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Abstract

The aim of this study was to assess the efficacy of lactic acid (LA), caprylic acid (CA), high-

(HDI) and low- (LDI) dose gamma irradiation and LDI combined with LA or CA on the inacti-

vation of a pool of Shiga toxin-producing Escherichia coli (STEC) strains inoculated on beef

trimmings. The three most efficacious treatments were selected to study their effect on meat

quality parameters and sensory attributes. The inoculum included five native STEC ser-

ogroups (O26, O103, O111, O145 and O157). The treatments applied were 0.5% LA,

0.04% CA, 0.5 kGy LDI, 2 kGy HDI, LDI+LA and LDI+CA. Beef trimmings were divided into

two groups; one was inoculated with high (7 log CFU/g) and the other with low (1 log CFU/g)

level of inoculum. Efficacy was assessed by estimating log reduction and reduction of stx-

and eae-positive samples after enrichment, respectively. Results showed that treatments

with organic acids alone were not effective in reducing STEC populations. For high inoculum

samples, the most effective treatment was HDI followed by LDI+LA and LDI alone or com-

bined with CA. For low inoculum samples, the most effective treatment was HDI followed by

LDI alone or combined with organic acids. Concerning meat quality parameters and sensory

attributes, irradiation treatments (LDI and HDI) caused minimal changes, while LDI+LA

modified them significantly compared with the control. Therefore, based on our results, no

benefits were observed after combining organic acids with gamma irradiation.
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Introduction

Shiga toxin-producing Escherichia coli (STEC) are foodborne pathogens that can cause bloody diar-

rhea, hemorrhagic colitis and hemolytic uremic syndrome (HUS). In Argentina, STEC serogroups

O157, O26, O103, O111, O145 and O121 have been classified as adulterant in ground beef. In the

United States (US), serogroups O157, O26, O45, O103, O111, O121 and O145 are recognized as

adulterant in ground beef and beef trimmings [1]. In the European Union, detection of the six

major STEC serogroups (O157, O26, O103, O111, O145 and O104:H4) in sprouts is mandatory [2].

Beef trimmings are pieces of meat remaining after steaks, roasts and other cuts are

removed, and which are often used to make ground beef or hamburgers. A study evaluating

the prevalence of non-O157 STEC in beef carcasses, cuts and trimmings from eight Argentin-

ean abattoirs showed that 5.8% pools of carcass and cut samples and 7% pools of beef trim-

ming samples were positive for non-O157 STEC [3]. These findings demonstrated that beef

trimmings were an important vehicle of STEC and reflected the importance of applying anti-

microbial interventions. In this context, chemical and physical interventions have been evalu-

ated with diverse results [4].

Among chemical interventions, organic acids are by far the most frequently used deconta-

minants, particularly lactic acid (LA). Studies on the decontamination potential of LA showed

that it effectively reduced E. coli O157:H7 and STEC strains more than 1 log CFU/g [5,6]. Cur-

rently, a new decontamination approach based on caprylic acid (CA) is used; this is a natural,

8-carbon, medium-chain fatty acid present in breast milk, bovine milk and coconut oil [7,8].

According to the joint Food and Agriculture Administration (FAO)/World Health Organiza-

tion (WHO) Expert Committee on Food Additives (JECFA), CA is safe when used as flavor

[9]. In the US, CA has been approved for application on ready-to-eat meat and meat products

as long as it does not exceed 400 ppm by weight of the finished food product [10]. Studies car-

ried out in beef trimmings inoculated with E. coli O157:H7 and processed with different

organic acids showed that 30 000 ppm CA was highly effective [11].

Among physical interventions, gamma irradiation is a well-known method for controlling

microorganisms. Gamma irradiation doses� 2.5 kGy have been reported to cause 5 log CFU/g

reductions of non-pathogenic E. coli O157:H7 (NCTC 12900) inoculated on beef trimmings [12].

The safety and wholesomeness of food irradiation have been officially endorsed by international

organizations such as the WHO, FAO and the International Atomic Energy Agency (IAEA).

The combination of chemical and physical treatments has also been explored. For instance,

the combined antimicrobial effect of propionic, lactic and acetic acid as pre-sensitization to

low-dose gamma irradiation (LDI; 1, 2 and 3 kGy) on Bacillus cereus in sheep/goat meat was

higher as compared with the individual treatments [13]. Similarly, combined treatments involv-

ing lactic, citric and acetic acids and LDI (1, 2 and 3 kGy) were useful to extend the shelf life of

pork loins during post-irradiation storage [14]. Even though the objective of antimicrobial

treatments is to eliminate pathogens, their effect on food quality should also be considered.

The aims of the present study were to assess the efficacy of organic acids and gamma irradi-

ation, either alone or combined, to inactivate a pool of STEC strains inoculated on beef trim-

mings, to identify the most effective treatments and evaluate their effect on meat quality

parameters and sensory attributes.

Materials and methods

Experimental design

A completely randomized design was applied to evaluate the efficacy of individual or com-

bined treatments to inactivate STEC-inoculated beef trimmings. Seven treatments (details are
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provided in the Chemical Treatments and Irradiation Treatments sections) were evaluated

and the design was applied six times with five independent units. Sample size was enough to

detect at least 0.8 ± 1.0 log CFU/g differences (95.0% confidence interval [CI]) in STEC counts

of the high inoculum experiment, and at least 20% reduction in serogroup prevalence (95.0%

CI) of the low inoculum group.

For meat quality evaluation and sensory analysis, beef burgers were prepared with beef

trimmings exposed to the three most effective treatments in terms of STEC log reductions. All

experiments were carried out three times in duplicate (two burgers). For sensory analysis, pair-

wise sample presentation was chosen for color assessment. Accordingly, samples were pre-

sented frozen in a monadic sequential order and a balanced block design was used to avoid

presentation bias. A triangle test was conducted to evaluate overall flavor using a balanced

block design with the following parameters: α = 0.05, β = 0.20 and pd = 30% [15,16].

Bacterial strains and inoculum preparation. For this study, we used STEC strains O26

(stx1/eae) and O157 (stx2/eae) isolated from beef products, O145 (stx2/eae) isolated from a

patient with HUS, and O103 (stx1/eae) and O111 (stx2/eae), both isolated from patients with

diarrhea. The strains were kept in frozen culture at -80 ºC. Then, subcultures were prepared by

inoculating a test tube containing 10 ml tryptic soy broth (TSB, Biokar, France) with a single

colony grown in tryptic soy agar (TSA, Biokar, France). Cultures were individually incubated

at 37˚C overnight. Cells were harvested by centrifugation at 4000 x g for 10 min. The pellets

were washed twice with phosphate-buffered saline (PBS, pH 7.2, Oxoid, UK). The pool of

strains was prepared by mixing equal volumes of each strain in PBS.

Sample preparation and inoculation procedure. Beef trimmings were obtained from

“Frigorı́fico Gorina” (34˚54´29”S 58˚02´25”O), a local slaughterhouse. After freezing, they

were irradiated at 10 kGy to eliminate the interference of local microbiota. Upon arrival to the

laboratory, trimmings were divided into samples of 25 g each and placed into stomacher bags.

For the inoculation procedure, 50 μl of a STEC pool were added to the high inoculum samples

to obtain a final concentration of 7 log CFU/g, and 50μl of a diluted STEC pool were added to

the low inoculum samples to obtain a final concentration of approximately 1 log CFU/g.

Chemical treatments. The chemical treatments applied were 0.5% LA (Purac 85%, Neth-

erlands) and 0.04% CA (Sigma Chemical Co, USA), both at 50˚C. Antimicrobials (w/w) were

added undiluted and mixed by pressing the bag externally. Samples were kept at 4˚C until

chemical analysis or gamma irradiation.

Irradiation treatments. Gamma irradiation was performed with two doses: 0.5 kGy (low-

dose irradiation, LDI) and 2 kGy (high-dose irradiation, HDI). Treatments were carried out in

a semi-industrial irradiation facility (cobalt-60 source) at the Centro Atómico Ezeiza, Comi-

sión Nacional de Energı́a Atómica, Argentina (activity, 820 kCi; temperature, 12 ± 0.5˚C; aver-

age dose rate, 8.7 kGy/h; average dose uniformity, 1.05 kGy). Electron paramagnetic

resonance (E-scan Bruker) with BioMaxTM alanine dosimeter film (Kodak) was used to mea-

sure the absorbed dose. The calibration curve was provided and is traceable to the primary lab-

oratory NIST (National Institute of Standards and Technology, USA).

Microbiological analysis of high- inoculum samples. A total of 225 ml of 0.1% peptone

water (PW, Biokar, France) was added to the sample into the bag. Immediately afterwards,

samples were stomached (easy Mix, AES, France) for 60 s and serial dilutions were prepared.

STEC counts were performed in TSA and MacConkey agar (MAC, Biokar, France). A dupli-

cate set of plates was incubated overnight at 37˚C.

Log reductions were calculated by subtracting STEC counts in TSA of treated samples from

STEC counts in TSA of control samples. Injured cells were calculated as the difference in

microbial counts between TSA and MAC.
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Microbiological analysis of low-inoculum samples. A total of 225 ml of modified TSB

(mTSB, Biokar, France) was added to the sample into the bag, which was then incubated at

42˚C for 20 h. After the enrichment step, samples were tested for the presence of stx1, stx2 and

eae genes by real-time polymerase chain reaction (RT-PCR, Pall Corporation, USA). Samples

positive for stx and eae genes were tested for the presence of serogroup molecular markers by

RT-PCR (Pall Corporation, USA).

Meat quality parameters. As already mentioned, meat quality parameters were evaluated

in beef burgers prepared with beef trimmings exposed to the three most effective treatments in

terms of STEC log reductions.

Preparation of beef burgers. Beef trimmings were obtained from a local slaughterhouse.

Upon arrival to the laboratory, samples were divided into four batches. One was used as con-

trol and the other three were used for the preparation of irradiated- and/or chemically-treated

samples. Beef trimmings were ground twice through a plate with 4-mm hole openings to

ensure uniformity. Temperature was monitored preventing it from rising beyond 10˚C.

Sodium tripolyphosphate (STPP, N 15–16 Chemische Fabrik Budenheim R.A Oetker, Buden-

heim) was added and manually mixed. Then, salt (Dos Anclas, Argentina) previously dissolved

in water at 8˚C was added and manually mixed for 5 min. Burgers were formulated with 90%

beef trimmings (12% fat), 2% NaCl, 0.25% STPP and 7.75% tap water; they were hand-pressed,

placed into a 100-mm mold and frozen at -20˚C until further analysis. Good handling prac-

tices were followed during burger preparation.

pH determination. For pH determination, a 10 g aliquot of raw burger was homogenized

with 90 ml of chilled distilled water and measured with a digital pH meter (Thermo Orion

model 420, USA) equipped with a combination pH electrode (Thermo Orion Model 8102BN

ROSS Electrode, Beverly MA, USA) and an ATC-Probe (Thermo Orion, Beverly MA, USA).

The electrode was calibrated immediately before measurement using four buffer solutions at

pH 7.0.

Color measurements. Color determinations were carried out using a Minolta CR-400

chroma meter (Konica Minolta, Japan) following the recommendations of the American Meat

Science Association (AMSA) [17], with D65 illuminant and 2˚ observer. The CIE L�a�b� sys-

tem was used to obtain the values of three chromatic parameters: L� (black–white component,

lightness), a� (redness/greenness) and b� (yellowness/blueness). Chroma (C�, saturation) and

the hue angle (h˚, tone) were calculated as follows: C = (a�2 + b�2)0.5 and h˚ = arctg (b�/a�).

Hue angle is the change in color from red to yellow, with higher values representing less red

product. Raw burgers were allowed to bloom for 45 min prior to the first measurement. Six

scans from each sample were averaged for statistical analysis.

Cooking weight loss (CL). Cooking weight loss was determined by measuring the sample

weight before and after heat treatment, and reported as the percentage of weight loss with

respect to the initial value. Samples were cooked in an electric grill (Spectrum Brands George

Foreman, USA) at 155˚C. Sample temperature was monitored with a K-thermocouple inserted

in the geometric center of the sample until it reached an internal temperature of 74˚C. Data

were recorded using a digital multimeter (Fluke model Hydra 2620A).

Kramer shear test. The instrumental texture of beef burgers was estimated with a 10-blade

Kramer-shear cell connected to a texture analyzer (model TA.XT plus, Stable Micro Systems,

UK). A load cell of 50 kg with a crosshead speed of 3.3 mms-1 was used. From each cooked

burger, four parallelepipeds (15 x 60 mm, 10 mm high) were measured perpendicularly to the

blades, recording maximum shear force (N) and work of shearing (J).

Lipid oxidation measurement. Lipid oxidation was analyzed with the thiobarituric acid reac-

tive substances (TBARS) assay using the technique described by Descalzo et al. [18] with slight

modifications. Two grams of each sample were homogenized (Polytron, Kinematica,

PLOS ONE Combination of organic acids and low-dose gamma irradiation as antimicrobial treatment to inactivate STEC

PLOS ONE | https://doi.org/10.1371/journal.pone.0230812 March 26, 2020 4 / 13

https://doi.org/10.1371/journal.pone.0230812


Switzerland) with 6.25 mL of trichloroacetic acid (2.8%) and 6.25 mL distilled water for 20 s.

Slurry was left to filter through a Whatman N˚1 filter paper and duplicate samples of filtrate (1

mL) were added to an equal volume of 0.02M TBA. An equal volume of distilled water was

added to the third replicate to act as a turbidity blank for each sample. Samples were vortexed

for 10 s, incubated in a water bath at 70˚C for 1 h until pink color development and allowed to

cool for 10 min. Absorbance was read at 532 nm. TBARS were calculated using 1,1,3,3–151 tet-

ramethoxypropan (TEP) as standard. Results were expressed as mg of malondialdehyde

(MDA) equivalents/kg of dry matter (DM). TBARS were calculated as follows:

TBARS number ðmg eq MDA=kg DMÞ

¼ OD532 x 1=slope ðmolÞ x 72:06 g MDA ðmol� 1
Þ=g sample x 85=100 x 1: 106

where OD is the optical density at 532 nm, TEP is used as standard for MDA equivalents 1

mol TEP = 1 mol MDA reacting with TBA; 72.06 g/mol is the molecular weight of MDA, with

a recovery of 85% for the system and 1.106 conversion mg/kg.

Sensory analysis. Sensory tests were carried out to assess perceptible differences in color and

flavor among treated and control (burgers made from untreated beef trimmings) samples.

Color assessment. A difference-from-control (DFC) test with a blind control was developed

to assess significant differences in raw burger color among treated and control samples. This

test is used to estimate the magnitude of difference between a treated sample and a standard

control and is useful when there is inherent product variability [19–21]. Sensory color assess-

ment was carried out under standard lightning conditions using a light cabinet (Verivide,

CAC 120, UK) and illuminant D65. The panel was formed by 20 untrained assessors recruited

from the Food Research Institute. The viewing angle was kept constant (45˚) to the light source

throughout the study [22]. Assessors were asked to compare the color of each codified sample

in relation to a fixed control sample and to record the magnitude of the difference perceived

on a ballot paper. A numerical rating scale with verbal anchors was used, where -3 = much

weaker than the control sample; -2 = moderately weaker than the control sample; -1 = slightly

weaker than the control sample; 0 = no difference in color; 1 = slightly stronger than the con-

trol sample; 2 = moderately stronger than the control sample; and 3 = much stronger than the

control sample.

Overall flavor assessment. The triangle test was used to assess overall flavor differences

among treated and control samples [15]. Frozen burgers were cooked for 9 min in a preheated

electric grill (200 ± 5˚C) (Spectrum Brands George Foreman, USA) to achieve an internal tem-

perature of 71˚C [22]. Internal temperature was verified using a probe-type thermocouple con-

nected to a data acquisition system (Hewlett Packard 39470A). The panel was formed by 20

untrained assessors recruited from the Food Research Institute. Hot burger samples (2 x 2 cm)

were served in codified disposable thermal containers and presented in a monadic sequential

order. Assessors´ remarks on the reasons for their choice were reported in a comments section.

Statistical analysis

In the high inoculum experiment, TSA and MAC STEC counts in all treatments (control, LA,

CA, LDI + LA, LDI + CA and HDI) were analysed using ANOVA and Student-t test. STEC

count reduction in all treatments was analysed using ANOVA.

In the low inoculum experiment, comparison of the presence of stx and eae genes and

molecular markers of serogroups O26, O103, O111, O145 and O157 among treatments was

performed using the generalized linear model (GLM). Presence or absence of stx and eae
genes and serogroups were the outcome variables in the GLM, using a binary logistic distribu-

tion as linked function.
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Meat quality parameters were analysed as described for the high inoculum experiment. For

the sensory analysis, comparisons between the control and each of the treated samples were

performed using two-way ANOVA (with Dunnet´s multiple comparison as post hoc test).

All statistical analyses were performed using InfoStat software (Universidad Nacional de

Córdoba, Argentina).

Results

High-inoculum samples

Bacterial counts in samples treated with LA and CA and in control samples (either in TSA or

MAC) did not differ significantly. Survival (log CFU/g) of STEC in TSA and MAC of samples

treated with LDI, LDI + LA, LDI + CA and HDI differed from control samples and among them-

selves, except for LDI alone and LDI + CA (p< 0.05). The most effective treatment was HDI,

resulting in bacterial counts under the detection limit (2 log CFU/g). The second most effective

treatment was LDI + LA (log reduction, 1.68 log CFU/g). Finally, the third most effective treat-

ment was LDI alone or combined with CA (average log reduction, 1.38 log CFU/g). None of the

treatments, either individual or combined, caused a significant number of injured cells (Table 1).

Low-inoculum samples

Results of samples inoculated with a low bacterial concentration are shown in Table 2. All sam-

ples (100%) treated with LA and CA were positive for stx and eae genes by RT-PCR after

enrichment. Irradiation, either alone or combined with organic acids, was effective in reducing

the percentage of samples positive for stx and eae genes (70% in average). The most effective

treatment was HDI, as none of the treated samples was positive for stx or eae genes. Regarding

the percentage of samples positive for STEC serogroups, no statistical differences were found

among control samples and samples treated with LA and CA. In samples treated with LDI

alone or combined with LA or CA, the percentage of positive samples for STEC serogroups

differed from the control samples, but not among themselves (p< 0.05).

Meat quality parameters

In terms of STEC inactivation, the best three treatments were HDI, LDI + LA and LDI alone.

Results of meat quality parameters after these selected treatments are shown in Table 3.

Table 1. Antimicrobial treatment effects on bacterial count reduction (log CFU/g) of beef trimmings inoculated with STEC by plating on triptic soy agar (TSA) and

MacConkey agar (MAC).

Antimicrobial

treatments

Bacterial counts in TSA (log UFC/g)

Mean (SD)

Bacterial count reduction (log

CFU/g)

Bacterial counts in MAC (log CFU/g)

Mean (SD)

Injured cells (log

CFU/g)

Control 7.14 (0.11) a - 6.56 (0.27) a -

LA 7.01 (0.10) a 0.13 6.57 (0.31) a 0.44

CA 7.13 (0.26) a 0.01 6.75 (0.27) a 0.38

LDI 5.75 (0.34) b 1.39 5.40 (0.26) b 0.35

LDI + LA 5.46 (0.50) c 1.68 5.01 (0.58) c 0.45

LDI + CA 5.77 (0.29) b 1.37 5.43 (0.34) b 0.34

HDI ND > 5 ND -

Results are expressed as mean (SD); n = 30 per treatment.

a, b, c Interventions with no common letter differed significantly (P< 0.05; one-way ANOVA).

LA, lactic acid (0.5%); CA, caprylic acid (0.04%); LDI, low-dose irradiation (0.5 kGy); HDI, high-dose irradiation (2 kGy).

ND: not detected, counts were below the limit of detection (2 log CFU/g).

https://doi.org/10.1371/journal.pone.0230812.t001
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pH

In treated samples, pH values differed from those measured in control samples. In the latter,

pH was 6, similar to that found in samples treated with LDI or HDI alone (5.91). In samples

treated with LDI + LA, pH was 5.02, statistically different from that measured in control, LDI

and HDI-treated samples (Table 3).

Color measurements

Raw samples treated with LDI alone exhibited lower redness and intense color (< a� and C�),

higher hue-angle (> h˚) but the same lightness (= L�) as raw control samples (p> 0.05). Raw

samples treated with LDI + LA exhibited the lowest redness and intensity (<< a�, and C�), the

Table 3. Effect of interventions (LDI, LDI combined with LA and HDI) on the meat quality parameters of beef burgers.

Meat quality parameters Antimicrobial treatments Mean (S.D.)

Control LDI LDI + LA HDI

pH of raw beef burgers 6.00 (0.03) a 5.91 (0.03) b 5.02 (0.02) c 5.91 (0.02) b

Chromatic parameters of raw beef burgers L� 41.92 (0.89) a 43.11 (1.85) a 41.47 (1.67) a 42.13 (1.73) a

a� 14.49 (1.13) a 12.51 (0.95) b 9.50 (0.69) c 13.58 (1.35) ab

b� 13.00 (0.56) a 12.62 (0.65) ab 12.06 (0.50) b 12.45 (0.43) ab

C� 19.49 (1.12) a 17.80 (1.10) b 15.37 (0.79) c 18.46 (1.22) ab

h˚ 42.02 (1.65) c 45.42 (1.08) b 51.83 (1.26) a 42.73 (2.29) c

Chromatic parameters of cooked beef burgers L� 41.79 (2.49) b 40.68 (3.27) b 46.80 (2.49) a 41.55 (3.81) b

a� 7.66 (0.61) ab 8.17 (0.54) a 6.87 (0.81) b 7.93 (0.61) a

b� 11.10 (0.34) a 10.72 (0.33) a 9.27 (1.19) b 10.67 (0.40) a

C� 13.51 (0.51) a 13.49 (0.48) a 11.55 (1.39) b 13.31 (0.61) a

h˚ 55.48 (2.04) a 52.79 (1.70) b 53.34 (1.81) ab 53.50 (1.93) ab

Cooking weight loss (%) 16.30 (1.14) b 18.58 (2.62) b 31.23 (2.79) a 18.82 (2.67) b

Kramer shear test SF (N) 183.55 (12.31) ab 170.42 (18.88) b 202.18 (18.89) a 189.54 (21.36) ab

WS (J) 1.31 (0.09) a 1.23 (0.14) a 1.37 (0.20) a 1.37 (0.22) a

Lipid oxidation TBARS (mg eq MDA /kg DM) 0.53 (0.04) d 0.87 (0.07) b 1.23 (0.09) a 0.74 (0.03) c

L�: lightness; a�: redness; b�: yellowness; C�: chromaticity; h˚: hue angle.
a, b, c, d Interventions with no common letter differed significantly (P< 0.05) using one-way ANOVA.

LA, lactic acid (0.5%); LDI, low-dose irradiation (0.5 kGy); HDI, high-dose irradiation (2 kGy).

SF, maximum shear force (N); WS, work of shearing (J); TBARS, thiobarbituric acid reactive substances.

https://doi.org/10.1371/journal.pone.0230812.t003

Table 2. Effect of intervention on the prevalence (%) of stx and eae genes and molecular markers of serogroups O26, O103, O111, O145 and O157.

Antimicrobial treatments stx and eae(% O26 O103 O111 O145 O157

Control 100 a 100 a 100 a 100 a 97 a 97 a

LA 100 a 97 a 100 a 93 a 89 a 100 a

CA 100 a 100 a 97 a 97 a 100 a 100 a

LDI 70 b 23 b 47 b 23 b 30 b 23 b

LDI + LA 63 b 27 b 40 b 37 b 30 b 33 b

LDI + CA 77 b 27 b 43 b 23 b 27 b 27 b

HDI ND ND ND ND ND ND

a, b Interventions with no common letter are significantly different (P< 0.05) using Generalized Lineal Model.

LA, lactic acid (0.5%); CA, caprylic acid (0.04%); LDI, low-dose irradiation (0.5 kGy); HDI, high-dose irradiation (2 kGy).

ND: not detected.

https://doi.org/10.1371/journal.pone.0230812.t002
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highest hue-angle (>>h) and the same lightness (= L�) as control, LDI- and HDI-treated sam-

ples; yellowness was also lower than in control samples (< b�), but not significantly different

from that observed in samples treated with LDI and HDI alone. Overall, raw samples treated

with HDI alone did not differ from control samples in any of the parameters analyzed

(p< 0.05). Samples of cooked burgers treated with LDI or HDI alone exhibited similar values

of chromatic parameters (same redness, yellowness, color intensity, hue-angle and lightness)

as control samples (= a�, b�, C�, h˚ and L�). Cooked samples treated with LDI + LA exhibited

higher lightness (> L�) but lower yellowness and intensity (< b� and C�) than control, LDI-

and HDI-treated samples (Table 3).

Cooking weight loss

Samples treated with LDI + LA showed significantly increased CL compared with control,

LDI- and HDI-treated samples. On the other hand, CL was not significantly different in sam-

ples irradiated with LDI or HDI alone as compared with control samples (p< 0.05) (Table 3).

Kramer shear test

Instrumental texture results of samples treated with LDI and HDI did not differ from those

obtained in control samples. Shear force results were higher in LDI + LA-irradiated samples

than in samples irradiated with LDI alone (p< 0.05). No differences were observed in work of

shearing among treatments (p> 0.05) (Table 3).

Lipid oxidation

Irradiation and the acid environment increased the effect of lipid oxidation. In irradiated sam-

ples, lipid oxidation was different from that of control samples and among treatments

(p< 0.05). TBARS values of samples irradiated with LDI + LA was 1.23 mg eq MDA/kg DM,

followed by LDI (0.87 mg eq MDA/kg DM) and HDI (0.74 mg eq MDA/kg DM). As expected,

control samples presented the lowest lipid oxidation (0.53 mg eq MDA/kg DM).

Sensory analysis

Color assessment. The resulting DFC scores were compared with DFC data from the

blind control, calculating the difference by subtracting the DFC scores of the blind control

sample from those of the test sample. A significant difference was found between the reference

and the treated samples (p< 0.0001). The Dunnett’s test showed that DFC scores of the three

treated samples were significantly different from the blind control (P< 0.05). Color intensity

was slightly to moderately stronger in LDI- and HDI-treated samples than in the control, and

moderately to much stronger in LDI + LA-treated samples compared with the control

(Table 4).

Table 4. Effect of interventions (LDI, LDI combined with LA and HDI) on mean panel data and P-value of the dif-

ference from control (DFC) test of beef burgers.

Antimicrobial treatment Mean DFC Mean Test DFC Minus Mean Blind Control DFC P-Value

Control 0.28

LID 1.50 1.23 <0.0001

LID + LA 2.83 2.55 <0.0001

HID 1.73 1.45 <0.0001

LA, lactic acid (0.5%); LDI, low-dose irradiation (0.5 kGy); HDI, high-dose irradiation (2 kGy).

https://doi.org/10.1371/journal.pone.0230812.t004
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Overall flavor. Results of the triangle test were as follows: out of the 40 samples treated

with LDI alone, 20 were identified as different from the reference; in samples treated with LDI

+LA, 34 were identified as different from the reference, and among samples treated with HDI,

24 were identified as different from the reference (P< 0.001 in all cases). The main attributes

responsible for such differences were juiciness, saltiness and texture. In relation to the latter,

samples treated with LDI + LA presented a visible lack of cohesiveness. No off-flavors were

detected in irradiated samples.

Discussion

Here we report the effects of gamma irradiation and organic acids, either applied individually

or combined, on STEC inactivation and meat quality parameters. While our results showed that

organic acids alone were not effective to inactivate a pool of STEC strains inoculated on beef

trimmings, other authors have reported the efficacy of CA to reduce pathogenic microbial

counts in meat products. For example, a 2-log CFU/g reduction of Listeria monocytogenes after

treating minced meat with 0.5% CA has been reported [23]. However, the concentration used

by the cited authors was more than 10 times higher than the one used in the present study

(0.04%) and it exceeded the concentration recognized as safe by USDA for use in meat products

[10]. Mohan & Pohlman [11] reported a 1.1 log CFU/g reduction of E. coli (ATCC 25922) after

treating beef trimmings with 0.04% CA and subsequently mixing with 10% (w/v) trisodium

phosphate (TSP). The difference between these results and ours could be due to the combined

effect of CA and TSP as well as to a different strain resistance. Regarding LA treatment, our

results are in agreement with those reported by Harris, Brashears, Garmyn, Brooks, & Miller

[24], who informed that 2 and 5% LA showed no measurable reduction of E. coli inoculated on

the surface of beef trimmings. Conversely, Ransom et al. [5] reported that 2% LA reduced 1.1

log CFU/g of E. coli O157:H7 inoculated on beef trimmings. Differences among assays may be

due to differences in strain resistance, acid concentration and/or experimental conditions.

The most effective treatment was HDI; total STEC inactivation was achieved in samples

with high as well as low inoculum. These results are in agreement with already published data

[12,25]. In high inoculum samples, the second most effective treatment was LDI with 0.5% LA,

as described by other authors. For instance, Bhide et al. [13] reported that presensitization

with 2% LA followed by 1, 2 and 3 kGy in sheep/goat meat reduced the total viable counts and

Bacillus cereus population more than irradiation alone. Kim, Jang, Lee, Min & Lee [14] evalu-

ated the combined effects of 2% LA and electron-beam irradiation (1, 2 and 3 kGy) on total

aerobic bacterial counts and coliform counts of naturally contaminated pork loins, showing

that the combined treatment was more effective than either treatment alone. In this work, the

pH value may have influenced the increase in bactericidal effect (5.02 in samples treated with

LDI + LA, and 5.91 in samples treated with LDI alone). The same phenomenon was reported

by Bhide et al. [13] and Surve, Sherikar, Bhilegaonkar, & Karkare [26]. In low inoculum sam-

ples, the higher efficacy of LDI with 0.5% LA treatment was not observed. Differences between

the results obtained with high and low inoculum samples may be due to the fact that the dam-

age caused by LA was not enough to cause complete cell inactivation and cells were therefore

able to survive and recover during the enrichment procedure. The effect of population size on

E. coli O157:H7 log reductions after treatments was also described by Koseki, Yoshida, Kami-

tani, & Itoh [27], who demonstrated the importance of assessing treatment efficacy with more

than one level of inoculum. While the high inoculum level is used to estimate log reductions

and to compare efficacy among treatments, the low inoculum level is used to mimic natural

bacterial contamination. In the latter case, the treatment is effective when it is capable of inacti-

vating all bacteria present in the sample.
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The third most effective treatment in samples with high inoculum was LDI either alone or

combined with 0.04% CA, the log reduction achieved in the present study was of 1,3 log CFU/

g. This result is in agreement with Sommers et al. [25], who informed that the radiation dose

needed to obtain 1 log reduction (90%) of STEC inoculated on ground meat ranged from 0.16

to 0.48 kGy. However, the reduction was lower than that reported by Xavier et al. [12] (2.6 log

CFU/g reduction in non-pathogenic E. coli O157:H7 inoculated on beef trimmings after treat-

ment with 0.5 kGy). The difference between our results and those previously cited may be

attributed to the nature of the strain used in each assay, since the mentioned authors worked

with only one non-pathogenic E. coli strain [12] while we used a pool of five STEC strains, all

positive for eae genes. Previous studies have reported a higher resistance of positive-eae E. coli
strains to gamma irradiation as compared with negative ones [25]. Besides, differences could

also be due to the composition of the food matrices as well as to the gamma irradiation equip-

ment used in each case. In low inoculum samples treated with LDI either alone or combined

with 0.04% CA, the percentage of stx- and eae-positive samples was 70%. The percentage of

positive samples for serogroup molecular marker after treatment and enrichment was in aver-

age 25%, except for O103 (47%). The lower percentage of positive signal for serogroup molecu-

lar markers compared with the positive signal for stx and eae genes was expected, as the

number of initial bacteria for each serogroup was much lower than the number of initially stx-
and eae-positive bacteria. In the case of O103, the difference with the other serogroups was not

expected and might be due to a higher resistance of the strain. Although 0.5 kGy LDI did not

manage to achieve total STEC inactivation, this was not the intended goal of the treatment,

which was aimed at determining whether there was synergist effect between gamma irradia-

tion and organic acids.

As to meat quality parameters, minimal changes were observed between irradiated

(LDI-HDI) and control samples and between LDI- and HDI-treated samples. Raw irradiated

samples presented lower redness and intensity but higher hue-angle than control samples.

Similar findings were reported by Xavier et al. and Nanke et al. who treated beef with 2 and 1.5

kGy, respectively [12,28]. These changes were also observed in the sensory analysis, where

color intensity was described as slightly to moderately stronger than in the control. Changes

may be due to the normal process by which myoglobin undergoes oxidation, which is acceler-

ated by the rapid generation of large amounts of metmyoglobin when irradiation is conducted

in oxygen-containing environments [29]. Regarding lipid oxidation, irradiated samples regis-

tered higher TBARS values than control samples, which was expected because irradiation

favors the propagation of fatty acid free radicals and the formation of oxygen free radicals. Sur-

prisingly, HDI showed lower TBARS value than LDI. This was unexpected, considering that in

many reports the oxidative status of irradiated meat increased proportionally to the irradiation

dose. This could be explained by the fact that MDA and other short chain carbon products of

lipid oxidation are not stable for a long period of time. This is because oxidation of these prod-

ucts yields organic alcohols and acids, which are not determined by the TBA test [30]. How-

ever, it is still the most used, especially for meats, because the compounds with the greatest

interference can be aldehyde of the carbohydrates and the meat has very little carbohydrates.

Regarding, cooking weight loss and texture profile they remained the same as in control sam-

ples. Finally, flavor assessment showed no off-flavors, even though treated samples were differ-

ent from control samples.

Regarding meat quality of LDI + LA-treated samples, changes were significant as compared

to control samples. Raw samples treated with LDI+LA showed the lowest redness, yellowness

and intensity, the highest hue-angle and the same lightness than control samples. As these dif-

ferences were not observed in samples treated with LDI alone, we assumed that LA treatment

was responsible for them. These results are in agreement with those reported by other authors
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[31,32]. Such differences were also perceived in the sensory analysis by assessors, who

described color intensity as moderately to much stronger than in the control sample. Regard-

ing cooking weight loss, values were higher than those registered in control samples, as also

shown by Friedrich et al. [34]. This phenomenon may also be due to the decrease in pH as well

as the protein denaturation induced by LA, which resulted in a decreased water holding capac-

ity of proteins [33]. Concerning lipid oxidation, TBARS values of samples treated with LDI

+LA and LDI alone were higher than in control samples. Higher lipid oxidation could be

attributed either to the cumulative effect of irradiation and organic acid or to the lower pH val-

ues [14,34]. Regarding flavor, even though assessors described treated samples as different

from control samples, no off-flavors were detected. The same observation applied to samples

treated with irradiation alone.

Conclusions

Organic acid treatments alone were not effective as far as the inactivation of STEC was con-

cerned. The most effective treatment was high dose gamma irradiation (HDI; 2 kGy) since it

achieved total STEC inactivation in high and low inoculum samples and caused minimal

changes in meat quality parameters and sensory attributes. After treatment with low dose

gamma irradiation (LDI; 0.5 kGy) alone or combined with 0.04% caprylic acid, STEC lethality

was 1.38 log CFU/g in high inoculum samples and caused 30% reduction in the number of

samples positive for stx- and eae-genes in low inoculum samples. After treatment with LDI

combined with 0.5% lactic acid, STEC lethality was higher than with LDI alone (1.68 log CFU/

g) in samples with high inoculum, but it remained the same in samples with low inoculum

(30%). Concerning meat quality parameters and sensory attributes, treatment with LDI and

0.5% LA was less effective than LDI alone in preserving these parameters. Therefore, based on

our results, no benefits were observed after combining organic acids with gamma irradiation.
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