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ABSTRACT

Background. Some stress responses contribute to the formation of bacterial anti-
biotic resistance, including the soxRS oxidative defense regulon. Elevation of reactive
oxygen species production and oxidative stress was detected in bacterial cells exposed
to various environmental stresses. It can be supposed that a stress-mediated increase
in the level of reactive oxygen species will activate the expression of the soxRS regulon
genes, which may provide pre-adaptation to antibiotics.

The aim. To study changes in the expression of soxRS regulon genes in Escherichia
coli cells exposed to NaCl, acetic acid, and heating.

Materials and methods. Gene expression was measured in cells bearing reporter
gene fusions (soxS:lacZ, nfo:lacZ). An overnight broth culture was diluted in fresh
LB broth to OD600 = 0.1 and cultivated at 37 °C without stirring until OD600 = 0.3,
then the stressors were applied.

Results. Exposureto NaCl and acetic acid activated the expression of soxRS regulon
genes, while heating caused a decrease in gene expression. An increase in the ex-
pression level was observed in cells subjected to stresses of low intensity (which
did not cause a decrease in the number of colony-forming units (CFU) by the 4" hour
ofexposure compared to the beginning of the stress exposure) and medium intensity
(which caused a 10-fold decrease in the number of CFU), whereas high-intensity
stresses (which caused a decrease in the number of CFU by more than 10 times),
regardless of their nature, were accompanied by a decrease in the expression
of the soxRS regulon genes.

Conclusion. Underthe conditions studied, only the osmotic stress caused by the ad-
dition of NaCl was accompanied by a significant activation of the soxRS regulon
genes. Sublethal exposure to NaCl, causing an increase in the expression of soxRS
regulon genes by 2-2.5 times, may provide pre-adaptation of bacteria to the factors
that this regulon is aimed at counteracting, including antibacterial drugs.
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PE3IOME

AkmyanbHocmes. B ¢popmuposaHue ycmotivusocmu 6akmepuli K aHmubuo-
MUKam 8HOCAM 8KJ1a0 Pa3/iuyHble A0aNMuBHble MexaHU3Mbl, 8 MOM YUC/1e 2eHbl
3aWUMHO020 omeema Ha oKucuUMesbHolli cmpecc, 06veduHEHHble 8 SOXRS-
pezysioH. Bcmpeccosbix ycrosusx 8 kiiemkax 6akmeputi npoucxooum nosbiweHue
NpoOyKYUU aKmuBHbIX (hOpM KUC/I0p0Od U pa3gumue OKUC/IUMesibHO20 cmpeccd.
MoXxHO npednoI0XuUMb, YMo NOBLILWEHHBIU YPOBEeHb AKMUBHbLIX YOPM KUC/IOpoda
6y0em akmusuposame 3Kcnpeccuto 2eHo8 SoxRS-pezyioHa, Ymo moxem obecne-
Yums npeadanmayuro 6akmepudi kK 8030elicmeuro aHMUOGUOMUKOS.

Lens. Viccnedosame uameHeHUE IKCNPeCcUU 2eHO8, 8X00AWUX 8 SOXRS-pe2ysioH,
8 knemkax Escherichia coli, nodsepaHymeix delicmeuto NaCl, nogbiwieHHbIx mem-
nepamyp u yKcycHoU KUuciomel.

Mamepuanel u MemoObl. YposeHb 3KCnpeccuu 2eHO8 onpeoesiauU ¢ UChos1b30-
saHuem wmammos E. coli, Hecyujux penopmepHsle 2eHHble CIUAHUA NPOMOMOopa
ucciedyemoezo 2eHa (soxS, nfo) co cmpykmypHoU Yacmeto 2eHa lacZ, 8 ycrnosusix
nepuoouYecKo2o KysibmuguposaHus 8 bysiboHe LB 6e3 nepemewiusaHus.
Pesynemamel. AKmugayuro 3Kcnpeccuu 2eHo8 SOXRS-pe2yioHa 8bi3618a/10 8030eUi-
cmeue NaCl u ykcycHou kucsiomel, a mensio8ol WOK CONPOBOXOAJICA CHUXEHUEM
2eHHoU 3Kcnpeccuu. YsenudyeHue yposHs 3Kcnpeccuu Habmoo0aaoch 8 Kemkax,
noosepzHymMebIx cmpeccam HU3KoU (He 8bi3bI8ABWIUM CHUXeHUA Kosludecmeaa
KOJIOHUeobpasyowux eQUHUY 8 Ky/lbmype K 4emaépmomy 4acy go3delicmeus
No CpaBHeHUIo C Ha4as0M CMpeccoso2o 8030elicmaus) u cpedHeli UHMeHCUBHOCMU
(8bI3bIBABLIUM CHUXKEHUe KOJIUYecmaa KOJIOHUeobpasyouwjux eOUHUY Ha NOPAOOK),
a cmpeccosble 8030elicmaus 8bICOKOU UHMEeHCUBHOCMU (8bI3bl8asLUUE CHUXEHUE
Ko/1u4ecmaa KosoHueobpasyrujux eouHuy 6osee yem Ha NOPAOOK) 8HE 3a8UCU-
MOCMU 0M UX (hU3UKO-XUMUYECKOU npupoObl CONPOBOXOAIUCHL CHUXEHUeM 3KC-
npeccuu 2eHos soxRS-pe2ynoHa.

3aknoyeHue. B uccie0o8aHHbIX yC08UAX MOLKO OCMOMuUYecKull cmpecc,
sbi38aHHbIl sHeceHuem NaCl, conpogoxoasncs 3Hadyumol akmusayueli 2eHo8,
8xo0aujux 8 soxRS-pezynoH. CybnemansHoe 8o3delicmaue NaCl, 8bi3bi8as nogwi-
weHue 3Kkcnpeccuu 2eHo8 soxRS-pezynoHa 8 2-2,5 pasa, Mmoxem obecne4yusams
npeadanmauyur 6akmepull Kk pakmopam, Ha hpomusooelicmaue KOmopbiM
HanpasJsieH 0aHHbIU pe2ysioH, 8 MOM YuC/1e KaHmMubakmepuanbHbIM npenapaman.

Knioueewie cnoea: ocmomuyeckuli WOK, KUCIOMHbIU cmpecc, HazpesdHue, OKUC-
JiumesibHbIli cmpecc, aHmubuomuku, SoxS
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The formation of resistant forms of microorganisms
is the reason for the reduced effectiveness of antibiotic
therapy. The mechanisms underpinning drug resistance in-
clude target alteration or protection, modification and in-
activation of the antimicrobial compound, rearrangement
of metabolic pathways, or restriction of antibiotic accu-
mulation in the microbial cell (by reducing the transport
of the drug into the cell and increasing its active release
from the cell) [1-3].

Various mechanisms of defense responses to natural
stress factors may be involved in the adaptation of bacte-
ria to antibiotic drugs [4, 5. In particular, in response to an-
tibiotic exposure, the expression of soxRS regulon genes
that protect bacteria from oxidative stress is activated.
The increased baseline level of expression of this regulon
in some cases results in clinically relevant antibiotic resis-
tance in bacteria [6-9].

SoxRS regulon is a two-stage control system. The SoxR
protein enters the active form and triggers the expres-
sion of the soxS gene; the newly synthesised SoxS pro-
tein then activates the expression of other genes within
this regulon. The SoxR protein is activated by one-elec-
tron oxidation of its [2Fe-2S] clusters or their nitrosylation
by reactive nitrogen species [10-13]. The soxRS regulon
includes genes encoding superoxide dismutase that neu-
tralizes superoxide anions (sodA), endonuclease involved
in DNA repair (nfo), isoforms of enzymes resistant to oxi-
dative damage (fumC, acnA), iron transport regulator (fur),
proteins limiting the accumulation of hydrophilic xenobi-
otics in the cell (tolC, micF, acrAB), proteins presumably in-
volved in the maintenance of the reduced form of iron-sul-
fur sites of enzymes (fIdAB, fpr), and other proteins with un-
known functions [14].

It is known that exposure to antibacterial drugs and nat-
ural stress factors of different nature causes increased pro-
duction of free radicals and development of oxidative stress
in bacterial cells. While the role of reactive oxygen species
and their contribution to the death of cells exposed to var-
jous stress factors remains a debatable issue, the accumu-
lation of free radicals caused by stress factors not direct-
ly related to their production has been confirmed by nu-
merous publications [15-20]. Many of these stressors, e. g.
high osmolarity of the medium, heating, exposure to eth-
anol and short-chain fatty acids, are used as antimicrobial
treatments or preservatives. If these stressors cause induc-
tion of soxRS regulon, their sublethal effects may contrib-
ute to the pre-adaptation of bacteria to antibiotic exposure.

In this study, the expression of the soxRS regulon genes
was studied in Escherichia coli cells exposed to sodium chlo-
ride, elevated temperatures and acetic acid (CH3COOH) us-
ing the gene fusion method.

MATERIALS AND METHODS

Objects of the study and cultivation conditions. Es-
cherichia coli strains carrying transcriptional gene fusions
were used as study objects. E. coli EH40 strain (GC4468, but
soxS:lacZ) was kindly provided by B. Demple [21], E. coli

N9213 strain (GC4468, but nfo::lacZ Amar rob::kan) was kind-
ly provided by R.G. Martin [22].

Bacteria maintained on LB slant agar were transferred
to 5 ml of LB broth and cultured without agitation at 37 °C
for 5-6 h. The grown cells were transferred into 50 ml of LB
broth and cultured at 37 °C for 14-16 h. The bacterial cul-
ture was then diluted in fresh nutrient medium to an optical
density measured at a wavelength of 600 nm (OD600) of 0.1
and cultured under the conditions described above. Once
the bacterial culture reached OD600 = 0.3, it was exposed
to stressors. Sodium chloride and acetic acid were added
to the bacterial culture and the culture was placed on a wa-
ter bath with appropriate temperature to reproduce heat
shock.

The gene expression level was determined us-
ing reporter gene fusions of the promoter of the studied
gene and the structural part of the lacZ gene encoding
[-galactosidase. It is assumed that the amount (activity)
of the reporter protein is directly proportional to the ex-
pression level of the studied gene. B-galactosidase activity
was measured in cells pretreated with a mixture of sodium
dodecyl sulfate and chloroform using o-nitrophenyl-3-D-
galactopyranoside as a substrate. $-galactosidase activity
was determined and calculated (in Miller units) according
to the standard protocol proposed by J. Miller [23].

Bacterial culture density was estimated by measuring
its OD600 using a UV1280 spectrophotometer (Shimadzu,
Japan) and a cuvette with 10 mm optical path.

The number of colony-forming units (CFUs) was de-
termined by plating on the surface of LB agar in Petri dish-
es. The number of colonies formed was counted after incu-
bation at 37 °Cfor 16-18 h.

Statistical data processing was performed using Sta-
tistica 6.0 software package (StatSoft Inc., USA). Data are pre-
sented as mean and standard error of the mean calculated
from at least three independent experiments. The statisti-
cal significance of the differences between the mean values
of the compared groups was determined using unpaired
t-test at p < 0.050.

RESULTS AND DISCUSSION

Osmotic stress was caused by addition of sodium
chloride, acid shock was induced by addition of acetic
acid, and heat stress was induced by heating from 37
to 42-55 °C. The effect of these stresses of different in-
tensities on the expression of the soxS gene, which en-
codes a transcriptional regulator responsible for the ac-
tivation of genes of the regulon, and its target gene nfo,
which encodes a DNA repair enzyme, was studied. The in-
tensity of stress was assessed by the change in the num-
ber of colony-forming units by the fourth hour of stress
exposure relative to the moment of the onset of stress ex-
posure (Table 1). Several levels of stress strength were dis-
tinguished: subinhibitory exposure (the number of CFUs
in the stressed culture increased during the cultivation
time); mild stress (inhibitory exposure, the number of CFUs
in the culture remained at the same level as at the time
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of stressor application); moderate stress (the number
of CFUs decreased by about one order of magnitude)
and severe stress (the number of CFU decreased by more
than one order of magnitude).

TABLE 1

THE NUMBER OF COLONY-FORMING UNITS IN E. COLI
CULTURE AFTER FOUR-HOUR EXPOSURE TO STRESSORS

Conditions IgCFU/ml
Control, unstressed 8.3+£0.4*
30 mg/ml of NaCl 8.1£0.3*
50 mg/ml of NaCl 7.6+0.1
70 mg/ml of NaCl 6.9+0.6
100 mg/ml of NaCl 6.1 +0.4*
200 mg/ml of NaCl 28+ 1.9*%
0.125 mg/ml of CH3COOH 84 +0.5%
0.25 mg/ml of CH3COOH 7504
0.5 mg/ml of CH3;COOH 7.3+0.1
2 mg/ml of CH;COOH 57+1.2%
42 °C 8.2+0.3*
45 °C 8.1 £0.2*%
55°C 0

Note. The number of CFU/ml at the time of stressor application was 7.4 % 0.3; * — statistically significant
difference from that at the time of stressor application (N > 3; T-test; p < 0.050).

Subinhibitory exposure had no effect on the expression
level of the soxRS regulon genes (data not shown). In re-
sponse to exposure of 50-100 mg/ml sodium chloride (mild
and moderate stress), the level of soxS gene expression in-
creased in E. coli cells in a dose-response manner; more in-
tense osmotic stress did not induce changes in gene ex-
pression (Fig. 1b).

Under mild osmotic stress, the change in expression oc-
curred in two stages: the gene expression level decreased
afteranincrease in theinitial stage of sodium chloride expo-
sure and then began to increase again after the third hour
of cultivation. Anincrease in soxS gene expression after ad-
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dition of acetic acid to the concentrations that did not re-
duce the number of CFUs in the culture (0.25-0.5 mg/ml)
was observed in the first 15 min from the onset of expo-
sure; more intense acid stress was accompanied by a de-
crease in gene expression (Fig. 1g). The expression of soxS
was lower in cells subjected to heating compared to cells
grown under optimal conditions (37 °C) regardless of the se-
verity of heat stress (Fig. Te).

Changes in nfo gene expression under stress factors
were similar to changes in soxS gene expression: mild
and moderate osmotic shock caused an increase in gene
expression, acid shock, which did not decrease the num-
ber of CFUs, slightly increased gene expression (Fig. 2),
and more severe acid stress and heat exposure led to a de-
crease in gene expression (data not shown).

Therefore, under the conditions studied, activation
of soxRS regulon gene expression was induced by expo-
sure to sodium chloride and, to a lesser extent, acetic acid,
while heat shock was accompanied by a decrease in gene
expression. Anincrease in the expression level was observed
in cells subjected to mild and moderate stresses, while se-
vere stresses, which caused the death of a significant num-
ber of bacterial culture cells regardless of their physicochem-
ical nature, were accompanied by a decrease in soxRS regu-
lon gene expression. A decrease in gene fusion expression
does not appear to be a specific response, but rather a con-
sequence of a general metabolic suppression and inhibition
of protein synthesis, including the reporter 3-galactosidase.

The data obtained are consistent with the results
of transcriptome analysis, which demonstrated an increase
in the expression of the soxRS regulon genes (soxS, fumC,
for, acnA) in E. coli cells when exposed to 0.3 M (17.5 mg/ml)
sodium chloride [24]. Activation of soxS gene expression
was also observed in E. coli cells subjected to osmotic shock
induced by exposure to 0.4 and 0.9 M sucrose [25].

An increase in sodA mRNA synthesis in Bacillus cereus
cells grown in media with pH =5.4-4.5 and an increase in su-
peroxide dismutase activity in Staphylococcus aureus cells
grown in medium with pH = 4.0 and pH = 2.0, compared
to cultivation in medium with neutral pH, have been previ-
ously shown [26, 27], suggesting activation of the soxRS reg-
ulon under conditions of acid stress. In this study, we dem-
onstrated a slight increase in soxRS regulon gene expres-
sion during the initial stages of development of acid stress
induced by acetic acid exposure.

Our results showed a decrease in the level of gene ex-
pression in cells grown at temperatures higher than opti-
mal (37 °C). Earlier studies showed an increased level of soxS
gene expression in cells grown at 43 °C compared to cells
grown at 30 °C, which is regarded as an activation of expres-
sion in response to heat [24]. On the other hand, decreas-
ing the cultivation temperature relative to the optimal lev-
el could cause a decrease in gene expression, which could
also explain the observed differences in soxS expression
level.

Thus, only osmotic stress induced by sodium chloride
application, out of the three stress conditions investigat-
ed (exposure to acetic acid, sodium chloride, or heating),
was accompanied by a significant activation of soxRS-regu-
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lon genes of antioxidant defence. Sublethal exposure to so-
dium chloride, causing a 2-2.5-fold increase in the expres-
sion of soxRS regulon genes, may provide pre-adaptation
of bacteria to the factors that this requlon is aimed at coun-
teracting, including antibacterial drugs.
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