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Summary Growth and survival of Listeria monocytogenes on shredded cabbage and cut onions,
Yersinia pseudotuberculosis on cubed and shredded carrots along with yeasts on
cubed bell peppers and cubed potatoes were studied during a nine-day storage
period at 6 °C. Fresh vegetables were packaged in retail packages under three diffe-
rent initial atmospheres including (A) air, and two atmospheres with reduced oxygen
(O,) and elevated carbon dioxide (CO,) concentrations (B) 5 % O,, 5 % CO,, and (C)
2 % 0,, 15 % CO,, all balanced with nitrogen (N,). Shredded carrots were the only
exception, as they were packaged only under air. Vegetables were inoculated with a
mixture of three L. monocytogenes, three Y. pseudotuberculosis or five Candida sake
strains depending on the study. Headspace gas compositions and microbial counts
were studied from three replicate packages from each vegetable and atmosphere
combination after inoculation (day 0) and after three and nine days of cold storage.
All the three microbes were able to grow on the vegetables with the exception that
L. monocytogenes failed to grow on cut onions. While modified atmospheres may
be used to improve product quality and shelf life, the safety of ready-to-eat vegeta-
bles must rely on other factors, such as good hygienic and manufacturing practices
along with strict temperature control and shelf lives short enough.

Keywords: cold storage, food safety, minimal processing

Zusammenfassung Das Wachstum und das Uberleben von Listeria monocytogenes in zerkleinertem
Kohl und geschnittenen Zwiebeln, Yersinia pseudotuberculosis in gewdrfelten und
geraspelten Karotten sowie Hefen in gewdlrfelten Paprikaschoten und gewdirfelten
Kartoffeln wurden wahrend einer Lagerzeit von neun Tagen bei 6 °C untersucht.
Frisches GemUlse wurde in Einzelhandelsverpackungen unter drei verschiedenen
urspriinglichen Schutzatmospharen verpackt: (A) Luft und zwei Atmosphéren mit
reduziertem Sauerstoffgehalt (O,) und erhéhten Kohlendioxidkonzentrationen (CO,)
(B)5% O,,5% CO,, und (C) 2 % O,, 16 % CO,, alle mit Stickstoff (N,) ausgeglichen.
Als einzige Ausnahme wurden die geraspelten Karotten nur unter Luft verpackt. Das
Gemdtse wurde je nach Studie mit einer Mischung aus drei L. monocytogenes-, drei
Y. pseudotuberculosis- oder finf Candida sake-Stammen inokuliert. Die Zusammen-
setzung der Schutzgase und die Keimzahlen wurden aus drei Replikatpackungen aus
jeder Kombination von GemUse und Atmosphéare nach der Inokulation (Tag 0) und
nach drei und neun Tagen Kihllagerung bestimmt. Alle drei Mikroben konnten in dem
Gemuse wachsen, mit der Ausnahme, dass L. monocytogenes nicht in geschnitte-
nen Zwiebeln wachsen konnte. Wéhrend modifizierte Atmospharen verwendet
werden kénnen, um die Produktqualitdt und Haltbarkeit zu verbessern, muss die
Sicherheit von essfertigem GemUlse auf anderen Faktoren beruhen, wie guten
Hygiene- und Herstellungspraktiken zusammen mit einer strengen Temperatur-
kontrolle und genligend kurzen Lagerzeiten.

Schliisselwaorter: Kiihllagerung, Lebensmittelsicherheit, minimale Verarbeitung
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Introduction

The consumption of fresh produce, such as minimally
processed ready-to-eat vegetables, has increased during
past decades. Concurrently, notable number of food poi-
soning outbreaks associated with vegetable products have
occurred in Europe (EFSA, 2013) and North America
(Erickson, 2010). Primary production, processing stages
e. g. washing, peeling and cutting along with packaging and
storage may cause risk for pathogen contamination and
growth on vegetables (Zagory, 1999; Francis et al., 2012).
The microbial quality of fresh vegetables on the market has
raised safety concerns (Cardamone et al., 2015; Nousiainen
etal.,2016). Detailed knowledge is needed to better under-
stand microbial growth on fresh produce in various storage
conditions.

L. monocytogenes and Y. pseudotuberculosis are psych-
rotrophic facultative anaerobic bacteria widely spread in
nature, capable of growing in various conditions and poten-
tial sources of food-borne diseases. L. monocytogenes may
cause invasive disease forms, such as abortion, meningoen-
cephalitis or septicaemia, especially among risk groups
(Swaminathan and Gerner-Smidt, 2007), and mortality
rates of listeriosis may be high (de Noordhout et al., 2010).
Vegetables have been widely known to be potential
L. monocytogenes vehicles (EFSA, 2013) since the listerio-
sis outbreak caused by contaminated coleslaw in the early
1980s (Schlech et al., 1983). Yersiniosis usually presents as
gastrointestinal symptoms, but may also cause long-lasting
complications, e. g. erythema nodosum or reactive arthritis
(Fredriksson-Ahomaa et al., 2010). Y. pseudotuberculosis
outbreaks have mainly been reported in the Northern
Hemisphere including Canada (Press et al., 2001), Finland
(Tertti et al., 1984; Jalava et al., 2004; Nuorti et al., 2004;
Jalava et al., 2006; Kangas et al., 2008; Rimhanen-Finne et
al., 2009; Parn et al., 2014), Japan (Inoue et al., 1988;
Nakano et al., 1989) and Russia (Tseneva et al., 2012).
Numerous outbreaks have been linked to vegetables such
as iceberg lettuce (Nuorti et al., 2004) and carrots (Jalava et
al., 2006; Kangas et al., 2008; Rimhanen-Finne et al., 2009).

Modified atmosphere packaging (MAP), which utilises
atmospheres other than air, can be used to prolong the shelf
lives of fresh produce, and the packaging technology in-
cluding its microbiological risks, has been reviewed exten-
sively (Zagory, 1999; Farber et al., 2003; Francis et al., 2012;
Caleb et al., 2013). MAP may enable psychrotrophic facul-
tative anaerobic pathogens to reach high numbers, which
can be a food safety risk (Zagory, 1999; Farber et al., 2003;
Francis et al., 2012; Caleb et al., 2013). Product type and
storage conditions affect the ability of L. monocytogenes to
grow on MAP vegetables (Hoelzer et al., 2012). In contrast,
Y. pseudotuberculosis growth on MAP vegetables has not
been studied. Furthermore, yeasts cause economic losses
for the vegetable industry by deteriorating the sensorial
quality of produce and because CO, production packages
may expand or even collapse (Fleet 2011). Yeasts have
been shown to grow on vegetables packaged in polymeric
films and packaging may even enhance their growth
compared to unpacked vegetables (Brackett, 1988, 1989,
1990). However, the effect of modified atmospheres on
yeast growth appear to be relatively limited (Beuchat and
Brackett, 1990a; Babic et al., 1992). More information
concerning yeast growth on various commodities as well as
under different atmospheres within the same packaging
system is needed to improve product quality.

The aim of our study was to assess the survival and
growth of L. monocytogenes, Y. pseudotuberculosis and
yeasts on fresh vegetables packaged under O, and CO,
atmospheres balanced with N, during a nine-day cold
storage period at 6 °C.

Material and methods

Microbial strains and preparation of inoculums

L. monocytogenes and Y. pseudotuberculosis strains
(Tab. 1.) used in this study were selected from the culture
collection of the Department of Food Hygiene and Envi-
ronmental Health (University of Helsinki, Helsinki, FI) and
had been isolated from vegetables, or a warehouse used for
storing vegetables. In addition, five yeast strains were iso-
lated from cubed MAP bell peppers and potatoes, and the
isolates were identified as Candida sake strains using
MALDI-TOF Mass Spectrometry method (Microflex,
Bruker Daltonics GmbH, Leipzig, DE). Protein extraction
was performed using formic acid and acetonitrile (Cassagne
et al., 2012), and the obtained spectra were compared to an
online reference database using the MSI application as
described by Normand et al. (2017). Prior to inoculation,
L. monocytogenes strains were cultured in brain heart infu-
sion (BHI) broth (Oxoid, Basingstoke, Hampshire, UK) at
37 °C for 16 h, Y. pseudotuberculosis strains in tryptic soy
(TS) broth (Oxoid) at 28 °C for 16 h and C. sake strains in
wort broth (Scharlau, Scharlab, Barcelona, ES) at 25 °C for
48 h. The final inoculum consisted of equal counts of three
L. monocytogenes, three Y. pseudotuberculosis or five
C. sake strains diluted in peptone water.

MAP vegetables and inoculation

Shredded white cabbage (Brassica oleracea var. capitata),
cut red onions (Allium cepa), cubed (20 mm) carrots (Dau-
cus carota subsp. sativus), shredded carrots, cubed (20 mm)
red bell peppers (Capsicum annuum) and cubed (20 mm)
potatoes (Solanum tuberosum) were packaged and delive-
red by a local food company one day prior to inoculation
(day -1) and stored at 6 °C. Each vegetable product, except
the shredded carrots, had been packaged under three
different atmospheres (A-C) initially containing (A) air
(21 % O,, 0 % CO,), or reduced O, and elevated CO,
concentrations (B) 5% O,, 5 % CO,, or (C)2 % O,,15 %
CO,, while N, was used as a balance gas. The shredded
carrots were packaged only under atmosphere A (air), to

TABLE 1: Strains used for inoculation of fresh vegetables.

Strain Serotype Origin Year Country
Listeria monocytogenes
LM109 b Frozen broccali 1999 Finland
(M116 12b  Frozenonionproduct 1999 Finland
(T30 112a Bell pepper 2000 Finland
Yersinia pseudotuberculosis
1435/8/2004 Tb Carrot 2004 Finland
2161/13/2006 1b Floor surface? 2006 Finland
248412006 1b Potato waste? 2006 Finland
(andlida sake
CS-KP-pap-1 Bell pepper 2016 Finland
CS-KP-pap-3 Bell pepper 2016 Finland
CS-KP-per-1 Potato 2016 Finland
(CSKP-per3 Potato 2016 Finland
CS-KP-per-4 Potato 2016 Finland

# Sampled from storage room floor.
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study whether processing type affects the growth of
Y. pseudotuberculosis. Impermeable films were used to seal
the packages.

Shredded cabbage and cut onions were both inoculated
with 3.3 log CFU/g of L. monocytogenes inoculum, while
the cubed carrots and shredded carrots were inoculated
with 4.4 log CFU/g and 3.3 log CFU/g of Y. pseudotuber-
culosis inoculum, respectively. The C. sake inoculation
level used for cubed bell peppers and cubed potatoes was
3.2 log CFU/g. Inoculation was performed by injecting
through a septum (PBI Dansensor, Ringsted, DK) inserted
on the packaging film to retain impermeability. The in-
jection volume (1 ml per 50 g of vegetables) was evenly
directed on the vegetables and further spread by rotating
the packages using a Roto-shake Genie system (Scientific
Industries, Bohemia, New York, US) for 60 s. Headspace
gas analyses and microbial enumerations were performed
immediately after inoculation (day 0) and after three and
nine days of storage at 6 °C. Three replicate packages were
examined from each vegetable, atmosphere and storage
time combination.

Analysis of headspace gas

Headspace gas compositions (O,, CO,) were tested with an
Oxybaby gas analyser (Witt-Gasetechnik Gmbh & Co KG,
Witten, DE) at the processing plant during packaging of the
vegetables one day before inoculation (day —1) to ensure
initial gas compositions. Gas compositions were measured
from each of the packages using a Checkpoint gas analyser
(PBI Dansensor) before opening the packages for micro-
bial enumerations on days 0, 3 and 9.

Enumeration of L. monocytogenes

L. monocytogenes counts were enumerated according to
the ISO method 11290-2/2004 (ISO, 2004b) with slight
modifications. Presumptive L. monocytogenes colonies
were confirmed using the multiplex PCR method that have
specific 16S rRNA gene sequence primers (Border et al.,
1990) for Listeria spp. and listeriolysin O virulence gene
sequence primers (Bansal, 1996) for L. monocytogenes.

Enumeration of Y. pseudotuberculosis

Y. pseudotuberculosis counts were enumerated using the
most probable number (MPN) method of five parallel
tubes followed by multiplex PCR detection. Carrot samples
(25 g) were homogenised and diluted in peptone water
(1:10). Ten-fold dilutions were inoculated into five TS
broth (Oxoid) tubes and incubated at 28 °C for 24 h. A
200 pl sample from each culture was centrifuged
(16 000 x g, 10 min) and the supernatant removed. Cells
were lysed and DNA extracted in 100 pl of DyNAzyme
PCR buffer (Thermo Fisher Scientific, Waltham, Massa-
chusetts, US) containing 0.2 mg/ml of proteinase K
(Thermo Fisher Scientific) by incubating the samples at
37 °C for 1 h and further heating at 97 °C for 10 min.
Samples were stored at —20 °C until PCR detection, which
was based on primers for virF (Kaneko et al., 1995) and inv
(Nakajima et al., 1992) genes. Samples were centrifuged
(16 000 x g, 5 min) and 1 pl of supernatant was added into
24 ul of mastermix, which contained 1 x PCR buffer
(DyNAzyme buffer, Thermo Fisher Scientific), 200 uM of
4dNTP mix (Thermo Fisher Scientific), 0.5 pM of each virF
and inv primers (Metabion Oligomer, Helsinki, FI) and 1 U
DyNAzyme II DNA polymerase (Thermo Fisher Scien-
tific). PCR parameters were as follows: initial denaturation

at 94 °C for 60 s, 30 cycles consisting of denaturation at
94 °C for 30 s, annealing at 55 °C for 60 s and extension at
72 °C for 30 s followed by final extension at 72 °C for 5 min.

Enumeration of yeasts

Yeast counts were determined according to the ISO me-
thod 21527-1/2008 (ISO, 2008) with slight modifications.
Samples were spread on OGYE (Oxoid) plates and colo-
nies counted after three, five and seven days of incubation
at 25°C. Typical colonies were confirmed by gram staining.

Examination of uninoculated vegetables and pH

Before inoculation, each batch of vegetables was sampled
to test for the presence of L. monocytogenes, Y. pseudotu-
berculosis or yeasts depending on the study. The presence
of L. monocytogenes was studied in two parallel packages
according to the ISO detection method 11290-1/2004 (ISO,
2004a) with slight modifications. LMBA (Lab M, Hey-
wood, Lancashire, UK) and ALOA (Lab M) were used for
plating, and identification of typical colonies was per-
formed using multiplex PCR as described earlier. The pre-
sence of Y. pseudotuberculosis was studied in two parallel
packages using a detection method described by Virtanen
et al. (2012) with minimal modifications. Temperature for
the cold enrichment was 5 °C, 0.5 % KOH solution was
used for the alkali treatment, and typical colonies on CIN
agar (Lab M) were identified using the multiplex PCR
method for Y. pseudotuberculosis as described earlier. The
presence of yeasts was studied in two parallel packages on
days 0 and nine using the yeast enumeration method as
described earlier to determine the amount of uninoculated
yeasts at the beginning and end of the nine-day storage
period. After the microbial determinations on days 0, three
and nine, pH was measured from one randomly selected
package of each vegetable and atmosphere combination
using an inoLab pH 720 pH meter (WTW, Weilheim, DE).

Statistical analysis

The experiments were performed in three replicates.
Arithmetic means and standard deviations were calculated
for the headspace gas compositions. Microbial counts were
transformed to base-10 logarithmic values and reported as
arithmetic means and standard deviations. To compare mi-
crobial counts, the one-way analysis of variance (ANOVA)
and post-hoc Tukey’s test were performed using IBM SPSS
Statistics 24 software (IBM, Armonk, New York, US). Sta-
tistical significance was set at P < 0.05.

Results

Changes in headspace gas compositions and pH
Metabolism of fresh vegetables and microbes changed the
gas compositions of the vegetable packages during storage
(Fig. 1. and 2.). On day nine no O, or less than 1 % O, was
detected in all packages, whereas CO, concentrations had
increased to levels between 16 % and 34 %. Changes in gas
compositions within the packages of shredded carrots were
similar to those for the cubed carrots under atmosphere A
(results not shown). The pH values decreased towards the
end of the cold storage (Tab. 2.).

L. monocytogenes counts on cabbage and onion
L. monocytogenes counts increased on shredded cabbage
towards the end of the storage (P < 0.05) under every
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atmosphere examined (Fig. 3.). On day nine, the mean
counts varied between 6.1 and 7.6 log CFU/g, and the
counts were statistically significantly lowest (P < 0.05)
under atmosphere A, and highest (P < 0.05) under atmos-
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phere B. On day three, the counts under atmospheres
A and B were lower than under atmosphere C (P < 0.05).
L. monocytogenes was unable to grow on cut onions, and
by day nine the counts had decreased below the inoculation
level under each atmosphere studied (P < 0.05) when the
mean counts varied between 2.7 and 2.8 log CFU/g (Fig. 3.).
No Listeria spp. were detected in uninoculated shredded
cabbage or cut onions.

Y. pseudotuberculosis counts on carrots

Y. pseudotuberculosis counts increased on cubed carrots
towards the end of the storage (P < 0.05) under every atmos-
phere examined (Fig. 4.). However, after day three statisti-
cally significant increases (P < 0.05) in the counts between
days three and nine were observed under atmospheres B
and C only. Mean counts varied between 6.4 and 7.7 log
CFU/g at the end of the storage, and there was a statistical
difference (P < 0.05) in counts between atmospheres A and
C. The counts for shredded carrots under atmosphere A in-
creased (P < 0.05) during the first three days, but after day
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FIGURE 1: Headspace gas compositions within packages of
shredded cabbage, cut onions, and cubed carrots by atmos-
phere during the nine-day cold storage. (X) atmosphere A
(initially 21 % O,, 0 % CO,), (M) atmosphere B (initially
5% 0,5 % CO,) and (®) atmosphere C (initially 2 % O,
15 % CO,) all balanced with N,. Grey symbols represent O,
concentrations fitted with solid lines and black symbols
represent CO, concentrations fitted with dashed lines. Values
are means calculated from three packages, and error bars
show standard deviation. Day —I represents initial gas com-
positions measured at the processing plant, and inoculation
was performed on day 0.

FIGURE 2: Headspace gas compositions within packages of
cubed bell peppers and cubed potatoes by atmosphere du-
ring the nine-day cold storage. (X) atmosphere A (initially
21 % 0, 0 % CO,), (M) atmosphere B (initially 5 % O,
5 % CO,), and (®) atmosphere C (initially 2 % O,, 15 %
CO,) all balanced with N, Grey symbols represent O,
concentrations fitted with solid lines and black symbols re-
present CO, concentrations fitted with dashed lines. Values
are means calculated from three packages, and error bars
show standard deviation. Day —I represents initial gas com-
positions measured at the processing plant and inoculation
was performed on day 0.
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FIGURE 3: Growth and survival of Listeria monocytogenes
on shredded cabbage and cut onions under atmospheres A—
C stored at 6 °C for nine days. Symbols represent the mean
logarithmic counts of three samples, and error bars show
standard deviation. Initial gas compositions of the atmos-
pheres were (A) 21 % O,, 0 % CO,, (B)5 % O, 5 % CO,,
and (C) 2% O,, 15 % CO, all balanced with N,. For changes
in gas compositions during storage, see Fig. 1.

three the increase was not statistically significant (P > 0.05).
On day three under atmosphere A, the counts for cubed
produce were similar to those of shredded produce. How-
ever, the increase was higher on shredded than cubed
produce (P < 0.05), as a lower inoculation level was used for
shredded carrots (Fig. 4.). No Yersinia spp. were detected in
uninoculated cubed or shredded carrots.

Yeast counts on bell peppers and potatoes

Yeasts grew on cubed bell peppers and cubed potatoes
under each of the three atmospheres during storage (P <
0.05), and reached levels from 7.0 to 8.1 log CFU/g and
from 6.4 to 7.9 log CFU/g, respectively, by the end of the
storage period (Fig. 5.). Higher O, levels allowed more
yeast growth on both vegetables, as the counts were the
highest (P < 0.05) under atmosphere A and the lowest
(P < 0.05) under atmosphere C (Fig. 5.). Uninoculated
material contained yeasts below the detection limit
(= 100 CFU/g) on day 0, whereas the counts were 3.8 log
CFU/g and 3.2 log CFU/g on day nine for uninoculated
cubed bell peppers and cubed potatoes, respectively.
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FIGURE 4: Growth and survival of Yersinia pseudotuber-
culosis on cubed carrots under atmospheres A—C and shred-
ded carrots under atmosphere A stored at 6 °C for nine days.
Symbols represent the mean logarithmic MPN estimate
counts of three samples, and error bars show standard devi-
ation. Initial gas compositions of the atmospheres were (A)
21 % 0, 0% CO,, (B)5 % 0,5 % CO,, and (C) 2 % O,,
15 % CO, all balanced with N, For changes in gas compo-
sitions during storage, see Fig. 1.

Discussion

L. monocytogenes was able to grow on shredded white
cabbage under each of the three atmospheres studied.
Previous studies have shown that L. monocytogenes is
able to grow on raw shredded cabbage stored aerobically
at 5 °C and on white cabbage stored at 4 °C in plastic bags
(Beuchat et al., 1986; Breer and Baumgartner, 1992).
L. monocytogenes has also been shown to persist on intact
cabbage tissue during a 28-day storage period at 5 °C, but
cut tissue is more likely to favour L. monocytogenes growth
(Ells and Truelstrup Hansen, 2010). Cabbage appears to be
a potential growth medium for L. monocytogenes. Careful
handling and processing are needed, as L. monocytogenes

TABLE 2: The pH values of the inoculated vegetable products
during the nine-day storage at 6 °C.

Product Atmosphere? pH value®
Day 0 Day 3 Day 9
Shredded cabbage A ND¢ 6.1 5.7
B 58 6.2 48
C 58 6.0 48
Cut onions A 48 43 47
B 56 47 44
C 56 48 43
Cubed carrots A 6.0 40 52
B 58 49 52
C ND¢ 53 47
Shredded carrots A 5.7 43 46
Cubed bell peppers A 57 54 40
B 53 49 45
C 5.1 49 45
Cubed potatoes A 6.6 54 53
B 638 56 5.1
C 69 63 5.1

#Initial gas compositions: (A) 21 % 0,,0% CO,, )5 % 0,5 % C0,, and (C) 2% O,, 15 % CO, all balanced
with N, One randomly selected package of each atmosphere and vegetable combination wes studied. < Not
determined.
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is difficult to eliminate from vegetable leaves by washing
(Hellstrom et al., 2006).

The effect of modified atmospheres on the growth of
L. monocytogenes on vegetables has been marginal or
nonexistent (Berrang et al., 1989; Beuchat and Brackett,
1990a, Kallander et al., 1991; Bennik et al., 1996), which is
supported by our results. However, the growth was slightly
delayed when more O, was present. This is probably due to
indirect factors, such as competition for nutrients or
production of inhibitory compounds by other microbial
populations (Carlin et al., 1996; Francis and O’Beirne,
1998), or changes in conditions or morphology of the
vegetable tissues (Zagory et al., 1999; Francis et al., 2012)
rather than direct effects by the atmospheres. L. monocy-
togenes tolerates very high CO, concentrations (Farber et
al., 1996) and should grow faster under aerobic than ana-
erobic conditions in a pure laboratory culture (Al-Qadiri et
al., 2015). In the present study, the highest counts were
reached under atmosphere B, with low initial O, and CO,
levels, as it may have allowed a competitive advantage for
L. monocytogenes without marked inhibitory effects direct-
ly by CO,. Possible reduction of other microbes may en-
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FIGURE 5: Growth of yeasts on cubed bell peppers and
cubed potatoes under atmospheres A-C stored at 6 °C for
nine days. Symbols represent the mean logarithmic counts of
three samples, and error bars show standard deviation.
Initial gas compositions of the atmospheres were (A) 21 %
0, 0% CO, (B)5% 0,5 % CO, and (C)2 % O, 15 %
CO, all balanced with N,. For changes in gas compositions
during storage, see Fig. 2.

hance L. monocytogenes growth as shown in disinfection
studies on endives (Bennik et al., 1996; Carlin et al., 1996).

L. monocytogenes was unable to grow on cut onions.
This could be due to the low pH and antimicrobial proper-
ties of onions. In our present study, pH values for the onion
products had decreased below 5 after three days of storage,
being lower than the corresponding pH values for cabbage
(Tab. 2). When temperature is lowered, L. monocytogenes
is not so likely to grow in low pH environments (Buchanan
et al., 1989; Farber et al., 1996; Tienungoon et al., 2000).
Farber et al. (1998) observed that L. monocytogenes grew
over 1 log unit on onion slices stored at 10 °C but not at
4 °C, where the counts had slightly reduced during the nine-
day storage. Crude onion extracts and onion flavonols
quercetin and kaempferol as well as green onion extract
have been shown to have inhibitory properties against
L. monocytogenes (Santas et al., 2010; Yan et al., 2011).
Being possibly quite limited on their own, antimicrobial
properties might still explain why the surface of an onion
is not so likely to support L. monocytogenes growth at
low temperatures although L. monocytogenes was able to
survive during storage.

Y. pseudotuberculosis was able to grow on cubed carrots
under each of the three atmospheres studied, which is con-
sistent with its psychrotrophic facultative anaerobic nature.
Modified atmospheres used for vegetables appear to not
inhibit its growth. Although the differences in counts
between the three atmospheres were slight, our findings
imply that modified atmospheres might even favour the
growth of Y. pseudotuberculosis, which can be a food safety
risk. Carrots, especially grated produce, have been linked
to several Y. pseudotuberculosis outbreaks in epidemiolo-
gical studies (Jalava et al., 2006; Kangas et al., 2008; Rim-
hanen-Finne et al., 2009). The increase in Y. pseudotuber-
culosis counts was higher on shredded than cubed produce
during the first three days of storage, which may implicate
that cutting carrots into smaller pieces may enhance
Y. pseudotuberculosis growth. This might be due to in-
creased surface area along with better adhesion for bacteria
and a release of nutrients caused by increased tissue
damage (Zagory, 1999; Francis et al., 2012). In contrast, raw
carrots have been shown to possess inhibitory activity
against L. monocytogenes (Beuchat and Brackett, 1990b;
Nguyen-the and Lund, 1991).

Yeasts were able to grow on both cubed bell peppers and
cubed potatoes under each of the atmospheres studied.
The highest counts were observed on vegetables packaged
under atmosphere A. The presence of O, support yeast
growth, despite many of the species potentially growing
anaerobically (Visser et al., 1990). Yeasts are also relatively
tolerant of CO, (Jones and Greenfield, 1982), which may
explain why they were able to grow under atmospheres B
and C with limited O, amount already by day three. Yeasts
are present on different fruits and vegetables in various
numbers ranging from below 2 to 8 log CFU/g, and salads
generally contain higher counts of yeasts than single vege-
tables, which may be explained by the handling and cutting
of salad items during processing (Tournas, 2005). Albeit
modified atmospheres does not appear to have distinct
effects on yeast growth on vegetables (Beuchat and
Brackett, 1990a; Babic et al., 1992), yeasts appear to be able
to grow under modified atmospheres and a higher O, level
may enhance the growth. However, if very high O, rates
(e. g. > 70 %) are used, microbial growth may be delayed
probably due to reactive oxygen species. An O, level of
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80 % in combination with a 20 % CO, level delayed the
growth of C. sake and Candida guilliermondii (Amanatidou
etal., 1999), whereas O, rates over 70 % were retardant for
Candida lambica (Jacxsens et al., 2001).

In conclusion, modified atmospheres used for packaging
fresh vegetables appear to have only limited effects on the
growth of L. monocytogenes and Y. pseudotuberculosis on
fresh vegetables. Thus, control of those psychrotrophic
facultative anaerobic pathogens must rely on good agri-
cultural and processing practices along with strict tempe-
rature control and shelf lives short enough to prevent
pathogens from reaching infectious counts. Low O, con-
centrations may be used to delay yeast growth on fresh
vegetables.
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