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The CspA family of cold shock genes in Escherichia coli K-12 includes nine paralogs, cspA to cspl. Some of
them have been implicated in cold stress adaptation. Screening for mutations among common laboratory E. coli
strains showed a high degree of genetic diversity in cspC but not in cspA and cspE. This diversity in cspC was
due to a wide spectrum of variations including insertions of IS elements, deletion, and point mutation.
Northern analysis of these mutants showed loss of cspC expression in all but one case. Further analysis of the
loss-of-function cspC mutants showed that they have a fitness advantage in broth culture after 24 h over their
isogenic wild-type derivatives. Conversely, introduction of mutated cspC alleles conferred a competitive fitness
advantage to AB1157, a commonly used laboratory strain. This provides the evidence that loss of cspC
expression is both necessary and sufficient to confer a gain of fitness as seen in broth culture over 24 h.
Together, these results ascribe a novel role in cellular growth at 37°C for CspC, a member of the cold shock

domain-containing protein family.

The evolution of a microbial population in a competitive
environment is shaped by natural selection. The understanding
of such processes has been aided by identification and charac-
terization of mutants that show altered fitness over the parent.
Investigations of mutations that decrease fitness have identi-
fied genes that are under selective pressure to be maintained
(8, 29, 31, 35). Similarly, genes that confer selective advantage
when mutated have been identified by analyzing mutant strains
that exhibit a gain of fitness over its parent (4, 22, 37). This
advantage due to gain of fitness under specific conditions can
lead to the fixation of mutation by replacement of the parental
population (4, 22). A classic example is RpoS, a global regu-
lator involved in adaptation to various stresses in Escherichia
coli, which is frequently lost under nutrient-limiting conditions
(22). Mutations in 7poS are commonly encountered in natural
and laboratory populations of E. coli (12, 13). Similarly, an E.
coli strain with a mutation in the leucine response protein (/rp)
has been shown to have a growth advantage enabling it to
outgrow the parent upon prolonged stationary-phase incuba-
tion (37).

CspC, previously described as a regulator of rpoS (24), is a
member of the CspA cold shock protein (CSP) family consist-
ing of nine paralogs (CspA to Cspl) in E. coli. Of the nine
CSPs, only CspA, CspB, CspE, CspG, and Cspl are cold in-
ducible to various magnitudes (9, 10). Although they are part
of the cold shock response, a simultaneous deletion of cspA,
¢spB, ¢spG, and cspE is required to make the cells cold sensi-
tive (32). CspD appears to play a role in nutrient stress re-
sponse (34). Unlike other CSPs, CspC and CspE are expressed
even at 37°C and have been implicated in chromosome con-
densation and cell division (11, 33). Though CspC has also
been shown to be involved in transcription antitermination (2)

* Corresponding author. Mailing address: Molecular Biology Divi-
sion, Bhabha Atomic Research Centre, Trombay, Mumbai 400 085,
India. Phone: (91) 022-25595078. Fax: (91) 022-25505326. E-mail:
enjay@barc.gov.in.

6780

and regulation of expression of RpoS and UspA (24), its exact
role in cellular physiology is not understood. In this article, we
report the occurrence of a high degree of genetic variations in
the ¢spC locus among our laboratory strains. Physiological
characterization of these mutants showed that loss of cspC
confers a net fitness advantage in broth culture after 24 h
compared to that of wild-type cspC.

MATERIALS AND METHODS

Bacterial strains. All bacterial strains used were derivatives of E. coli K-12 and
are described in Table 1. The bacterial cultures were grown at 37°C in Luria
broth (LB) and supplemented with tetracycline (12.5 pg ml~') where required.

Construction of strains. P1-mediated transduction as described by Miller (18)
was used to construct isogenic pairs having wild-type cspC or its mutated allele.
Plvir grown on CAGI18486 was used to construct DR1001, DR1012, and
DR1017, the wild-type cspC derivatives of MD2223, MD11571, and MD1157,
respectively. Similarly, P1vir grown on transductants DR1003 (Tet" MD2223)
and DR1016 (Tet" MD1157) were used to transfer the mutated cspC alleles to
AB1157, resulting in construction of DR1031 and DR1033, respectively. The
status of cspC in the transductants was checked by PCR.

Genomic DNA preparation. The E. coli cultures were grown overnight in LB
at 37°C with aeration. Cells were pelleted by centrifugation, and the genomic
DNA was prepared using an Ultrapure genomic DNA prep kit (Bangalore
Genei, Bangalore, India) as per the manufacturer’s instructions.

Southern blot analysis. Southern blot analysis was carried out essentially by
the method of Sambrook et al. (25). Briefly the method is as follows. Genomic
DNA (5 pg) digested with restriction endonuclease (NEB) was fractionated on
agarose gel by electrophoresis, transferred to Hybond N+ membrane (Amer-
sham Pharmacia Biotech, Inc., Piscataway, NJ), and cross-linked by UV irradi-
ation. The membrane was prehybridized for 2 h at 68°C with high-sodium
dodecyl sulfate (SDS) buffer (sodium phosphate buffer, pH 7.2, 250 mM; sodium
chloride, 250 mM; EDTA, 1 mM; SDS, 7%). The probe, a 1.8-kb fragment,
obtained by PCR amplification using DSR41 and DSR42 primers (Fig. 1), was
labeled with [a-3?P]dATP using a Megaprime labeling kit (Amersham) and
hybridized at 68°C in the above-mentioned buffer. After overnight incubation,
the membrane was serially washed twice at each step with 2X SSC (1X SSC is
0.15 M NaCl plus 0.015 M sodium citrate) plus 0.1% SDS for 5 min at room
temperature, 1X SSC plus 0.1% SDS for 15 min at 65°C, and 0.1X SSC plus 0.1%
SDS for 10 min at 65°C. An autoradiogram was developed on a storage phosphor
(Phosphorimager, SF-425; Molecular Dynamics, Sunnyville, CA).

Northern blot analysis. Total RNA from cells grown to log phase at 37°C was
isolated by the hot phenol method (1). RNA (10 pg) was separated in a 1.5%
formaldehyde-agarose gel and blotted to Hybond N+ membrane by capillary
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TABLE 1. Strains used in this study

E. coli K-12 strain

Relevant characteristics

Source or reference

ABI1157 F~ thi-1 thr-1 leuB6 A(gpt-proA)62 his4 argE3 ara-14 lacY1 galK2 E. coli Genetic Stock Centre
xyl-5 mtl-1 rpsL31kdg K-51 tsx-33 supE44 wild-type cspC

MG1655 F~ N~ mph-I; wild-type cspC E. coli Genetic Stock Centre

MD1157 AB1157 gicAI gicBI gicC1 AcspC* 17

MD11571 F~ AB1157; (G18R) substitution in CspC* Lab collection

MD2223 HIrC relAl tonA22 T2" espC-1S150“® Lab collection

W3110 F~ IN (rnE-rrmD)1; wild-type cspC 15

MD15502 AB1157 recD1009 cspC::1S5¢ Lab collection

CAG18486 MG1655, eda-51::Tnl10 28

DR1001 As MD2223 but transduced with eda-51::Tnl0 and wild-type cspC This study

DR1003 As MD?2223 but transduced with eda-51::Tnl0; retains cspC-IS150 This study

DR1012 As MD11571 but transduced with eda-51::Tnl0 and wild-type cspC This study

DR1017 As MD1157 but transduced with eda-51::Tnl0 and wild-type cspC This study

DR1016 As MD1157 but transduced with eda-51::Tnl0, retains AcspC This study

DR1031 As AB1157 but having cspC-1S150 allele from MD2223 This study

DR1033 As AB1157 but having AcspC allele from MD1157 This study

@ Alleles characterized in this study.
218150 insertion 61 bp downstream of cspC ORF.

transfer with 20X SSC. A 235-bp PCR product generated using primers RDM1
and RDM2, corresponding to the cspC open reading frame (ORF) (Fig. 1), was
labeled as described above and used as a probe. The blots were prehybridized for
1.5 h at 68°C in hybridization buffer (7% SDS, 5% SSC, 2% casein, 50 mM
sodium phosphate, pH 7.0, 0.1% [wt/vol] N-laurylsarcosine). After prehybridiza-
tion, the buffer was replaced with fresh hybridization buffer containing cspC
probe and incubated at 65°C overnight. Following hybridization, blots were
washed twice at room temperature in 2X SSC for 15 min and twice at 68°C in
0.5x SSC for 15 min and in 0.1X SSC for 5 min. The autoradiogram was
developed on a storage phosphor (described above).
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FIG. 1. Schematic representation of the physical structure of the
cspC gene from wild-type and mutant strains of E. coli and the relative
positions of different primers on E. coli genome. The numbers indi-
cating the distance between the restriction sites are relative to the first
Pvull site. PIL, Pvull; EV, EcoRV; HIII, HindIIl. (A) MG1655,
W3110, and AB1157 show the wild-type allele. (B) Deletion spanning
cspC in MD1157. (C) IS5 insertion in the ORF in MD15502. (D) IS5
insertion 600 bp upstream and G-to-C transversion of the 52nd nucle-
otide of the ORF in MD11571. (E) IS150 insertion 61 bp downstream
of the cspC ORF in MD2223.

PCR and sequencing. The relative positions of the primers in the cspC region
are described in Fig. 1. Primers RDM1(5'-GAATTTTTCATATGGCAAAGA
TTAAAGGTC-3") and RDM2 (5'-ATCAGTGGATCCTATCAGATAGCTGT
TACG-3") were used to amplify the cspC ORF. DSR41 (5'-CCTTCCAGTTGT
TCTGCATGAGGT-3") and DSR42 (5'-GGTCGCCGAACGATAATCCTT-3')
were used to amplify an ~1.8-kb fragment corresponding to cspC with flanking
sequences. DSR53 (5'-CTACTGCCCTATACTCCATGGTTG-3") and DSR42
were used to amplify an ~6.5-kb fragment spanning cspC to characterize the size
of deletion in MD1157. VRS1 (5'-CAGGCGAATTCTTGCTGACG-3") and
VRS2 (5'-GTCTGGAATTCACCGCTGGCG-3") and VRS7 (5'-GGGGATCC
AGACGCGTGAAGC-3") and VRS8 (5'-GTGAATTCAACACAGAGCTGG
AAT-3") were used to amplify the cspE and cspA genes, respectively. PCR
amplification was performed using the Expand high-fidelity PCR system (Roche,
Mannheim, Germany) according to the manufacturer’s instructions. The PCR
product was treated with shrimp alkaline phosphatase and exonuclease I (USB
Corp., Cleveland, Ohio) for 30 min at 37°C. The enzymes were inactivated by
boiling at 80°C for 20 min. Sequencing was done with an ABI Prism 377-18
automated DNA sequencer using the Big Dye terminator kit (ABI, Foster
City, CA).

Fitness assays and growth analysis. Estimation of the relative fitness of two
strains was done with an adaptation of an earlier described protocol (6). Isogenic
strains carrying either wild-type or a mutated cspC allele were competed against
each other. One of the competing pair carried a selective marker (tetracycline)
that was found to be neutral under the conditions tested. The competing strains
were individually grown in LB to saturation at 37°C. Equal volumes of each strain
were diluted (1:1,000) into the same flask containing 5 ml of LB and allowed to
compete for the same pool of nutrients at 37°C for 24 h. The density of the
competing pair of cells at the start of the experiment and 24 h after competition
was determined by plating appropriate dilutions on LB plates with or without
tetracycline. Each competition assay was performed with fivefold replication.
Growth of the strains during competition was monitored by plating appropriate
dilutions at periodic intervals on LB plates with or without antibiotic.

Nucleotide sequence accession number. Sequence data have been submitted to
the GenBank database under accession no. DQ445810, DQ445811, DQ445812,
DQ445313, and DQ445814.

RESULTS

Variation in the ¢spC region. The cspC region from different
E. coli strains was analyzed by PCR amplification using various
primers as shown in Fig. 1. Primers DSR41 and DSR42 am-
plified an expected 1.8-kb product in AB1157, MG1655, and
'W3110, whereas the products obtained from MD2223, MD11571,
and MD15502 were longer (Fig. 2). Amplification with ORF
primers RDM1 and RDM2 yielded a product of the expected size
(235 bp) in AB1157, MG1655, W3110, MD2223, and MD11571,
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FIG. 2. PCR amplification of cspC using primers DSR41 and
DSR42 from different strains. Lane 1, AB1157; lane 2, MG1655; lane
3, W3110; lane 4, MD1157; lane 5, MD2223; lane 6, MD11571; lane 7,
MD15502; lane 8, molecular size markers (A DNA digest of HindIII).

whereas MD15502 yielded a 1.4-kb product (data not shown).
These results suggested an insertion within the cspC ORF of
MD15502 and insertions outside the ORF in MD2223 and
MD11571. However, in MD1157 the PCR product was not ob-
tained with either of these primer combinations, suggesting a
genetic rearrangement involving cspC in this strain. These results
indicate a high degree of genetic variation in the cspC region.

Southern hybridization analysis of the genomic DNA from
these strains (Fig. 3) confirmed the insertions in MD15502,
MD2223, and MD11571. The results also showed a deletion
spanning ¢spC in MD1157. To characterize the variations in
the cspC region, the ORF along with flanking region was PCR
amplified using primers DSR41 and DSR42 from MD15502,
MD?2223, and MD11571 and sequenced. Sequence analysis
showed that MD15502 has an IS5 insertion within cspC ORF,
44 bp downstream of the translation start site (GenBank ac-
cession no. DQ445813 and DQ445814). In MD11571, an IS5
insertion 600 bp upstream of the translation start site of the
cspC ORF was detected (accession no. DQ445811). In addi-
tion, a G-to-C transversion of the 52nd nucleotide from the
translation start site leading to a change in the 18th amino acid
from GGC (Gly) in the wild type to CGC (Arg) in MD11571
was also observed (accession no. DQ445810). The IS5 inser-
tion sites in MD15502 and MD11571 both conformed to the
preferred consensus target sequence for IS5, YTAR (16). The
cspC sequences of AB1157, MG1655, and W3110 were identical
and matched the published wild-type sequence of MG1655.

An IS750 insertion 61 bp downstream of the cspC ORF was
seen in MD2223 (accession no. DQ445812). Although the
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FIG. 3. Restriction fragment length polymorphism analysis of cspC
region using a 1.8-kb probe from MG1655 spanning the cspC gene.
Lanes 1, 5, and 9, MG1655 chromosomal DNA digested with HindIII,
Pvull, and EcoRYV, respectively; lanes 2, 6, and 10, MD2223 chromo-
somal DNA digested with HindIII, Pvull, and EcoRV, respectively;
lanes 3, 7, and 11, AB1157 chromosomal DNA digested with HindIII,
Pvull, and EcoRYV, respectively; lanes 4, 8, and 12, MD1157 chromo-
somal DNA digested with HindIII, Pvull, and EcoRYV, respectively;
lane 13, cspC (PCR-amplified 1.8-kb DSR41-plus-DSR42 fragment).
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FIG. 4. Northern blot analysis for cspC transcripts from different E.
coli strains. Total RNA (5 pg) was used and probed with 235-bp DNA
corresponding to cspC ORF. Lane 1, MD15502; lane 2, MD2223; lane
3, MD1157; lane 4, MG1655; lane 5, AB1157; lane 6, MD11571; lane
7, W3110.

primer pairs RDM1 plus RDM2 and DSR41 plus DSR42 did
not yield any PCR product in MD1157, an ~100-bp PCR band
was obtained with primers DSR42 and RDM2. Analysis of the
sequence showed that this ~100-bp band resulted from non-
specific binding of primer RDM2 close to the DSR42 site.
Combining this serendipitous finding with the earlier result in
which DSR41 failed to give a PCR product in combination
with DSR42, we concluded that the deletion in MD1157 was to
the left of DSR42, spanning the c¢spC gene and extending at
least up to the DSR41 binding site (Fig. 1). The extent of
deletion in MD1157 was further characterized by PCR using a
series of primers binding at different locations downstream (to
the left of DSR41) of the cspC ORF in combination with
DSR42. One of the primer pairs tested (DSR42 plus DSR53)
gave an amplification product. Comparison of the size of the
PCR product obtained with expected size showed that the
deletion was approximately 2 kb in size, including the cspC
gene (data not shown). The results (summarized in Fig. 1)
show that diverse genetic mechanisms contributed to the high
degree of genetic variations seen in and around the cspC
region.

Genetic changes in the cspC region affect its expression.
Whether the polymorphism in and around cspC affected its
expression was investigated. Among the seven strains, cspC
transcript was detected in MG1655, AB1157, MD11571, and
W3110 (Fig. 4, lanes, 4, 5, 6, and 7) and not in MD15502,
MD2223, and MD1157 (Fig. 4, lanes, 1, 2, and 3). The absence
of ¢spC transcript in MD1157 that has a deletion in the cspC
region was expected. However, lack of cspC transcript in
MD2223 that has an IS750 insertion 61 bp downstream of cspC
ORF was intriguing. The Northern blot analysis showed that a
majority of these genetic changes in cspC region resulted in
loss of cspC expression.

Analysis of csp4 and cspE regions. CspA family proteins in
E. coli are characterized by a high degree of sequence similar-
ity among them. A comparison of CspC with other CspA fam-
ily proteins shows 83% identity and 91% similarity between
CspC and CspE and 69% identity and 79% similarity between
CspC and CspA (33). It is therefore not surprising that CspA
family proteins have similar activities and can also functionally
complement each other (2, 11, 24, 30, 32). In view of the above
findings, whether variations are limited to the cspC region
alone or could also be found in cspA and cspE was investigated.
cspE and cspA were amplified from the seven strains using
primer pairs VRS1 plus VRS2 and VRS7 plus VRSS, respec-
tively, and sequenced. Except for cspE from MD1157, which
had a point mutation in the promoter region 121 bp upstream
of the translation start site (26), no differences were observed
(data not shown) in csp4 and cspE sequences. The above
results show that even though three genes are highly similar
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FIG. 5. Relative fitness of strains as measured by competition as-
says. (A) Mutant strains MD2223 and MD1157 competed with wild-
type ¢spC derivatives DR1001 and DR1017, respectively. MD1157
competed with eda::Tnl0 derivative DR1016. (B) Mutant derivatives
DR1031 and DR1033 competed with parental strain AB1157. Error
bars show 95% confidence intervals based on fivefold replication for
each competition assay.

with overlapping functions, the genetic variations are found to
accumulate only in and around cspC.

Selective advantage of loss of c¢spC expression. The involve-
ment of multiple mechanisms in bringing about variations in
the cspC region in diverse genetic backgrounds suggested a
selection for loss of cspC expression. This was studied by in-
vestigating whether strains with mutation in c¢spC had any
fitness advantage over their derivatives isogenic for wild-type
¢spC during competitive growth. The results of competition
experiments using isogenic pairs MD2223 plus DR1001,
MD1157 plus DR1017, and MD1157 and DR1016 are pre-
sented in Fig. SA. The mutant cspC strains showed higher
fitness in broth culture after 24 h relative to their wild-type
cspC derivatives. The relative fitness of MD2223 was approx-
imately 11% higher than that of its wild-type cspC derivative,
while for MD1157, the fitness advantage was 19%. In other
words, introduction of wild-type cspC decreased the competi-
tive fitness of both MD2223 and MD1157. A competition be-
tween DR1016 (eda-51::Tn10, MD1157) and MD1157 showed
that the presence of Tnl0 in eda did not alter the relative
fitness of MD1157 in broth culture. However, in the case of
MD11571, replacement of the existing allele with wild-type
¢spC did not have any discernible effect on competitive fitness
(data not shown). These results indicate that the fitness gain is
associated with loss of cspC expression.

In order to determine whether mutated cspC allele associ-
ated with a complete lack of expression imparted a significant
fitness advantage in broth culture and whether it alone was
sufficient to confer a gain of fitness, the cspC alleles from
MD1157 and MD2223 were introduced into AB1157 by P1
transduction. The mutant cspC derivatives were competed
against the parental AB1157, and the results are presented in
Fig. 5B. Introduction of the mutated cspC allele from MD2223
resulted in ~24% fitness gain, while the MD1157 allele im-
parted ~9% gain. The cspC allele of MD15502 could not be
tested in competition experiments, as attempts to replace it
with the wild type or move this allele to the AB1157 back-
ground did not succeed. These results show that gain of fitness
in broth culture after 24 h of competition associated with loss
of cspC expression is irrespective of the genetic background.

To understand the physiological basis of competitive advan-
tage shown by the loss-of-function cspC alleles, the growth
of isogenic pairs MD1157 plus DR1017 and MD2223 plus
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FIG. 6. Growth rate of cspC mutant (MD1157) and cspC wild-type
(DR1017) strain during competition. Growth rate, R (the number of
generations per hour), was calculated by the formula 3.3(log;, N —
log,y, Ny)/t, where N is population density after time ¢, and N, is the
initial population density. Error bars show 95% confidence intervals
based on threefold replication of the experiment.

DR1001 was monitored during competitive growth. MD1157
exhibited a higher growth rate relative to its isogenic wild-type
¢spC derivative DR1017 (Fig. 6). Similar results were obtained
for MD2223 and its derivative DR1001 (data not shown).

DISCUSSION

Earlier work in our laboratory has focused on regulation of
CspE and its interaction with CspA and CspC. Screening of the
¢spC locus by PCR in routinely used E. coli strains detected
genetic variations in and around the cspC locus in four out of
seven strains. Molecular characterization of these variations
revealed that diverse independent genetic processes were re-
sponsible for these changes, which included insertion of IS5
and IS750 and deletion as well as point mutation (Fig. 1). The
parallel and repeated evolution of a genotype has been con-
sidered as an evidence for adaptation by natural selection (4, 5,
21). The appearance of cspC mutations in many strains, which
showed the repeatability of the phenomenon, indicated that
this could be a result of evolutionary selection under some
specific condition.

The CspA family of E. coli comprises nine homologous pro-
teins, CspA to Cspl, characterized by high sequence similarity
and functional interchangeability (32). This redundancy could
lead to accumulation of mutations in ¢spC, particularly if other
csp genes have functions overlapping with cspC. This can po-
tentially explain the diversity seen in ¢spC. However, our re-
sults show that cspC has a unique role in cellular physiology,
and this apparently cannot be complemented by other csp
genes. Since members of CspA family are characterized by
their dispensable nature and functional redundancy (10, 30,
32), accumulation of mutations as a result of genetic drift
should be expected in other CSPs as well. Among the CspA
family members, CspC shares the highest degree of similarity
and identity with CspE and CspA (33). In spite of such close
similarity between these homologs, the variations were not
detected either in cspE or cspA.

The ubiquity of variations in cspC gene region in strains
having different genetic backgrounds coupled with the fact that
different molecular processes were involved in the creation of



6784 RATH AND JAWALI

these changes suggested that cspC was subjected to a strong
selection pressure that may be linked to its physiological role.
This notion was reinforced by the results of Northern analysis,
which showed that mutations in three out of the four cases
resulted in loss of cspC expression. A particularly striking case
was that of MID2223, where insertion of IS/50 downstream of
the cspC ORF still knocked off the expression, while in the case
of MD11571, which had a point mutation in the structural
region and an IS5 insertion 600 bp upstream of cspC, the
expression was not altered (Fig. 4).

Whether a genotype with mutated cspC has a fitness gain
over the wild-type allele was analyzed among all the three
strain backgrounds of MD2223, MD11571, and MD1157.
Competition analysis (Fig. SA) showed that replacement of
cspC alleles in strains MD2223 and MD1157 with wild-type
¢spC decreased fitness of the cells in broth culture after 24 h.
It was also observed that the replacement of cspC allele of
MD11571 with a wild-type c¢spC did not alter the fitness of the
strain. It is possible that MD11571 CspC in spite of the
Gly—Arg (G18R) substitution retained its functional activity,
and therefore its replacement with a wild-type allele showed no
alteration in fitness in a competition experiment. In reverse
crosses, introduction of two different cspC alleles from
MD2223 (cspC-1S5) and MD1157 (AcspC) into AB1157 con-
ferred significant (at 95% confidence interval) gains of fitness
(24% and 9%, respectively) to AB1157 (Fig. 5B) in broth
culture after 24 h of competition, strengthening our argument
that the loss of cspC expression leads to gain of fitness. The
difference in the relative fitness advantage observed shows its
dependency on both the cspC allele and the strain background.
These results conclusively show that the gain of fitness in E.
coli strains was contingent upon loss of CspC alone.

Analysis of genetic changes that accompany alteration of
population dynamics under controlled experimental evolution
has identified loci with beneficial mutations (3, 4, 36, 37). Many
of these changes are mediated by IS elements, and their role in
genomic evolution is well documented (19, 20, 23, 27). Our
results show that in the case of cspC, the majority of the
changes involve either IS5 or IS750, though deletion is also
observed. Cooper and colleagues (4) have documented a sim-
ilar observation pertaining to the deletion of the rbs operon in
evolving populations of E. coli apparently mediated by IS150.
It has been shown that deletion of the rbs operon imparts a
small fitness advantage (1.4% = 0.4%), which is seen after a
6-day competition experiment. In contrast, our results (Fig.
5A) show that loss of ¢spC in two independent genetic back-
grounds gives a substantial gain of fitness that is observed
within 24 h of competition in broth culture.

Faure and colleagues (7) have shown the loss of genomic
segments in long-term stab cultures of E. coli and the involve-
ment of IS5 in generating these deletions. They have argued
that mutations in genes that regulate 7poS and consequently
the rmpoS regulon may give a selective advantage as loss-of-
function alleles of rpoS are well known to give a stationary-
phase growth advantage. Furthermore, the concept of regula-
tory diversity caused by various RpoS protein levels and its
effect on nutritional properties of various strains has been
shown by King and colleagues (14). They have shown differing
endogenous levels of RpoS in various strains, including E. coli
K-12 lineages. Interestingly, CspC has been shown to positively
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regulate the expression of rpoS and uspA (24). Whether the
fitness gain in liquid culture imparted by loss of cspC expres-
sion is mediated through rpoS needs to be investigated.

In conclusion, we have observed occurrence of mutations in
cspC leading to its loss of expression. We have demonstrated
that loss of cspC expression confers a significant growth ad-
vantage to E. coli K-12 cells. Occurrence of cspC mutations in
independent strains shows that they have a selective advantage.
This selective advantage is manifested irrespective of the mo-
lecular mechanism that leads to loss of espC function. Though
CspC is designated as a “cold shock protein,” this work de-
scribes a novel role for CspC in cellular growth at 37°C and
adds ¢spC to the small list of genes in E. coli whose loss-of-
function alleles confer a selective advantage to the cells.
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