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ABSTRACT

Natural plasmid transformation of Escherichia coli is a complex process that occurs strictly on agar plates and requires the
global stress response factor o°. Here, we showed that additional carbon sources could significantly enhance the transformabil-
ity of E. coli. Inactivation of phosphotransferase system genes (ptsH, ptsG, and crr) caused an increase in the transformation fre-
quency, and the addition of cyclic AMP (cAMP) neutralized the promotional effect of carbon sources. This implies a negative
role of cAMP in natural transformation. Further study showed that crp and cyaA mutations conferred a higher transformation
frequency, suggesting that the cAMP-cAMP receptor protein (CRP) complex has an inhibitory effect on transformation. More-
over, we observed that rpoS is negatively regulated by cAMP-CRP in early log phase and that both crp and cyaA mutants show no
transformation superiority when rpoS is knocked out. Therefore, it can be concluded that both the crp and cyaA mutations dere-
press rpoS expression in early log phase, whereby they aid in the promotion of natural transformation ability. We also showed
that the accumulation of RpoS during early log phase can account for the enhanced transformation aroused by additional car-
bon sources. Our results thus demonstrated that the presence of additional carbon sources promotes competence development
and natural transformation by reducing cAMP-CRP and, thus, derepressing rpoS expression during log phase. This finding
could contribute to a better understanding of the relationship between nutrition state and competence, as well as the mechanism
of natural plasmid transformation in E. coli.

IMPORTANCE

Escherichia coli, which is not usually considered to be naturally transformable, was found to spontaneously take up plasmid
DNA on agar plates. Researching the mechanism of natural transformation is important for understanding the role of transfor-
mation in evolution, as well as in the transfer of pathogenicity and antibiotic resistance genes. In this work, we found that carbon
sources significantly improve transformation by decreasing cAMP. Then, the low level of cAMP-CRP derepresses the general
stress response regulator RpoS via a biphasic regulatory pattern, thereby contributing to transformation. Thus, we demonstrate
the mechanism by which carbon sources affect natural transformation, which is important for revealing information about the
interplay between nutrition state and competence development in E. coli.

H orizontal gene transfer (HGT) is the transfer of genes be-
tween distantly related organisms. It is widely recognized that
HGT contributes significantly to the evolution of bacterial ge-
nomes and the adaptation of bacteria to new environments (1, 2).
In bacteria, the physical process of DNA transfer is accomplished
by transduction, conjugation, and transformation. Natural trans-
formation is characterized by the spontaneous uptake of free DNA
from the environment by a competent cell, which then integrates
said DNA into its chromosome or stabilizes the DNA extrachro-
mosomally in plasmid form, leading to a new phenotype. So far,
more than 80 bacterial species are known to be naturally trans-
formable; they share a conserved DNA uptake and processing de-
vice but differ in their competence induction and regulatory
mechanisms (3). Although Escherichia coli is not usually thought
of as being capable of natural transformation, it has been found to
develop natural competence and take up plasmid DNA under cer-
tain conditions (4-7). Our previous research showed that E. coli
could develop natural competence and take up plasmid DNA on
agar plates in the absence of either additional Ca®" or heat shock
(8). Furthermore, we found that DNA uptake gene orthologs re-
quired for other naturally transformable species were not involved
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in this transformation system (9), which implied that a different
molecular mechanism of competence development and DNA up-
take was being used. As reported by our group and others, the
general stress response regulator RpoS$ (o°) was shown to mediate
natural transformation (10), and transformation frequencies were
apparently increased when rpoS was induced in the liquid culture
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stage but did not change significantly when rpoS was induced on
solid medium (11). Moreover, OmpA, a membrane protein, has
been reported to block DNA transfer, and the null mutation leads
to a boost in transformation on agar plates (12).

Aside from investigation of the mechanisms of DNA uptake
and processing, other issues in natural transformation relate to
finding the relevant environmental cues that trigger competence
induction and illustrating the relationship between competence
and different ecological niches. The transcriptional dual regulator
cyclic AMP receptor protein (CRP), signaled by cAMP, a global
regulator of a large number of genes, is reported to be involved in
natural competence induction. In Haemophilus influenzae and
Vibrio cholerae, which are the best-characterized Gram-negative
bacteria, natural competence is induced by cAMP-CRP, which
couples the nutritional state to the induction of transformation
(13). Spontaneous competence in H. influenzae is induced by de-
privation of carbon, nitrogen, and cofactors when a rapidly grow-
ing cell shifts to a starvation state (14, 15). This effect of nutrition
limitation on competence has been shown to be a consequence of
intracellular cAMP elevation via the phosphotransferase system
(PTS) (16, 17). Similarly, in V. cholerae, the level of cAMP plays a
major role in natural transformation based on carbon catabolite
repression (CCR) induced by chitin, a common environmental
niche for this bacterium (18). To summarize, cAMP and CRP are
induced by nutritional parameters and contribute to natural
transformation in these bacteria. However, the correlations
among carbon sources, cAAMP-CRP, and natural transformation
in E. coli remain undiscovered, which is intriguing in light of this
relationship and the mechanism of competence development in E.
coli.

As rpoS was reported previously to be a major player in natural
transformation in E. coli, our attention focused on the pattern of
its regulation by cAMP-CRP. 7poS encodes the alternative sigma
factor 0%, which acts as the regulator of the general stress response
in E. coli. Regulation of ¢° is conducted in a complex manner
throughout each stage of expression, and cAMP-CRP is reported
to be the transcriptional regulator (19). There are two putative
CRP-binding sites present upstream (centered at —61.5) and
downstream (centered at +56.5) from the rpoS transcription start
site. The former is similar to a classical activation site, and the
latter is an inhibitory site. However, there are contradictory views
regarding the regulation of rpoS expression by cAMP-CRP in E.
coli. Hengge-Aronis and colleagues originally showed that cAMP-
CRP is a negative regulator of rpoS transcription (20) and subse-
quently reported that cAMP-CRP positively controls rpoS tran-
scription during entry into stationary phase (21). However, early
work performed by McCann and colleagues demonstrated that
rpoS transcription was regulated positively by the cyaA gene (22).
Thus, the mechanism of cAMP-CRP modulation of rpoS has not
yet been fully elucidated, and the effect of the regulation on trans-
formation is unknown.

It is generally accepted that transformation confers potential
evolutionary fitness and environmental adaptation advantages.
However, the ability of microorganisms to transfer pathogenicity
islands and antibiotic resistance genes among human-pathogenic
bacteria presents a threat to human health (23, 24). Furthermore,
versatile plasmids possessing a broad host range might increase
the risk of gene spread prior to recombination. Understanding
microbial natural transformation, including how bacteria acquire
competence and take up DNA, will provide supportive evidence
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not only for the role of transformation in evolution but also for the
influence of genetically engineered microorganisms on natural
environments. In this study, we found that common intestinal
carbon sources can increase the transformation frequency re-
markably and that the inhibitory effect of carbon sources on
cAMP is responsible. We then ascertained that cAMP-CRP mu-
tants promote competence induction through derepression of
rpoS in early log phase. Moreover, we observed a dual regulatory
pattern of cCAMP-CRP on rpoS, and both of the putative CRP-
binding sites seem to be activation sites. Here, we demonstrate a
relationship among the carbon source, cAMP-CRP, rpoS, and nat-
ural transformation, providing insight into the interplay between
nutrition state and competence development in E. coli.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. All of the strains and
plasmids used in this study are listed in Table 1, and the primers are listed
in Table 2. Cultures were grown in Luria-Bertani (LB) broth with gyratory
shaking at 200 rpm or on LB agar plates. Cell growth was monitored
spectrophotometrically at an optical density of 600 nm (ODy,). All cul-
tures were incubated at 37°C except those containing temperature-sensi-
tive replicon plasmids, which were grown at 30°C. In order to evaluate the
influence of the carbon source on transformation, cultures were grown in
LB medium containing 0.2% glucose (Glc), fructose (Fru), trehalose
(Tre), mannose (Man), mannitol (Mtl), N-acetylglucosamine (NAG), ga-
lactose (Gal), fucose (Fuc), maltose (Mal), glycerol (Gly), N-acetyl-
neuraminic acid (NANA), lactose (Lac), arabinose (Ara), or N-acetyl-
galactosamine (GalNAc). Antibiotics were supplemented as required at
the following final concentrations: 25 pg/ml chloramphenicol, 100 pg/ml
kanamycin, and 200 pg/ml ampicillin.

Natural transformation protocol. Natural transformation of E. coli
was carried out as described previously (8). All experiments were per-
formed at 37°C. E. coli strains were grown overnight in LB broth and then
inoculated at 1:100 (vol/vol) in 5 ml fresh LB broth with gyratory shaking
at 200 rpm. When the culture’s growth reached stationary phase, cells
were transferred to an “open system” (a beaker covered by an air-perme-
able membrane) and incubated statically for 10 h. Each 50-p.l aliquot of
cultures and 2 pg of the plasmid pDsRED were mixed and spread on LB
plates containing 5% agar and 200 p.g/ml ampicillin. Meanwhile, cultures
were diluted 10°-fold and spread on agar plates for viable cell counts.
Transformation frequency was calculated by dividing the number of
transformants by the viable cell count.

Double-knockout mutant constructions. A double-knockout mu-
tant was constructed using the lambda Red recombination system, as
described by Datsenko and Wanner (25). The first kanamycin cassette
inserted into a Acrp or AcyaA mutant was removed by using the tem-
perature-sensitive plasmid pCP20, which carries the FLP recombinase
gene. Primers used to construct rpoS deletion mutants containing 50-
nucleotide homologue sequences of the rpoS gene and 20-nucleotide
priming sequences of pKD13 were designed according to the E. coli
MG1655 genomic sequence. A kanamycin resistance cassette from plas-
mid pKD13 was amplified and transformed into the Acrp or AcyaA mu-
tant carrying plasmid pKD46. Double-knockout mutants were selected
on agar plates containing kanamycin and confirmed by PCR and DNA
sequencing.

Measurement of (3-galactosidase activity. Cells were centrifuged
and resuspended in an equal volume of Z buffer (60 mM Na,HPO,, 40
mM NaH,PO,, 10 mM KCI, 1 mM MgSO,, 50 mM 2-mercaptoetha-
nol; pH 7.0) and then diluted with a suitable volume of Z buffer to
bring the total volume to 1 ml. Next, 12.5 pl 0.1% sodium dodecyl
sulfate (SDS) and 25 pl chloroform were added to permeabilize the
cells. After vortexing for 5 s, cells were preheated at 30°C for 15 min,
and B-galactosidase activity was determined according to the standard
procedure described by Miller (26).

October 2015 Volume 197 Number 20


http://jb.asm.org

TABLE 1 Bacterial strains and plasmids used in this study

Carbon Sources Promote Natural Transformation

E. coli strain or

plasmid Genotype or description Source or reference
Strains
BW25113 F~ A(araD-araB)567 AlacZ4787(::rrnB-3) N~ rph-1 A(rhaD-rhaB)568 hsdR514 CGSC
MG1655 F~ N rph-1 Laboratory collection
JW5437 BW25113 ArpoS::kan CGSC
JW5702 BW25113 Acrp::kan CGSC
JW3778 BW25113 AcyaA::kan CGSC
JW3000 BW25113 AcpdA::kan CGSC
JW2410 BW25113 Acrr::kan CGSC
JW2408 BW25113 AptsH::kan CGSC
JW1087 BW25113 AptsG::kan CGSC
Acrp ArpoS§ strain BW25113 Acrp ArpoS::kan This study
AcyaA ArpoS strain BW25113 AcyaA ArpoS::kan This study
Plasmids
pDsRED pUCI9 carrying the red fluorescence gene, Amp* 42
pSU19 p15A replication, Cm" 43
pSUcrp pSU19 carrying a crp gene This study
pRPS pSU19 carrying an rpoS gene This study
pRPS1 PRPS containing mutated CRP-binding site I This study
pRPS2 pRPS containing mutated CRP-binding site II This study
pRPS3 PRPS containing mutated CRP-binding sites I and II This study
pRPZ pSU19 carrying the rpoS promoter region (—165 to +570) and lacZ gene fusion This study
pRPZ1 pRPZ containing mutated CRP-binding site I This study
pRPZ2 pRPZ containing mutated CRP-binding site II This study
pRPZ3 pRPZ containing mutated CRP-binding sites I and II This study
pKD13 Template for the kanamycin cassette, Amp" 25
pKD46 Expresses A Red recombinase, temperature-sensitive replicon, Amp* 25
pCP20 Expresses FLP recombinase, temperature-sensitive replicon, Amp* 25
PARA Modified from pSU19, containing the arabinose operon This study
pARArpoS PARA carrying an rpoS ORF This study

Site-directed mutagenesis of putative CRP-binding sites around the
rpoS major promoter. Two putative CRP-binding sites around the rpoS
promoter were mutagenized using the PCR megaprimer method (27).
The pRPZ plasmid containing an rpoS::lacZ fusion was constructed as a
control, and site-directed mutagenesis was performed using pRPZ as the

TABLE 2 Oligonucleotides used in this study

template directly. To amplify the mutant CRP-binding site I, three oligo-
nucleotide primers (rpoS—165F, rpoS+570R, and rpoS M1 R) were uti-
lized to perform two rounds of PCR. In the first round, rpoS—165F and
rpoS M1 R were used to produce a short DNA fragment that served as the
“megaprimer” for the second round of PCR with the other primer,

Purpose and primer Sequence”

Construction of cloned genes
in plasmids

cpF 5'-GGTCTAGACTTCACTCGCGCTTGCATTT-3’
cp R 5'-AGGGATCCCACTCCGACGGGATTAA-3'
lacZF 5'-GGAAGCTTATGACCATGATTACGGAT-3'
lacZR 5'-GATCTAGATTATTTTTGACACCAG-3'

Construction of rpoS with site-
directed mutagenesis

rpoS—165 F 5"-CGGGATCCGAACGTTGGTCAG-3'
rpoS+1712 R 5'-GCTCTAGACGACCATTCTCGG-3'
rpoS+570 R 5'-CCCAAGCTTCATAAGGTGGC-3'

rpoS M1 R 5"-TGCAGGCTTGATTATGACTCCTTGC-3’
rpoS M2 R 5'-GGCGCGTTTGCCGTGGCTGTGGTTGG-3'

Construction of rpoS knockout

mutant
rpoS H1P1 5'-TGAGACTGGCCTTTCTGACAGATGCTTACTTACTCGCGGAACAGCGCTTCTGTAGGCTGGAGCTGCTTCG-3’
rpoS H2P2 5'"-TTTTTGACGAAAAGGCCTTAGTAGAATAGGAACCCAGTGATAACGATTTGATTCCGGGGATCCGTCGACC-3’

“ Modified nucleotides for site-directed mutagenesis are in boldface.
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FIG 1 Effects of carbon sources on natural transformation. (A) Transformation frequencies of strain BW25113 cultivated in LB medium with additional carbon
sources (0.2%) in shaking and static cultures. Natural transformation experiments were performed as described in Materials and Methods. (B) Transformation
frequencies of MG1655 with additional carbon sources (0.2%) in shaking and static cultures. (C) Effect of glucose on transformation frequency during different
culture stages. Glucose (0.2%) was added to LB medium at the shaking, static, and plating culture stages separately. “++ +” indicates the addition of glucose at
all three stages. Error bars signify standard deviations of the results for at least two independent experiments. Significant values compared with the results for

controls as determined by Student’s test are indicated by asterisks (P < 0.05).

rpoS+570R. The CRP-binding site II mutant product was amplified in
the same manner as the CRP-binding site I mutant, using primers
rpoS—165F, rpoS+570R, and rpoS M2 R. The double CRP-binding site
and CRP-binding site Il mutant was constructed by digestion and ligation
of the two mutant fragments, making use of the SnaBI restriction site
located between the two binding sites. The mutagenized rpoS promoter
DNA was cloned into the pMD18-T vector and confirmed by DNA se-
quencing. Afterwards, the mutagenized DNA fragments ligated to the lacZ
open reading frame (ORF) were introduced into the pSU19 vector, result-
ing in the pRPZ1 (CRP-binding site I mutant), pRPZ2 (CRP-binding site
II mutant), and pRPZ3 (double mutant) plasmid, respectively. The com-
plete rpoS gene was cloned using primers rpoS—165F and rpoS+1712R
and inserted into the pSU19 vector to generate the pRPS plasmid. pRPS1
(CRP-binding site I mutant), pRPS2 (CRP-binding site II mutant), and
pRPS3 (double mutant) plasmids then were constructed using the PCR
megaprimer method as mentioned above.

SDS-PAGE and Western blotting. To measure protein levels in vitro,
cells were harvested at various time points and resuspended in phosphate-
buffered saline (PBS) buffer supplemented with 1 mM phenylmethylsul-
fonyl fluoride (PMSF). Cells were then sonicated for 150 s to completely
break the cell walls and then centrifuged at 12,000 X g for 10 min at 4°C.
The resulting supernatants were measured for microgram quantities of
protein using the Bradford assay at an absorbance of 590 nm. Lysates were
boiled for 10 min with loading buffer, followed by electrophoresis of equal
protein quantities on a 10% SDS-PAGE gel. Proteins from the gel were
transferred to a 0.22-m nitrocellulose membrane, and Western blotting
analyses were performed. The membrane was blocked with 5% (wt/vol)
nonfat dry milk for 1 h. Monoclonal antibodies (Santa Cruz Biotechnol-
ogy, Inc.) against RpoS or RpoB were used as the primary antibodies at
dilutions of 1:1,000. Goat anti-mouse IgG conjugated to horseradish per-
oxidase (HRP; Protein Tech, China) was used as a secondary antibody at
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a dilution of 1:10,000. Blots were developed using a chemiluminescent
HRP substrate (Millipore, Billerica, MA, USA).

cAMP assay. Cultures were harvested during the exponential phase
and adjusted to the same biomass according to ODy,,. c(AMP concentra-
tions in both supernatants and bacterial lysates were measured using a
cAMP enzyme-linked immunosorbent assay (ELISA) kit (NewEast Bio-
sciences, Malvern, PA, USA) in accordance with the manufacturer’s in-
structions. Total cAMP concentrations (both intracellular and extracellu-
lar cAMP) were assayed and are presented as micromoles per liter of
culture.

RESULTS

Effects of added carbon sources on natural transformation and
cAMP levels in cells. Based on our hypothesis that environmental
cues and nutrition state may be involved in competence, we eval-
uated the impact of carbohydrates, including those commonly
present in intestinal mucus (28), on transformation in E. coli
strain BW25113. Following the addition of either PTS substrates
(Glc, Fru, Tre, Man, Mtl, and NAG) or non-PTS substrates (Gal,
Fuc, Mal, Gly, and NANA) to LB liquid medium, the transforma-
tion frequencies were increased markedly, to 3- to 15-fold that of
the control, with the exceptions of lactose, arabinose, and GalNAc,
which could notbe used by BW25113 (Lac ™, Ara™,and GalNAc ™)
(Fig. 1A). We selected another strain for the transformation test,
MG1655, which is prototrophic for lactose and arabinose but
auxotrophic for GalNAc. The results showed that lactose and ar-
abinose but not GalNAc could still improve transformation (Fig.
1B). In general, carbon sources can facilitate transformation as a
precondition to their metabolism. In addition, glucose, as the rep-
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resentative carbon source, was added at different stages of culture
to identify the most effective stage (Fig. 1C). According to the
results, the important stages were the shaking and static cultiva-
tion stages rather than growth on the agar plates.

The PTS is recognized as a transport system that is involved in
the uptake of numerous PTS carbohydrates and converts them
into their respective phosphoesters. In contrast, non-PTS sub-
strates are transported by specific permeases. Both PTS and non-
PTS substrates can influence the phosphorylation of PTS through
transport and metabolism, respectively (29). The phosphoryl
group from phosphoenolpyruvate (PEP) is transferred through
PTS protein, ultimately reaching the carbohydrate during its up-
take. The phosphorylated and unphosphorylated forms of PTS
protein are cyclic, and it is this cycle by which PTS-mediated reg-
ulation is carried out by the cell. The PTS mutants were subject to
transformation tests; inactivation of HPr (ptsH), EIIBCSk (ptsG),
and EITA®" (crr) caused an increase in transformation frequency
(Fig. 2A). Therefore, the effect of both PTS and non-PTS sub-
strates on transformation is closely related to the activity of PTS
and to the metabolic activity subsequently regulated by PTS. The
model of PTS-mediated regulation of adenylate cyclase has been
well characterized in studies of the relationship between carbon
sources and cAMP levels. The phosphorylated EITA® binds to
and activates adenylate cyclase, which catalyzes ATP to cAMP.
Substrate transport by PTS is thought to be the primary signal
regulating adenylate cyclase activity. In addition, it has been dem-
onstrated that both PTS and non-PTS substrates can decrease in-
tracellular levels of cCAMP by dephosphorylating EITA“" in the
process of transport and reducing intracellular PEP/pyruvate ra-
tios during high glycolytic fluxes, respectively (29). To confirm
whether additional PTS and non-PTS substrates in LB broth could
reduce the levels of cAMP, we measured the concentrations of
cAMP in these cultures. It has been reported that over 99% of
cAMP is excreted out of the cell via an unknown regulatory mech-
anism (30), and the rate of excretion is linearly correlated with
intracellular cAMP concentrations (31). Therefore, the total con-
tent of cAAMP can be precisely calculated by measuring both extra-
cellular and intracellular cAMP levels. As expected, the results
showed that the cultures treated with PTS and non-PTS carbon
sources exhibited lower concentrations of cAMP than the control,
while cultures treated with unavailable carbon sources displayed
no significant variation (Fig. 2B).

To investigate whether cAMP is the main factor affecting the
superiority of the transformation ability caused by the addi-
tional carbon sources, the test was performed using the wild-
type strain by adding cAMP and glucose or glycerol, which
serve as representative PTS and non-PTS substrates, respec-
tively. The data showed that additional cAMP could neutralize
the promotional effect of glucose or glycerol on transformation
(Fig. 2C). Based on these results, we concluded that additional
carbon sources most likely promote competence by diminish-
ing the cAMP concentration.

Negative effects of CAMP-CRP on natural transformation.
cAMP is an important signaling molecule in many biological pro-
cesses. The formation of cCAMP is catalyzed by adenylate cyclase,
encoded by cyaA. The activity of adenylate cyclase is positively
controlled by phosphorylated EIIA®*, encoded by crr. cAMP
phosphodiesterase encoded by cpdA can reduce cAMP levels by
hydrolyzing cAMP. We measured the cAMP concentration and
transformation frequency in these gene knockout mutants to con-
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experiments were performed as described in Materials and Methods. (B) Total
levels of cAMP in cultures with various carbon sources (0.2%). BW25113 cells
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supplementation on increased transformation frequencies caused by carbon
sources. External glucose or glycerol (0.2%) was added to wild-type strain
culture with (+cAMP) or without (—cAMP) 5 mM cAMP added subse-
quently. The wild type cultured in LB broth without an external carbon source
served as the control. Each bar indicates the average results from at least two
independent replicates, and error bars indicate the standard deviations from
the means. P values of <0.05 are indicated by asterisks.

firm whether cAMP-CRP is involved in competence regulation.
Although some mutant strains exhibited different growth stages
and viable counts, the significant differences in transformation
frequencies between the mutants and the wild type were not in-
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cyaA

asterisks.

fluenced (see Fig. S1 to S4 in the supplemental material). Acrrand
AcyaA mutants exhibited lower cAMP concentrations but ap-
proximately 4- and 10-fold higher transformation frequencies
than the wild type, respectively. In contrast, the AcpdA mutant
harbored a higher cAMP concentration than the wild type, but
this mutation had no significant influence on transformation (Fig.
3A). Therefore, we speculated that relatively low levels of cAMP,
but not constitutive or high levels, could facilitate transformation.
To confirm this hypothesis, transformation experiments were
performed by supplying the wild type and the AcyaA mutant with
exogenous cCAMP. The transformation frequency in the wild-type
strain supplemented with exogenous cAMP did not exhibit a sig-
nificant difference from that of the control. Nevertheless, supple-
mentary cAMP could restore the transformation frequency of the
AcyaA mutant to the wild-type level (Fig. 3B). Thus, we concluded
that cAMP did repress the transformation frequency. In addition,
adding cAMP during different culture phases seems to be an ef-
fective way to confirm the time point at which cAMP has the
greatest effect. The results shed light on the importance of cAMP
for transformation ability during the culture shaking stage rather
than during growth on agar plates, in a similar manner to glucose
(Fig. 3C).

CRP, which is always coupled with cAMP, acts as a dual regu-
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lator controlling the transcription of many genes. In addition,
CRP represses adenylate cyclase both at the transcriptional level,
by binding to a site that overlaps the cyaA promoter, and at the
posttranscriptional level, by reducing the level of phosphorylated
EITA® (32). Our research confirmed that the Acrp mutation
could result in overproduction of cAMP. Furthermore, it is worth
noting that the Acrp mutation significantly promoted the trans-
formation frequency, in the same manner as the AcyaA mutation
(Fig. 3A). Considering the synergistic effects of CRP and cAMP,
we concluded that cAMP-CRP suppresses natural transforma-
tion. A plasmid complementation system for expression of the crp
gene in the Acrp mutant reduced the transformation frequency,
which was in accordance with the results for the wild-type strain
(Fig. 3D).

As described above, the results suggested that an imbalance in
the cCAMP pool can affect transformation ability and that cAMP-
CRP has a negative effect on natural transformation. Based on
these results, together with the promotional effect of carbon
sources on transformation, it seems logical to conclude that addi-
tional carbon sources promote transformation by reducing cAMP
levels and that the lower concentration of cAMP-CRP may partic-
ipate in the regulation of downstream genes involved in natural
transformation.
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FIG 4 Effect of cAAMP-CRP on rpoS expression at various growth stages. (A) Expression of rpoS::lacZ fusion plasmid pRPZ in wild-type BW25113 and Acrp and
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antibody against RpoS (right) and a monoclonal antibody against RpoB (left; 3 subunit of the core RNA polymerase) as an internal control. Incubation times of
2h (0D, 0f0.9) and 4 h (ODg, of 3.0) represent the early and mid-log phases, respectively, in BW25113; 8 h (ODgq, 0f 4.9) and 12 h (ODyy, of 4.9) represent
the stationary phase in BW25113. The results are from a single experiment and are representative of at least three independent experiments.

Regulation of rpoS expression by cAMP-CRP. Since rpoS is
important for natural transformation, as reported previously, and
there are contradictory views on the regulation of rpoS expression
by cAMP-CRP in E. coli, the relationship between rpoS and cAMP-
CRP has been the subject of studies aimed at elucidating the mech-
anism of natural transformation suppression by cAMP-CRP.

(i) Effect of CAMP-CRP on rpoS expression. To investigate the
effect of cAMP-CRP on rpoS, the rpoS::lacZ fusion-containing
pRPZ plasmid was transferred into wild-type strain BW25113 and
the Acrp and AcyaA mutants. 3-Galactosidase activity was mea-
sured along with the growth curve (Fig. 4A). In the Acrp and
AcyaA mutants, the increases in rpoS expression ranged from 20 to
80% relative to the expression in the wild-type strain in early log
phase; however, the expression subsequently decreased to levels
20 to 40% lower than those of the wild-type strain. The results
demonstrate that cAAMP-CRP plays a biphasic role in rpoS expres-
sion during different phases of growth. Both the Acrp and AcyaA
mutants exhibited growth defects, so to avoid error caused by the
different amounts of biomass, the B-galactosidase activity was di-
vided by the ODg, value during calculation of the Miller units.
The synthetic rates of -galactosidase exhibited patterns similar to
the results described above. In addition, there was no significant
difference in the plasmid concentration among the three strains
(data not shown).

The cellular levels of 6° in the Acrp and AcyaA mutants were
also compared with those in the wild-type strain using Western
blotting. A monoclonal antibody against RpoS was used to assess
the intracellular level of o° at various growth points. The level of
the B subunit of the core RNA polymerase, which served as an
internal control, was relatively constant across time points. The
level of o° was tightly repressed in the log phase but induced dur-
ing entry into the stationary phase. The RpoS levels in both the
Acrp and AcyaA mutants were found to increase in early log phase
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compared to the levels in the wild type. However, in contrast, the
mutants showed lower RpoS levels than the wild type in the fol-
lowing incubation. The AcyaA mutant grown in the presence of
additional cAMP exhibited an RpoS level comparable to that of
the wild type (Fig. 4B).

The results described above suggest that cAMP-CRP plays a
biphasic role in rpoS expression during different growth phases; in
particular, cAMP-CRP has a negative effect on rpoS in the early log
phase but a positive effect in the mid- and late log and stationary
phases.

(ii) Effects of mutagenized putative CRP-binding sites on
rpoS expression. The two putative cAMP-CRP-binding sites
around the rpoS main promoter are homologous to the consensus
inverted repeat TGTGANTCACA. To determine whether both of
these putative sites take part in biphasic regulation of rpoS, they
were modified by site-directed mutagenesis as described in Mate-
rials and Methods (Fig. 5A). Additionally, according to current
research on the regulator binding sites around the rpoS main pro-
moter, CRP-binding site I overlaps with one of the ArcA binding
sites (33). To avoid the influence that the mutant sites may have on
the binding activity of the ArcA regulator, the nucleotides re-
placed by site-directed mutagenesis were not involved in the con-
sensus sites for ArcA binding. Therefore, the binding activity of
ArcA should not have been affected. Plasmids harboring the
mutated DNA sequences and lacZ fusions, pRPZ1, pRPZ2, and
pRPZ3, were used to measure the effects of these putative CRP-
binding sites on rpoS expression. All of the rpoS mutant fusions
exhibited lower levels of expression, especially the double mutants
(Fig. 5B).

Moreover, Western blotting was performed to measure RpoS
protein levels. Protein was extracted from cells harboring the
pRPSI, pRPS2, and pRPS3 plasmids, all of which expressed the
complete rpoS gene with mutated CRP-binding sites. These three
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indicated above the DNA sequence. Nucleotides replaced by site-directed mutagenesis are indicated by arrows. (B) Expression plasmids pRPZ, pRPZ1, pRPZ2,
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determined by Student’s test (P < 0.05) are indicated by asterisks. (C) RpoS protein levels derived from plasmids pRPS (S), pRPS1 (S1), pRPS2 (S2), and pRPS3
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(ODgqo 0f 1.5), 8 h (ODg,, 0f 4.2), and 12 h (ODyy, of 4.2) represent the early, mid-log, and stationary (both 8 and 12 h) phase, respectively.

mutants displayed lower levels of ¢ protein than those carrying
the control plasmid pRPS, with the lowest level observed in the
double mutant (Fig. 5C). The results were in general agreement
with those of the B-galactosidase activity assay. In summary, we
infer that rpoS expression is regulated positively by two putative
CRP-binding sites in the rpoS promoter region. The details about
the mechanism of cAMP-CRP modulation of rpoS will be dis-
cussed below.

A critical role for RpoS in transformation of Acrp and AcyaA
mutants. As cAMP-CRP plays a biphasic role in rpoS expression
during different growth phases, it raises the question of whether
poS is related to the promotional effect of the Acrp and AcyaA
mutations on transformation. We constructed Acrp ArpoS and
AcyaA ArpoS double-knockout mutants, the transformation fre-
quencies of which were compared to those of the single-knockout
Acrp, AcyaA, and ArpoS mutants and the wild-type strain. The
results showed that the transformation frequencies of these dou-
ble-knockout mutants showed a pronounced decrease to an even
lower level than in the ArpoS mutant (Fig. 6A). This demonstrates
the importance of rpoS in the promotional effect of the Acrp and
AcyaA mutations on transformation. Additionally, plasmid com-
plementation of rpoS might compensate for the lower transforma-
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tion ability of the double-knockout mutants and restore the trans-
formation frequencies to the levels in the Acrp and AcyaA mutants
(Fig. 6B). So far, it has been conjectured that the Acrp and AcyaA
mutations promote transformation due to the derepression of
rpoS in the early log phase. In order to further confirm this hy-
pothesis, we induced rpoS expression in two double-knockout
mutants at different time points using an arabinose-induced plas-
mid, pARArpoS. The transformation frequencies of the mutants
induced in the different periods exhibited high levels similar to
those of the Acrp and AcyaA mutants (Fig. 6C). Based on the
results, we conclude that rpoS is critical for the superior transfor-
mation ability of the Acrp and AcyaA mutants and that the accu-
mulation of RpoS during the early exponential phase plays a major
role.

Effects of carbon sources on the transformation ability of the
ArpoS mutant and intracellular ¢° levels. The metabolism of
carbon sources leads to unbalanced cAMP synthesis. Further-
more, lower levels of cAMP-CRP can promote competence by
derepressing o® in the early log phase. From the results described
above, we inferred that carbon sources might promote rpoS ex-
pression by diminishing cAMP levels in cells, which in turn might
contribute to a higher transformation frequency. To confirm this
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deviations for the results of at least two independent experiments.

hypothesis, we tested the effects of the carbon source on transfor-
mation in the ArpoS mutant and on o° content in the wild-type
strain during the log phase. The transformation frequency in the
ArpoS mutant was not higher than that of the control even when
carbon sources were supplied (Fig. 7A). This implies that rpoS is
crucial for the transformation boost stimulated by additional car-
bon sources. The levels of 0° during the log phase with additional
carbon sources were also measured. All of the cultures supplied
with a carbon source exhibited higher ¢ contents than the con-
trol, in accordance with a lower cAMP concentration that may
cause derepression of rpoS in the early log phase (Fig. 7B). Taken
together, these data provided support for our hypothesis that the
carbon source contributes to a higher transformation frequency
by diminishing cAMP levels in cells and removing the repressive
action on ¢® in the log phase.

DISCUSSION

Here, we present direct evidence to support the mechanism be-
hind the impact of the carbon source on natural transformation of
E. coli. Namely, carbon sources facilitate natural transformation
by reducing cAMP-CRP, thereby derepressing rpoS expression.
Significance of the correlation between nutrition and natural
transformation in E. coli. In the investigation of the development
of natural competence, it is important to identify the environmen-
tal factors that hint at relevant parameters potentially triggering
competence induction. In some cases, competence induction is
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based on nutritional signals. Bacteria undergo a shift toward an
unbalanced metabolic state to trigger competence induction. For
example, in H. influenzae and Bacillus subtilis, nutrient limitation
after transfer to minimal medium or upon reaching the stationary
phase can trigger competence development (34). On the other
hand, Streptococcus pneumoniae and Acinetobacter calcoaceticus
develop competence in rich medium during log phase and in the
circumstance of a nutrient upshift, respectively (35, 36). In this
work, we found that various carbon sources potentially encoun-
tered by bacteria within a host could promote the natural trans-
formation of E. coli, which implies that a carbon upshift can pro-
mote the development of competence. This phenomenon is
consistent with competence induction by nutritional signaling or
an unbalanced metabolic state. Thus, it seems that competence
induction is more likely to occur in response to satiety than to
starvation in E. coli, but further experimentation is required to
confirm this. When cells were cultured in modified LB medium
with tryptone or yeast extract concentration gradients, the trans-
formation frequencies correlated positively only with a certain
range of tryptone or yeast extract concentrations above the nor-
mal (1% tryptone or 0.5% yeast extract). Below the normal con-
centration, the transformation frequencies were not significantly
different from those of controls (see Fig. S5 in the supplemental
material). We observed that competence could be induced by nu-
trient upshifts in E. coli, which broadens our understanding of the
relationship between nutrition state and competence develop-
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FIG 7 Relationship between the carbon source and rpoS. (A) Effects of the
carbon sources on the transformation ability of the ArpoS mutant. The
ArpoS mutant was incubated in LB broth with various carbon sources
(0.2%), and transformation experiments were performed as described in
the legend to Fig. 1. (B) RpoS protein levels of BW25113 cultivated in LB
medium with various carbon sources (0.2%) added. Strains were grown to
log phase (ODg, of 2.0) and analyzed by immunoblotting as described in
Materials and Methods.

ment in bacteria. Moreover, combined with our previous finding
that DNA uptake gene orthologs that participate in the uptake of
DNA as nutrition are not involved in this transformation system
(9, 37), a different molecular mechanism of competence induc-
tion and DNA uptake in E. coli is implied.

Molecular mechanism by which cAMP-CRP regulates rpoS.
The pattern of regulation of rpoS by cAMP-CRP in Salmonella
enterica and Vibrio vulnificus has been reported (38, 39). In S.
enterica, it has been demonstrated that Acrp and AcyaA mutants
both exhibit a 3-fold increase in rpoS transcription during the log
phase and that cAMP-CRP functions as a repressor in the regula-
tion of rpoS. Further investigation of this mechanism in V. vulni-
ficus revealed that cAMP-CRP represses rpoS transcription by di-
rectly binding to its two promoter regions. In our work, we
demonstrated the dual regulation of rpoS by cAMP-CRP in E. coli.
Moreover, we found that both of the putative CRP-binding sites
seem to be positive effectors, based on the results of site-directed
mutagenesis. However, mutagenesis may change the secondary
structure of the rpoS mRNA and so affect mRNA stability or small
RNA-based control, which then influences rpoS translation.
Therefore, the binding interaction between CRP protein and the
two putative binding sites requires further confirmation. If the
two putative CRP-binding sites are both actually activators, it can
be speculated that the negative effect of cAAMP-CRP on rpoS in the
early log phase is indirect. The expression of rpoS is affected by the
growth rate. One interpretation of the indirect regulatory mecha-
nism may be linked to the growth deficiency exhibited by Acrp and
AcyaA mutants in the early log phase after inoculation. Another
speculation is that CRP may influence certain factors involved in
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the transcriptional or translational regulation of rpoS. The post-
transcriptional regulation of rpoS is complex and stringent. The
RNA chaperone protein Hfg, coupled with three small RNAs
(DsrA, RprA, and ArcZ), positively controls rpoS mRNA stability
and stimulates translation by facilitating annealing between the
small RNAs and the 5" untranslated region (UTR) of the mRNA to
open the hairpin (19). Previous research has shown that the ex-
pression of hfq is repressed by cAMP-CRP and that glucose is
capable of increasing Hfq protein levels through reduction of
cAMP levels (40). Therefore, it is justifiable to speculate that
cAMP-CRP suppresses rpoS indirectly by repressing hfq expres-
sion and then interfering with rpoS mRNA stability. Moreover, the
positive effect of carbon sources on rpoS expression is also well
founded.

Target gene(s) downstream from rpoS. o° is the master regu-
lator of the general stress response to starvation, UV irradiation,
oxidative stress, nonoptimal temperature, pH, osmolarity, and so
on. It has been reported that up to 10% of the genes in E. coli are
under the direct or indirect control of rpoS. Some of the genes are
recognized as a common core set that changes in parallel with the
o° level. Others are induced only under specific stress conditions,
which can be attributed to extensive regulatory overlaps with
other global regulons (e.g., (AMP-CRP) or the requirement for
higher o° concentrations for transcription and competition with
other sigma factors (19, 41). We previously reported the higher
transformation ability of the wild-type strain with overexpression
of rpoS (11), which suggests that higher levels of o in crp and cyaA
mutants contributed to transformation in the present study. To
screen out the target genes downstream from rpoS, we detected the
transformation frequencies of several single-knockout mutants.
Unfortunately, the target gene(s) has not yet been identified. We
speculate that (i) multiple target genes may collaboratively con-
tribute to transformation and/or (ii) the target genes are induced
under specific stress conditions (e.g., when transferred from liq-
uid medium to solid medium) that have not been sufficiently
studied. Further research on target genes is in progress.

Additionally, the double-knockout mutants exhibited lower
transformation abilities than the ArpoS mutant. We infer that
some rpoS-dependent target genes that are also regulated by
cAMP-CRP have a role in transformation. Actually, cAMP-CRP
plays a complex role in the regulation of rpoS itself and also con-
trols some rpoS-dependent genes directly. It has been determined
that 55% of rpoS-dependent genes have putative cAMP-CRP-
binding sites in their regulatory regions, which indicates consid-
erable overlap between the ¢° and cAMP-CRP regulons (41). The
target gene(s) may be regulated by both RpoS and CRP, and the
balance between the effects of RpoS and CRP determines the ex-
pression levels of the target gene(s). Therefore, the double-knock-
out mutants are insufficient to confer the expression levels of the
target genes to the ArpoS mutant, which results in lower transfor-
mation frequencies in double-knockout mutants than in the
ArpoS mutant. In addition, the fact that ArpoS cannot inhibit
transformation completely suggests the involvement of a further
regulatory pathway in the expression of target genes downstream
from rpoS, which also gives us clues about the downstream regu-
lation.
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