversifying glucose-limited Escherichia coli populations are mostly unidentified. The
genome of an evolved isolate with multiple differences from that of the ancestor was fully assembled. Remark-
ably, a single mutation in Afg was responsible for the multiple benefits under glucose limitation through

changes in at least five regulation targets.

Nutrient-limited Escherichia coli populations competing for
extended periods in chemostats provide a useful system for
investigating evolutionary processes (6, 16, 27). Recent results
suggest that glucose-limited populations exhibit a remarkable
level of divergence, up to the point of individuality (15, 19).
Mutations in rpoS were present in many isolates, with several
different alleles coexisting within diverging populations (19).
These rpoS mutations confer higher fitness under nutrient lim-
itation by reducing transcription of genes involved in unneces-
sary stress responses, thereby allowing optimal expression of
functions needed for transport and metabolism (14, 25). More-
over, at least three additional mutations in the mgl, malT, and
mlc genes contribute to fitness in the previously analyzed rpoS
isolates (26). In addition to the rpoS lineages, we previously
found separate, coexisting rpoS™ isolates in the same glucose-
limited populations (18, 19), with undefined mutations and
fitness properties. Here we report on the mutational adapta-
tion and fitness characteristics of one such strain, E. coli
BW4001, that has a complex and previously unexplained series
of adaptations under glucose limitation (18).

BW4001 is an rpoS™ isolate that was sampled after 26 days
in a glucose-limited chemostat growing at a dilution rate of 0.1
h™! (19) with evolved phenotypic properties, including (i) in-
creased rates of glucose transport through PtsG reflected by an
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increased sensitivity to the glucose analog methyl a-glucoside
(aMG), which is transported by PtsG (Fig. 1); (ii) higher outer
membrane permeability reflected by increased sodium dodecyl
sulfate (SDS) sensitivity (Fig. 1) and elevated LamB and porin
levels relative to OmpA (Fig. 2A); (iii) elevated metabolic
oxidation rates (Fig. 1); (iv) decreased cell yields (Fig. 1), (v)
altered cell surface properties (Fig. 1); (vi) partially reduced
RpoS levels (Fig. 1); and (vii) reduced levels of negative DNA
supercoiling in stationary phase (Fig. 2C). The first two phe-
notypic traits are in contrast to those of previously described
rpoS strains that upregulated an alternative glucose uptake
pathway through cumulative mutations in malT and mglD (23,
24, 26). With the expectation that multiple mutations were
responsible for these phenotypes, we performed a genomic
analysis to identify the molecular basis of the fitness increase in
BW4001.

The genome of BW4001 was resequenced using 454 and
Solexa methodologies (see Methods in the supplemental ma-
terial) and fully assembled. In comparison to the ancestral
genome (9), only one single-nucleotide polymorphism (SNP)
in the /fg gene, leading to the Y25D change in the Hfq protein,
was detected in BW4001; no other mutation was detected
whatsoever after exhaustive analysis by Solexa, 454, and Sanger
sequencing (for 78 sequence gaps and 151 suspected SNP
sites). A single SNP was unexpected, given the high number of
both metabolic and physiological differences between BW4001
and its ancestor (Fig. 1 and 2) (18, 19) and the presence of at
least three mutations, in rpoS, mglD (or mglO), and malT (or
mlic), in the previously characterized clones from the rpoS
lineages sampled at the same time point as BW4001 (23, 24,
26). To confirm that the single mutation was responsible for
most or all evolved phenotypes of BW4001, the Afg mutation
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FIG. 1. Phenotypic properties of BW4001. The evolved strain
BW4001 was derived from the ancestral strain BW2952 (9, 19).
BW5035 is derived from BW2952 by insertion of an ampicillin
resistance-conferring cassette into the Aifg gene by the protocol
described previously (34). BW5163 is strain BW2952 in which the
BW4001-evolved Afg allele has been transferred in two steps: a
purA::tet mutation is first introduced into BW2952 (creating an
adenine-auxotrophic strain BW5155) and then the purA-hfg region
is introduced into BW5155 using a P1 lysate grown on BW4001 and
selecting for PurA™. The transfer of the hfg4001 allele was con-
firmed by sequencing. (A) The RpoS level was estimated by glyco-
gen staining. Scanning densities relative to that of the ancestor
BW2952 are shown. (B) The aggregation of cells was measured
based on the decrease in optical density of a standing culture as
described in reference 19 and is given relative to that of the ances-
tor. (C) The growth yield of strains was measured based on the
absorbance in L broth after overnight growth to steady state and is
shown relative to that of the ancestor. (D) The oxygen uptake rate
was measured using an oxygen electrode as described in reference
18. (E) The sensitivity to 2% SDS was measured in patches on L
agar plates. Patches were scanned densitometrically, and the cell
density relative to that of the ancestor is shown. (F) The sensitivity
to 1% methyl a-glucoside was measured in patches on glycerol
plates. Patches were scanned densitometrically, and the cell density
relative to that of the ancestor is shown.

was transferred into the ancestral genetic background by co-
transduction with purA::tet as a selectable marker. The pheno-
typic traits of the transductant, called BW5163, matched in all
respects those of BW4001 (Fig. 1 and 2), implying that the
single mutation was the source of the multiple changes. The
minor variations in RpoS amount, O, uptake rate, and malG-
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FIG. 2. Altered regulation and DNA topology in BW4001.
(A) The outer membrane proteins were extracted from bacterial
cells grown under glucose limitation in a chemostat and separated
by urea-SDS electrophoresis using procedures described previously
(18). The major protein bands are labeled. The relative proportion
of each band was estimated by densitometric analyses of stained
gels and is shown next to each representative track. Means =
standard deviations are from results with four independent gels.
(B) The B-galactosidase activity of a malEFG::lacZ promoter fusion
was measured in bacterial cells grown exponentially in 0.2% glyc-
erol minimal medium (MMA) at 37°C. (C) The plasmid pUCI109,
introduced into the strains by electroporation and extracted from
bacterial cells grown in LB medium at 37°C for 2.5 h (mid-expo-
nential phase) and 12 h (stationary phase), was resolved on 1%
agarose gels containing 1.5 wg/ml chloroquine (4).

lacZ fusion activity between BW4001 and BW5163 were not
statistically significant (P of >0.05 in all cases). Moreover, the
hfq transductant strain BW5163 is as fit as BW4001, in com-
parison to the ancestral strain (Fig. 3). Interestingly, the Y25D
mutation provides a higher fitness than the Afg knockout strain
BW5035, implying that a particular structural or functional
change in Hfq is needed for the fitness increase under these
conditions. Alternatively, the lower fitness of the Afg null mu-
tant suggests that ancestral and Y25D Hfq proteins share some
undefined properties in the cell that is missing from the null
mutant.

In Fig. 4, we summarize all the potential effects of the single
hfg mutation in BW4001. Fitness in a glucose-limited environ-
ment can be explained through a subset of effects resulting
from the extensive pleiotropic nature of ifg mutations (32).
The contribution of small RNAs (sRNAs) and altered DNA
topology cannot be fully disentangled. In some cases, the mu-
tation is affecting SRNA interactions; coincidentally, the Y25D
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FIG. 3. Relative fitness in strains with altered Afg genes. We com-
pared the isolates for competitive fitness, which was measured in glu-
cose-limited chemostats. Competitions were all performed against
BW3454, an ancestral derivative marked with the merC::Tnl0 select-
able marker; control experiments revealed that this strain is only mar-
ginally fitter than the actual ancestor BW2952 (squares). Competing
strains were mixed 50:50 after 16 h of individual acclimation in che-
mostats, and the changes in the proportion of each strain are shown.
Mean * standard deviations were obtained from three to five repli-
cates.

substitution was previously studied in a site-directed mutagen-
esis survey of Afg function (21). The Y25D mutant protein has
reduced affinity for DsrA sRNA and led to partially reduced
expression of RpoS; translation of rpoS mRNA is dependent
upon Hfq (21). The lower level of staining by iodine and
increased growth on acetate are indicators of reduced RpoS
function in BW4001 (13). This partial reduction in RpoS is
beneficial, as there is an inverse relationship between RpoS
concentration and competitive fitness under glucose-limiting
conditions (13, 29). The Afg mutation may therefore favor the
expression of vegetative rather than stress response genes.
The increased PtsG transport activity (17) and the associ-

hfq
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ated elevated sensitivity to aMG (Fig. 1) can also be explained
by the Afg mutation, because Hfq, associated with the small
RNA sgr$, is involved in the destabilization of ptsG mRNA (1).
The hfg mutation can result in increased PtsG expression
through increased stability of ptsG mRNA, thereby increasing
glucose uptake. As shown in Fig. 1, «MG sensitivity is entirely
Hfq dependent.

Increased outer membrane permeability is an important fac-
tor in fitness under nutrient limitation (7) and can arise from
elevated porin expression or functional changes in porins (16,
35). The porin patterns noted in both BW4001 and BW5163
were identical and resulted in elevated porin and LamB levels
(Fig. 2A). Small RNAs in conjunction with Hfq control mul-
tiple targets in outer membranes, and a mutation in Afg can
increase porin expression through reduced antisense transla-
tional blocks caused by, for example, MicC and MicF (33).
These outer membrane changes also explain the increased
sensitivity to the detergent SDS in the Afg mutant, because
membrane stress sensing also involves SRNA/Hfq (30).

An elevated LamB level in the outer membrane (Fig. 2A) is
beneficial under glucose limitation, because it is a glycoporin
with affinity for sugars like glucose (5). Although higher LamB
levels in the Afg mutant is not as easy to explain through known
sRNA regulation, we, however, discovered that regulation of
LamB, as part of the mal regulon (22), was also affected by
Hfq. Hence, mal gene expression, measured by a malEFG-lacZ
reporter fusion, was considerably higher in Hfq mutants (Fig.
2B). It was not previously recognized that regulation of mal
genes, and in particular of lamB, was subject to control by
small RNAs, but our results increase this possibility.

The other properties of BW4001, including elevated res-
piration rate, decreased growth yield, and altered aggrega-
tion properties (Fig. 1), are also Hfq dependent but through
either unidentified SRNAs or sRNA-independent pathways
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FIG. 4. Potential relationships between fitness under glucose limitation and pleiotropic effects of an /fg mutation. We show the small RNAs
potentially implicated in the regulation of mRNAs known to be involved in evolved phenotypes. Question marks represent unknown components
of up- or downregulation of targets. SPaNC, self-preservation and nutritional competence (8).
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such as curved-DNA binding (2). This change in DNA struc-
ture may confer altered expression at multiple promoters
(12, 31) and, possibly, altered phenotypes. However, nega-
tive supercoiling is required for mal regulation (28), and
therefore this mutant phenotype is more likely to be due to
an unknown sRNA. Supercoiling sensitively alters the bal-
ance of porin expression (10), and, given that the ptsG
promoter activity is affected by the histone-like protein Fis,
this gene is possibly also altered by changes in supercoiling.
The pleiotropy of DNA supercoiling (31) makes it difficult
to exclude the possibility that all or some of the properties
in Fig. 1 are either directly or indirectly affected by the Hfq
influence on DNA topology (Fig. 2C). It should, however, be
noted that altered DNA topology, through topA and fis
mutations, was also found to confer increased fitness in
glucose batch cultures over thousands of generations (4).
Additionally, increased fitness may also be associated with
reduced stress responses directly controlled via Hfq and
other sRNAs, such as the envelope stress response (11).

Interestingly, this combination of characteristics provides an
alternative fitness adaptation to that of rpoS mutants coexisting
with BW4001. These evolved isolates achieved similar pheno-
typic changes via alternative transporter pathways and muta-
tional paths, including mutations in rpoS, mgl, and malT. These
results demonstrate that the number of mutations in a strain is
clearly not an indicator of elapsed time in a chemostat and that
alternative means of achieving the same adaptation (better
glucose uptake) may be a source of divergence in glucose-
limited populations. Syntrophic diversification can therefore
arise from harnessing degeneracies in transport, metabolism,
and gene regulation, allowing increased fitness through paral-
lel adaptations.
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