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This work studied the radiation resistance of Listeria monocytogenes and Salmonella species and
the effect of irradiation on leaf flavonoid content and sensory acceptability of minimally processed
arugula. Immersion in ozone-treated water reduced the analyzed microorganisms by 1 log. L.
monocytogenes and Salmonella were not isolated from samples. Samples of this vegetable were
inoculated with a cocktail of Salmonella spp. and L. monocytogenes and exposed to γ irradiation.
D10 values for Salmonella ranged from 0.16 to 0.19 kGy and for L. monocytogenes from 0.37 to 0.48
kGy. Kaempferol glycoside levels were 4 and ca. 3 times higher in samples exposed to 1 and 2 kGy,
respectively, than in control samples. An increase in quercetin glycoside was also observed mainly
in samples exposed to 1 kGy. In sensory evaluation, arugula had good acceptability, even after
exposure to 2 and 4 kGy. These results indicate that irradiation has potential as a practical processing
step to improve the safety of arugula.
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INTRODUCTION

The international market of fruits and vegetables experi-
enced many alterations in recent years because of the changes
in consumption habits, which increased the demand for
minimally processed vegetables (1). Moreover, the industry,
researchers, and consumers have demonstrated great interest
in the antioxidant capacity of flavonoids and other phy-
tochemical compounds present in vegetables that can have a
protective effect against cancer and cardiovascular diseases
(2, 3).

Research, however, has shown that minimal processing is
not enough to guarantee the safety of these foods. The
majority of these products do not require any additional
treatment and are consumed raw, thus becoming a potential
safety issue in public health. These foods have been shown
to be a source of food-poisoning outbreaks, resulting from
contamination with pathogens such as Escherichia coli O157:
H7, Listeria monocytogenes, and Salmonella (4–8). Mini-
mally processed vegetables are subjected to steps such as

peeling, slicing, or shredding that could be means for cross-
contamination. Garg et al. (9) verified that the population of
mesophilic bacteria in sliced vegetables increased from
103-104 to 105-106 CFU/g due to the increase in the
availability of nutrients and the surface area for these
microorganisms.

Because minimal processing by itself does not guarantee the
safety of these foods, ionizing radiation is one process to address
this problem; it can effectively eliminate human pathogens,
improving the safety and quality of minimally processed vegetables
and extending the shelf life of these products (10). Moreover, it
is the only treatment that can penetrate inside the leaves of
vegetables. However, despite regulatory approval and control in
the use of irradiation, barriers related to costs and consumer
acceptance still prevent the commercialization of irradiated pro-
duce (11).

Several studies with minimal processing of the most con-
sumed vegetables in North America are reported in the literature.
However, products of great acceptance and economic impor-
tance in other countries, such as arugula, watercress, and others
are not so well studied. Therefore, the aims of the present
research were to determine the D10 value (which is the dose in
kilograys for a 1 log10 reduction in the population) of a cocktail

* Corresponding author (telephone +55-11-30912191; fax +55-11-
38154410; e-mail landgraf@usp.br).

1264 J. Agric. Food Chem. 2008, 56, 1264–1268

10.1021/jf072873j CCC: $40.75  2008 American Chemical Society
Published on Web 02/01/2008



of Salmonella and L. monocytogenes strains and the flavonoid
content and the sensory quality of irradiated, minimally
processed arugula.

MATERIALS AND METHODS

Substrate. Arugula (Eruca satiVa Mill.) samples were kindly
acquired from local industry. The time elapsed between the harvest of
the samples, their processing, and the beginning of this research did
not exceed 24 h. All chemicals and solvents were of reagent or HPLC
grade. The standards of luteolin, apigenin, kaempferol, quercetin,
catechin, and epicatechin were obtained from Sigma Chemical Co. (St.
Louis, MO); the standards of cyanidin, pelargonidin, delphinidin,
malvidin, and peonidin were from Extrasynthese (Genay, France);
naringenin, hesperetin, and the chalcones chalconaringenin and phlo-
ridzin were from Plantech (Reading, U.K.); cyanidin 3-glycoside and
naringin were from Apin Chemicals (Abingdon, U.K.); and rutin was
from Merck (Darmstadt, Germany).

Microorganisms. Three strains of Salmonella (S. Infantis were
kindly provided by Instituto Adolfo Lutz; S. Enteritidis ATCC 13076
and S. Typhimurium ATCC 14028) and four strains of L. monocyto-
genes (one isolated from spinach; one from ground meat, one ATCC
7644, and one ATCC 19115) were used. The strains were maintained
at -70 °C in tryptic soy broth (TSB; Oxoid, Basingstoke, U.K.) with
20% glycerol.

Vegetable Sanitation. The damaged leaves were discarded. Arugula
leaves and stalks were rinsed thoroughly in cold water and sanitized
by immersion in ozone-treated water (0.08 ppm) for 5 min. Then, the
leaves and stalks were centrifuged to remove excess water and packed
(ref 12, with modifications).

Preparation of the Inoculum. Each strain of Salmonella was
inoculated into TSB (Oxoid) and, for L. monocytogenes TSB was added
with 0.6% of yeast extract (YE; Oxoid) (TSBYE) and incubated for
18–20 h at 37 °C. A loopful was transferred to 100 mL of TSB (Oxoid)
for Salmonella and TSBYE for L. monocytogenes and incubated at 37
°C for 20–24 h. Two aliquots of 15 mL of each culture were added to
two centrifuge tubes comprising 45 mL of culture per tube to make a
stock culture. The cultures were centrifuged (centrifuge Hettich,
Tuttlingen, Germany) at 700g for 30 min, and the pellets were
resuspended in 45 mL of 0.85% (w/v) NaCl solution (LabSynth,
Diadema, Brazil).

Inoculation of Vegetables for Determination of Radiation D10

Values (12). The stock culture of bacteria (90 mL) was mixed with 6
L of cold (2–5 °C) distilled water to have ca.107–108 CFU/mL. The
minimally processed arugula was immersed into this suspension for
15 min. Then, the arugula was spun in a sanitized salad spinner-type
centrifuge to remove excess surface water. The arugula showed a
contamination of ca.106 CFU/g. The vegetables were divided into 25 g
portions and packed into polyethylene bags.

Irradiation Process. The arugula samples spiked with L. monocy-
togenes were exposed to doses of 0.5, 1.0, 1.5, 2.0, and 2.5 kGy, and
the samples spiked with Salmonella spp. received absorbed doses of
0.0, 0.2, 0.4, 0.6, 0.8, 1.0, and 1.2 kGy. Each study included three
samples per dose and was repeated three times. All samples were
irradiated using a γ radiation 60Co source (JS 7500 MDS Nordion,
Kanata, Canada). The dosimetric system used was the Harwell red
perspex (U.K.) dosimeter. The accuracy is 75% and the precision 72%.
The slopes of the individual survivor curves were calculated with linear
regression using a computer graphic program (Microsoft Excel 97 SR-
2, Redmond, WA). The D10 value was calculated by taking the negative
reciprocal of the survivor curve slope.

Enumeration of L. monocytogenes after Irradiation. Irradiated
and non-irradiated samples were maintained under refrigeration (3–8
°C) until the beginning of microbiological tests. Each portion of 25 g
was homogenized with 225 mL of 0.85% NaCl solution (LabSynth)
using a Stomacher 400 (Seward, London, U.K.) during 30 s and serially
diluted with 0.85% NaCl solution (LabSynth). One milliliter of each
dilution was pour plated using TSAYE (ref 13, with modifications).
After solidification, an overlay of Oxford agar (Oxoid) was added to
determine the population of surviving bacteria. Two pour plates per
dilution were incubated at 37 °C for 24 h. Each analysis was performed
three times.

Salmonella enumeration was carried out in an analogous way to the
quantification of L. monocytogenes, and the Oxford agar (Oxoid) was
replaced by MLCB agar (Oxoid) (13).

Microbiological Evaluation before and after Minimal Processing.
According to analysis recommended by ANVISA, RDC12 (14), fecal
coliforms (15), and Salmonella spp. (16) were done. Besides these,
enumeration of mesophilic (17), psycotrophic (18), lactic acid bacteria
(19), Pseudomonas spp. (20), and the presence/absence of L. mono-
cytogenes (21) were also performed.

Flavonoid Extraction. Flavonoid extraction was performed accord-
ing to the method in ref 22 and that of Arabbi et al. (23) with slight
modifications, as follows. Samples were thoroughly homogenized by
powdering in liquid nitrogen. Duplicate samples of the fresh powder
(20 g) were extracted three times in methanol/water (100 mL the first
time, 50 mL the next two times) with a final solvent composition of
70:30, including the water of samples, at speed 5 for 1 min (Brinkmann
homogenizer, Polytron-Kinematica GmbH, Kriens-Luzern, Sweden),
in an ice bath. The homogenate containing the polyphenolics was
filtered under reduced pressure through filter paper (Whatman no. 06).
The extracts obtained were concentrated until methanol elimination on
a rotatory evaporator (Rotavapor RE 120, Buchi, Flawil, Sweden) at
40 °C and made up to 25 mL with water for subsequent application to
solid-phase extraction (SPE) columns.

Solid-Phase Extraction. Aliquots (10 mL) of the extracts obtained
above were passed through polyamide SC 6 (Macherey-Nagel GmbH
and Co., Duren, Germany) columns (1 g/6 mL) previously conditioned
with 20 mL of methanol and 60 mL of water. The columns were washed
with water (20 mL) and eluted with 50 mL of methanol followed by
50 mL of 99.5:0.5 methanol/ammonia. Each eluate was evaporated to
dryness under reduced pressure at 40 °C, redissolved in methanol or
methanol/acetic acid 95:5 (1 mL), and filtered through a 0.22 µm
poly(tetrafluoroethylene) (PTFE) filter (Millipore Ltd., Bedford, MA)
prior to HPLC analysis.

Analytical HPLC. Identification and quantification of flavonoids
was achieved using analytical reversed-phase HPLC in a Hewlett-
Packard 1100 system with an autosampler and a quaternary pump
coupled to a diode array detector. The column used was a Prodigy 5 µ
ODS 3 reversed-phase silica (250 mm × 4.6 mm i.d., Phenomenex
Ltd.), and elution solvents A and B were water/tetrahydrofuran/
trifluoroacetic acid (98:2:0.1) and acetonitrile, respectively. The solvent
gradient was in the proportion of 17% B for 2 min, increasing to 25%
B after 5 min, to 35% B after a further 8 min, and to 50% B after 5
min. Eluates were monitored at 270, 370, and 525 nm. Samples were
injected in duplicate, and flavonoids were quantified using the respective
external standards. Flavonoid standard solutions were prepared by
dissolving in HPLC grade methanol and stored at -20 °C between
analyses. Calibration was performed by injecting the standard three
times at five different concentrations. Peak identification was performed
by comparison of retention times and diode array spectral characteristics
with the standards and the library spectra. Chromatography was used
when necessary. Quantification of quercetin glycosides was performed
using quercetin as the standard, except for rutin, for which the rutin
standard was used. Results are expressed as milligrams of aglycon per
100 g of fresh weight (FW), as mean [standard deviation (SD)].

Sensory Evaluation of Minimally Processed Irradiated Arugula.
Three packages of minimally processed arugula, of approximately 2
kg each, were acquired from local industry. These samples were
minimally processed and exposed to radiation doses of 2 and 4 kGy.

For the acceptability evaluation, panelists were asked to rate each
sample for overall liking on a hybrid 10 cm hedonic scale (0 )
extremely dislike; 10 ) extremely like) (24). This panel (aged 20–55
years) was composed of 50 nontrained members of the faculty, staff,
and students of the University of São Paulo (USP). They evaluated the
appearance, flavor, aroma, and texture of the products. Arugula was
maintained under refrigeration (ca. 7 °C) and served (10 g) in white
plastic dishes coded with three-digit random numbers. The samples
were evaluated under white light in individual cabins, in the Sensory
Food Analysis Laboratory, Faculty of Pharmaceutical Sciences, USP,
in São Paulo, SP. Data were submitted to a two-way ANOVA (SAS
Institute, Inc., Cary, NC) followed by Tukey’s means comparison test
(p e 0.05).
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RESULTS AND DISCUSSION

Figure 1 shows the effect of minimal processing in the
reduction of the natural microflora present in these vegetables.
It is possible to observe a reduction by <1 log10 for the analyzed
group of bacteria after washing in ozone-treated water (0.08
ppm).

The reduction obtained was lower than the values reported
by Martins et al. (25) and Goularte et al. (26), although these
researchers used sodium hypochlorite solution (200 ppm) as a
sanitizer. On the other hand, Tsuhako (27), who also used
hypochlorite (in lettuce) verified that the minimum processing
provided a reduction superior to that found in our research, with
reductions by 2.68 log10 CFU/g for acid lactic bacteria, 3.35
log10 CFU/g for Pseudomonas, and 2.93 log10 CFU/g for
psycrotrophics.

Koseki and Isobe (28) evaluated the effect of the ozone
concentration (3, 5, and 10 ppm) on the microbiological growth
of minimally processed lettuce and verified that the bacterial
count was reduced in response to the increase of the ozone
concentration. However, the reduction observed by these authors
was 1.4 log10 CFU/g at concentrations >5 ppm of ozone.

E. coli, when detected, was reduced by ca. 1 log CFU/g, after
processing, achieving undetected levels.

Salmonella and L. monocytogenes were not found in the
analyzed arugula samples, agreeing with Tsuhako (27), who did
not find any of these pathogenic bacteria in samples of
minimally processed lettuce. However, such a fact was observed
by Martins et al. (29), who detected L. monocytogenes in spinach
sample and Salmonella in four minimally processed vegetable
samples (watercress, lettuce, chicory, and prepacked salad with
lettuce, carrot, and radicchio).

These results show that the sole treatment with chlorine or
ozone solutions was not sufficient to eliminate the bacteria from
minimally processed vegetables. Therefore, the combination
with irradiation could improve the quality of this produce.

The radiation resistances of Salmonella and L. monocytogenes
are the most studied because of their importance in public health,
besides being considered the most resistant microorganisms
among non-spore-forming pathogens to the radiation process.

Figures 2 and 3 show the inactivation of L. monocytogenes
and Salmonella inoculated on minimally processed arugula and
irradiated up to 2.5 kGy. The D10 values for L. monocytogenes
(0.48, 0.42, and 0.37 kGy) were higher than those for Salmonella
(0.19, 0.19, and 0.16 kGy) when inoculated on arugula.

Niemira (30) reported that the radiation sensitivity of a
microorganism is influenced by the different types or cultivars
of the same vegetable. Four types of lettuce (Boston, iceberg,

green leaf, and red lettuce) had presented different D10 values
for Salmonella: 0.24, 0.25, 0.31, and 0.23 kGy, respectively.

Goularte et al. (26) obtained D10 values ranging from 0.16
to 0.23 kGy for Salmonella spp. in minimally processed lettuce.
These results are similar to the values found in this research,
but somewhat lower than those found by Martins et al. (31),
who found D10 values ranging from 0.33 to 0.42 kGy in
minimally processed watercress.

Figure 2 shows D10 values for Salmonella. These values
(0.16–0.19 kGy) are lower than that observed by Dhokane et
al. (32), who found Salmonella D10 values of 0.312 and 0.345
kGy after inoculation on carrot and cucumber, respectively.

The D10 values for L. monocytogenes established herein
(0.37–0.48 kGy) were higher than those reported by Bari et al.
(33), Martins et al. (25), Niemira (30), Niemira et al. (34), and
Tsuhako (27). In those studies, the D10 values for L. monocy-
togenes ranged from 0.19 to 0.25 kGy in several vegetables
analyzed.

Although a clear mechanism has not yet been established for
the variation in sensitivity of Salmonella and L. monocytogenes
observed in the present study and that in the literature, there
are a number of complicating factors which may play a role.
First and foremost is the nature of the suspending material,
arugula, which has not been previously evaluated in irradiation
studies. The specific impact and influence of the suspending
substrate on radiation sensitivity of inoculated bacteria is poorly
understood (30). Other potentially significant factors may be
the microorganism itself, the water activity, the temperature
during the radiation process, the food composition, and the
presence of oxygen. Also, the presence of compounds that can
protect or not the microorganisms by the action of radiolytic
products may play an important role.

Figure 1. Microbiological evaluation of arugula before and after minimal
processing (* ( SD).

Figure 2. Population of Salmonella spp. in arugula exposed to γ radiation.

Figure 3. Population of L. monocytogenes in arugula exposed to γ
radiation.
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The presence of bioactive compounds, flavonoids, caro-
tenoids, insoluble fibers, and ascorbic acid, adds market value
and desirability, and results in increased vegetable consumption.
However, the different processing technologies to which foods
are submitted can increase or reduce the amounts of these
components.

Table 1 shows the effect of irradiation on flavonoid content
in minimally processed arugula. Irradiation caused a very
significant increase in flavonoid content. Kaempferol glycoside
levels were 4 and ca. 3 times higher in samples exposed to 1
and 2 kGy, respectively, than those in control samples. Quercetin
glycoside content was ca. 2 times higher when 1 kGy was
applied, but did not differ from the control when exposed to 2
kGy.

These results indicate that irradiation induced de novo
synthesis of flavonoids, probably involving an increase in
phenylalanine ammonia-lyase (PAL) activity, which catalyzes
the first reaction of the biosynthesis of flavonoids.

Arabbi et al. (23) analyzed the flavonoid content in several
vegetables most commonly consumed in Brazil and reported
that the main sources of flavonoids are orange (70%), lettuce
(9%), and tomatoes (2.5%). The flavonoids found in largest
abundance were glycosides of quercetin.

Vanamala et al. (35) reported an increase in flavonoid content
(naringin and narutin) in irradiated and freeze-dried samples of
grapefruit when compared to control samples. Increase in the
flavonoid content was also observed by Variyar et al. (36) with
soybean exposed to 0.5 and 5 kGy. The latter dose provided
the highest increase. On the other hand, irradiation can,
sometimes, reduce the flavonoid content as observed by Breit-
fellner et al. (37). The authors studying the effect of γ radiation
on flavonoid content in strawberry observed that 3 kGy,
approved in many countries for use in this type of food, did
not result in a significant reduction of these compounds, not
causing, therefore, any impact on its antioxidant capacity.

Although irradiation can improve the microbiological safety
of minimally processed vegetables, this process can cause
sensory changes in some vegetables, depending on the applied
dose. In the case of arugula, however, the mean scores of sensory
acceptability (Table 2) indicated that both control and irradiated
samples (2 and 4 kGy) were accepted. However, very high doses
of radiation (4 kGy) caused a significant reduction (p e 0.05)
in the acceptability of arugula when compared to the control
sample. On the other hand, Martins et al. (31) did not find
significant difference in the initial irradiated minimally processed
watercress acceptability exposed to 1, 3, and 4 kGy.

Comments from the panel about the appearance of the
vegetable were very contradictory. Different groups of consum-
ers considered the appearance of the vegetable to be both of
“better appearance” and “bad appearance”. In relation to the
flavor, aroma, and texture attributes, the irradiated samples
elicited more negative comments when compared to control
samples. Whereas the non-irradiated sample got a higher number
of comments described as “good” flavor and “characteristic”
flavor, the samples exposed to 1 kGy were described as “bitter”,
“strong”, or “spicy”. In contrast, samples irradiated with 2 kGy
were also described as the sample with “more soft” flavor.

In conclusion, these results indicate that irradiation can reduce
the risk of pathogenic bacteria in minimally processed vegetables
and increase flavonoid content in arugula, when exposed to 1
kGy. Sensorially, it was verified that the product had good
acceptability, even when exposed to 2 kGy.
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