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Mechanism of the Synergistic Inactivation of Escherichia coli by UV-C
Light at Mild Temperatures
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UV light only penetrates liquid food surfaces to a very short depth, thereby limiting its industrial application in food pasteuriza-
tion. One promising alternative is the combination of UV light with mild heat (UV-H), which has been demonstrated to produce
a synergistic bactericidal effect. The aim of this article is to elucidate the mechanism of synergistic cellular inactivation resulting
from the simultaneous application of UV light and heat. The lethality of UV-H treatments remained constant below ~45°C,
while lethality increased exponentially as the temperature increased. The percentage of synergism reached a maximum (40.3%)
at 55°C. Neither the flow regimen nor changes in the dose delivered by UV lamps contributed to the observed synergism. UV-H
inactivation curves of the parental Escherichia coli strain obtained in a caffeic acid selective recovery medium followed a similar
profile to those obtained with uvrA mutant cells in a nonselective medium. Thermal fluidification of membranes and synergistic
lethal effects started around 40 to 45°C. Chemical membrane fluidification with benzyl alcohol decreased the UV resistance of
the parental strain but not that of the uvrA mutant. These results suggest that the synergistic lethal effect of UV-H treatments is

due to the inhibition of DNA excision repair resulting from the membrane fluidification caused by simultaneous heating.

V-C light is an emerging disinfection technology for water

and, more recently, for liquid foods due to its multiple advan-
tages (1,2). UV-C (220 to 300 nm) has a germicidal effect for most
types of microorganisms because it produces photochemical
modifications of nucleic acids’ pyrimidine bases. The major UV-
induced DNA lesion is cyclobutane pyrimidine dimers (CPDs),
while (6-4) photoproducts (6-4PPs) are also formed on about
25% of CPDs (3). These lesions prevent the proper replication and
transcription of DNA, resulting in mutagenesis and, ultimately,
cell death (4). The magnitude of the lethal effect depends on the
radiation dose and on the cells’ ability to repair damage.

Microorganisms have adopted various enzymatic DNA repair
pathways to restore DNA molecules from replication errors and
the action of both endogenous and exogenous DNA-damaging
agents. The DNA repair pathways involved in damage repair prior
to replication include photorepair, base excision repair (BER),
and nucleotide excision repair (NER) (3, 4). Under extensive
DNA damage, repair mechanisms controlled by the SOS regulon,
such as RecA-mediated excision repair (RAMER), translesion
synthesis (TLS), and homologous recombination (HR) repair, are
induced (4, 5). Overall, the lethality of UV light could be improved
by impairing bacterial DNA repair mechanisms.

The ability of UV light to be used for liquid food hygienization
has been widely demonstrated (2, 6). In fact, UV-based technolo-
gies have been approved as alternative treatments to thermal pas-
teurization of fresh juice products (7). However, the implementa-
tion of UV processing in the food industry is still limited due to the
large amounts of UV-absorbing compounds and suspended par-
ticles of foods, which reduce UV light transmittance into liquids,
thereby preventing the ability to achieve significant microbial in-
activation. To overcome this limitation, new processes have been
designed by combining several technologies applied at lower in-
tensities, but with equivalent or even higher degrees of stability
and safety. The interactions of UV light applied simultaneously
with chemical agents (8, 9, 10) and with different energies, such as
ionizing radiation (11) and heat (12-14), have been reported. Re-
garding the latter, there is an increased interest in the potential use
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of UV light combined with mild heat (UV-H treatments) for pas-
teurization of high-UV-absorptivity liquid foods (15), as this
combination has been demonstrated to have a synergistic lethal
effect on Escherichia coli (12) and Salmonella enterica subsp. en-
terica serovar Typhimurium (16) at temperatures around 50 to
60°C. Petin et al. (14) suggested two possible explanations for the
synergistic lethal effect of the combined process, which are not
contradictory: the reduction of cellular capacity to repair DNA
damage by thermal effects and the interaction of sublethal lesions
induced by each of the agents. Despite being of interest, the mech-
anism of microbial killing improvement by UV light in combina-
tion with mild heat is not known.

The aim of this article is to elucidate the mechanism of syner-
gistic cellular inactivation by the simultaneous application of UV
light and heat. For this purpose, we evaluated changes in the ef-
fective dose either by changes in the flow pattern or UV lamps’
efficiency to discard the effect of physical factors, and in a second
step, we studied the biological basis of the synergistic effect. The E.
coli K-12 strain was selected as a model microorganism.

MATERIALS AND METHODS

Bacterial culture. Escherichia coli K-12 substrain BW25113 and its iso-
genic deletion mutants, listed in Table 1, were obtained from the Keio
collection (17). The bacterial cultures were kept frozen at —80°C in cry-
ovials. Stationary-phase cultures were prepared by inoculation of 10 ml of
tryptone soy broth (Biolife, Milan, Italy) supplemented with 0.6% (wt/
vol) yeast extract (Biolife) (TSBYE) with a loopful of growth from tryp-
tone soy agar (Biolife) supplemented with 0.6% (wt/vol) yeast extract
(TSAYE). The cultures were incubated at 35°C for 6 h in a shaking incu-
bator. Fifty microliters of the cultures was inoculated into 50 ml of fresh
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TABLE 1 E. coli BW25113 derivatives used in this investigation with different DNA repair pathways deleted

Derivative Relevant genotype Description DNA repair mechanisms affected
JW0698 Aphr-758::kan Deoxyribodipyrimidine photolyase Photoreactivation
JW1625 Anth-782::kan Thymine glycol-DNA glycosylase (TG-DNA Base excision repair
glycosylase) or endonuclease I11
JW4019 AuvrA753:kan ATPase and DNA damage recognition protein of Nucleotide excision repair
nucleotide excision repair excinuclease UvrABC
JW1172 AumuD772::kan Subunit D of DNA polymerase V Translesion synthesis
JW2669 ArecA774::kan DNA strand exchange and recombination protein with SOS response: RecA-mediated excision repair, translesion

protease and nuclease activity

synthesis, and homologous recombination repair

TSBYE and incubated for 24 h under the same conditions, which resulted
in stationary-phase cultures containing ~10° CFU ml ™~ '. All media were
sterilized at 121°C for 20 min.

UV treatments. The UV equipment used in this investigation was
previously described by Gayén etal. (12). The entire system was formed by
eight annular thin-film flowthrough reactors connected in series with a
sampling valve at the exit of each reactor. Each reactor consisted of a
low-pressure UV lamp (TUV 8WTS5; Philips) with an input power of 8 W
(85% of energy emitted at a wavelength of 254 nm) enclosed by a quartz
tube. The annular gap between the quartz tube and the outside glass
sleeve, where liquid flowed, was 2.5 mm. The reactors were submerged in
a tempered 90-liter water bath (temperature [T] = 1.5°C) heated by the
circulating water of a peripheral thermostatic bath (model Kattebad K12;
Huber, Offenburg, Germany). Two thermocouples (model ZA 020-FS;
Almeco, Bernburg, Germany) located at the input of the first reactor and
the outlet of the last reactor allowed the treatment temperature to be
controlled.

The treatment medium was added with the bacterial suspension to
achieve ~107 CFU ml ™' and pumped (8.5 liters h~ ') through the heat
exchanger to the reactors. When the treatment conditions were stabilized,
samples were withdrawn through the sampling valves at the outlet of each
reactor, and 0.1 or 1 ml was immediately pour plated in the recovery
media. A sterile MclIlvaine citrate-phosphate buffer of pH 7.0 (18) with an
absorption coefficient of 23.6 cm ™", close to that of clarified apple juice,
was used as the UV-H treatment medium. To compare the resistance and
the inactivation kinetics of E. coli derivatives to UV light at room temper-
ature, Mcllvaine buffer of pH 7.0 with a lower absorption coefficient (15.3
cm ') was used. Buffers of different absorption coefficients were pre-
pared by adding after buffer sterilization different quantities of tartrazine
(Sigma-Aldrich, St. Louis, MO) and adjusting the medium absorbance to
254 nm using a Unicam UV500 spectrophotometer (Unicam Limited,
Cambridge, United Kingdom) as described by Gayan et al. (12). Prior to
and following each treatment session, the UV equipment was cleaned and
sanitized using an ethanol solution (Aldipa, Zaragoza, Spain) (30% [vol/
vol]) and rinsed with sterile distilled water with UV lamps on. Plating
samples of the rinse water were checked to make sure they did not show
microbial growth.

Heat treatments. Heat treatments were carried out in a specially de-
signed resistometer (19). Briefly, this instrument consists of a 350-ml
vessel equipped with an electrical heater for a thermostation, an agitation
device to ensure inoculum distribution and temperature homogeneity,
and ports for injecting the microbial suspension and for sample extrac-
tion. Once the preset temperature had attained stability (T + 0.05°C), 0.2
ml of an adequately diluted microbial cell suspension were inoculated into
the corresponding treatment medium. After inoculation, 0.2-ml samples
were collected at different heating times and immediately pour plated.
Prior to and following each treatment session, the vessel was sterilized at
121°C for 20 min.

Incubation of treated samples and survival counting. TSAYE was
used as the recovery medium. Where indicated, the maximum noninhibi-
tory concentration (MNIC) of caffeic acid (CA) (TSAYE-CA) (Panreac,
Barcelona, Spain) was added to the recovery medium before it was steril-
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ized to estimate the percentage of sublethally injured cells. The MNIC of
caffeic acid (3.75 mg ml™') was chosen in previous experiments with
nontreated cells (data not shown). The presence of caffeic acid in the
recovery medium inhibits nucleotide excision repair by affecting UvrABC
excinuclease activity (20, 21). Samples recovered in the nonselective me-
dium were incubated for 24 h at 35°C, and those recovered in caffeic
acid-enriched medium were incubated for 48 h at 35°C. Previous experi-
ments demonstrated that longer incubation times did not change the
profile of survival curves. After incubation, CFU were counted with an
improved image analyzer automatic colony counter (Protos; Synoptics,
Cambridge, United Kingdom), as described previously (22). For photo-
reactivation, 20 pl of different dilutions of each sample was spread plated
in TSAYE-containing petri dishes under 13-W daylight fluorescent lamps
(T16 13W/827-EVG, G5; Osram, Munich, Germany) that emitted light in
the 360- to 700-nm-wavelength range. The distance between the surface
of the test suspension and the lamp was 10 cm. The mean illuminance was
11.15 klx, and photoreactivation was performed for 60 min at 20°C. Pre-
viously, longer incubation times and higher temperatures were demon-
strated to not improve survival counts. In each experiment, a sample of
UV-irradiated suspension was kept in the dark under the same conditions
as a reference. After photoreactivation, the plates were incubated for 24 h
at 35°C.

Curve fitting, resistance parameters, and synergistic effect calcula-
tion. Survival curves to UV treatments were obtained by plotting the
logarithm of the survival fraction versus treatment doses, expressed in
energy consumption units (J ml~') for UV treatments at room tempera-
ture or time in min for heat and UV-H treatments. To fit survival curves
and calculate resistance parameters, the Geeraerd and Van Impe inactiva-
tion model-fitting tool (GInaFiT) was used (23). Because our survival
curves did not show tails but rather shoulders, the log-linear regression-
plus-shoulder model (24) was used. This model describes the survival
curves through two parameters: shoulder length (SI), or time before the
exponential inactivation begins, and the inactivation rate (K,,,,,), defined
as the slope of the exponential portion of the survival curve. For compar-
ison purposes, the GInaFiT also provides the parameter 4D, defined as the
treatment time necessary to inactivate 99.99% of the microbial popula-
tion.

To determine the magnitude of the synergistic lethal effect of the com-
bined UV-H treatment at each temperature, 4D values obtained experi-
mentally (experimental 4Dy, ;) were compared with theoretical 4Dy, 14
values (time to achieve a 99.99% reduction in the microbial inactivation if
the two processes act simultaneously but independently) calculated via
the following equations proposed by Gayan et al. (15):

(4Dy X 4Dyy)

theoretical 4Dyy.yy = (4D + 4Duy) (1)
H uv
theoretical 4Dyy.y — experimental 4Dyy g
% i = X 100
¢ Synetgisi theoretical 4Dy i
)

where 4D, and 4Dy, values were obtained from the fitting of the inacti-
vation curves to heat and UV light, respectively.

Applied and Environmental Microbiology


http://aem.asm.org

Dose (J mI™")
0.'0 3.? 7;6 11'.4 15;1 18..9 22'.7 26..5 3(.).3
0
14
-2
-3
-4
-5+
-6+

7 '
00 05

gl

0

Logqo N¢

T

[Detection limit (30 CFU per plate)

L) L) L) L) L) L) L]

10 15 20 25 3.0 35 4.0
Time (min)

FIG 1 Survival curves of the E. coli WT strain treated by UV light at different
temperatures: 25.0°C (@), 40.0°C (H), 50.0°C (A), 52.5°C (O), 55.0°C (),
57.5°C (A), and 60°C (X). Treatments were carried out in Mcllvaine buffer
with an absorption coefficient of 23.6 cm !, and survivors were recovered in
the nonselective medium.

Membrane fluidity measurement. Fluorescence anisotropy was mea-
sured using diphenyl-1,3,5-hetratriene (DPH) (Sigma-Aldrich, Stein-
heim, Germany) as a lipophilic marker by a procedure similar to that
described by Almeida et al. (25) and calculated according to Chu-Ky et al.
(26). Fluorescence measurements were carried out in a Cary-Eclipse spec-
trofluorometer (Varian Medical Systems, Belrose, Australia) equipped
with a manual fluorescence polarizer (Varian Medical Systems). The spec-
trofluorometer system contains four sample chambers that can be ther-
mostated by an auxiliary thermostatic bath (Digiterm 3000613; Selecta
SA, Barcelona, Spain). One milliliter of cell suspension was centrifuged
(10,000 g for 5 min) and resuspended at a concentration of 10* CFU ml ™"
in Mcllvaine buffer (pH 7.0) with 0.25% (vol/vol) formaldehyde (Pan-
reac). The obtained suspension was incubated with a solution of DPH in
tetrahydrofuran (Scharlau, Barcelona, Spain) for 45 min at 35°C. To de-
termine the fluorescence anisotropy at different temperatures (25 to
60°C), fluorescence measurements were performed after maintaining
cells for 3.5 min at the preset temperature. The excitation and emission
wavelengths used were 355 * 5 nm and 425 nm * 5 nm, respectively.

To evaluate the effect of cell membrane fluidity on the UV resistance at
room temperature, cells were preincubated (20 min) and treated in the
Mcllvaine buffer with benzyl alcohol (BA) (Panreac, Barcelona, Spain)
added at a concentration of 20 mM.

RTD distribution and delivered dose. The stimulus-response tech-
nique by impulsion was used for experimental determination of residence
time distribution (RTD) curves, as previously described by Koutchma and
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Parisi (27), using saturated sodium chloride solution as a tracer. When the
Mcllvaine buffer flow achieved a steady-state condition (flow rate, 8.5
liters h™"), 3 ml of the solution was injected with a syringe into the center
of the pipe 3 cm before of the input of the UV reactor. The conductivity
(Crison Instruments, Barcelona, Spain) of the output flow of the entire
installation was measured as a function of time after injection. The so-
dium chloride concentration distribution [c(#)] curve was normalized to
obtain the E(¢) curve (equation 3), from which the mean residence time (t;
equation 4) was calculated, as well as the variance (0% equation 5) as a
measure of the residence time dispersion:

C(t)

E 3
(t) f c(t)dt ¥
i = f(; tE(t) dt (4)
= f(; P E()dt— 172 (5)

The chemical quantification of the delivered UV intensity was performed
with the iodide-iodate actinometer containing 0.6 M potassium iodide
and 0.1 M potassium iodate in 0.01 M Na,B,O, - 12H,0 at pH 9.25
(Panreac, Barcelona, Spain). Determination of photoproduct I, was car-
ried out spectrophotochemically using an extinction coefficient of €55, =
27.60 M~ em™

Statistical analysis. Statistical analyses, the  test (P = 0.05), and anal-
ysis of variance (ANOVA) (P = 0.05) were carried out using GraphPad
PRISM 5.0 software (GraphPad Software, Inc., San Diego, CA), and dif-
ferences were considered significant at P = 0.05. All microbial resistance
determinations and analytical assays were performed at least three times
on different working days. The error bars in the figures correspond to the
mean standard deviation.

RESULTS

Synergistic lethal effect of UV-H treatments on E. coli wild-type
inactivation. Figure 1 shows the survival curves of the E. coli wild
type (WT) treated by UV light at different temperatures (25.0 to
60.0°C) in a Mcllvaine buffer with an absorption coefficient of
23.6 cm™ ' and recovered in a nonselective medium. As observed
in the figure, the survival curves showed an initial lag phase fol-
lowed by an exponential inactivation rate. Concave downward
survival curves were fitted with the log-linear regression-plus-
shoulder model described by Geeraerd et al. (24). Estimated pa-
rameters of the model (S/and K,,,,) and 4D values are compiled in
Table 2. The table includes the coefficient of determination (R?)
and the root mean square error (RMSE) values obtained from the

TABLE 2 Resistance parameters obtained from the fitting of Geeraerd et al.’s model to the survival curves of the E. coli WT and the uvrA isogenic

mutant?

Wild-type strain uvrA mutant (TSAYE)

TSAYE TSAYE-CA
Temp Sl NI
(°C)  SI(min) Kooy (min~1) 4D (min) RrR? RMSE (min) K. (min~') 4D (min) R? RMSE (min) K, (min~!') 4D (min) R? RMSE
25.0 0.96(0.07) A 1.13(0.23) A 9.07(0.43) A 0.958 0.116 0B 3.63(0.25) B 2.56 (0.13) B 0.960 0.501 0B 3.79(0.56) B 2.37(0.12) B 0.985 0.260
400  091(0.03)A 1.38(031)A 7.57(105)*A 0967 0.119 0B  4.11(0.32)B 224 (0.18)B 0992 0241 0B  3.72(023)B 2.47(0.11)B  0.989 0.208
50.0 0.85(0.05) A 1.77(0.05)* A 6.06 (0.19)* A 0.986 0.104 0B 4.48(0.34) B 2.15(0.06) B 0.982 0.183 0B 4.53(0.09) B 2.03(0.22) B 0.991 0.256
52.5  0.81(0.12)* A 2.24(0.08)* A 4.92(0.13)*A 0.994 0.084 0B 4.49(0.14) B 2.05(0.31) B 0.970 0.473 0B 4.58(0.39) B 2.01(0.26) B 0.978 0.377
55.0  0.75(0.03)* A 3.41(0.28)* A 3.45(0.22)*A 0.988 0.212 0B 4.63 (0.07)* B 1.99 (0.28)* B 0.986 0.350 0B 4.90 (0.29)* B 1.88 (0.32)* B 0.988 0.320
57.5 0.45 (0.01)* A 5.12 (0.28)* 2.25(0.06)* A 0.990 0.287 0B 5.66 (0.29)* 1.63 (0.15)* B 0.994 0.241 0B 5.82 (0.37)* 1.58 (0.21)* B 0.993 0.276
60.0 0* 8.01 (0.34)* 1.15 (0.07)* 0.990 0.339 0 9.04 (1.16)* 1.02 (0.08)* 0.993 0.321 0 8.91 (0.44)* 1.04 (0.11)* 0.996 0.185

@ Shown are results for resistance parameters (S, K., and time for 4D) obtained from the fitting of Geeraerd et al.’s model (24) to the survival curves of the E. coli WT and uvrA

isogenic mutant treated by the UV-H combination in McIlvaine buffer with an absorption coefficient of 23.6 cm ™

! at different temperatures and recovered in nonselective medium

(TSAYE) and selective medium with caffeic acid added (TSAYE-CA). Values in parentheses represent standard deviations of the means. Asterisks indicate significant differences at
P = 0.05 between mean values at treatment temperatures between 40.0 and 60.0°C and those at room temperature in each strain and under each recovery condition. The letters A
and B indicate significant differences (P = 0.05) among mean values of strains recovered in TSAYE medium and the wild-type strain counts obtained in TSAYE-CA medium.

July 2013 Volume 79 Number 14

aem.asm.org 4467


http://aem.asm.org

Gayan et al.

TABLE 3 Heat resistance parameters obtained from the fitting of Geeraerd et al.’s model to the survival curves of the E. coli WT strain and its uvrA

and recA isogenic mutants®

Wild-type strain uvrA mutant

recA mutant

Temp

(°C) Sl (min) Kinax (min™") 4D (min) RrR? RMSE Sl (min)

(mm )

Sl

4D (min) R*>  RMSE (min) K, (min~') 4D (min)  R> RMSE

556 1.13(0.51) A 0.73 (0.13)A 13.67 (0.95) A 0.988 0.125 2.29 (0.49)
58.1  0.61 (0.04) A 2.16(062)A 4.87 (0.15) A 0.991 0.110 0.72 (0.28)
60.6  0.27(0.03) A 7.59 (1.09) A 1.48 (0.02) A 0.982 0.164 0.54 (0.03)
63.1 0.11(0.02) A 20.58 (1.31) A 0.55(0.03) A 0.996 0.185 0.19 (0.04)

A

A 0.98(0.07) A 11.76 (0.24) A 0.994 0.075 0B
A 238(073)A 458 (1.06) A 0.968 0.177 0B
A 8.74(0.07)A 1.60 (0.03) A 0.991 0.129 0B
A 22.32(1.46) (

1.39(0.28) B 6.84 (1.52) B 0.976 0.213

424 (021) B 2.45(0.36) B 0.976 0.214

10.34 (1.05) B 0.87 (0.13) B 0.982 0.264
(

0.60 (0.02) A 0.987 0.163 0B  23.21(2.19) A 0.39(0.05) B 0.985 0.157

@ Shown are results for the heat resistance parameters (S], K,,,,,, and time for 4D) obtained from the fitting of Geeraerd et al.’s model (24) to the survival curves of E. coli WT and its
uvrA and recA isogenic mutants treated in MclIlvaine buffer at different temperatures and recovered in the nonselective medium. Values in parentheses represent standard
deviations of the means. The letters A and B indicate significant differences (P = 0.05) among mean values of strains at each treatment temperature.

fit. The simultaneous combination of UV light with mild heating
significantly improved microbial inactivation. This improvement
was explained by the reduction of the S/ and the increase of the
K, ax With increasing treatment temperatures (Table 2).

To quantify the contribution of thermal effects to the lethality
of the UV-H combined treatment, the heat resistance of the E. coli
WT was ascertained (Table 3). Figure 2 shows the relationship
between treatment temperature and the log,, 4D values to heat
(thermal death time [TDT] curve) and to UV-H treatments (UV-
TDT curve). As expected, the TDT curve obtained for heat treat-
ments showed an exponential course, from which log-linear re-
gression equation was deduced a z value of 5.56°C (R? = 0.999)
(representing degrees of temperature increase necessary to reduce
the 4Dy value 10 times). In contrast, the UV-TDT curve showed a
concave downward profile. The lethality of UV-H treatments re-
mained constant below ~45°C, and above this temperature, the
lethality increased exponentially, but with a lower thermodepen-
dence than heat treatments: The 4Dy _;; value would decrease 10
times by increasing the temperature by 12.02°C.

The magnitude of the synergistic lethal effect was calculated by
comparing experimental 4Dy, values with those estimated
mathematically (theoretical 4Dy, _; values), assuming that the ef-
fect of the combined treatment was additive (equation 1). The
theoretical UV-TDT curve is also included in Fig. 2 (dotted line),
so that the area between the experimental and theoretical UV-
TDT curves illustrates the magnitude of the synergistic lethal ef-
fect.

Residence time distribution and delivered dose at different
temperatures. The RTD curves of the entire installation at 25.0,

1.0
0.8+
0.6+
0.4+
0.24
0.0+
-0.2
T T T T

20 30 40 50 60
Temperature (°C)

Log1¢ 4D (min)

FIG 2 Relationship between treatment temperature and 4D values to heat (H)
and to UV-H treatments (@) of the E. coli WT strain. Experiments were carried
out in Mcllvaine buffer with an absorption coefficient of 23.6 cm ™!, and cells
were recovered in the nonselective medium. The figure includes the theoretical
UV-TDT (dotted line) calculated by equation 1.

4468 aem.asm.org

50.0, 55.0, and 60.0°C were obtained by the stimulus-response
method in a MclIlvaine buffer flowing at 8.5 litersh ™. RTD curves
were normalized, and the mean residence time (¢) and the vari-
ance (o) from the point of tracer injection were obtained. No
statistically significant differences (P > 0.05) were found among ¢
and o values obtained at 25.0°C (f = 4.36 = 0.14 min, o2 =
34.66 = 1.69 min?), 50.0°C (r = 4.41 = 0.09, g2 = 35.10 = 5.78
min?), 55.0°C (t = 4.31 = 0.11 min, ¢ = 31.04 = 0.77 min®), and
60.0°C (t = 4.21 % 0.12 min, ¢” = 30.23 * 2.75 min®).

The actinometry iodide-iodate technique was used to study
the effect of temperature on the delivered dose. Figure 3 illus-
trates the absorbance of I;~ photoproducts induced by UV
light in the Mcllvaine buffer with an absorption coefficient of
23.6 cm ™ !. As observed in the figure, the delivered UV dose
decreased at temperatures between 50.0 and 60.0°C, the range
of treatment temperatures at which the UV susceptibility of the
E. coli WT increases.

UV resistance of E. coli derivatives deficient in DNA repair
mechanisms. To study the UV inactivation kinetics of the wild-
type strain and its isogenic mutants (Table 1), they were treated in
Mcllvaine buffer of a low absorption coefficient (15.4 cm™") and
recovered in the nonselective medium (TSAYE) (Fig. 4). As ob-
served in the figure, the log,, values of survivors of uvrA and recA
mutants decreased linearly with the delivered dose. Meanwhile,
inactivation curves of phr, nth, and umuD mutants showed an
initial shoulder followed by an exponential inactivation phase
similar to that of the parental strain. Survival curves were fitted to
the model of Geeraerd et al.; the calculated parameters are pre-

Abs

Dose (J ml™)

FIG 3 Absorbance (Abs) of photoproduct I at different temperatures and
UV doses: 25.0°C (@), 50.0°C (W), 55.0°C (A), and 60°C (X). Chemical quan-
tification of the delivered UV intensity was performed with the iodide-iodate
actinometer added to buffer of an absorption coefficient of 23.6 cm ™', Deter-
mination of photoproduct I~ was carried out spectrophotochemically using
an extinction coefficient of €55, = 27.60 M~ ' cm ™.
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FIG 4 Survival curves of the E. coli WT strain (@) and its nth (H), phr (A),
umuD (O), uvrA (trio), and recA ([J) isogenic mutant strains treated by UV
light at room temperature in MclIlvaine buffer with an absorption coefficient of
15.3 cm ™! and recovered in the nonselective medium.

sented in Table 4. No statistically significant differences (P > 0.05)
were found between the 4D values, as well as Sl and K,,,,, param-
eters, of the parental strain and the nth mutant. The UV sensitivity
of the phr and umuD mutants (4D = 26.30 = 1.15 and 26.77 =
1.13 J ml ™", respectively) increased slightly compared to that of
the parental strain (4D = 29.93 * 1.54 ] ml™ "), decreasing the
shoulder length of the survival curve (Table 4). However, the UV
resistance of the uvrA- and recA-deficient strains diminished dras-
tically (4D = 12.21 = 0.93 and 11.07 = 0.43 J ml ™/, respectively).
The concave downward profile of the survival curve of the paren-
tal strain became linear in uvrA and recA mutants (Fig. 4) as the
shoulder disappeared; in addition, the inactivation rate almost
duplicated. Table 4 also includes the resistance parameters of the
wild-type strain treated by UV light at room temperature and
recovered in the caffeic acid selective medium (TSAYE-CA) and in
the nonselective medium after a photoreactivation step before in-
cubation (TSAYE plus visible light —11.15 klx for 60 min). The
photoreactivation process improved the UV survival of E. coli WT,
increasing the 4D value by 17.6%. The parental strain inactivation
curve obtained in the TSAYE-CA medium followed a similar pro-
file to those obtained with uvrA and recA mutant cells in TSAYE
(Fig. 4): the shoulder disappeared, and the inactivation rate in-
creased (Table 4). In fact, there were no statistically significant
differences (P > 0.05) among the mean 4D values of the parental
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strain recovered in TSAYE-CA (12.37 = 0.32Jml ') and those of
its uvrA and recA mutant derivatives recovered in TSAYE. Similar
results were obtained with buffer with a high absorption coeffi-
cient (data not shown).

Heat resistance characterization of uvrA and recA mutants.
The heat resistance characterization of the two most UV-sen-
sitive E. coli derivatives (uvrA and recA mutants) was per-
formed (Table 3). The data of Table 3 show that heat survival
curves of the uvrA mutant had long shoulders, like the parental
strain, whereas shoulders were not present in the recA mutant.
Moreover, 4D values obtained from the recA mutant were
about half of those obtained for the parental strain and for the
uvrA mutant at all temperatures tested. As the uvrA mutant
showed the same heat resistance as the wild-type strain, it was
chosen for further studies.

UV-H resistance of the uvrA mutant and the wild-type strain
recovered in nonselective and caffeic acid selective medium. Re-
sistance parameters of the uvrA-deficient microorganism recov-
ered in the nonselective medium and its isogenic wild-type strain,
also recovered in the caffeic acid-supplemented medium, are
shown in Table 2. As observed in the table, the survival curves of
the uvrA mutant recovered in TSAYE and those of the parental
strain recovered in TSAYE-CA did not show shoulders, and no
statistically significant differences (P > 0.05) were found between
their K, ,, values at all temperatures tested. A comparison of the
4D values of the uvrA mutant with those of the parental strain
recovered in the nonselective medium shows that the former was
significantly less UV-H resistant. However, this difference in re-
sistance was reduced by increasing the treatment temperature.
This phenomenon is also illustrated in Fig. 5, where the experi-
mental UV-TDT curves of the uvrA mutant and of the parental
strain are plotted. For the mutant strain, the lethal contribution of
heat was not observed at temperatures below ~55°C, and above
this temperature, the lethality increased with a similar thermode-
pendence to heat treatments. In addition, the experimental and
theoretical UV-TDT curves of the uvrA mutant overlapped (Fig.
5), which means that no synergistic lethal effect occurred, contrary
to that observed for the parental strain (Fig. 2).

Role of membrane fluidity on the UV-H resistance of E. coli.
Figure 6 shows the percentage of decrease of DPH fluorescence
anisotropy in the E. coli WT and uvrA mutant membrane after

TABLE 4 UV resistance parameters obtained from the fitting of Geeraerd et al.’s model to the survival curves of the E. coli WT strain and its nth,

phr, umuD, uvrA, and recA isogenic mutants”

Derivative Recovery medium SI(Jml™) Koy (ml]71) 4D (Jml ™) R? RMSE
WT TSAYE 8.78 (0.20) A 0.44 (0.03) A 29.93 (1.54) A 0.989 0.145
TSAYE-visible light 10.05 (1.50) A 0.36 (0.08) A 35.19(1.28) B 0.938 0.254
TSAYE-CA 0B 0.80 (0.05) B 12.37 (0.32) C 0.986 0.368
Mutant
nth TSAYE 6.95 (0.44) A 0.42 (0.02) A 28.54 (1.50) A 0.969 0.196
phr TSAYE 6.84 (1.11) C 0.47 (0.05) A 26.30 (1.15) D 0.977 0.269
umuD TSAYE 5.95 (1.56) C 0.46 (0.08) A 26.77 (1.13) D 0.984 0.208
uvrA TSAYE 0B 0.77 (0.05) B 12.21 (0.93) C 0.992 0.271
recA TSAYE 0B 0.79 (0.01) B 11.07 (0.43) C 0.986 0.372

@ Shown are the results for UV resistance parameters (Sl, K,,,,,, and dose for 4D) obtained from the fitting of Geeraerd et al.’s model (24) to the survival curves of E. coli WT and its
nth, phr, umuD, uvrA, and recA isogenic mutants in Mcllvaine buffer with an absorption coefficient of 15.3 cm ™' at room temperature. The table includes resistance parameters of
the wild-type strain recovered in nonselective medium (TSAYE) and selective medium with caffeic acid added (TSAYE-CA) and with a previous photoreactivation step before
incubation (TSAYE-visible light [11.15 klx for 60 min]).Values in parentheses represent standard deviations of the means. The letters A, B, C, and D indicate significant differences
(P = 0.05) between values of the wild-type strain recovered under different conditions and its derivatives recovered in TSAYE.
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FIG 5 UV-TDT (4D) curves of the E. coli WT strain (@) and the uvrA mutant
(O). UV-H treatments were carried out in McIlvaine buffer with an absorption
coefficient of 23.6 cm ™, and both strains were recovered in nonselective me-
dium. The figure includes the theoretical UV-TDT curve (dotted line) of the
uvrA mutant calculated by equation 1.

cells were maintained for 3.5 min at temperatures between 25.0
and 58.0°C. The percentage of synergism previously calculated for
UV-H treatments of the E. coli WT (equation 2) has also been
included (dotted line) for comparison. The decrease of DPH flu-
orescence anisotropy with temperature in the E. coli WT and uvrA
mutant membranes showed the same tendency. The fluidity of the
membrane of E. coli remained constant as the temperature in-
creased to approximately 40 to 45°C. Further increases in temper-
ature caused a decrease in DPH fluorescence anisotropy, which
indicates an increase in membrane fluidity. This profile reflected
the curve corresponding to the percentage of synergism (Fig. 6),
which started to be relevant at temperatures of ~40 to 45°C and
increased steadily up to 55°C. Further increases in temperature
did not induce higher UV-H synergistic lethal effects due to the
predominance of heat lethality over the lethal effects of the UV
light. These results suggested that the fluidification of the mem-
brane could contribute to the synergistic lethal effect of UV-H
treatments.

To test this hypothesis, the E. coli WT and the uvrA mutant
were treated by UV light at room temperature after induction of
its membrane fluidification with benzyl alcohol (BA). BA has been
widely used to investigate the correlation between membrane flu-
idity and membrane function because it is able to induce physical
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FIG 6 Percentage of DPH fluorescence anisotropy changes in the E. coli WT
strain (solid symbols) and uvrA mutant (open symbols) membrane at different
temperatures. Cells were treated for 3.5 min in Mcllvaine buffer at tempera-
tures of between 25.0 and 60.0°C. The figure includes the percentage of syner-
gism of UV-H treatments at different temperatures of the E. coli WT strain
(dotted line) calculated by equation 2.
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FIG 7 Survival curves of the E. coli WT strain (A) and its uvrA isogenic mutant
(B) to UV light at room temperature in Mcllvaine buffer with an absorption
coefficient of 23.6 cm ™" with (open symbols) and without (solid symbols)
benzyl alcohol. Cells were recovered in the nonselective medium.

membrane disorders without impairing cell viability (28). Before
treatments, cells were incubated in the Mcllvaine buffer with 20
mM BA added for 20 min. This treatment triggered a decrease of
30 to 40% of DPH fluorescence anisotropy in the parental strain
and in the uvrA mutant strains, indicating a fluidification of the
membrane (data not shown). The survival curves of the BA-ex-
posed cells of the parental strain and the uvrA mutant strains
against UV treatments (23.6 cm™ ") are represented in Fig. 7. As
can be observed in the figure, the UV resistance of the parental
strain was significantly reduced (decrease in 4D values from
64.62 £2.86] ml~ ' t029.52 = 1.52 ] ml ') when cells had been
previously exposed to BA. However, membrane fluidification in
the uvrA mutant did not change its UV resistance (P > 0.05).

DISCUSSION

The present results show that the UV susceptibility of E. coli WT
was augmented with increasing treatment temperatures (Fig. 1
and Table 2). This sensitization was due to a decrease of the shoul-
der length and an increase of the inactivation rate. Shoulder length
has been related to damage repair capacity (12, 16); therefore,
shorter shoulders at higher temperatures could be due to a reduc-
tion in cellular capacity to repair damage or to the appearance of
additional lethal damage that arises from the interaction of lesions
induced by both agents.

The relationship between treatment temperature and the log,
4D values of the UV-H treatments (UV-TDT curve) showed a
concave downward profile (Fig. 2). Accordingly, the UV lethality
of the E. coli WT did not change by increasing the temperature to
~45°C, and above this temperature, it was exponentially aug-
mented at a rate of 10-fold for each temperature increase of
12.02°C. The theoretical 4D values of UV-H treatments were cal-
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culated assuming that the lethal effect of the combined treatment
was additive (equation 1) and are plotted in Fig. 2 (theoretical
UV-TDT curve). There was a range of temperatures at which the-
oretical 4D values were higher than experimental values, from
which it was deduced that there was a synergistic lethal effect. The
area between experimental and theoretical UV-TDT curves illus-
trates the evolution of the magnitude of the synergism. The max-
imum synergistic lethal effect of all tested temperatures was found
at 55.0°C (40.3% of synergism), a temperature value that was sim-
ilar to that reported for E. coli STCC 4201 (12) and Salmonella
Typhimurium (16). Above 55°C, the synergistic lethal effect de-
creased. This was probably due to the higher heat dependence of
the thermal inactivation (z = 5.56°C) compared to UV-H inacti-
vation (z = 12.02°C). The faster increase with temperature of the
thermal lethality would finally make the lethality of UV negligible,
and therefore the 4D values for both technologies become the
same. It would be also possible that above 55°C, changes may
occur in some cellular components that would lead to a reduction
in the synergistic effect.

Temperature affects the rheological properties of liquids and
consequently modifies the flow behavior and the velocity profile
of flowing liquids (29); therefore, it can influence the residence
time distribution. As a first step, we observed that increasing the
temperature between 25.0 and 60.0°C did not change the flow
pattern under our experimental conditions (f = 4.36 *+ 0.14 min
and ¢ % = 34.66 = 1.69 min” and ¢ = 4.21 * 0.12 min and o =
30.23 = 2.75 min?, respectively). Therefore, the synergistic lethal
effect was not due to rheological changes. On the other hand, the
dose delivered by UV lamps could change with temperature and
could perhaps explain the increase of UV-H lethality at higher
temperatures. However, the results demonstrated that the deliv-
ered dose that reached the treatment medium was reduced be-
tween 50.0 and 60.0°C (Fig. 3), coinciding with the temperature
range in which UV-H lethality increased. These results are consis-
tent with the fact that the production of 254-nm UV irradiation by
low-pressure lamps increases with respect to ambient temperature
up to a maximum level at 40°C and then drops with increasing
temperature (6). Thus, the change of the delivered dose emitted by
lamps does not explain the synergistic lethal effect. Overall, we
conclude that no photophysical effect contributed to the observed
synergism of the combined UV-H process, and it should therefore
be explained through its biological effects.

The synergistic lethality of UV-H treatments could be due to an
improvement of the UV effects on the DNA molecule, either
through interference with DNA repair mechanisms or through an
increase of the damage to the DNA. To evaluate the effect of the
combined UV-H process on E. coli’s DNA repair capacity, we used
derivative strains deficient in different repair mechanisms. Ac-
cording to our results (Fig. 4 and Table 4), the microorganism
carrying the nth mutation exhibited the same degree of UV sensi-
tivity as the wild-type strain, which indicates that base excision
repair mediated by the thymine glycol DNA (TG-DNA) glycosy-
lase would not intervene in the UV-C resistance of E. coli. This
finding was not surprising since TG-DNA glycosylase is involved
in the repair of DNA oxidative damage (5-hydroxycytosine, urea,
and thymine glycol lesions) (3), induced primarily at higher UV
wavelengths (UV-A and UV-B) (30) than those used in this study.
The deletion of the umuD gene, essential to construct polymerase
V, which is involved in the translesion synthesis pathway (5),
scarcely increased UV cell sensitivity. On the other hand, the de-
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letion of the phr gene also resulted in a slight increase in E. coli UV
sensitivity (17.6% after a photoreactivation step). Sancar et al.
(31) demonstrated that DNA photolyase may interact with CPD
lesions, facilitating the incision of the UvrABC exinuclease.
Strains harboring mutations in one of the uvrloci (uvrA, uvrB, or
uyrC) are unable to remove thymine dimers by nucleotide exci-
sion repair, failing to survive even a small UV dose (32). Accord-
ingly, the UV survival curve obtained with the parental strain re-
covered in medium with caffeic acid added produced the same
pattern as the uvrA mutant (Table 4). RecA nucleofilament pro-
tein is directly involved in the implementation of SOS response
repair mechanisms (5). The recA mutant showed the same degree
of UV sensitivity as the uvrA strain. All of these results taken to-
gether indicate that the factors most relevant to UV-C survival in
the E. coli WT strain are UvrABC-mediated nucleotide excision
repair and RecA-dependent repair systems. Given the coincidence
among survival curves of the recA and the uvrA mutants, it is also
feasible that the loss of UV resistance in both strains is due to a
defect in the same repair pathway, which would be nucleotide
excision repair mediated by RecA protein (RAMER). This hy-
pothesis agrees with the results of Bichara et al. (33).

The heat resistance characterization of the most UV-sensitive
mutants (uvrA and recA mutants) showed that the recA mutant
was more sensitive to heat treatments since 4D values were ap-
proximately half of those corresponding to the parental strain at
all temperatures tested (Table 3), indicating that the RecA protein
is also involved in cellular protection from heat. The E. coli uvrA
mutant was considered the most appropriate derivative strain to
continue our investigation due to its defect in DNA damage repair
and its similarity in heat tolerance to the parental strain. Subse-
quently, determination of the UV-H resistance at different tem-
peratures of the strain carrying the uvrA mutation was performed.
The UV-TDT curve of the uvrA mutant showed, like the parental
strain, a downward concave profile (Fig. 5). However, its experi-
mental UV-TDT curve overlapped with the theoretical curve,
confirming that the UV-H treatments of the uvrA mutant did not
exhibit a synergistic lethal effect. Moreover, the resistance param-
eters of the uvrA mutant recovered in the nonselective medium
and the wild-type strain recovered in the caffeic acid-supple-
mented medium were similar (Table 2). Therefore, it can be con-
cluded that the synergistic lethal effect observed in UV-H treat-
ments was due to the inhibition of DNA excision repair
mechanisms by the action of heat and not to a higher degree of
direct DNA damage as previously suggested.

This phenomenon may explain the inactivation of UV-H ki-
netics. The UV-H survival curves of the wild-type strain (Fig. 2)
showed initial shoulder phases, which decreased with increasing
treatment temperature, followed by an exponential order of
death. The shoulder phases obtained under our experimental con-
ditions can be attributed to the action of DNA repair mechanisms,
given the lack of the lag phase in the UV survival curves of the uvrA
and recA mutant derivatives and in the survival curves of the pa-
rental strain in the presence of caffeic acid, which prevents
UvrABC action.

Finally, the motivation behind inhibiting the excision repair
pathway requires clarification. The idea that heat could induce
conformational and structural changes in UvrABC proteins in-
hibiting its enzymatic activity was immediately discarded since, as
we have reported before (16), the application of a heat treatment
before the UV treatment did not increase the UV susceptibility of
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Salmonella Typhimurium, merely showing an additive lethal ef-
fect. Geveke (13) suggested that the UV-H synergistic lethal effect
observed in E. coli treated in egg whites (30 to 50°C) could be
related to changes in the physical state of the cell membrane in-
duced by heat. This hypothesis may be consistent with our results
since the incision steps of UvrABC and RecA activity during SOS
are reportedly associated with the inner membrane of E. coli (34).
Moreover, Todo et al. (35) demonstrated, using an unsaturated
fatty acid auxotroph of E. coli, that the fluidification state of cell
membranes influences the recovery of UV-irradiated cells. Hence,
we proceeded to determine the membrane fluidity changes in-
duced by heating. The relationship between the DPH fluorescence
anisotropy decreased in the E. coli WT and uvrA mutant, and the
treatment temperature showed a similar profile to the experimen-
tal UV-TDT curves of both strains (Fig. 6). Both the thermal flu-
idification of membranes and the synergistic lethal effects of E. coli
WT started around 40 to 45°C. In addition, the incubation of E.
coli cells in the treatment medium with the membrane-fluidizing
agent BA reduced the UV resistance of the parental strain, whereas
it did not change the UV resistance of the uvrA mutant strain (Fig.
7). These results indicate that the physical state of the membrane
during treatment in the parental strain of E. coli (i.e., its fluidity)
influenced its UV resistance. Cells with a more fluid membrane
were more sensitive to the action of UV, and this increase in flu-
idity upon heating may explain the synergistic lethal effect ob-
served in UV-H treatments applied to the parental strain. Since
this effect did not occur in the uvrA mutant strain, we have to
assume that the decrease in survival caused by membrane fluidi-
zation is linked to the poor functioning of the nucleotide excision
repair mechanisms in the parental strain.

In conclusion, the results obtained in this investigation dem-
onstrate that the synergistic lethal effect of UV-H treatments in E.
coli resulted from the inhibition of DNA excision repair due to
membrane fluidification caused by simultaneous heating. Thus,
UV-induced DNA lesions remained unrepaired, decreasing E. co-
I°s UV survival. This raises the possibility of combining fluidizing
membrane agents with UV light treatments to improve UV light’s
lethality in, for example, food processing applications.
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