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Listeria monocytogenes expresses the surface protein internalin A (InlA), enabling the invasion of human intesti-
nal epithelial cells to cause severe food-borne diseases. Full-length sequence analysis of inlA of 114 food isolates
resulted in the detection of 29 isolates with a premature stop codon (PMSC) mutation and 6 isolates with 3-
codon deletion mutations (aa 738 to 740) in inlA. The isolates with inlA PMSCs demonstrated a significantly
lower level of invasion than the other food isolates in a Caco-2 cell invasion assay (P < 0.01), but the isolates
with the 3-codon deletion exhibited invasion comparabie to the isolates with non-truncated IntA (P> 0.05). Ac-
cording to analysis of the positive regulatory factor A (PrfA) sequences of 114 L. monocytogenes isolates, 7 isolates
of serotype 1/2a from chicken samples contained a PrfA protein with a 5-nucleotide deletion from 712 to 716,
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Cellular invasion

InlA- including a stop codon. Although the isolates with a 5-nucleotide deletion in prfA demonstrated invasion
PrfA comparable to the isolates with non-truncated InlA and PrfA after growth at 30 °C (P> 0.05), they exhibited a
PMSC significantly higher level of invasion than the other isolates after growth at 20 °C (P <0.01). To the authors’

knowledge, this is the first report of L. monocytogenes isolates with the stop-codon deletion of PrfA.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Listeria monocytogenes is a facultative intracellular, Gram-positive
bacterium with a primary habitat that appears to consist of soil and
decaying vegetation (Kathariou, 2002). This pathogen is transmitted
to humans through ingestion of contaminated food, particularly
ready-to-eat (RTE) meat, seafood, and dairy products (Lianou and
Sofos, 2007). Although L. monocytogenes infections are rare in healthy
individuals, these infections can cause meningitis and septicemia in ne-
onates and the elderly, as well as miscarriage in pregnant women. Mor-
tality rates for invasive listeriosis range from 20% to 40% (Kovacevic
et al,, 2013), and of an estimated 1591 listeriosis cases, 255 deaths
occur each year in the United States (Scallan et al., 2011). Incidence of
human listeriosis cases reportedly varies from 0.2 to 0.8 sporadic cases
per 100,000 people per year in Europe and the United States
(Vazquez-Boland et al,, 2001). In contrast, a statistical probability was
reported of 83 cases of listeriosis per year, on average, and an incidence
of 0.065 cases per 100,000 people each year in Japan (Okutani et al.,
2004a). To the authors' knowledge, Japan has only experienced one out-
break caused by L. monocytogenes, which was due to natural cheese in
2001 (Makino et al, 2005). Although Okutani et al. (2004b) initially hy-
pothesized that reduced L. monocytogenes contamination of food in

+ Corresponding author.
E-mail address: kanki@iph.pref.osakajp (M. Kanki).
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Japan might be related to the lower incidence of listeriosis, they found
that the proportion of L. monocytogenes of food in Japan is similar to
those in other countries, suggesting that other factors are at play.
Other factors are likely to include the contamination level and type of
food product, strain virulence, and host susceptibility in Japan (Lianou
and Sofos, 2007; Okutani et al., 2004b), while this study focused on
low-virulence strains in particular. For example, low-virulence strains
are reportedly distributed among field strains of L. monocytogenes and
exhibit mutations in genes associated with virulence, such as prfA and
inlA (L6pez et al,, 2013; Roche et al., 2012). In Japan, although there is
a previous study that low-virulence strains associated with prfA and
inlA are not widely distributed among RTE seafood products (Handa-
Miya et al,, 2007), a distribution of low-virulence strains in foods
remains unclear.

L. monocytogenes passing through the human stomach initially in-
vades intestinal epithelial cells via expression of the 800-amino-acid *
surface protein internalin A (InlA), which is encoded by the key
virulence gene inlA. InlA interacts with the E-cadherin receptor on the
epithelial cell surface and facilitates the uptake of L. monocytogenes by

* host cells (Bonazzi et al,, 2009; Van Stelten and Nightingale, 2008). Pre-

vious studies have demonstrated that natural mutations result in a pre-
mature stop codon (PMSC) in inlA and the expression of a truncated InlA
(Nightingale et al., 2005), which produces virulence-attenuated pheno-
types in animal models and significantly lowers invasion efficiency in
human intestinal epithelial cells (Ward et al,, 2010). A study in France
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demonstrated that isolates carrying a PMSC mutation in inlA represent-
ed 35% of food isolates but only 4% of human clinical isolates (Jacquet
et al., 2004). Another study in the United States also demonstrated
that 45.0% of RTE food isolates and 5.1% of human clinical isolates are
carrying a PMSC mutation (Van Stelten et al., 2010). As above, isolates
with a PMSC mutation are dramatically underrepresented in listeriosis
cases compared to food matrices, demonstrating that InlA has an impor-
tant role in the bacterial pathogenesis.

Transcription of inlA is activated with other virulence factors such as
hlyA and actA by the positive regulatory factor A (PrfA) encoded by pifA
(Nightingale, 2010). In field strains, a truncated PrfA due to a seven-

- nucleotide insertion at codon 171 (PrfA A174-237) and a PrfA with a

non-synonymous substitution at codon 220 (PrfA K220T) have been asso--

ciated with attenuated virulence phenotypes (Roche et al., 2005; Velge
et al., 2007). However, while some artificial PrfA-mutants with the substi-
tution of a single amino acid residue such as PrfA G145S have been report-
ed to enhance PrfA-dependent gene expression (Miner et al, 2008;
Mueller and Freitag, 2005; Vega et al,, 2004; Xayarath et al,, 2011), high-
level constitutive activation of PrfA in field strains has not been reported.

The Caco-2 cell invasion assay enables assessment of properties of InlA
leading to the invasion of host epithelial cells (Kovacevic et al,, 2013; Van
Stelten et al, 2010). Nightingale et al. (2007) reported that
L. monocytogenes strains exhibited significantly greater invasion
efficiency in a Caco-2 cell invasion assay when grown at 30 °C than at
37 °C. In contrast, PrfA-mediated transcription is activated at tempera-
tures over 30 °C and is terminated at approximately 20 °C or below
(Ripio et al., 1997). As food processing and handling (temperature shifts)
to which L. monocytogenes is exposed prior to ingestion can alter the vir-
ulence of this pathogen (Duodu et al., 2010), its internalization in intesti-
nal cells is most likely influenced by growth at low temperature (20 °C).

In this study, to examine the possibility that the low-virulence strains
are widely distributed among food isolates in Japan, L. monocytogenes
isolates were collected from meat and fish samples, and the specific
alleles in InlA and PrfA were identified. This study then investigat-
ed the invasion efficiencies of the isolates grown at 30 and 20 °C in
a Caco-2 cell invasion assay to determine the temperature-
dependent effects of PrfA on the regulation of InlA.

2. Materials and methods
2.1. Sampling of foods and isolation of L. monocytogenes

A total of 992 food samples was collected from retail shops and cen-
tral kitchens in Osaka, Japan, between January 2011 and October 2013,
as follows: beef (n = 125), pork (n = 117), chicken (n = 164), fresh
seafood (n = 340), and seafood products (n = 246). Meat samples
were all raw meat. Although the seafood samples were all non-heated,
some samples were RTE foods such as “sashimi”, sliced raw fish. A 25-
g portion of each food sample was added to 225 ml of Half Fraser
broth (Merck, Darmstadt, Germany) in a stomacher bag and processed
for 30 s with the Pro-media SH-IIM Stomacher (Elmex Ltd., Tokyo,
Japan), and homogenates were incubated at 30 °C for 24 h. Following
this incubation, 0.1 ml of the cultivated broth was added to 10 ml
of the Fraser broth (Merck) and incubated at 37 °C for 48 h. A loopful
of culture was then streaked onto Agar Listeria according to Ottaviani
and Agosti-(ALOA; Merck Millipore, KGaA, Darmstadt, Germany),
followed by incubation at 37 °C for 48 h. Up to 3 presumed colonies

~were streaked onto brain-heart infusion agar (BHI; Difco, BD, Sparks,
MD) and incubated at 37 °C for 18 h. Presumed isolates were identi-
fied as L. monocytogenes by serotype identification with Listeria
antisera (Denka Seiken Ltd.; Tokyo, Japan) and PCR assays for DNA
sequencing of the inlA and prfA genes. Since Listeria antisera cannot
distinguish between serotypes 4b and 4e, isolates which belonged
to serotypes 4b or 4e were designated as serotype 4b/4e. The isolates
were kept in BHI (BHI; Difco, BD, Sparks, MD) broth with 10% glycer-
ol at —80 °C.

2.2. DNA séquencing

Full-length sequences of the inlA and prfA genes from all isolates
were determined by direct sequencing of PCR products using a BigDye
Terminator v1.1 Cycle Sequencing Kit and an ABI PRISM 3130 Genetic
Analyzer (Applied Biosystems, Foster City, CA). Previously published
primer sets were used for PCR and sequencing of inlA (Ragon et al.,
2008) and prfA (Handa-Miya et al,, 2007). Nucleotide sequences were
assembled and translated into protein sequences to analyze and com-
pare [nlA and PrfA between isolates using DNASIS software version 3.0
(Hitachi Solutions, Ltd., Tokyo, Japan).

2.3. Caco-2'invasion assays

The ability of test isolates to invade Caco-2 cells (no. 86010202;
ECACC, Salisbury, UK) was determined as previously described (Ivy
et al,, 2010; Olier et al,, 2003). Caco-2 cells used between passages 46
and 55 were cultured in Dulbecco’s modified Eagle's minimum essential
medium (DMEM; Sigma Chemical Co., St. Louis, MO) supplemented
with 10% inactivated fetal calf serum (HyClone, Thermo Scientific, Wal-
tham, MA). Early confluent monolayers were obtained on 24-well tissue
culture plates (Thermo Scientific), and medium was then replaced with
0.5 ml of fresh DMEM immediately before bacterial inoculation. Bacteri-
alisolates were grown in BHI broth under two cultivation conditions of
30 °C for 18 h or 20 °C for 40 h. Caco-2 cells were incubated at 37 °C
throughout the invasion assay. Cell monolayers were infected with 1.0 -
to 2.2 x 107 L. monocytogenes cells/well for 30 min, followed by three
washes with Dulbecco's phosphate-buffered saline (DPBS; Gibco, Life
Technologies, Grand Island, NY). After contact for 45 min, monolayers
were overlaid with DMEM containing 150 pg/ml gentamycin to kill ex-
tracellular bacteria. After contact for 90 min, Caco-2 cells were washed
three times with DPBS and lysed with 0.5 ml of ice-cold distilled water
and vigorously pipetted. Viable intracellular bacteria were enumerated
by plating appropriate dilutions of the cell lysate on BHI agar. Invasion
assays for each isolate and cultivation conditions were conducted with
duplicate wells in three independent experiments. Invasion efficiency
was calculated as the percentage of the inoculum recovered from the
infected Caco-2 cells by tlhe enumeration of intracellular bacteria.

© 24, Statistical analysis

Student's t test was used to compare differences in invasion efficien-
cies between different phenotypes. Wilcoxon's rank sum test was used
to examine the influence of the growth temperature of L. monocytogenes
at 30 and 20 °C on invasion efficiency. P values < 0.01 were considered
statistically significant.

2.5. Nucleotide sequence accession numbers

~ Nucleotide sequence data for all 114 isolates were submitted to the
DDBJ database and assigned accession nos. LC005855 to LC005968 for

“inlA and LC006131 to LC006244 for prfA.

3. Results and discussion
3.1. Incidence of L. monocytogenes in food

A total of 114 L. monocytogenes isolates were isolated from 113 food
samples, including samples of beef (n = 16), pork (n = 19), chicken
(n = 55), fresh seafood (n = 13), and seafood products (n = 10)
(Table 1). The most common serotype was 1/2a (47 strains), followed
by 4b/4e (24 strains), 1/2b (22 strains), and 1/2c (16 strains). Chicken
exhibited a high degree of contamination with L. monocytogenes
(33.5%), with nearly half being of serotype 1/2a, whereas seafood
exhibited contamination as low as 4%. The isolates exhibited a higher
prevalence in raw meat samples, with more isolates found in chicken

- 167 -



20

Table 1 ;
incidence and serotypes of L. monocytogenes in food samples.

M. Kanki et al. / International journal of Food Microbiology 211 (2015) 18-22

Number of positive samples/number of samples tested

- (% positive samples)

Serotypes (number of strains)

Beef 16/125 (12.8%)
Pork 19/117 (16.2%)
Chicken 55/164 (33.5%)
Fresh seafood 13/340 (3.8%)
Seafood products 10/246 (4.1%)

1/2a (5), 1/2b (1), 1/2¢ (4), 4b/4e (5), 4ab (1)

1/2a (4),1/2b (5), 1/2c (7), 4b/4e (3)

1/2a (27), 1/2b (13), 1/2c (4), 4b/4e (9), 3a (1), 3b (1), 3¢ (1)
1/2a (4), 1/2b (2), 4b/4e (7)

1/2a(7), 1/2b (1), 1/2c (1), 3b (1)

samples than those of seafood samples, consistent with a previous
review (Lianou and Sofos, 2007).

3.2. Detection of PMSC and 3-codon deletion mutations in inlA genes of
L. monocytogenes isolates

In this study, 29 isolates with 7 different PMSC types and 6 isolates
with 9-nucleotide deletion mutation due to the full-length DNA se-
quences of the inlA were detected from 114 isolates (Table 2). Although
the rest of the isolates had InlA protein that exhibited up to a 23 amino
acid (aa) difference, their InlA was a full-length protein (800 aa).
Genotyping of inlA PMSC mutations was performed as described by
Van Stelten et al. (2010). Although they identified 18 different inlA
PMSC mutations among 1009 isolates (PMSC types 1 to 18), type 1, 3,
4,6, 11, 12, and 13 PMSC mutations were identified in this study. Type
1,3,6,11, 12, and 13 PMSC mutations were each constituted by one dis-
tinct serotype, 1/2a, 1/2b, or 1/2¢. In confrast, a type 4 PMSC mutation
was constituted by the isolates of serotypes 1/2a, 1/2¢, and 3c. Serotype
4b/4e isolates possessed no PMSC mutations in the inlA genes, whereas
all 1/2c isolates possessed PMSC mutations, which were divided into 4
different types. Although a type 13 PMSC mutation had only been ob-
served in an isolate of serotype 1/2a from a RTE seafood sample in
Japan (Handa-Miya et al,, 2007), six isolates of serotype 1/2c with the
type 13 PMSC mutation were isolated from beef and pork samples in
this study. This type of mutation has not been previously isolated from
other countries, and might reach widespread distribution only in
Japan (Handa-Miya et al,, 2007; Van Stelten et al,, 2010). In the current
study, 25.4% of food isolates had inlA PMSC mutations. According to pre-
vious reports, inlA PMSC mutations account for 48.5% of RTE isolates in
the United States (Ward et al., 2010), 35% of isolates from various
types of food in France (Jacquet et al., 2004), and 35% of isolates from
the Canadian food supply (Kovacevic et al., 2013). Given a previous find-
ing that only 1 of 59 isolates (1.7%) from RTE seafood samples had inlA
PMSCs in Japan (Handa-Miya et al,, 2007), it appears likely that food iso-
lates with inlA PMSCs may be less widely distributed in Japan than those
in the United States, France or Canada.

It was observed that 1 isolate of serotype 1/2a and 5 isolates of sero-
type 4b/4e had an in-frame deletion of InlA aa positions 738 to 740,
which was previously referred to as the 3-codon deletion by
Kovacevic et al. (2013). Of the 6 strains with the 3-codon deletion,

Table 2

InlA protein of 4 isolates of serotype 4b/4e exhibited 100% aa sequence
identity, and that of another isolate of serotype 4b/4e and an isolate of
serotype 1/2a showed a 6 and a 24 aa difference from that of the former
4 isolates of serotype 4b/4e. This mutation has been reported in isolates
of serotype 4b from RTE seafood samples in Japan (Handa-Miya et al.,
2007); in an isolate of serogroup D, including serotypes 4b, 4d, and 4e,
from a meat facility in Portugal (Ferreira et al,, 2011); in isolates of sero-
type 4b from food products in France (Roche et al,, 2012); and in isolates
of serotype 4b and 1/2a from foods and food-processing environments
in Canada (Kovacevic et al.,, 2013). Furthermore, this mutation has
been found in a clinical isolate of serogroup 4 including 4a, 4ab, 4b, 4c
4d, and 4e, from materno-fetal fluid in Denmark (Holch et al,, 2010). It
is therefore considered that serotype 4b/4e isolates with the 3-codon
deletion of InlA are relatively common and easy to identify. In-contrast,
a serotype 1/2a isolate with the 3-codon deletion has previously been
observed only in Canada (Kovacevic et al,, 2013).

3.3. Characterization of PrfA alleles of L. monocytogenes isolates

On analysis of PrfA protein sequences of the 114 L. monocytogenes
isolates, PrfA sequences of 106 isolates corresponded perfectly and
this sequence was referred to as “wild-type PrfA”. Only 8 strains with
PrfA alleles different from those of wild-type PrfA were observed
(Table S1). Seven isolates of serotype 1/2a from chicken samples
contained a PrfA protein with a 5-nucleotide deletion at nucleotide po-
sitions 712 to 716 including a stop codon, which was referred to as the
stop-codon deletion. An exact amino-acid length (>285 aa) of PrfA with
the stop-codon deletion failed to be detected, as PCR products contained
no stop codons. To the authors' knowledge, this is the first report of
L. monocytogenes isolates with the stop-codon deletion of PrfA. On the
other hand, there was no isolate with a truncated PrfA due to a seven-
nucleotide insertion at codon 171 (PrfA A174-237) found among field
strains in France and Spain (Lépez et al., 2013; Roche et al., 2005).
With regard to a single aa substitution in PrfA, it was found that only
1 isolate that had a phenylalanine to isoleucine substitution at aa posi-
tion 8 (PrfA F8I; Table 1). Artificial PrfA-mutants such as PrfA Y63C,
G145S, P219S and Y83S have been known as single aa substitutions in
PrfA thatenhance or suppress bacterial virulence, while a single-aa sub-
stitution affecting bacterial virulence in PrfA from field isolates has not
been reported other than PrfA K220T (Miner et al., 2008; Mueller and

Distribution of PMSCs and the 3-codon deletion in inlA among the 114 isolates of L. monocytogenes from food samples.

Serotype  inlA PMSC Number of isolates with the
- ti 738-74

Number of isolates with PMSCs/number of isolates  Type® 1 Type 3 Type4 Type6 Type 11 Type12 Type 13 3-codon deletion (aa 738-740)
from food samples (% of isolates with PMSCs) (aa606°) (aa700) (aa9) (aa492) (aa685) (aa577) (aa527)

1/2a 9/47 (19.1%) 0 5 1 3 0 0 0 1

1/2b 3/22 (14.3%) 3 0 0 0 0 0 0 0

1/2¢ 16/16 (100.0%) 0 0 3 ] 5 2 6 - 0

4b/4e 0/24 (0.0%) 0 0 0 .0 0 0 0 5

Others 1/5 (20.0%) 0 0 1 0 0 0 0 0

Total 29/114 (254%) 3 5 5 3 5 2 6 6

# inlA PMSC mutation type described by Van Stelten et al. (2010).
b Amino acid position corresponding to inlA PMSC.
¢ Serotype 3c.
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Freitag, 2005; Vega et al,, 2004; Velge et al, 2007, Xayarath et al,, 2011).
In the present study, this study did not identify any of the already-
known PrfA mutations which affect the activity of the virulence
proteins.

3.4. Invasion of Caco-2 cells by L. monocytogenes grown at 30 and 20 °C

The invasion efficiencies (%; the mean 4 standard deviation) of 114
isolates after growth at 30 and 20 °C are shown in Table 1. When isolates
were grown in BHI broth at 30 °C, the average invasion efficiencies of 4
groups were as follows: (i) 72 isolates with full-length InlA and PrfA (an
invasion efficiency of 0.94% 4 0.32%); (ii) 29 isolates with inlA PMSCs
(0.0064% + 0.0021%); (iii) 6 isolates with a 3-codon deletion of InlA
(0.72% + 0.37%); and (iv) 7 isolates with a stop-codon deletion of PrfA
(1.11% 4 0.14%) (Fig. 1). Isolates with inlA PMSCs exhibited 147 times
lower average invasion efficiency than isolates with fulf-length InlA
(P <0.01; t test), while isolates with a 3-codon deletion of InlA and
with a stop-codon deletion of PrfA exhibited invasion ability compara-
ble to isolates with full-length InlA and PrfA (P> 0.05) after growth at
30 °C. Ferreira et al. (2011) and Roche et al. (2012) characterized
isolates with the 3-codon deletion as low-virulence strains; however,
isolates with this mutation exhibited invasive activity'equivalent to
or surpassing isolates with full-length InlA in previous reports
(Handa-Miya et al., 2007; Kovacevic et al., 2013), and this mutation
has also been found in a clinical isolate from materno-fetal fluid in
Denmark (Holch et al., 2010). It seems likely that both high-virulence
isolates and low-virulence isolates are present among the isolates
with the 3-codon deletion of InlA. ‘

When the isolates were grown at 20 °C, the average invasion effi-
ciencies of 3 groups were as follows: (i) 72 isolates with full-length
InlA and PrfA (0.23% + 0.09%); (ii) 6 isolates with a 3-codon deletion
of InlA (0.20% £ 0.07%); and (iii) 7 strains with the stop-codon deletion
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of PrfA (0.72% + 0.06%) (Fig. 1). As isolates with inlA PMSC mutations
exhibited attenuated invasion when grown at 30 °C, invasion assays
using these isolates with growth at 20 °C were not tested. The majority
of L. monocytogenes isolates exhibited significantly decreased invasive
ability after growth at 20 °C compared with that after growth at 30 °C
(P<0.01; Wilcoxon rank sum test; Table S1). However, the invasion ef-
ficiency of isolates grown at 20 °C maintained over 20% of that at 30 °C.
Unlike most human pathogens, L. monocytogenes can grow in refrigera-
tors, and virtually all human listeriosis cases are caused by RTE foods
that permit L. monocytogenes growth (e.g., deli meats, smoked fish,
cheese, and salads) (Kathariou, 2002; Lépez et al., 2013). These RTE
foods are generally consumed soon after purchase or refrigerated stor-
age without reheating. Given the previous suggestion that invasion effi-
ciency of a highly virulent strain into Caco-2 cells does not markedly
differ by incubation temperature between 4 and 20 °C (Duodu et al,,
2010), growth of L. monocytogenes at 20 °C might reflect a growth
condition in RTE foods. Isolates with the stop-codon deletion of PrfA ex-
hibited significantly greater average invasion efficiencies than isolates
with full-length InlA and PrfA after growth at 20 °C (P < 0.01). Given
that isolates with the stop-codon deletion of PrfA showed invasion
ability comparable to isolates with full-length InlA and PrfA after growth
at 30 °C, it appears that the invasive expression of the isolates with the
stop-codon deletion of PrfA may remain high after exposure to low
temperature (20 °C), as observed in the strains possessing PrfA 145,
L140F, and G145S mutations (Ripio et al., 1997; Vega et al,, 2004). It is
noteworthy that some food isolates preserved a high invasive ability
after growth at low temperature. Although the only 1 isolate with a
single amino acid substitution (PrfA F8I) was detected, this isolate
exhibited attenuated invasion on Caco-2 cells because it also had an
inlA PMSC. Finally, two phenotypes affecting invasion efficiency, namely
inlA PMSCs and the stop-codon deletion of PrfA, were identified in this
study. . :

[ Isolates with full-length InlA and PrfA (n=72)
M Isolates with inld PMSCs (0=29)
1] Isolates with a 3-codon deletion of InlA (n=6)

Isolates with a stop-codon deletion of PrfA (n=7)

20° C

Fig. 1. Caco-2 invasion efficiencies of L. monocytogenes isolates after growth at 30 and 20 °C. Data represent the mean of 4 or 3 allelic groups. Invasion assays using isolates with PMSCs with
growth at 20 °C were not conducted. Error bars represent standard deviations of the mean. Different letters above the bars indicate statistically differences of invasion efficiencies at a given

growth temperature (P < 0.01; ¢ test).
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3.5. Conclusions

Regarding the specific alleles in InlA and PrfA, it was observed that
no low-virulence phenotypes other than inlA PMSC mutations among
food isolates in Osaka, Japan. Further, the isolates with inlA PMSCs
were distributed less predominantly in Japan than those in other coun-
tries. These results are consistent with a previous study that nonsense-
mutated inlA and prfA are not widely distributed among RTE seafood
products in Japan (Handa-Miya et al., 2007), even though isolates
from meat samples in addition to fish samples were collected. Contrary
to findings with low-virulence isolates, this study detected isolates
possessing a novel PrfA mutation with the stop-codon deletion that
showed high invasion efficiency in Caco-2 cells after growth at 20 °C.
Since this mutation exercises an invasive ability at low temperature, fur-
ther studies are required to confirm whether it is of clinical importance
in consideration of the current supply of RTE foods.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ijfoodmicro.2015.06.023.
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INTRODUCTION

ABSTRACT

Following a large outbreak of Shiga toxin-producing Escherichia coli (STEC) O157
infection in 2012, the prerequisite program for the production of pickles in Japan
was revised to include disinfection with sodium hypochlbrite (NaClO). Here, we
examined the indicator bacterial counts, incidence of STEC and Salmonella spp.
(by polymerase chain reaction [PCR] screening), and bacterial community com-
position (by 16S rRNA pyrosequéncing analysis) from the intermediate products

“and the related facilities at a collaborative factory to evaluate the dynamics of

microbial quality in lightly pickled vegetables during the manufacturing process
following the revised program. Plate counts showed a significant reduction in coli-
form counts throughout processing, whereas the reduction in total viable counts
was relatively less than that of coliforms. No STEC and Salmonella spp. were
recovered from any of the saiﬁple’s. 16S rRNA pyrosequencing analysis revealed
the process-by-process alteration of bacterial community composition in which
the yields of Pseudomonas spp. were drastically affected by soaking in high concen-
tration of NaCl. In summary, we demonstrate that the revised: prerequisite
program is indeed functional to reduce the microbial risks.” '

PRACTICAL APPLICATIONS

Fresh or minimally processed produce are common vehicles of foodborne patho-
gens that have been responsible for several outbreaks worldwide. Through the use
of indicator bacterial counts in combination with a metagenomic approach, we
could trace the process-by-process dynamics of bacterial community composition.
Information and relief provided to manufacturers/consumers could help improve
public health and food safety. ‘

cause of these outbreaks (Gould etal. 2013); Salmonella
spp. and Shiga toxin-producing Escherichia coli (STEC) are

Fresh or minimally processed vegetables are consumed
worldwide, and the consumption of these vegetables has

recently risen due to their high nutritional value and ability -

to improve human health (Hanif ez al. 2006). However, cor-
responding to their increased consumption, a number of
foodborne outbreaks have been reported (Lynch eral
2009). Bacterial pathogens have continued to be a leading

458

recognized as some of the most common pathogens and
account for nearly half of the produce-associated outbreaks
(Sivapalasingam et al. 2004; Wendel et al. 2009; Launders
et al. 2013; Slayton et al. 2013). In Japan, a large outbreak of
STEC 0157 caused by the consumption -of contaminated
lightly pickled napa cabbage occurred in 2012 (NIID 2013),
which led us to consider the microbial quality of such

Journal of Food Safety 35 (2015) 458-465 © 2015 Wiley Periodicals, Inc.
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minimally processed vegetables. Following this outbreak,
the Japan Ministry of Health, Labour and Welfare (MHLW)
attempted to trace the route of STEC O157 contamination,
specifying that the possible contamination point occurred
during manufacturing. The MHLW thereafter revised the
prerequisite program for the production of pickles to
include disinfection with sodium hypochlorite (NaClO)
(0.02% for>5 min or 0.01% for >10 min) during manufac-
turing (MHLW 2013).

Here, we focused on how and whether the revised prereq-
uisite program truly reduced the risk of microbial contami-
" nation in the lightly pickled vegetables. To address this issue,
the microbial quality of the lightly pickled napa cabbages
was examined by testing intermediate products of the
lightly pickled napa cabbages at one collaborative factory.
Indicator bacterial counts and detection of STEC and
Salmonella spp. clearly indicated a reduction of these micro-
bial risks throughout processing. Metagenomic approaches
further revealed changes in the bacterial community in
response to each processing step during manufacturing. The
possible association of the salt concentration used for
soaking of the fresh materials with the dynamics of Pseudo-
monas spp. was examined by experimentally soaking these
materials in different concentrations of NaCl.

MATERIALS AND METHODS

Sample Collection

In collaboration with a factory that manufactures lightly
pickled vegetables in Japan, we collected materials, interme-
diate and final products of napa cabbages. A brief workflow
for this process is presented in Fig. 1. Fresh napa cabbages
(“materials”) were half-cut, washed with groundwater and
immediately soaked in 10-fold weight/volume of ground-
water containing 10% NaCl. After soaking for 3 days at
ambient temperature (15-18C), the intermediate products
were obtained as “salt-soaked samples” The intermediates
were then desalted with water and disinfected in a chiller
containing 0.02% of NaClO for 10 min. These samples were
considered to be “disinfected samples.” After washing with
water, the vegetables were trimmed and packaged with
liquid seasoning containing 2% NaCl (“final products”). In
parallel to the collection of these products, we also sampled
a total of nine swab samples (10 cm X 10 cm square) from
facilities or equipment used for half-cutting the materials
(designated as “env1-3”) or for the final cutting processes
(“env. 4-67) (Table 1).

Enumeration of Indicator Bacteria
Next, 25 g of each of the collected samples was aseptically

cut with sterile scissors to approximately .3 cm X 3 cm

Journal of Food Safety 35 (2015) 458-465 © 2015 Wiley Periodicals, Inc.
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Materials (Fresh napa cabbages) {M1-3)

U

Salt-soaking with 10 % NaCl for 3 days {51-3)

U

Disinfection (120 ppm chiorite, 10 min) (D1-3)

U

Add liquid seasanings and packaging (F1-3)

Half-cut and water wash  {env1-3)

Water wash

Water wash and trimming  (env4-6)

Shipping

FIG. 1. MANUFACTURING PROCESS OF LIGHTLY PICKLED NAPA
CABBAGES

Samples were collected from the starting materials (M), after salt-
soaking (S), disinfection (D) and final products (F), respectively. Simulta-
neously, cutting boards used for cutting of materials (env.1-3) or for
disinfected intermediate products (env.4-6) were also collected to
verify the microbial quality of the facility.

pieces. These samples were then homogenized in 225 mL of
buffered peptone water (BPW) (Oxoid, Hampshire, UK.) at
6.0 strokes/s for 1 min using a Lab blender (IUL instru-
ments, Barcelona, Spain). Duplicates of each 100 uL aliquot
of the homogenates were then inoculated onto standard
agar (Becton Dickinson, Franklin Lakes, NJ), violet red
bile lactose agar (Becton Dickinson) and tryptone bile
X-glucuronide agar (Oxoid) to determine total viable
counts (TVCs), coliform counts and B-glucuronidase posi-
tive E. coli counts, respectively. Simultaneously, the swab
samples were soaked in 10 mL of sterile phosphate buffered
saline (Becton Dickinson), and duplicates of each 100 uL
aliquot were then spread onto the above agar plates in
duplicate.

DNA Extraction and 16S rRNA
Pyrosequencing of the
Intermediate Products

Two representative samples were selected randomly from
each process (material, salt-soaked, disinfected and final
product samples), and 10 mL of homogenates was centri-
fuged at 21,500 x g for 10 min at 4C. The pellets were then
subjected to DNA extraction using the PowerFood DNA
extraction kit (Mo Bio Laboratories, Carlsbad, CA). 16S

459
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Indicator bacterial counts
(log cfu/g or 100 cm?)t

TABLE 1. SUMMARY OF INDICATOR
BACTERIAL COUNTS IN NAPA CABBAGES
THROUGHOUT THE MANUFACTURING

Sample Process*

Description TVCs

Coliforms PROCESSES

Materials, intermediate or final products (/g)

M1 M Fresh napa cabbages (materials)
M2
M3
M4 o
S1 S Salt-soaked napa cabbages
S2 (10% Nacl for 3 days)
S3

S4

D1 D
D2

D3

D4

F1 F

Disinfected samples (200 ppm, 10 min)

Final products (2% NaCl)

F3

F4

Swab samples (/100 cm?)
envl’ Mto S

env2 N
env3

envd DtoF

env5

envéb

Cutting boards

Cutting boards

4.68 +4.64

3.60+3.33

3.95+3.67

1.18+1.24

3.48 +£3.58

1.704+2.00

1.94+224

© 3764292 ND

0.52+0.76

2.68+2.34 ND

* M, material; S, salt-soaking; D, disinfection; F, final product; M to S, between M and S; D to F,

between D and F.

t The data represent standard means (SM) % standard deviations (SD) from at least three samp[es

at each process.
ND, not detected (<100 cfu/g); TVCs, total viable counts.

rRNA gene sequences were analyzed via barcoded
pyrosequencing to estimate composition of the bacterial
communities as described previously (Leff and Fierer 2013).
Briefly, the 165 rRNA sequences were PCR-amplified using
the primer pairs 799f and 1115r (Supporting Information
Table S1), followed by purification using E- gel Size Select

2% (Life Technologies, Carlsbad, CA) and Agencourt

AMPure XP (Beckman Coulter, Brea, CA). After the mea-
surement of DNA concentrations using the Ton Library
Quantification kit (Ion Torrent, Carlsbad, CA), equal quan-
tities of DNA from the eight samples were combined
together. The pooled DNA sample was then subjected to the
Ton Torrent PGM (400 bases) sequencing platform using
318v2 chip (Ion Torrent). The pyrosequencing data were
deposited to the DNA Data Bank of Japan (DDB]J) under
accession number DRA002513.

Detection of STEC and Salmonella spp.

The remaining homogenates were incubated at 37C for
20 h, and the prevalence of STEC or Salmonella spp. in the

460

pickled samples was examined as described previously
(Asakura et al. 2012) (for STEC) or according to the guide-

line of 1806579:2002 (for Salmonella spp.), respectively.

Data Analysis

*The IonXpress barcodes and low quality reads were

trimmed from the read sequences (6,971,712 sequence
reads, 1,864,023,980 bp) using CLC Genomic Workbench
software ver. 7.0 (CLC Bio, Aarhus, Denmark) under the
criteria of (i) lead length ranged between 280 and 340 bp
and (ii) quality score <0.003. The trimmed sequences were
then blasted against NCBI 16S rRNA database ver. 197.
METAGENOME@KIN program (World Fusion, Tokyo,
Japan) was used accordingly to draw bar charts.

Experimental Salt-Soaking of Napa Cabbage

Fresh napa’ cabbages were purchased at a market in Tokyo.
After washing with tap water twice, the fresh produce were
aseptically cut with sterile scissors to obtain a 25 g portion.

Journal of Food Safety 35 (2015) 458-465 © 2015 Wiley Periodicals, Inc.
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The cut samples (25 g each, n=3) were then soaked with
225 mL of salt solution at a final concentration of 0, 2 or
10%, followed by incubation at 15C. After a 3-day incuba-
tion, the samples were homogenized with 225 mL of BPW
and then subjected to indicator bacterial counts and the
pyrosequencing analysis as described earlier. Pre-soaked

samples were also tested in parallel. The pyrosequencing .
data were deposited to the DDBJ under accession number

DRA002513.

RESULTS AND DISCUSSION

Kinetics of Indicator Bacteria and Incidence
of STEC, Salmonelia spp. in Lightly

Pickled Napa Cabbages Through the
Manufacturing Process

Chemical sanitizers, such as chlorine and chlorine dioxide,
have been widely utilized to minimize contamination with
pathogenic microorganisms in fresh vegetables during the
manufacturing process (Gil etal. 2009; Keskinen and
Annous 2011). After the prerequisite program for pickle
production was revised to use NaClO to disinfect of fresh
vegetables as of 1 December 2013 in Japan (MHLW 2013),
we examined the microbiological quality -of the lightly
pickled vegetables at manufacture to evaluate the effective-
ness of the revision. In collaboration with a manufacturer,

- materials (fresh vegetables), intermediate products after
salt-soaking or disinfection, and the final products were col-
lected as well as swab samples from the facilities/equipment
used for cutting the produce (env1l-3) or used for cutﬁng
prior to packaging (env4-6) (Fig.1). TVCs exhibited
reduced trends following the processing, although no
statistically significant difference existed between the
processes (Table 1). The TVCs in the materials were
4.68 +4.64 log cfu/g, which exhibited a one-tenth reduction
after the salt-soaking (10% NaCl for 3 days). Following dis-
infection with NaClO (0.012% for 10 min), the TVCs
were further decreased to 3.95+3.67 logcfu/g and the
means in the final products were 3.76 +£2.92 log cfu/g
(Table 1). By contrast, coliform counts underwent a one-
sixtieth reduction from 3.48 +3.58 log cfu/g in the materi-
als to 1.70 £2.00log cfu/g after the salt soaking and
1.94 £ 2.24 log cfu/g after disinfection (Table 1). No coli-
forms were detected from the final products or the cutting
boards used for cutting the disinfected intermediates
(Table 1), indicating the effective decontamination of
-coliforms throughout the processing under hygienic
environments.

The TVCs or coliform counts in the swab samples

ranged from 0.69 to 2.84 log ctu/100 cm? and from 0 to
1.00 log cfu/100 cm?, respectively (Table 1). No STEC and
Salmonella spp. were detected in any of the samples tested

Journal of Food Safety 35 (2015) 458-465 © 2015 Wiley Periodicals, Inc.
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herein (data not shown). Thus, we could demonstrate that
the manufacturing process of the lightly pickled napa cab-
bages at the collaborative factory, which was in accordance

~with the revised prerequisite program (mainly composed of

the addition of disinfection procedure for materials with
NaClO and HACCP-based control), effectively reduced the
numbers of coliforms with no detection of the two major
pathogens. -

Tracing the Alteration of Bacterial
Community Composition in the Lightly

Pickled Napa Cabbages at Manufacture

Leafy vegetables are known to harbor large bacterial popula-
tions, with the composition of these populations varying
strongly across plant species (Redford et al. 2010) due to
variations in metabolites, physical characteristics and sym-
biotic interactions with the host plant and other microbial
inhabitants (Lindow and Brandl 2003; Hunter et al. 2010).
Based on the differential kinetics of the TVCs and coliform
counts in the lightly pickled napa cabbages throughout pro-
cessing, we hypothesized whether the bacterial community
composition might be altered at each processing step,
thereby affecting those bacterial counts. To address this
issue, two representative intermediate samples were ran-
domly selected, which were subjected to 16S rRNA
pyrosequencing analysis. Finally, 18361-104969 trimmed
sequence reads were blasted, resulting in the identification
of 77 families/194 genera in the eight samples. Representa-
tive bacterial genera exhibiting dominance or drastic
changes throughout the processing were described.

(i) Pseudomonas spp., dominant genera in the material
samples. The relatively high population genera in the mate-
rials were Pseudomonas (28.2%), Aureimonas (16.3%) and
Sphingomonas (15.5%) (Fig. 2 and Supporting Information
Table S2). Among these genera, the Pseudomonas spp. mark-
edly decreased in yields after salt-soaking (average 1.4%)
and then increased to 11.0% after disinfection (Fig. 2 and
Supporting Information Table S2). The final products con-
tained Pseudomonas spp. at approximately 5.7% (Fig. 2 and
Supporting Information Table S2).

(ii) - Leuconostoc and Rhizobium spp. exhibit increased yields
after salt-soaking. After the salt-soaking, 33.5 or 26.2% of
the bacterial communities were Leuconostoc and Rhizobium
spp., respectively, which exhibited yields in the samples at
other stages of less than 5% except for sample D2 (Fig. 2
and Supporting Information Table S2). It is likely that these
genera commensally colonize leafy vegetables, such as
lettuce, spinach and napa cabbage (Jun ef al. 2011; Leff and
Fierer 2013). Considering the predominant distribution of
Leuconostoc spp. in traditional Korean seafood, such as
“Ojingeo Jeotgal,” which contains high concentrations of
NaCl (Jung etal. 2013) or fermented vegetables, such as

461
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“kimchi,” which is also processed with soaking in more than
10% salt (Kim et al. 2000), our data suggested that the salt-
soaking process expanded the dominance of salt-tolerant
bacteria, hence hindering the vields of others. v
(iii) Pedobacter spp. -increases dominance after disin-
fection. The disinfection process increased the relative yields
of Pedobacter (43.9%) in the intermediate samples (Fig. 2
and Supporting Information Table S2). Although these bac-
teria are mainly distributed in the rhizosphere, they were
also detected from the phyllosphere of lettuce during
NaClO washing of the vegetables surface (Kwon ef al. 2007;
Jackson et al. 2013). Considering these repbrts, our data
explaining the increased yields of Pedobacter spp. thus
suggest that the disinfection process might target the
surface-localized bacteria on the vegetable to decontaminate
them, while rhizosphere-originated Pedobacter residing
internally could expand its yields during and after the
process.

462
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FIG. 2. PROCESS-BY-PROCESS DYNAMICS OF
10% BACTERIAL  COMMUNITY  COMPOSITION
ASSOCIATED WITH LIGHTLY PICKLED NAPA
CABBAGES DURING THE MANUFACTURING
0% = —— = = PROCESS
MI M2 S1 82 DI D2 P1 P2 Relative abundance of bacteria genus based
) Sample name . on 165 rRNA pyrosequencing analysis is
: : ; shown. Twenty dominant genera are shown
8 Pedobacter # Leuconostoc % Rhizobium B Pseudomonas with the explgnatory note. Sample names rep-
& Microcystis # Sphingomonas B Agrobacterium “BNA (Notassigned) ~ resent material (M), salt-soaking (S), disinfec-
@ Delftia 8 Burkholderia B Variovorax B Aureimonas tion (D) and the final products (P), respectively.
a Janthinobacterium. 8 Brevundimonas @Arthrobacter & derococeus The entire data set is listed in Supporting Infor-
 # Chryseobacterium % Flavobacterium ® Duganella & Methvlophilus mation Table $2. 7

(iv) Microcystis spp. The yields of Microcystis were relatively
increased (39.8%) in the final products (Fig. 2 and Support-
ing Information Table S2). These . bacteria. abound in
eutrophic and hypertrophic freshwater bodies worldwide
(Kardinaal et al. 2007; Vareli et al. 2009) and exhibit toler-
ance to low temperature and darkness (Wu et al. 2008).
Considering the lower yields (<5% except for the sample
S2) before this process (Fig. 2 and Supporting Information
Table S2), it could be considered that the increased yields of
this bacterium might originate from the surrounding envi-
ronments during the packaging process. The variation of
the two final product samples (F1, 14.4%; F2, 65.1%) (Sup-
porting Information Table S2) as well as the greater yields
of Flavobacterium spp. that inhabit water environments
(Shewan and McMeekin 1983) in the F1 and F2 (0.40 or
0.79%, respectively) than the samples post-disinfection (D1,
0.019%; D2, 0.08%) (Supporting Information Table S2)
might support the above hypothesis.
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FIG. 3. BACTERIAL ~ KINETICS IN  NAPA 60%
CABBAGE THROUGHOUT SOAKING IN DIFFER- 2
ENT CONCENTRATION OF SALTS = 50% - .
(A) Napa cabbages (n=3 each) were experi- %

mentally soaked with different concentrations
of NaCl (0, 2 and 10%) for 3 days at 15C.
Indicator bacterial counts (total viable counts
[TVCs] as red bars, coliform counts as blue
bars) are shown. P values represent compari-
sons between the coliform counts in 10% salt
samples and the others. (B) Comparison of
bacterial community composition in napa
cabbage samples before and after soaking in 0%
different concentrations of salt (n=2 each).

The genus-level taxonomic bar charts are

shown. Ten dominant genera are shown in the Q&’
explanatory note. The entire data set is listed

in Supporting Information Table S3.

40% -

30% -

20%

10% -

(v) Escherichia and Enterobacter spp. The proportion of
Enterobacter and Escherichia spp. in the final products were
0.04 and 0.02%, respectively (Supporting Information
Table S2). Although these means were slightly higher than
those in the other processes (Fig. 2 and Supporting Infor-
mation Table S2), plate counts indicated that the numbers
of viable coliforms were under detection limit (<100 cfu/g)
in these samples and in the swab samples from the final
cutting process (env 4-6) (Table 1). As the pyrosequencing
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B8 Rhizobium

& Duganella
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B Sphingomonas

@ Pseudomonas

Sample name

data track nucleotide composition not only from viable but
also from killed bacteria, the genetic proportion of the two
bacterial genera suggests their tight associations with the
surface of the vegetable, which led to the increased ratio
after the disinfection process, despite their efficient killing.
Indeed, it is likely that some E. coli strains exhibit increased
ability to adhere to leafy vegetables through the expression
of curli and/or cellulose (Macarisin ef al. 2012). Perhaps,
additional application such as ultrasound and organic acids
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during the washing processes (Sdo José et al. 2014) might
effectively reduce the tight adhesion of these bacteria on the
plant surface.

Effects of Salt-Soaking on the Alteration of
Bacterial Community Composition
Associated with Napa Cabbage

With the possible link between salt-soaking and the
dynamics of Pseudomonas spp. in napa cabbages, fresh napa
cabbages were experimentally soaked in different concentra-
tions of salt (0, 2 and 10%) for 3 days, and the kinetics of
the indicator bacterial counts (TVCs and coliform counts)
and bacterial community compositions were examined.

Soaking with 10% salt did not affect the TVCs in the

produce, while exhibiting greater reduction of the coliforms
than soaking in lower concentrations of salt or without
soaking (P <0.05) (Fig.3A). The pyrosequencing analysis
further revealed the decreased proportion of Pantoea spp. in
the samples soaked in 10% NaCl compared with the others
(P<0.05) (Fig. 3B and Supporting Information Table $3),
which suggested its correlations with the reduced numbers
of coliforms throughout soaking. The decreased proportion
of Duganella spp. in the samples after soaking in the 10%
salt condition was not in agreement with the data obtained
in the pilot study at a factory. One explanation for the con-
tradiction might be the differential bacterial community
between the fresh produce used in each study. As an addi-
tional support, this genus exhibits species-dependent varia-
tion in salt tolerance (Abdel Wahab and Zahran 1979).

In contrast, the metagenomic data also showed increased
yields of Pseudomonas spp. in association with elevated con-
centrations of NaCl (Fig. 3B and Supporting Information
Table S3), further supporting our data in the pilot study
. (Fig. 2 and Supporting Information Table S2). Thus, these
data demonstrated that the salt concentration was one of
the major determinants for the altered proportion of the
Pseudomonas spp. as well as dominant bacteria that were
categorized as coliforms in napa cabbage at the soaking step
during manufacture of light pickles.

CONCLUSION

We demonstrated that the revised prerequisite program
improved the microbiological quahty of the lightly pickled
vegetables. The metagenomic analysis further revealed the
process-to-process dynamics of the bacterial community
composition, providing evidence for the increased efficacy
of the high salt-soaking, in combination with disinfection
procedures, to decontaminate enteric pathogens from the
produces. Further study would be required to evaluate
the impact of the revised program on the improved
microbial safety in the commercially distributed products
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through- epidemiological surveillance. Nevertheless, our
data suggest that a metagenomic approach in combination
with plate counts assays can better our understanding of
microbial safety, and link to improvement of hygienic prac-
tices in a series of fresh or minimally processed produce at
manufacture. .
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Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Table §1. Oligonucleotide primers used for the 16S
rRNA pyrosequencing analysis.

Table S2. Summary of bacterial community composition
associated with the lightly pickled napa cabbages at
manufacture.

Table §3. Summary of bacterial community composition
associated with napa cabbages before and after soaking with
different concentrations of NaCL '
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