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Acid adaptation of Escherichia coli: a genetic study
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E. coli log-phase cells are capable of inducing of log-phase acid tolerance
response (ATR), but stationary-phase cells do not exhibit this adaptive abi-
lity. To study the genetic systems responsible for the induction of log-phase
ATR, we investigated E. coli mutants deficient in the known acid resistance
systems. Our results show that RpoS-dependent oxidative and arginine decar-
boxylase systems are not induced during acid adaptation of log-phase cells.
Glutamate decarboxylases were found to be induced during adaptation and
result in a more efficient acid-protection. However, our study shows that
other highly efficient protection mechanisms are induced, operate and play
the main role in log-phase ATR.
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INTRODUCTION

A sublethal environmental acid stress (pH 5.5-4.5)
induces an adaptive tolerance response in many bac-
teria and provides protection against subsequent ex-
posure to a lethal stress (pH < 4.0) by a mecha-
nism known as acid tolerance response (ATR). ATR
has been identified and studied in a vide variety of
gram-negative and gram-positive bacterial species [1].
ATR includes both log-phase and stationary-phase
systems [2], however, stationary-phase ATR varies
greatly among species [3] and strains of the same
species [4]. The ATR of Salmonella requires a num-
ber of acid-shock proteins that are thought to pre-
vent and repair cellular damage caused by acid stress
[5]. The main defense strategies protecting the cell
from acid are changes in membrane composition [6,
7], homeostasis systems for internal pH [2, 8] and
pathways to repair or protect the essential cellular
components [9, 10].

Although acid tolerance response was observed
in E. coli first [1], it was not studied in detail. It
has been shown that E. coli log-phase cells are ca-
pable of inducing log-phase ATR [3]. Paul and Hirs-
hfield have found that pre-exposure of E. coli log-
phase cells to pH 5.5 and pH 4.3 induces the synt-
hesis of acid shock proteins, which most likely are
responsible for the induction of ATR [11], but lar-
gely are not defined yet.

In contrast, the E. coli acid resistance (AR) phe-
nomenon, which is based on three complex cellular
systems, has been studied extensively [3]. These sys-
tems are RpoS-dependent oxidative system and the

inducible amino acid decarboxylases — arginine de-
carboxylase and glutamate decarboxylase. The latter
two are presumed to consume intracellular protons
at low pH via decarboxylation reaction, after which
a membrane antiporter exchanges the reaction pro-
duct for more of the amino acid substrate [8, 12].
The protection mechanism of the oxidative system
remains to be a mystery. All three systems were
found to function effectively in stationary phase cells
[8].

The aim of the present study was to investigate
the induction of ATR in E. coli and to determine
if acid resistance systems could be involved in cell
protection during log-phase ATR.

MATERIALS AND METHODS

Bacterial strains, culture media and acid survival
experiments. The E. coli K-12 strain used was
MG1655. The derivatives of MG1655 generated and
used in this study are listed in Table. Unless other-
wise indicated, E. coli cells were grown in Luria—
Bertani (LB) medium [13]. When necessary, anti-
biotics were added at the following concentrations:
kanamycin 60 pg ml?, tetracycline 10 pg mi=.

For ATR analysis, cultures were grown in LB to
an A, of 0.35 for the log phase ATR assay and to
A, of 1.5 for the stationary phase ATR assay. To
induce acid adaptation, the cells were resuspended
in fresh LB adjusted by HCI to pH 4.45. Control
(unadapted) and adapted cell cultures were inocula-
ted into a medium acidified with HCI to pH 2.0 to
approximately 1 x 108-3 x 108 CFU ml=. Viable cells
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Table. E. coli strains used in the study

Strain Genotype / Description
MG1655 F- lambda- ilvG- rfb-50 rph-1
RH90 MC4100 rpoS359::Tn10
JE100 MG1655 rpoS359::Tn10
JE101 MG1655gadC

JE102 MG1655adiA

Reference / Source

E. coli Genetic Stock Center, CGSC 6300
[15]

This study

This study

This study

were determined by plating aliquots of serially dilu-
ted cultures.

AR assays were performed as described [8].
Briefly, for the analysis of RpoS-dependent oxidati-
ve system, cells were grown overnight in LB-MES
(pH 5.5) and diluted in M9 (pH 2.0) [13] to 1 x
108-3 x 108 CFU ml=. For the analysis of the glu-
tamate-dependent AR system, cells were grown over-
night in LBG (LB 0.4% glucose, 0.1M MOPS, pH
7.4) and diluted in M9 (pH 2.0) supplemented with
glutamate (1.5 mM). The arginine-dependent AR
system was tested by growing cells in LBG over-
night and diluting the culture into M9 (pH 2.0) sup-
plemented with arginine (0.6 mM). Viable-cell counts
were determined at 0 and 2 h after the acid challen-
ge by plating serially diluted (in PBS [13]) cell su-
spensions.

Construction of gadC, adiA and rpoS mutants.
The gadC and adiA gene knockouts were construc-
ted according to the method of Datsenko [14]. The
PCR products needed to create targeted deletions
in gadC and adiA genes were made from oligo-
GadCl1 (5'-ttccgacaggaataccgttttagggggataatatggctacat-
caggtgtaggctggagctgcttc), oligo-GadC2 (5’-tggtta
gtgtttcttgtcattcatcacaatatagtgtggtgaacgtcatatgaatat-
cctecttagt-3') and oligo-AdiAl (5'-tagtggtt acgctttcac-
gcacataacgtggtaaataccgtcaatcatatgaatatcctccttagt-3’),
oligo-AdiA2 (5'-ttgccecgcaacg aagattccttcataaccgggta-
agcaatgatgagtgtaggctggagctgcettc), respectively. Verifi-
cation of the mutations was made by PCR using
locus-specific primers: oligo-GadC3 (5’-ggagcgatga at-
tatcgctc-3') and oligo-GadC4 (5’-aacaaaa-
caggtgeggttcc-3") for gadC and oligo-AdiA3 (5-a cag-
cccgaaaaggcecggaa-3’) and oligo-AdiA4 (5’-tcagcggaa-
tagtggttac-3’) for adiA. The mutations and Kan™ mar-
ker were further transferred into E. coli K-12 strain
MG1655 by phage Plvir. The mutation of rpoS was
created by transferring rpoS359::Tn10 insertion [15]
from strain RH90 into MG1655 by phage Plvir. rpoS
mutations were verified by glycogen staining.

RESULTS AND DISCUSSION

ATR in E. coli cells. Our results have demonstrated
that when the E. coli K-12 strain MG1655 is cultu-
red in a rich medium, protection against lethal acid
challenge of pH 2.0 is provided by pretreatment of
the exponentialy growing cells at pH 4.5. During
this experiment cells were grown to exponential pha-

se in LB medium at pH 7.0 and were acid-adapted
at pH 4.5 as described in Material and Methods.
The adapted cells of the exponential growing cultu-
re showed a 10000-fold better survival as compared
to the acid-unadapted cells (Fig. 1). This indicates
that exponential phase cells of E. coli induce an
ATR under given conditions. Exposure to pH 4.5
for 30 min was sufficient to increase the survival of
exponentialy growing cells (Fig. 2). The survival of
E. coli was increased up to 1000-fold as a result of
ATR induction. The further extension of adaptation
time only slightly improved the protection to acid
challenge at pH 2.0 (Fig. 2). Paul and Hirshfield
found that de novo protein synthesis was required
for ATR in E. coli, as chloramphenicol-treated and
subsequently adapted cells were unable to survive
acid stress. They have shown that under protein two-
dimensional gel electrophoresis at least 17 proteins
are induced at pH 4.3 [11]. Some of them could be
key acid shock proteins required for stress protec-
tion. Several studies showed the Dps mutant (DNA-
binding protein from starved cells) to exhibit a dec-
reased survival in log phase [10]; the Fur (ferric
uptake regulator, a master regulator of iron meta-
bolism) mutant was unable to trigger the acid-tole-
rance response [16], and the asr gene encoding an
acid-inducible protein of unknown function, was
shown to be required for the induction of acid to-
lerance in log-phase cells [17].

Conversely, unadapted E. coli stationary-phase
cells showed a high survival. There was only a 50%
loss of viability upon 80 min exposure to pH 2.0
(Fig. 1). Adaptation at pH 4.5 did not improve
the acid-survival. Most likely the high survival was
conferred by acid resistance systems such as the
RpoS-dependent oxidative system, glutamate decar-
boxylase and arginine decarboxylase systems, which
have been shown to function in stationary phase
cells [8].

Our results confirm that E. coli log-phase cells
are capable of inducing log-phase ATR, but cells in
stationary phase do not exhibit this response. To elu-
cidate the genetic systems responsible for the induc-
tion of log-phase ATR, we decided to investigate ATR
in E. coli mutants deficient in acid resistance sys-
tems, listed above. It has been shown earlier that
log-phase cells do not show glutamate decarboxylase
activity [8], but it is possible that AR systems are
induced during the adaptation process, since the ex-
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Fig. 1. Acid tolerance response of Escherichia coli strain MG1655. Culture was
grown in LB medium pH 7.0. Exponential phase (A, = 0.35) and stationary
phase (A, = 1.5) cells of E. coli were either unadapted (log phase — M,
stationary phase — @) or adapted at pH 4.5 for 2 h (log phase — [, stationary
phase — O) prior exposure to acidified broth at pH 2.0. The percentage of
survival at indicated time points was calculated using CFU. 100% viability
equals to the viable counts obtained immediately after exposure to pH 2.0.
The values are the means of at least three independent experiments. Bars
indicate SD
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Fig. 2. Effect of adaptation time on acid tolerance response induction. Culture
was grown in LB medium pH 7.0. Exponential phase (A, = 0.35) cells of E.
coli were adapted at pH 4.5 for indicated time period prior exposure to aci-
dified broth at pH 2.0. The percentage of survival after 2 h of incubation at
pH 2.0 was calculated using CFU. 100% viability equals the viable counts
obtained immediately after exposure to pH 2.0. The values are from one
representative experiment. Asterisks indicate survival below detection limits

pression of genes encoding gluta-
mate decarboxylases was signifi-
cant in the cells grown at pH 4.5
[18].

Generation of mutants defec-
tive in AR. It has been reported
previously that individual acid re-
sistance systems are completely
abolished in the following bacte-
rial mutants: RpoS-dependent
oxidative system in rpoS (enco-
ding alternative RNA polymera-
se sigma factor) mutant, gluta-
mate decarboxylase system in
gadC (encoding glutamate:GABA
antiporter) mutant and arginine
decarboxylase system in adiA
(encoding arginine decarboxylase)
mutant [8]. The gadC, adiA, rpoS
mutants in MG1655 strain were
constructed as described in Ma-
terials and Methods. First, we
have tested the effects of the
mutations on the functionality of
the three AR systems. The mu-
tants JE100, JE101, JE102 and
parental strains were grown over-
night in an appropriate medium
as described in Materials and
Methods according to the
Castanie-Cornet protocol [8]. To
test the efficiency of the oxidati-
ve system (Oxi), cell survival was
monitored in M9 medium, pH
2.0. The arginine decarboxylase
(Adi) and glutamate decarboxy-
lase (Gad) systems were tested
in M9 medium, pH 2.0, supple-
mented either with arginine or
glutamate. As shown in Fig. 3,
the rpoS mutant lacked oxidative
system; the activity of Adi sys-
tem was reduced 1000-fold in the
adiA mutant as compared to the
parental strain, and the activity
of the Gad system was reduced
10000-fold in the gadC mutant.
These results confirm that the
created mutants are defective in
respective acid resistance systems.
Interestingly, rpoS mutant sho-
wed a reduced glutamate and ar-
ginine-dependent AR. This can
be explained partly by the fact
that the expression of glutamate
decarboxylases is dependent on
RpoS [8]. However, there are no
data to show that RpoS is invol-
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ved in the regulation of expres-
sion of the Adi system compo-

nents.
100 Analysis of log-phase ATR in
] Oxi the rpoS, adiA and gadC mu-
10 mAdi tants. rpoS, adiA and gadC mu-
< 11 ] 1 | mGad tants were grown tp exponential
= phase in LBG medium and were
> 0,1 acid-adapted at pH 4.5 or una-
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. . i (Oxi), cell survival was monito-
0,0001 w red upon exposure to M9 me-
wit rpoS adiA gadC dium, pH 2.0. To test the argini-
ne decarboxylase system (Adi),

Fig. 3. Acid resistance analysis of rpoS, adiA, gadC mutants. The test for the
oxidative system (open bars) involved overnight growth in LB-MES (pH 5.5)
followed by dilution in M9 (pH 2.0). The arginine (gray bars) and glutamate
(black bars) systems required overnight LBG (LB 0.4% glucose, 0.1M MOPS,
pH 7.4) cultures, which were diluted in M9 (pH 2.0) containing 0.6 mM
arginine and 1.5 mM glutamate, respectively. The percentage of survival after
2 h of incubation at pH 2.0 was calculated using CFU. 100% viability equals
the viable counts obtained immediately after exposure to pH 2.0. Asterisks
indicate survival below detection limits. The values are from one representa-
tive experiment. Experiments were repeated two or three times. Variations
were within 50% of the stated value

O Oxi
100 M Adi
10 A W Gad
X 111 ] [ ]
S o1
2
@ 001
0,001
0,0001
wt rpoS adiA gadC

Fig. 4. Log-phase acid tolerance response of Escherichia coli rpoS, adiA, gadC
mutants. Cultures were grown in LBG medium pH 7.4. Exponential phase (A,
= 0.35) cells of E. coli were adapted in LBG at pH 4.5 for 2 h. To test for
the oxidative system (open bars), the cells were diluted in M9 (pH 2.0), for
arginine (gray bars) and glutamate (black bars) systems cells were diluted in
M9 (pH 2.0) containing 0.6 mM arginine and 1.5 mM glutamate respectively.
The percentage of survival after 2 h of incubation at pH 2.0 was calculated
using CFU. 100% viability equals the viable counts obtained immediately after
the challenge to pH 2.0. Values are from one representative experiment. Expe-
riments were repeated two or three times. Variations were within 50% of the
stated value

pH 4.5 adaptated and unadap-
ted cells were shifted to an M9
medium, pH 2.0, supplemented
with arginine, and to test gluta-
mate decarboxylase system (Gad)
the cells were exposed to M9
medium, pH 2.0, supplemented
with glutamate. As shown in Fig.
4, the rpoS mutant, deficient in
oxidative system, survived acid
stress similarly as did the paren-
tal strain. These results indicate
that RposS is not involved in trig-
gering log-phase ATR and sug-
gest that other protective mecha-
nisms are induced during adap-
tation in log-phase cells. Howe-
ver, the survival of acid-adapted
gadC mutant in M9 medium sup-
plemented with glutamate was
reduced 10-fold as compared to
the parental strain, indicating
that the gadC mutant was more
susceptible to acid stress and that
the GAD system was induced
during adaptation. The activity of
the glutamate decarboxylase sys-
tem was reduced in the rpoS mu-
tant as a result of a reduced ex-
pression of the Gad system com-
ponents [8] as reported before.
The acid-adapted adiA mutant
did not show a reduced acid sur-
vival as compared to the wt, in-
dicating that the arginine decar-
boxylase system is not involved
in log-phase ATR.

We can conclude that E. coli
possesses different low-pH indu-
cible acid survival systems depen-
ding upon whether the cells are
in the exponential or in stationa-
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ry-phase. Studies of acid survival in S. typhimurium
demonstrated that different types of ATR systems
exist in log-phase and stationary-phase cells. RpoS,
PhoP and Fur proteins have all been shown to be
needed for the log-phase ATR [5, 19, 20] and OmpR
has been reported to be required for an efficient
induction of the stationary-phase ATR of S. typhimu-
rium [21]. Our results show that RpoS-dependent oxi-
dative and arginine decarboxylase systems are not in-
duced during acid adaptation of log-phase E. coli
cells. Glutamate decarboxylases seem to be induced
during adaptation and result in a more efficient pro-
tection. However, it is clear that other highly effi-
cient protection mechanisms are induced, operate and
play the main role during log-phase ATR. They need
further investigation.
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Escherichia coli RUGDTIES TOLERANCIJOS ATSAKO
GENETINIS TYRIMAS

Santrauka

E. coli logaritminés fazés lastelés, adaptuotos vidutinio rigé-
tinio streso (pH 4,5) salygomis, stipre rdgdtiné stresa (pH 2,0)
idgyvena geriau nei lastelés, augusios neutralioje terpéje. Pa-
sireidkia rdgdties tolerancijos atsakas, dgytas adaptacijos me-
tu. Nustatyta, kad jis néra bdingas E. coli stacionarios fa-
z6s lasteléms. Siekiant nustatyti genetinius mechanizmus, ku-
rie yra indukuojami logaritminés fazés lastelése rlgoties to-
lerancijos atsako indukcijos metu, buvo idtirta, kaip 6i adap-
tacija pasireidkia E. coli rpoS, adiA ir gadC geng bakterijg
mutantuose. Rasta, kad nuo rpoS priklausoma oksidaciné sis-
tema ir arginino dekarboksilazés sistema néra indukuojamos
logaritminés fazés lastelése tolerancijos atsako metu. Tuo tar-
pu glutamato dekarboksilazés sistema yra indukuojama ir ap-
saugo lasteles nuo stipraus rdgdtinio streso. Rezultatai taip
pat liudija, kad logaritminés fazés lastelése rlgdties toleran-
cijos atsako metu yra indukuojami ir pagrindini vaidmeni vai-
dina kiti efektyvls apsaugos mechanizmai.



