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the cytoplasm; (6) at the end of this cydlésteria reach the plasma membrane and
induce the formation of pseudopod-like structures (listeriopods), allowing the invasion
of the neighbor cell: this activity is mediated by InIC protein (encodedlBygene);
(7) phagocytosis and formation of a double-membrane vacuole; (8) rupture of the two
membrane vacuole ardsteria escape, initiates a new round of proliferation, actin-
based motility, and intercellular Spread. ... 21

Figure 2. Human infection blisteria monocytogenegl) ingestion of contaminated
food; (2)Listeria colonization of the digestive tract can lead to symptoms including
diarrhea and fever; the bacteria cross the intestinal barrier, due to the production of
InlA, reaching the mesenteric lymph nodes and accessing the circulatory system; (3)
Listeria can form aggregates, ActA-dependent, favoring the long-term persistence in
the cecum lumen; (4) the first organs affected are the liver and spleen (which are
reservoirs of bacterial persistence): these organs release this bacteria into the blood
system, resulting in septicemia; (5)monocytogenesay cross the placental barrier
leading to abortion, or generalized neonatal infection (causing pneumonia, sepsis, or
meningitis); (6) in additionl.. monocytogenesan cross the bloedrain barrier and

reach the brain, causing meningitis, meningoencephalitis, and rhombencephalitis. .. 22

Vi



Chapter 5

Figure 1. Intracellular growth df. monocytogenesolates in Caco-2 cells. Caco-2 cells
were infected with the indicated monocytogenestrains (A) oiListeria spp (B) and
CFUs were enumerated at 2 and 8 hours post-infection (hpi). (C) Intracellular doubling
times of the indicated control strains inside Caco-2 cells. (D) Intracellular doubling
times of 59L. monocytogeneisolates plotted according to serotype and source (D),
serotype only (F), or source only (G). (E) Growth curves of selected serotype 1/2a
strains. (H) Percent distribution of the strains exhibiting increased (>70 min, blue),
equivalent (grey), or reduced (<57 min, red) intracellular doubling times as compared
to the 104039.. monocytogenekab strain. Error bars represent mean = SD of 2
biological replicates performed in technical duplicate, and where all data points are
shown medians are indicated by horizontal bars. (D, F, G) Each data point represents
the mean of 2 biological replicates performed in technical duplicate. ..................... 102

Figure 2. Invasion oEL. monocytogeneisolates into Caco-2 cells. (A) Invasion ability
plotted as the CFU of the indicated strains at 2 hpi divided by the CFU of 10403S.
Invasion ability of 59L. monocytogenessolates plotted according to serotype and
source (B), serotype only (C) or source only (D). (E) Percent distribution of the strains
exhibiting defective invasion (<0.7, blue), equivalent invasion (grey), or hyper-
invasion (>1.5, red) compared to 10403S. (F) Comparison of invasion of serotype 4b
strains sorted by source. All data points are shown and medians are indicated by
horizontal bars. (B-D, F) Each data point represents the mean of 2 biological replicates
performed in technical duplicate. *p < 0.05; **p < 0.005; **p = 0.0007, Mann-
WHItNEY U LESE. ..ottt e e e e e e e e e s e e e e e e e e aaeeeeeeannnees 104

Figure 3. Sequence analysis of internalin A acrossnonocytogenessolates. (A)
Alignment of the internalin A protein sequences from Lineage | and Il strains showing
amino acid variation versus the 10403S reference lab strain (green boxes), deletions
(red boxes), or introduction of premature stop codons (black boxes). (B) Invasion
ability plotted as the CFUs of the indicated strains at 2 hpi divided by the CFUs of
10403S. Strains carrying a premature stop codon (PMSC) type 6 (green), type 11
(maroon) or type 19 (blue) are iINdiCated. .........coovviiieeiiiiiiieee e 107

Figure 4. Cellto-cell spread oL. monocytogenesolates in Caco-2 cells. Quantification
of focus areas of 99. monocytogenasolates plotted according to serotype and source
(A), serotype only (B), or source only (C). Data are presented as the percent focus size

compared to 10403S. (D) Percent distribution of strains exhibiting smaller foci (<85%,

viii



blue), equivalently sized foci (grey), or larger foci (>115%, red) as compared to the
10403S lab strain. (E, F) Images of L. monocytogenes (green) as they spread through
Caco-2 cells (black area) for 24 h. Dotted line indicates the edge of the focus area.
Scale bar = 50 um. (A-C) Each data point represents the mean focus area (n = 32 +
12). *p < 0.05; **p < 0.009; ***p = 0.0002, ****p < 0.0001, Mann-Whitney U test.

Figure 5. Evaluation oE. monocytogenessolates for hemolytic and phospholipase C
activity. Hemolytic activity ofL. innocuaor the indicated.. monocytogenestrains in
horse (A), cow (B), and sheep (C) blood agar plates. (D) Phosphatidylinositol-specific
phospholipase C activity on Agar Listeria according to Ottaviani and Agosti (ALOA).

Supplementary Figure 1. Growth &f monocytogenessolates in BHI broth. (A)
Absorbance 595 values of cultures grown statically at 37c and shaken 30 sec prior to
hourly reads. (B) Intracellular doubling times of the indicatednonocytogenes
isolates inside Caco-2 cells. (C) Same as in (A) but data are showind.istieeia
spp. (hon-monocytogenes) as well as control strains used in the study. (D) Percent
distribution of the strains exhibiting increased (blue), equivalent (grey), or reduced
(red) intracellular doubling times as compared to the 104038onocytogenesb
strain. Data are similar to those shown in Figure 1H except here they are segregated
by both serotype and source. (A, C) Data represent the means of 3 biological replicates
for each strain. (B, D) Data are from 2 biological replicates performed in technical
duplicate, and medians are indicated by horizontal bars. ***p < 0.0001, ordinary one-
WAY ANV A e e et ettt e e e e e e e e e e e e e nnnrne 122

Supplementary Figure 2. Invasion lof monocytogenemto Caco-2 cells. (A) Percent
distribution of 59L. monocytogenessolates exhibiting defective invasion (blue),
equivalent invasion (grey), or hyper-invasion (red) as compared to the 10403S
monocytogenekab strain. Data are similar to those shown in Figure 2E except here
they are segregated by both serotype and source. XY plots comparing invasion ability
(Y axis) with intracellular doubling times (X axis) in Caco-2 cells segregated
according to source (B) or serotype (C). Data represent the mean from 2 biological
replicates performed in technical duplicate. ... 123

Supplementary Figure 3. Doubling times of inlA mutant strains. Intracellular doubling
times ofL. monocytogenesolates carrying premature stop codon (PMSC) type 6
(green), type 11 (maroon) or 19 (blue). Each bar represents the mean £ SD from 2

biological replicates performed in technical duplicate. ............ccccceeeeviiiieieiiniiieiieenn, 124

iX



Supplementary Figure 4. Ceb-cell spread oE. monocytogendsolates in Caco-2 cells.
Percent distribution of 5. monocytogenesolates exhibiting smaller foci (blue),
equivalently sized foci (grey), or larger foci (red) as compared to the 10403S lab strain.
Data are similar to those shown in Figure 4D except here they are segregated by both
serotype and source. Data represent the mean from 2 biological replicates performed
IN technical dUPIICALE. ........oooii e 124

Chapter 6

Figure 1. Intracellular doubling times of &7 monocytogenesolates in iBMDM cells,
plotted according to serotype and source (A), source only (B), or serotype only (C).
The dotted line indicates the doubling time of the reference strain 10403S. Two clinical
strains from serotype 1/2a (2137 and 2140) which did not grow in iBMDM were not
included in the analysis. Each data point represents the mean of 2 biological replicates
performed in technical duplicate. No statistical difference between sources or
serotypes was observed using ordinary one-way ANOVA. ..........ccovvvveviiveeiiniinnnnn. 133

Figure 2. LDH released after infection of iBMDM cells by monocytogenesolates.

The 59L. monocytogenesolates are plotted according to serotype and source (A),
source only (B), or serotype only (C). Each data point represents the mean of 4
technical replicates from 2 biological duplicate. Statistical difference (P < 0.05) was
observed in environmental 1/2a versus 4b. Statistical significance was calculated using
ordinary one-way ANOVA. ... e e 134

Figure 3. LDH released after infections of WT and Cé/is';EMDM primed overnight
with Pam3CSK4. Cell death induced by selected strains were caspase 1 dependent, as
well as cell death induced by the positive control 10403S LpFlaA, which express the
Legionella pneumoniflagellin, confirming that these isolates triggers pyroptosis in
IBMDM. Each data point represents the mean of 4 technical replicates from 2
(o] o] [oTe (o= Ul o (] o] o= 1 =TSSP 135
Figure 4. IFN released after infection of IBMDM cellslbymonocytogenesolates. All
59L. monocytogenasolates plotted according to serotype and source (A), source only
(B), or serotype only (C). Each data point represents the mean of 4 technical ieplicate
from 2 biological duplicates. No statistical difference between sources or serotypes

was observed using ordinary one-way ANOVA. ..ot 136

Figure 5. IFN released after infections of WT, STiNGnd, cGAS primary
macrophages. IFN production induced by selected strains was STING dependent,
being partially cGAS dependent (629, 3727, 508, 3734), most cGAS dependent (1011



and 3723) and fully cGAS independent (10403S and 7). Each data point represents 3
technical replicates from one biological experiment done using primary macrophages,
results are indicated as ISRE percentage over 10403S. .........oooviiiiiiiiiiiiiniinine 136
Figure S1. CFU differences normalized in slope [(isolate slope)/(10403S slope)], showing
the growth diversity among 39 monocytogeneis iIBMDM. .............cccccvvvvinnnnnn. 145
Figure S2. IFN released by WT iBMDM infected with thelL59nonocytogeneslata are
indicated as percentage over 10403S. Each data point represents the mean of 4

technical replicates from 2 biological duplicates. ..............cccceeeieiiiiiiiiee e, 146

xi



TABLE LIST

Chapter 1

Table 1. Standard protocols for isolatingteria monocytogendsom different sources?.

Table 2. Information regarding environmental distribution, genetic characteristics, and
associated lineages bf monocytogendasolates. ................ovvviiiiiiiiiieee e, 13

Chapter 2

Table 1. Isolation oListeria monocytogenefsom food processing facilities, food, and
ASSOCIAIEU SEIOLYPES. .oeiiiiiiieieie i ittt e et e e e e e e e e e e e e e s s s s s bbb e e e e e e e eaaeaeeas 39

Table 2. Report of the main listeriosis outbreaks and related food vehicles that occurred
between 2007 and 2015 in different COUNIIES. .........uuvviiiiiiiiiiiiiiieeeeee e, 46

Table 3. Antibiotic resistaritisteria monocytogendsolated from a variety of sources.

.................................................................................................................................... 49
Chapter 3
Table 1.Listeria monocytogendsolates obtained from meat processing environments,
beef products, and clinical samples used in the study. ........cccccoeviieiiiiieiiiiiieeees 74

Table 2. Antimicrobial resistance profile lakteria monocytogenasolates tested in this
5] (11 Y2 URPPPPPPPPPPSRTRR 75

Supplementary Table. Additional information of 1Bidteria monocytogenesolates
included in the study of antimicrobial resistance. Presented information related to
isolate code, sample source of isolate, Brazilian state in which the isolate was obtained,
year of isolation, serogroup of isolate, and disk diffusion diameter for each isolate and
tested antibiotic (in mm, and followed by indication of resistance, R, intermediary
resistance, IR, or SUSCEPLIDIlItY, S). ....ciiiiiiiiie e 80

Chapter 4

Table 1. Serotypes of the 134 monocytogenessolates used in the present study
ACCOrdiNg tO thEIr SOUICES. ..uuuui it e e e e e e a e 91

Table 2. Summary of PCR results after amplification protocols according Doumith, et al.
(2004) and Borucki and Call (2003) bfsteria monocytogeneisolates previously
identified according their serotypes by conventional serological tests (Seeliger and
HORNNE, 1979). ..uiiiiiiii ittt e et e e e e e e et e e e e e s s s e e e e e s e nnssneeeeeeans 92

Chapter 5

Table 1.Listeria monocytogenestrains recovered from Brazil and respective lineages

=T T0 BT (01 01 JA PP 101

Xii



Table 2.Listeria monocytogenesith inlA mutations resulting in premature stop codons
(PMSCs) or 9 nucleotide deletion resulting in 3 amino acid residue deletion. ........ 105

Table 3. Details of each premature stop codons (PMSCs) identifieldstaria
MONOCYLOJENERIA JENOLYPES. ..oeeveeeriiiiiiiiiiee e e e e e e e eeeeee et r e e e e e e e eeeeaeeeeeeeensnnnnnn 106

Table 4: SNPs iractA leading to non-synonymous mutations across the.iS&@ria
MONOCYTOgENES. ....cciuiiiiiii ittt e e s e s e e e e s eaa s 111

Table 5. Details of virulence phenotypes exhibitedLisyeria monocytogenaa Caco2

cells, hemolysis activity, phospholipase activity and morphology. .........cccccccevvnee. 112
Chapter 6
Supplementary TaDIE L. ... 143

Xiii



ABSTRACT

CAMARGO, Anderson Carlos, D.Sc., Universidade Federal de Vigosa, August, 2017.
Uncovering theListeria monocytogenes virulence traits. Adviser: Luis Augusto Nero.
Listeria monocytogenes a Gram-positive bacterium commonly isolated from food
processing environment, raw and processed foods. It is recognized as the causative agent
of listeriosis, a serious disease that affects mainly individuals from risk groups. The
present study aimed to characterizenonocytogenesolates recovered in Brazil from
clinical sources, meat processing environmental and beef. Antibiotic resistance profiles,
virulence genes, serotype diversity, ability to invade, replicate and spread in host cells, as
well as cell death and IFN production induced lhymonocytogenessolates were
characterized. All isolates presented sensitivity to antimicrobials used for listeriosis
treatment while most of them presented resistance or intermediate resistance to
clindamycin and oxacillin. Molecular serogrouping produced contradictory results for
seven isolated from serotype 1/2a, which were positive for the lgen&l18 and
exhibited the profile Ilc (serotypes 1/2c or 3c). In addition, fifteen isolates from serotype

4b amplified the genelmo0737 being classified as atypical IVb-vl. The potential to
invade Caco-2 cells was significantly affected by the presence of premature stop codons
(PMSCs) ininlA gene of isolates from serotype 1/2¢ (p < 0.005). Thetesolaried

widely in their intracellular doubling times, and there was no clear relationship between
serotype or source. There were significant differences between serotypes towcedl-
spread in Caco-2 cells, isolates from serotype 1/2a were generally impaired in their
spreading ability while most os isolates from serotype 1/2b exhibited increased spreading
ability (p < 0.0001). In addition, we identified three isolates from serotype 4b that spread
nearly twice as much as the reference strain 10403S. No trends were observed regarding
intracellular doubling times in iIBMDM by comparing sources and serotypes; based on
these results, intracellular growth seems to be determined by genetic characteristics of
each strain. The cell death induced by some isolates after infection of iBMDM was
Caspase 1 dependent, indicating that they induce pyroptosis. Some of these isolates also
induced high INF production by iBMDM. Using primary macrophages, it was revealed
that INF production was always STING dependent, arsbime cases it is fully cGAS
independent, partially cGAS dependent, or even mostly cGAS dependent. We have
characterized.. monocytogenesolates that could provide novel insight into infectivity

of this pathogen that may not be revealed by studying common laboratory strains,

Xiv



demanding further analysis of thgenomes and other experimental approaches to reveal

the mechanisms associated with the most extreme phenotypes exhibited.
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RESUMO

CAMARGO, Anderson Carlos, D.Sc., Universidade Federal de Vigosa, agosto de 2017.
Revelando as caracteristicas de viruléncia deisteria monocytogenes. Orientador:

Luis Augusto Nero.

Listeria monocytogeneg® uma bactéria Gram-positiva comumente encontrada no
ambiente de processamento de alimentos, produotasatura e processados. Esse
patdégeno é reconhecido como o agente causador da listeriose, uma doenca grave que afeta
principalmente individuos de grupos de risco. O presente estudo teve como objetivo
caracterizar isolados de. monocytogenesecuperados no Brasil a partir de fontes
clinicas, ambiente de processamento de produtos carneos, e de carne bovina. Os perfis de
susceptibilidade aos antibiéticos, genes de viruléncia, diversidade de sorotipos,
capacidade de invadir, replicar e se disseminar em células hospedeiras, bem como a morte
celular e a producdo de IFN induzidas por isoladosL denonocytogenesoram
caracterizados. Todos os isolados apresentaram sensibilidade aos antimicrobianos
utilizados para o tratamento da listeriose, no entanto a maioria apresentou resisténcia ou
resisténcia intermedidria a clindamicina e a oxacilina. A sorotipagem molecular produziu
resultados contraditorios para sete isolados do sorotipo 1/2a, que foram positivios para
genelmo1118e exibiram o perfil lic (sorotipos 1/2c ou 3c). Além disso, quinze isolados

do sorotipo 4b amplificaram o gelmeo0737 e foram classificados como atipico 1Vb-v1.

O potencial de invadir células Caco-2 foi significativamente afetado pela presenca de
codons de parada prematuros (PMSCs) no geAedo sorotipo 1/2¢ (p < 0,005). As

cepas variaram amplamente em seus tempos de duplicagéo intracelular em celulas Caco-
2, e ndo houve relacdo clara entre sorotipo ou fonte. Foram observadas diferencas
significativas entre os sorotipos com gétaa disseminacdo em células Caco-2; isolados

do sorotipo 1/2a apresentaram defeito na disse@neelular, enquanto isolado® d
sorotipo 1/2b aprestaram maior habilidade de disseminacéo celular (p <0,0001). Além
disso, identificamos trés isolados de sorotipo 4b que se disseminaram em uma area
aproximadamente duas vezes maior que a cepa de referéncia 10403S. Nao foram
observadas tendéncias quanto aos tempos dggdicantracelular em iBMDM,
comparando fontes de isolamento e sorotipos. Os resultados indicam que gaeplica
intracelular € determinada pelas caracteristicas genotipicas de cada isolado. A morte
celular induzida por alguns isolados apos a infec¢do de iBMDM foi dependente da enzima
Caspase 1, indicando que eles induzem morte celular por piroptose. Alguns isolados
também induziram alta producdo de INF pela linhagem celular iBMDM. Usando

macréfagos primérios, foi revelado que a producdo de INF foi sempre STING
Xvi



dependente, em alguns casos totalmente cGAS independente, parcialmente cGAS
dependente, ou mesmo cGAS dependente. Este trabalho caracterizou o perfil patogénico
de isolados de. monocytogenepermitindo uma melhor compreensao dos mecanismos

de infectividade desse patégeno, e levando a uma analise mais profunda dos genomas e
outras abordagens experimentais para revelar os mecanismos associados aos fenotipos de

viruléncia mais extremos.
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INTRODUCTION

Millions of people suffer from episodes of diarrhea and other debilitating
consequences due to ingestion of foodborne pathogens worldwide everliytsia
monocytogeness a major foodborne pathogen often isolated from food processing
environments. Its persistence in the industry is associated with several factors, such as
biofilm formation, multiplication at low temperatures, and resistance to environmental
stress. Control ol.. monocytogeness a challenge and its persistence in the food
processing facilities is often linked to food contamination.

The incidence oL. monocytogenesl raw foods is high when compared with
processed foods such as reaoheat (RTE), but these foods are the most common
vehicles linked to listeriosis outbreaks monocytogends able to multiply even in high
salt content RTE or those that are stored at refrigerated temperatures, making some
countries adopt a zero tolerance policylfomonocytogenaa RTE while others adopted
tolerance up to 100 CFU/g in foods that are not suitablei$teria growth.

In the United States, where there is an efficient network for monitoring foodborne
diseases, the Center for Disease Control and Prevention (CDC) tedtiamaannual
occurrence of 1,660 to 1,700 cases of invasive listeriosis, resulting in more than 1,500
hospitalizations and 16% of mortality rate. There are not many registets of
monocytogendsolation from clinical cases in Brazil, and listeriosis is not a disease under
compulsory notification, making outbreaks investigation very often compromised.
Listeriosis has a variable incubation period and can lead to clinical manifestations such
as gastroenteritis, septicemia, encephalitis, meningitis and abortion in individuals from
group risk, such as pregnant woman, newborn, elderly, and immunocompromised adults
The emergence of listeriosis occurred in the 1980s with the occurrence of several
outbreaks and sporadic cases of the disease. Sincd_thmonocytogenelsas been the
focus of much research conducted by surveillance systems of government agencies and
food industries and also has been broadly used as model organism for host-pathogen
interactions studies due its ability to enter and multiply in a variety of host cells.

Although allL. monocytogenesirains are considered virulent by regulatory bodies,
genetic diversity in genes needed for infectivity presumably contributes to differential
pathogenicity. The isolation and characterization by phenotypical and molecular
techniques are crucial steps to assess the virulence potential of each strain. In the last
decades, molecular methodologies have been applied in addition to phenotypical methods

for a precise characterization, facilitating the understanding of the genetic diversity
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between pathogenic and nonpathogenic isolatesnonocytogenes divided into 13
different serotypes that are grouped into four phylogenetic lineages (I, Il, Ill, and V).
Serotypes 1/2a (lineage Il), 1/2b and 4b (lineage 1) are responsible for more than 95% of
confirmed cases of listeriosis. Serotype 4b is prevalent worldwide, while serotype 1/2a
has become more common in Northern Europe.

Here we characterized the serotypes distribution, antibiotic susceptibility, virulence
genes profile, ability to invade, replicate and spread in Caco-2 cells, as well as induction
of cell death and IFN production after infection of macrophégyds. monocytogenes
isolates recovered in Brazil (from clinical sources, meat processing environment, and
beef) in the last four decades. The present work revealed the virulence characteristics of
L. monocytogenerecovered in Brazil and here we described isolates that can provide
novel insight into infectivity that may not be revealed by studying common laboratory

strains.



OBJECTIVES

The aim of this study was to reveal the virulence traits.omonocytogenestrains

obtained in different Brazilian regions from clinical sources, meat processing

environment, and beef by phenotypic and molecular typing methods. Considering the

main goal, specific objectives were

v
v

Review of literature aboutisteria monocytogengs

Evaluate the antimicrobial susceptibility profilesLofmonocytogenesolates;
Evaluate the performance of different protocols for serotyping
monocytogenes

Evaluate the virulence potential of selected strains
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Abstract

Listeria monocytogenes an important foodborne pathogen commonly isolated from
food processing environments and food products. This organam multiply at
refrigerator temperatures, form biofilms on different materials and under various
conditions, resist a range of environmental stresses, and contaminate food products by
cross-contaminatiorh.. monocytogends recognized as the causative agent of listeriosis,

a serious disease that affects mainly individuals from high risk groups such as pregnant
women, newborns, the elderly, and immuno-compromised individuals. Listeriosis can be
considered a disease that has emerged along with changing eating habits and large-scale
industrial food processing. This disease causes losses of billions of dollars every year
with recalls of contaminated foods and patient medical treatment expenses. In addition to
the immune status of the host and the infecting dose, the virulence potential of each strain
is crucial for the development of disease symptoms. While many isolates are naturally
virulent, other isolates are avirulent and unable to cause disease; this may vary according
to the presence of molecular determinants associated with virulence. In the last decade,
the characterization of genetic profiles through the use of molecular methods has helped
to track and demonstrate the genetic diversity anhongonocytogendsolates obtained

from various sources. The purpose of this review is to summarize the main methods used
for isolation, identification, and typing &f. monocytogenesnd also describe its most
relevant virulence characteristics.

Keywords:Listeria monocytogenefod, listeriosis, virulence potential, typing methods



Introduction

Listeria monocytogeneis the causative agent of listeriosis, a serious zoonotic
disease resulting from the ingestion of food containing this microorganism. The disease
can lead to clinical manifestations such as gastroenteritis, sepsis, encephalitis, meningitis
and abortion (McLauchlin and others 2004). In the United States of America (USA),
where there is an efficient network for monitoring diseases associated with food
consumption, the Centers for Disease Control and Prevention (CDC) estimates an annual
occurrence of 1,660 to 1,700 cases of invasive listeriosis, resulting in more than 1,500
hospitalizations and 16% of mortality rate (Scallan and others 2011). Some groups have
a higher risk to develop the disease, including newborns, pregnant women, the elderly,
transplant patients, those with immunodeficiency, including patients with Human
Immunodeficiency Virus (HIV), and those diagnosed with cancer. Although listeriosis is
relatively rare, it is considered a serious diselas@onocytogends responsible for 19%
of total deaths associated with the consumption of contaminated food in the USA (Scallan
and others 2011).

Many factors make this foodborne pathogen a public health concern. These include
changes in industrial processes highlighted as relevaht foonocytogenesuch as use
of refrigeration systems, large-scale industrial food processing, and changes in eating
habits of the population towards consumption of re@egat (RTE) products (Jay and
others 2005; Swaminathan and Gerner-Smidt 2007). Several studies have been published,
mainly in industrialized countries, to understand the mechanisasmbnocytogess
persistence in the food processing environment, its contamination routes, and its potential
to cause disease in the host.

In the last few decades, phenotypic and genotypic studies have led to new insights
into the genetic evolution and virulence potentidlisferiaspecies. This characterization
has been possible due to the development of accurate techniques for typing of this
pathogen. Here, we present an updated description of the main methods described for
isolation and identification oListeria monocytogeneshe use of typing methods for
surveillance and outbreaks tracking, and also present the most pathogenic features and its

importance for each step of the virulence cycle.



Isolation methods and species identification

To date, 17 species and 6 subspecies have been described forlptews

(http://www.bacterio.net/listeria.htryjyland many of them are widely distributed in the

food processing environment. Only two were described as pathofeivianovii, which

has epidemiological importance restricted to ruminantsl.amsbnocytogenesvhich can

infect a variety of animal species including humans (Ryser and Marth 2007; Swaminathan
and Gerner-Smidt 2007).

Conventional microbiological methods are indispensable for the isolation and
identification ofListeria spp. from environmental sources, as well as from food products
and clinical samples. Standard methods for isolation from different sources have been
described by the International Organization for Standardization (ISO), the US Food and
Drug Administration (FDA), International Dairy Federation (IDF), United States
Department of Agriculture - Food Safety and Inspection Service (USDA-FSIS), and
Health Protection Branch (HPB) (Ryser and Marth 2007).

For all methods, samples are pre-incubated in basal medium for the recovery of
injured cells, followed by enrichment in selective/differential supplemented broths, such
as Buffered Listeria Enrichment Broth (BLEB), Half-Fraser Broth (HFB), and Fraser
Broth (FB). After the primary selective enrichment, the obtained cultures are streaked on
selective agars; the most common culture media used in this step are the Palcam Agar
Base Listeria spp. develop small brown/black colonies, surrounded by black halos due
to aesculin hydrolysis), Listeria Selective Agar (OXFORD, with the same characteristic
colonies observed as in Palcam), and the selective Chromogenic Listeria Agar (ALOA,
in which Listeria spp. develop blue/green colonies, dandnonocytogenepresents an
additional feature: an opaque white halo due to its lecithinase activity).

Alternative enrichment broths and culture media can also be considered, and
indications may vary in accordance with the adopted protocol (Table 1) (AOAC 2000.;
Farber and others 1994; Hitchins and Jinneman 2011; Scotter and others 2001a; Scotter
and others 2001b; USDA 2013). After isolation, when incubated in Trypticase Soya Agar
(TSA), pure cultures appear as non pigmented, translucent, and present bluish color when
viewed under oblique lighting (Jay and others 2005).


http://www.bacterio.net/listeria.html

Table 1. Standard protocols for isolatigsteria monocytogendsom different sources?.

Protocol Source Pre-enrichment/conditions Enrichment/conditions Selective/differential Reference
agar/conditions
AOAC/IDF ES and food BLEB, Acriflavin  and OXA (upto48hat35°C) AOAC 1996; AOAC
naladixic acid (48h at 30°C 2000

ISO 11290 Part 1 Cheese, minced be¢ HFB (24 h at 30°C) FB (48 h at 37°C) OXA, PALCAM (up to 48 h a Scotter and others 2001
dried egg powder 30°C or 37°C, respectively)

ISO 11290 Part 2 Cheese, meat, drie BLEB or HFB (24 hat 35°C FB or ONE (24 h a OXA, PALCAM /ALOA (up Scotter and others 2001
egg powder 35°C) to 48 h at 35°C)

FDA/BAM Food BLEB (24 h at 30°C) BLEB (48 h at 30°C) OXA, MOX, PALCAM, LPM Hitchins and  Jinnema

/ BCM, ALOA, CHROMagar 2011
Listeria, or Rapid'L. mono
Medium (up to 48 h at 35°C

USDA-FSIS ES, red meat, poultn UVM (20 - 26 h at 30°C) MOPS-BLEB, FB (18- MOX (up to 48 h at 35°C)  USDA 2013
egg products 24 h at 35°C)
HPB ES and food UVM (24 and 48 h 30°C) FB (24 - 48 h at 35°C) LPM or PAL (up to 48 h a Farber and others 1994
30°C)

ALOA, Agar Listeria Ottaviani and Agosti Medium; AOAC, Official Methods of An@y8AM, Bacteriological Analytical Manual; BCM, Biosynth Chromogenic MediumEB,
Buffered Listeria Enrichment Broth; ES, environmental Samples; FB, Fragtly; BDA, Food and Drug Administration; HFB, Half-Fraser Broth; HPB, HeattkeBtion Branch;
IDF, International Dairy Federation; ISO, International Organization for Standardization; LiCl, lichlonide; LPM, Lithium ChloridePhenylethanelMoxalactam Medium; mFB,
modified Fraser Broth; MOPS-BLEB, Morpholine-Propanesulfonic ABidfered Listeria Enrichment Broth; MOX, Modified Oxford Listeria Selective Agar; OB¥gid Novel
Enrichment Broth; OXA, Oxford Medium; PALCAM, PALCAM Listeria Selective Agar; USBSIS, U.S. Department of AgricultureFood Safety and Inspection Service; UVM,
Modified University of Vermont Broth.



The biochemical species identification is possible by the catalase reaction,
carbohydrate fermentation profile, hemolytic activity, and other complementary tests
such as Gram-staining and motility test af@5Commercial kits, as the API-Listeria test
kit (bioMerieux, Marcy-Etoile, France) have been designed for the gkisteria,
allowing easy biochemical differentiation in a microtube format, which targets presence
or absence of arylamidase (DIM test), hydrolysis of aesculin, presence of a-mannosidase,
and acid production from D-arabitol, D-xyloserlamnose, a-methyl-D-glucoside, D-
ribose, glucose-1-phosphate, and D-agatose (Allerberger 2003; Bille and others 1992;
Jadhav and others 2012; Weller and others 2015).

To improve the assessment of hemolysis, and ensuring a more reliable
differentiation between the hemolytic speclesmonocytogened.. ivanovii and L.
seeligerj various authors recommend the use of the CAMP test (Christie, Atkins, Munch-
Petersen) (Seeliger and Jones 1986). The CAMP test detects synergistic hemolysin
activity of Listeria spp., with the beta toxin &taphylococcus aurewnd the exofactor
of Rhodococcus equgn a sheep blood agar plate monocytogenebas a positive
reaction withS. aureusbut a negative one witR. equj andL. ivanovii displays the
reverse results. Even more 40,seeligerican show a weak positive reaction wih
aureus Therefore, skill is necessary to perform and interpret these results (Allerberger
2003).

L. monocytogenesan be identified by immuno-based techniques, such as Enzyme-
Linked Immunosorbent Assays (ELISA) and Immunomagnetic Separation (IMS), but
these methods haves a minimum detection limit 8fcElls/mL for bacterial detection
from environmental samples by antigen-antibody reaction.

It is important to point out that in recent years several new specigsteia has
been described, and many of them have their own characteristics, distinct from other
species. Considering this, molecular-based methods, using specific primers, and genetic
sequencing are required to properly perform phylogenetic position analysis and species
attribution (Liu 2006; Weller and others 2015). The polymerase chain reaction (PCR),
have been widely used fdristeria identification. Many primers were designed for
differentiation of Listeria species, and the most common targets to detect
monocytogenemclude the virulence-associated gehis actA, plcA, plcB, inlA, iniB,
inlC, andinlJ (Liu 2006) The PCR procedure has proved to be a rapid and sensitive
method for the routine analysis of different types of food (Aznar and Alarc6n 2003).

According toKaclikova and others (2003), L. monocytogenesan be identified by

PCR equivalent to ISO 11290-1 or ISO 10560 in terms of detection limit (100 cfu per 25
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or 10 g) and with 100% relative accuracy in cheese, smoked fish, andtoezatymeat
products. Currently several multiplex PCR protocols are being used for the rapid
detection ofListeria spp. and potentially pathogerlic monocytogeneBom different
sources. Rawool and others (2007) developed a multiplex PCR to detect the 4 virulence-
associated gengdcA, hlyA, actAandiap in enrichment milk samples using previously
described primers. Liu and others (2007) standardized a multiplex PCR to deteiét,the

inlC, andinlJ genes, that also provide identification regarding virulence pokentia

Ryu and others (2013) developed a multiplex PCR for the rapid and simultaneous
detection of GListeria speciesl(. grayi, L. innocua, L. ivanovii, L. monocytogenes, L.
seeligeri,andL. welshimen from meat processed foods. The authors suggested that this
method can be useful for the detectionLddteria species in contaminated foods and
clinical samples. Recently, Liu and others (2015) developed a new multiplex PCR method
which is able to discriminate amorlg monocytogenes, L. innocua, L. seeligeri, L.
welshimeri, L. ivanoviiand L. grayi in deli meats. This method allowed accurate
detection ofListeria spp., but pre-enrichment procedures are important to increase
sensitivity.

Furthermore, real-time PCR-based methods have been developed for the rapid
identification and quantification dfisteria species from a variety of sources (Barbau-
Piednoir and others 2013; Gianfranceschi and others 2014; Le Monnier and others 2011,
Quero and others 2014). Real-Time PCR was designed for the diagnosis of
meningoencephalitis caused hy monocytogenesising thehly gene target, and it
provided reproducible results over a wide range of concentrations (Le Monnier and others
2011).

Recently in Europe, a study was conducted at 12 laboratories in 6 countries by using
real-time PCR-based methods far monocytogenedetection in soft cheese, and the
results were compared with those of the ISO 11290-1 standard method. The observed
limit of detection after pre-enrichment in Half Fraser Broth by real-time PCR was down
to 10 CFU per 25 g of sample. The excellent agreement observed among the laboratories
suggests an option soon to be implemented by the authorities and the food industry
(Gianfranceschi and others 2014). However, the equipment necessary for this analysis is
still not available in many laboratories. Mass spectrometry based methods for
identification and typing ofListeria spp. were already described and allows
differentiation of pathogenic strains and even clonal lineages (Barbuddhe and others
2008).
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In addition, sequencing of the 16S rRNA gene, 23S rRNA genieapagene has
been used by many authors for accurate phylogenetic analysis and species identification
(Liu 2006). Genetic sequencing has more become popular in the last decade, and currently
there are a several public and private companies providing these services at relatively low

cost.

L. monocytogenes typing

Typing methods are useful for tracking the origins of the pathogen and to
characterize its virulence potential. The typing can be performed by phenotypic and by
molecular methods, and several methods have been described in last decades for
epidemiological investigations and genetic characterization (Boerlin and Piffaretti 1991,
Brosch and others 1994; Doumith and others 2004; Salcedo and others 2003; Schénberg
and others 1996; Wernars and others 1996). In addition to the epidemiological data, the
combination of different typing methods provides a proper characterization of isolates
obtained from different sources.

L. monocytogenestrains are grouped into 4 phylogenetic lineages, which can be
differentiated by conventional and molecular techniques. The serotypes 1/2b, 3b, 3c, and
4b constitute the lineage [; serotypes 1/2a, 1/2c, and 3a constitute the lineage II; and,
rarely, serotypes 4a, 4c, and atypical 4b form the lineage Ill. Recently aneagdiwas
described (lineage V), which is also represented by serotypes 4a, 4c, and atypical 4b, but
is rarely found (Table 2) (Orsi and others 2011; Ward and others 2008).

One of the first phenotypic techniques used to typaonocytogenesas serotyping
(Seeliger and Hohne 1979). Based on the expres$isarface proteins; namely somatic
antigens (O factor) and flagellar antigens (H fg¢ctb3 L. monocytogeneserotypes have
been described (1/2a, 1/2b, 1/2c, 3a, 3b, 3c,adn,4b, 4c, 4d, 4e and 7) (Allerberger 2003;
Seeliger and Hohne 1979). Serotypes 1/2a, 1/24aade involved in 95% of all listeriosis
cases, with serotype 4b responsible for higher tedaitions rates and deaths (Cartwright
and others 2013; Swaminathan and Gerner-Smidt 2007)

The conventional agglutination method (Seeligertdddne 1979; Seeliger and Jones
1986) is the reference protocol for serotyplngmonocytogenesolates obtained from
clinical and food samples, however, it is time-econisg and expensive. Palumbo and others
(2003) developed an ELISA-based assay for serotypingonocytogenefiowever, it was

also time-consuming and it was still dependentrodycing high-quality antisera.
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Table 2.Information regardingnvironmental distribution, genetic characteristics, and associated lirddgesonocytogendsolates.
Lineage Initial identification Serotypes Genetic characteristics Distribution

| Piffaretti and others 1989 1/2b, 3b, 3c, 4b Lowest diversity among the lineages; Commonly isolated from various

lowest levels of recombination amon( sources; overrepresented among

the lineages human
1] Piffaretti and others 1989 1/2a, 1/2c, 3a Most diverse, highest recombination Overrepresented among food an
levels food-related as well as natural

environments; Serotype 1/2a is
becoming common in human
1l Rasmussen and others 1995 4a, 4b atypical, 4c Very diverse; recombination levels  Most isolates obtained from
between those for lineage | and linea ruminants
I
v Described by Roberts and others 200¢ 4a, 4b atypical, 4c Few isolates analyzed to date. Most isolates obtained from
first reported as ruminants
lineage IV by Ward and others 2008
Source: Orsi and others (2011), adapted from Piffaretti and otherg) (E#&®nussen and others (1995), Roberts and others (Ra@f)n and others (2008), Ward and otl20@8
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Due to practical reasons, molecular methodologies have been widely used for the
rapid screening df. monocytogenestrains based on serogroup divisions. These methods
provide rapid and low-cost results, but the exact identification of the serotype is not
possible, since these protocols propose a serogroup categorization that includes different
serotypes; usually the most prevalent serotype, and other non frequent serotypes (Borucki
and Call 2003; Doumith and others 2004; Kérouanton and others 2010; Vitullo and others
2013; Zhang and Knabel 2005).

Serogrouping proposed by Doumith and others (2004) differentiates
monocytogenemto 4 molecular serogroups: lla corresponded to serotypes 1/2a and 3a;
llc to 1/2c and 3c; llb to 1/2b, 3b, and 7; IVb to 4b, 4d and 4e (Doumith and others 2005).
This is now the main protocol considered for serogrouping isolates obtained from food
and clinical samples. However, various similar PCR-based methods have been described
in the last decade (Chen and Knabel 2007; Kérouanton and others 2010; Vitullo and
others 2013; Zhang and Knabel 2005), and all of them propose a similar serogroup
categorization.

Recently, Nho and others (2015) developed a new multiplex PCR to differentiate
serotypes 1/2a, 1/2c, 3a, and 3c, but few isolates have been tested. The great advantage
of these methods is to obtain fast results at low cost; however, some isolates from
serotypes 1/2a and 4b may present atypical profiles, as described before (den Bakker and
others 2014; Kérouanton and others 2010; Leclercq and others 2011). This problem is
related to the target genes in the protocol, which are not serotype-specific surface antigens
(Camargo and others 2016; Huang and others 2011; Kérouanton and others 2010;
Leclercq and others 2011; Lee and others 2012).

Phage typing is an alternative method for clustetinmonocytogenesand it has
also helped to link listeriosis as a foodborne disease (Fleming and others 1985). A number
of phage sets have been developed, and typable strains vary from 52% to 78%, according
to the number of phages used in these investigations and the susceptibility of each strain
(Audurier and Martin 1989; Van Der Mee-Marquet and others 1997).

A significant number oListeria strains are untypable by this technique, limiting its
scope inL. monocytogenetyping. On the other hand, in recent years its application has
been further explored, how being considered as a biocontrol tool with foods (Chibeu and
others 2013; Oliveira and others 2014), diagnostics (Hagens and others 2011; Tolba and
others 2012), immobilization and detection (Habann and others 2014), and as an

antimicrobial (Schmelcher and others 2012). According to Hagens and Loessner (2014)
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phages that are specific foisteria provide numerous novel tools for various interesting
approaches.

Although phenotypic methods have been useful to typingnonocytogenes
currently molecular methods appear to be more reliable and sensitive, and these tools are
widely used worldwide. Molecular typing methods can be based on use of restriction
enzymes. Ribotyping method is based on the restriction fragment length polymorphisms
(RFLPs) associated with the ribosomal operons, and it was used by Wiedmann and others
(1997) for lineage-specific differentiation lofmonocytogenedsolates, and to also assess
their pathogenic potential. Ribotyping has been successfully used to Ltype
monocytogenedrom various sources, offering the best discriminatory power when
associated with serotyping (De Cesare and others 2007; Kabuki and others 2004;
Sant'Ana and others 2012).

According to Wiedmann (2002), the use of enzyiedR| andPvul by 2 distinct
restriction reactions provides better strain discrimination. However, it cannot efficiently
differentiate strains from serotypes 1/2b and 4b, thus limiting its use for epidemiologic
investigations (Jadhav and others 2012). Its discriminatory power is similar to Multilocus
Enzyme Electrophoresis (MLEE). MLEE divides themonocytgenesmto 2 primary
subgroups: one represented by serotypes 1/2b, 4a, and 4b, and another by serotypes 1/2a
and 1/2c. The bacterial isolates are differentiated according to the electrophoretic mobility
variation of a large number of metabolic enzymes. However, this method is labor-
intensive, suffers from inter-laboratory non-reproducibility, and presents less
discriminatory power when compared with others molecular methods (Boerlin and
Piffaretti 1991; Ryser and Marth 2007).

Pulsed Field Gel Electrophoresis (PFGE) is widely used for genetic characterization
of microorganisms, and the method standardized Lformonocytogenesises a
combination of 2 restriction enzyme&pa and Asd (Graves and Swaminathan 2001).

This method is based on RFLPs of bacterial DNA, resultingLfomonocytogenes
fragments ranging from 30 to 600 kb, which appears in 6 to 25 bands in agarose gel
electrophoresis (Graves and Swaminathan 2001; Jadhav and others 2012; Liu 2006).
PFGE is widely used and is considered the gold standard td_treeknocytogengsom

food processing facilities, foods, and clinical samples. The CDC and Association of
Public Health Laboratories have created a network for tradkinghonocyogenesn
epidemiological studies and foodborne outbreaks using PFGE as a standardized method

for subtyping this pathogen.
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The European Center for Disease Prevention and Control (ECDC) also uses the
PFGE as a standard procedure for typingmonocytogenesolates. PFGE is more
discriminatory than serotyping and other methods based on restriction enzymes, and it
shows the possibility that cultures belonging to the same serotype have different genetic
profiles (Fugett and others 2007; Galvao and others 2012; Graves and Swaminathan 2001;
Gudmundsdattir and others 2005; Hachler and others 2013). The analysis of genetic band
profiles is done by computer software, which enables a quick and easy comparison of the
data and may involve the profiles of isolates obtained from food, with profiles of strains
involved in outbreaks. This method is useful for epidemiological studies, implementation
of corrective actions, and for monitoring of critical control points. Major disadvantages
of PFGE are the time required to complete the procedure (minimum 24 hours), high costs
of restriction endonucleases, and specialized equipment for electrophoresis.

Several PCR-based methods also have been used as an alternative fok.typing
monocytogenesrains, such as Molecular Serogrouping (previously described), Random
Amplification of Polymorphic DNA (RAPD), Amplified Fragment Length
Polymorphism (AFLP), PCR-Restriction Fragment Length Polymorphism (PCR-RFLP),
Repetitive Element PCR (REP-PCR), and Fluorescence Amplified Fragment Length
Polymorphism (fAFLP), and Multilocus Variable Number of Tandem Repeat Analysis
(MLVA). In addition, DNA sequencing-based subtyping techniques, as Multilocus
Sequence Typing (MLST), Multi-Virulence locus Sequence Typing (MVLST), and
Single Nucleotide Polymorphism (SNP) analysis have been demonstrated (Jadhav and
others 2012; Liu 2006).

The RAPD method allows a single arbitrarily selected primer, generally 10 bp in
length, to anneal with complementary sequences on the target DNA, creating a genetic
profile (Lawrence and others 1993). This protocol has been used for fast tyding of
monocytogenedrom foods and can provide valuable information about possible
persistence of strains, also indicating potential sources of cross-contamination when used
combined with serotyping (Aurora and others 2009; Vogel and others 2001). In addition,
according to Hadjilouka and others (2014) the combination of REP-PCR with any primer
used in the RAPD analysis can provide an optimum discrimination of strains, but alone,
the technique does not have high discriminatory power.

In the AFLP method, the total DNA is subject to digestion by 2 restriction enzymes,
fragments are amplified using PCR, and the products are subjected to gel electrophoresis.
The described protocols were based on different restriction enzymes Bagiity and

EcaRl for AFLP I, andHindlll and Hhal for AFLP II. According to Parisi and others
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(2010), AFLP and MLST methods produced similar results in terms of discriminating
power inL. monocytogenesom food and environment, generating 62 and 66 types from
isolates used in the study, respectively. The authors suggest that these 2 methods can be
associated in order to provide high-resolution results. Lomonaco and others (2011)
compared AFLP and PFGE methods. Both protocols groupetbnocytogenestrains
into 2 main clusters, and the results showed a similar discriminatory power. According to
the authors, AFLP can be successfully used to kypmonocytogenestrains obtained
from foods and food processing facilities where PFGE is not available; however it is also
expensive and time-consuming.

PCR-RFLP consists of PCR amplification bf monocytogenelsousekeeping or
virulence genes, followed by digestion with selected restriction enzyes, Sad or
Hinfl) and separation by gel electrophoresis. The distinct band patterns allow
differentiation among.. monocytogenesubtypes (Wiedmann and others 1997). As
advantages, this method requires only a small amount of starting DNA, and may be used
in epidemiological investigations to tratk monocytogenef.iu 2006) Strydom and
others (2013) subjected monocytogenesolates to PCR-RFLP and PFGE, and the
results indicated that both molecular subtyping methods were sensitive and specific
enough to assess the genetic diversity.

REP-PCR targets dispersed repetitive sequence elements, such as repetitive
extragenic palindromes (REPs) of-3B bp, which are found in the extragenic regions of
the genome in direct or reverse orientation. The REP sequences represent useful single
primer set binding sites for PCR amplification, and different locations of these REP
sequences in the genome produce variable fragment sizes. According to Harvey and
others (2004), PFGE presented greater discriminatory power for typingnocytogenes
isolates from foodeshan REP-PCR and MEE, although the 3 methods were able to
differentiate closely related. monocytogenestrains. Hadjilouka and others (2014)
subjected 121 strains from food products to RAPD and REP-PCR, and the last method
provided better differentiation among isolates. Apparently, REP-PCR possesses a
discriminatory power similar to PFGE and ribotyping; as REP-PCR is faster and cheaper
than these typing techniques, it can be considered as an important alternative for typing
L. monocytogenes

fAFLP is a variant of AFLP, done by using fluorescent PCR primers. fAFLP is done
by a modified protocol previously described for typ@ampylobacterBy this protocol,
Listeria genomic DNA is digested by using the enzyme plamdIll and Hhal. Roussel

and others (2013) showed that 109nonocytogenedsolates from human clinical cases,
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foods, food processing environments as well as animal cases, reference strains and
isolates associated with outbreaks and sporadic cases were divided by fAFLP and PFGE
into 3 clearly distinguishable lineages, and both methods showed equal discriminatory
power. The authors suggested that fAFLP is a good alternative to PFGE for
monocytogenetyping, and it can be used for investigations of listeriosis outbreaks and
tracking contamination sources in food processing environments.

MLVA focuses on the study of the variability of the number of tandem repeats
(VNTRSs) at specific loci of bacterial genomes. VNTRs are short segments of DNA that
have variable copy numbers, and the difference in copy numbers at specific loci is used
to measure relationships among strains. The primers are designed from the flanking
regions of VNTRs. The PCR products may be separated on agarose gels (according to
sizing of individual fragments the copy numbers are detected) and/or subjected DNA
sequencing systems (Murphy and others 2007; Sperry and others 2008).

Chenal-Francisque and others (2013), evaluated 18 VNTRs loci and combined the
11 best ones into 2 multiplex PCR assays. The authors suggest that this protocol is useful
for the characterization df. monocytogenestrains, and that it represents an attractive
first-line screening method to epidemiological investigations and listeriosis surveillance.
Furthermore, it is of low cost, easy to perform, and provides rapid results (around 8 h),
with portable (numerical) results. However, this method exhibits lower discriminatory
power than PFGE based Apa andAsd restriction enzymess observed by Sperry and
others (2008).

According to Lindstedt and others (2008), MLVA was slightly more discriminatory
than PFGE for isolates from Norway, consisting of 28 MLVA profiles and 24 PFGE
profiles. The opposite was observed for isolates from Sweden, producing 42 MLVA
profiles and 43 PFGE profiles; however, oMlgd enzyme was used for PFGE in this
study. In addition, Chen and others (2011) reported the MLVA application to typing
monocytogenedirectly in food samples. This method successfully typed strains from
cheese, roast beef, egg salad, and vegetable samples after a 48h enrichment, generating
accurate, reproducible, and high-quality results from artificially contaminated food
samples.

Many of the techniques described above have been widely used in phenotypic and
genotypic studies and led to new insights into ecology, epidemiology, virulence potential,
and genetic evolution. In the last decade, PCR-based sequencing methods have become

available for many laboratories, providing several advantages, including electronic
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portability of nucleotide sequences, which allows for quick comparisons between
laboratories.

One of the first PCR-based sequencing techniques described for typing pathogenic
microorganisms was MLST (Maiden and others 1998). By using this technique, it is
possible to evaluate the DNA sequence variations of housekeeping genes, and compare
the sequences with their original profiles. For each gene, different sequences found are
assigned as alleles, and these provide a profile that defines unambiguously the type of
sequence (ST) of each isolate. Changes in the nucleotide housekeeping genes occur
relatively slowly, making this method suitable for epidemiological investigations (Cooper
and Feil 2004; Enright and Spratt 1999).

L. monocytogenetyping by MLST was first demonstrated by Salcedo and others
(2003). Nowadays, a protocol adapted by Ragon and others (2008) has become widely
used to characteriZe. monocytogenessolates, targeting 7 housekeeping geretZ
(ABC transporter), bglA (beta-glucosidase),cat (catalase), dapE (Succinyl
diaminopimelate desuccinylasedat (D-amino acid aminotransferasdygh (lactate
deshydrogenase), afttkA (histidine kinase).

In addition, Zhang and others (2004) developed a multi-virulence-locus sequence
typing (MVLST) method that exhibits higher discriminatory power than ribotyping,
PFGE and MLST. This method is based on the sequencing of 3 virulence gigAes (
inlB, andinlC) and 3 virulence-associated gerdd (lisR, andclpP), and it can improve
the discriminatory power of MLST while also providing information about virulence
potential ofL. monocytogenestrains. In addition, the inclusion of the 2 virulence genes
(inlA andactA) was proposed by Chen and others (2007) to complement the 6 previous
genes used in the analysis. Recently, various studies have used MLST and MVLST
combined and demonstrated success for epidemiological investigations, and also
genetic/virulence evolution (Cantinelli and others 2013; Knabel and others 2012; Martin
and others 2014; Yin and others 2015).

Another approach is to typle. monocytogeneby assessing SNPs at multiple
locations on the genome. Unnerstad and others (2001) categorizedi@6ocytogenes
on the basis of SNPs in th@B gene, and strains were clustered into 4 groups (serogroups
1/2a and 1/2c were clustered in one group, 1/2b and 3b in another group, and serotype 4b
strains in 2 groups). Ducey and others (2007) designed Multilocus Genotyping (MLGT)
by sequencing 23,251 bp of DNA from 22 genes distributed across 7 genomic regions in
order to efficiently target SNP variation and typenonocytogenasolates from Lineage

I. This protocol also provides information about a specific virulence-attenuated subtype
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with a characteristic truncation mutationimA. Considering this, MLGT represents a
significant new tool for pathogen surveillance, risk assessment, outbreak detection, and
epidemiological investigations (Ducey and others 2007; Ward and others 2008).

Since the genomes &f monocytogeneandL. innocuawas published by Glaser
and others (2001), various studies have been focused on comparative genomics to
understand the genetic relationships ambngnonocytogenelineages and molecular
mechanisms associated with virulence potential (Bécavin and others 2014; Gilmour and
others 2010; Nelson and others 2004).

New technologies, as next-generation sequencing (post- Sanger sequencing
technologies) by using lllumina MiSeq or NextSeq platforms have been described and
successfully applied for extremely fast whole genome sequencing. To accurate data
analysis, new bioinformatics devices are facilitating comparative genomics and data
sharing among researchers, which improves the quality of epidemiological studies
(Bergholz and others 2016; Stasiewicz and others 2015). These studies indicate that in a
very near future, genome sequencing will replace many of the previously described
methods due to its discriminatory power and portability of generated data (Kwong and
others 2015).

Pathogenicity factors and virulence potential

L. monocytogenetas acquired a variety of virulence factors that allow it to
successfully invade and survive within host cells. This bactemasya characteristic way
to colonize the human host, using phagocytic cells to be distributed in the body for cell-
to-cell spread (Figure 1) (Chaturongakul and others 2008). After adhesion and invasion
of the intestinal epithelium,.. monocytogenespreads throughout the body, infecting
macrophages, epithelial cells, endothelial cells, hepatocytes, fibroblasts, and cells of the
nervous system (Figure 2). Translocation from the lumen into the intestinal epithelial cells
is mediated by the surface-associated virulence protein internalin A (InlA) encoded by
genenlA; these proteins interact with specific receptors on host cells, leading to receptor-
mediated internalization. InlA protein binds to glycoprotein E-cadherin present on the
host cell, resulting in a rearrangement of the cell cytoskeleton and entry of the pathogen

into the host cell (de las Heras and others 2011).
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Figure 1. Steps otf.isteria monocytogenastracellular infection cycltg(1) attachment to the host

cell surface adh internalization via a “zipper mechanism” is promoted by two listerial surface
proteins (InlA and InIB, encoded bglA andinIB genes) with their respective epithelial cell
surface receptors (E-cadherin and the receptor tyrosine kinase c{®ethis results in
engulfment of bacteria and endosome format{B8hthe scape from the vacuole is mediated by
three membrane-damaging factors: a pore-forming toxin listeriolysin O (LLO), encoded by gene
hly, andtwo phospholipases PIcA and PIcB, encoded by gplu#sandplcB (the latter need to

be processed by the Mpl metalloprotease after secretion, which is encodgu @gne);(4)
replication in the cell cytosol, by using cytosolic resources (Listetépt their metabolism and
start the expression of several genes, such as the hexose transporter Hapoatth@rotein
ligase LplAl, for multiplicationy5) cellto-cell spread mechanism, which allows intracellular
motility, is mediated by the surface protein ActA (encoded by theag®s which induces actin
polymerization, providind.isteria motility through the cytoplasn{g) at the end of this cycle,
Listeria reach the plasma membrane and induce the formation of pseudopod-like structures
(listeriopods), allowing the invasion of the neighbor cell: this activitgadliated by InlC protein
(encoded byinlC gene);(7) phagocytosis and formation of a double-membrane vac(®)e
rupture of the two membrane vacuole &nsteria escape, initi@sa new round of proliferation,
actin-based motility, and intercellular spread.
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Figure 2. Human infection byisteria monocytogenegl) ingestion of contaminated food; (2)
Listeria colonization of the digestive tract can lead to symptoms including diarrhéevangthe
bacteria cross the intestinal barrier, due to the production of InlA, reachingseateric lymph
nodes and accessing the circulatory systemt.i@gria can form aggregates, ActA-dependent,
favoring the long-term persistence in the cecum lur(@rthe first organs affected are the liver
and spleen (which are reservoirs of bacterial persistence): these orgase tigite bacteria into
the blood system, resulting in septicemia;l{(5monocytogenemay cross the placental barrier
leading to abortion, or generalized neonatal infection (causing pneumonia, sepgningitis);
(6) in addition,L. monocytogenesan cross the bloetirain barrier and reach the brain, causing
meningitis, meningoencephalitis, and rhombencephalitis.

After internalization, other virulence proteins such as pore-forming cytolysin
listeriolysin O (LLO) encoded by gerdy, and 2 phospholipases C (PIcA and PIcB)
encoded by gengsdcA andplcB, help the bacterium to escape from phagosomes formed
during the invasion process. The protein encoded bylthgene causes pores in the
membrane of the phagossome, resulting in lysis of the membrane and bacterial escape.

Furthermore, this protein is responsible for hemolytic activity in virulent isolates.
The proteins encoded by the gep&\ andplcB operate in synergy within the vacuole,
being activated by a metalloprotease (Mpl) which is encodeadbgene. For replication
in the host cell cytoplasm, sugar phosphate permease HPT protein is required. Then, the
spreading to neighboring cells is fully dependent on the actin polymerizing protein ActA,

encoded by genactA, that guarantees the movement through the cell by induction of
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actin polymerization (Figure 1). In addition, the actA protein also participates in the
maintenance olisteria aggregates in the cecum lumen (de las Heras and others 2011,
Véazquez-Boland and others 2001).

L. monocytogenesells can spread by the bloodstream to mesenteric lymph nodes,
liver, and spleen, where they multiply within macrophages and endothelial cells. Several
genes encoding proteins related virulence, suetiés plcA, plcB, hlyA, mpl andprfA,
that are located in the "Listeria pathogenicity island" (LIPI-1) (Schmidt and Hense| 2004)
which is regulated by the protein PrfA. In order to avoid unnecessary expression in the
environment, the PrfA regulon is selectively activated during infection (de las Heras and
others 2011).

Another important virulence-associated locus comprisesitA8 gene locus. The
L. monocytogenegenome encodes 27 proteins now known as a family of internalins,
however, InlA and InIB are the only internalins that have been directly implicated in host
cell internalizations (Pizarro-Cerda and others 2012). In addition, the Listeria genomic
island (LGI1), initially identified by Gilmour and others (2010), consists of genes that
encode putative translocation, resistance, and regulatory determinants. These
characteristics suggest that this locus plays an important role in bacterial persistence
and/or pathogenicity. The internalin protein encoded by the iggAds critical to the
invasion of the bacteria into the intestinal barrier during the initial stage of infection
(Bonazzi and Cossart 2006).

Several studies have shown that mutations irirthle gene can lead to premature
stop codons (PMSCs), resulting in the expression of a non functional truncated protein
(Tamburro and others 2010). Although PMSCs are found in isolates from lineages | and
II, they are most commonly observed in isolates from lineage Il (serotypes 1/2a and 1/2c)
that are frequently associated with environmental and food sources.

In a study conducted by Van Stelten and others (2010), it was confirmed that
mutations in isolates from foods are more common than in isolates from clinical cases.
Associated with this, strains with mutations had reduced invasion of Caco-2 cells,
consistent with the critical role of internalins in the infection process. In this way,
sequencing data of éhnlA gene provide important information regarding virulence
potential of L. monocytogenestrains obtained from the food production chain and
clinical cases. In addition, sequencintA gene helps to estimate the risk of exposure to
pathogenic strains through the consumption of food (Olier and others 2005; Rousseaux
and others 2004; Van Stelten and others 2010).
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Several factors may contribute to the development of listeriosis, such as the number
of ingested bacterial cells, the host immunity, and the virulence potential of each strain.
Despite being naturally virulent, sorhemonocytogenestrains are avirulent and unable
to cause disease. The evaluation of the virulence potential should be made by appropriate
laboratory methods, such as sequencing of virulence genes and evaluation of the
expression of virulence factors and their effects on host cell invasion through cell culture
studies (Liu 2006). Such assessment may contribute to a better understanding of the
virulence potential of strains isolated from the food production chain and clinical cases,

and it provides input to implement programs to promote the prevention of listeriosis.

Concluding remarks

The intracellular foodborne pathogén monocytogenes ubiquitous in nature.
Genetic profiles obtained by molecular methods has helped to demonstrate the genetic
diversity of this foodborne pathogen from various sites. The best methods are those that
are specific, sensitive, fast, simple, reproducible, and low cost. Also, they must provide
information about the pathogenic potential of strains. By applying these methods, it has
been possible to detect various foods involved in outbreaks of listeriosis and allow proper
control by food inspection agencies and the food industry. These methods can be useful
for monitoring critical control points in the food-handling environment, in order to
provide subsidies to apply corrective measures regarding cleaning and sanitization

procedures to eliminale monocytogends the environment.
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Abstract

Listeria monocytogess is a foodborne pathogen that contaminates food-processing
environments and persists within biofilms on equipment, utensils, floors and drains,
ultimately reaching final products by cross-contamination. This pathogen grows even
under high salt conditions or refrigeration temperatures, remaining viable in various food
products until the end of their shelf life. While the estimated incidence of listeriosis is
lower than other enteric ilinesses, infections causdd byonocytogeneare more likely

to lead to hospitalizations and fatalities. Despite the descriptidn nfonocytogenes
occurrence in Brazilian food processing facilities and foods, there is a lack of consistent
data regarding listeriosis cases and outbreaks directly associated with food consumption.
Listeriosis requires rapid treatment with antibiotics and most drugs suitable for Gram-
positive bacteria are effective agairist monocytogeneOnly a minority of clinical
antibiotic resistanL.. monocytogenestrains have been described so far; whereas many
strains recovered from food processing facilities and foods exhibited resistance to
antimicrobials not suitable against listeriosismonocytogenesontrol in food industries

is a challenge, demanding proper cleaning and application of sanitization procedures to
eliminate this foodborne pathogen from the food processing environment and ensure food
safety. This review focuses on presenting lthemonocytogenesdistribution in food
processing environment, food contamination, and control in the food industry, as well as
the consequences of listeriosis to human health, providing a comparison of the current

Brazilian situation with the international scenario.

Key words:Listeria monocytogengsross-contamination, listeriosis, antibiotic resistant,

food safety
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Introduction

Consumption of food and water contaminated by microorganisms is associated with
the morbidity and mortality of humans worldwide (WHO 20Q7$teria monocytogenes
is a foodborne pathogen that is frequently isolated from a variety of food processing
environments and food products. Its prevalence in food processing facilities is attributable
to its resistance to environmental stress, ability to multiply at low temperatures, and
ability to form biofiims on the surfaces of different sites in processing facilities
(Carpentier and Cerf 2011; Ryser and Marth 2007; Swaminathan and Gerner-Smidt
2007).

Ingestion of foods contaminated ly monocytogenesan lead to listeriosis in
people and other mammals. Although this disease can occur in healthy individuals, the
invasive form is more likely to affect neonates, pregnant women, elderly, and immuno-
compromised individuals. The incidence of listeriosis is lower than other foodborne
pathogens, however, the disease presents a high fatality rate, plaoiegocytogenes
among the main foodborne pathogens that cause deaths in the USA (Scallan and others
2015; Scallan and others 2011). In Brazil, however, the scenario is different: many studies
demonstrate the presencelofmonocytogenes food processing environment and in
food products, but little is known about the incidence of human listeriosis, most probably
due to the absence of an efficient surveillance and notification system (Blum-Menezes
and others 2013; Lemes-Marques and others 2007).

Control of L. monocytogenesm food processing facilities is a challenge, in part
because this pathogen can persist for years in these facilities. Nevertheless, the adoption
of proper sanitization practices is the best way to control the pathogen in food processing
facilities and to avoid cross-contamination to end products. This review focuses on
describing the distribution &f. monocytogenes the food processing environment, food
contamination, the consequences for human health due to ingestion of contaminated
foods, and the control &f. monocytogendsy food industries, comparing data obtained

in Brazil with the international scenario.

L. monocytogenes distribution and food contamination

L. monocytogenes widely distributed in the natural environment and it can be
isolated from soil, water, drainage systems, vegetation, animal feed, farm environments,

food processing facilities, various foods, and feces from healthy animals, including
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humans (Ryser and Marth 2007; Sauders and others 2012). Several studies have
documented the occurrencelofmonocytogenes food processing facilities worldwide
(Table 1). Many of these studies highlight the role of the food processing environment as
sources of.. monocytogenesontamination of finished products.

Occurrence of L. monocytogeneson bovine carcasses, beef processing
environment, and final cuts have been documented the in different regions of Brazil.
Barros and others (2007) evaluated the occurrencisteiria spp. and.. monocytogenes
in 11 meat processing establishments, demonstrating that the pathogenic serotypes 1/2a
and 4b are distributed on equipment and facilities in beef processing plants and meat
products in the South of Brazil. Camargo and others (2015b) studied the divetsity of
monocytogenesin a beef processing environment in the Southeastern region,
demonstrating by pulsed field gel electrophoresis (PFGE) that isolates recovered from
final products shared the same profiles of isolates obtained from chopping boards and
hands of employees.

Guerini and others (2007) also detectasteria spp. at four cull cow and bull
processing plants in the USIA.monocytogenasas detected on carcasses in the chill cooler,
including the pathogenic serotypes 1/2a, 1/2c, andSérotype 1/2c isolates that were
recovered in the summer of 2005 and spring of 2006 from plant “A” shared a high similarity
by PFGE, suggesting they were persistent, similaobaerved by Camargo and others
(2015b) in Brazil. Serotype 4b isolates that wexantl on hides and carcasses in the chill
cooler presented different PFGE profiles, indigatimy came from a different sources.

Regarding the occurrence bf monocytogenes the pork chain, various studies
demonstrated thdt. monocytogeness ubiquitous in the Brazilian processing industry
(Miyasaki and others 2009; Rossi and others 2003 &nd others 2004; von Laer and others
2009). Interestingly, the pork processing environmerBrazil seems to be a source of
atypical L. monocytogeneserotypes (Miyasaki and others 2009), as well asicalyp
hemolyticL. innocua(Moreno and others 2012).

An 2 years long study was conducted by Lariviere-auand others (2014) in a pork
slaughter and cutting plant in the Province of @gelCanada, in order to assess the
distribution ofL. monocytogene3hey found a high diversity of strains by PFGE iithe
entry areas of the processing plant (such as lapageenvironment, slaughtering, and
evisceration), but over representation of one PF@E& ity the cutting room environment. A
similar 3-year study (2008 to 2011) was conductefivim pork plants in Sardinia, Italy.

Among 211 sample&, monocytogenasas detected from swine carcasses (33%), cecal
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Table 1 Isolation ofListeria monocytogendsom food processing facilities, food, and associated serotypes.

Processing plant Reference Methodology* Country Samples n of isolates Serotypes or serogroups**
Beef Camargo et al., 2015 ISO 11290-1 and 11290- Brazil Tables 7 1/2c?
Hand of employees 20 1/2c, 4b
Products 58 1/2b, 1/2c, 48
Barros et al., 2007 USDA Brazil Equipaments 7 1/2a, 4bt
Installations 2 1/2a, 4bt
Products 10 1/2a, 4b*
Zhu et al., 2012 ISO 11290-1 China Feces 6 llc 2
Hides 16 llc ?
Pre-evisceration carcasses 16 llc 2
Post-evisceration carcasses 12 llc 2
Post-washed carcasses 19 lla, llc ?
Chilled carcasses 21 lla, lic 2
Meat 20 lla, lic 2
Environmental 6 llc ?
Guerini, et al., 2007 Guerini et al. (2007) USA Hides 432 lla, Ilb, IVb 2
Preevisceration carcasses 150 lla, llb, llc, IVb 2
Postintervention carcasses 88 lla, lic, IVb ?
Wieczorek et al., 2012 1ISO 11.290-1 USA Hides and carcasses 54 lla, Ilb, llc, IVb ?
Camargo et al., 2014 ISO 11290-1 and 11290- Brazil Hides 1 lic 2
Post-washed carcasses 4 llc ?
Loiko et al., 2016 ISO 11290-1 and 11290- Brazil Carcasses 7 lla, IVb 2
Pork Miyasaki et al., 2009 ISO 11290-1 and 11290- Brazil Linguica (fresh pork sausage) 82 lla, llb, IVb, 4a or 4¢
von Laer et al., 2009 HPB Brazil Linguicaprocessing environmen 83 1/2b, 1/2c, 48
Larivie're-Gauthier et al., 201« HPB Canada Lairage pens 30 lla, Ilb, IVb 2
Precutting room 13 lla, Ilb, llc, IVb 2
Cutting room 86 lla, llb, lic, IVb 2
Meloni et al., 2013 ISO 11290-1 and 11290- Italy Carcass 24 lla, llc 2
Cecal material 5 lla, llic ?
Contact surfaces 12 lla, llc ?
Noncontact surfaces 9 lla, llc ?
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Table 1.

Processing plant Reference Methodology* Country Samples n of isolates Serotypes or serogroups**
Pork Prencipe et al., 2012 EC decision 471/2001  ltaly Feces 1 1/2b1
Carcasses 23 1/2a, 1/2b, 1/2c, 3c, 4b
Fresh hams 94 1/2a, 1/2b, 1/2c, 4b, 4e, 4c
dry-cured ham 13 1/2a, 1/2b, 1/2¢
Chasseignaux et al., 2001 VIDAS assay France Meat 30 3
Products 10 3
Shelf-life pork products 32 3
Chicken Chiarini et al., 2009 VIP test forlListeria Brazil Processing environment, produc 210 lla, Ilb, llc, IVb ?
Barbalho et al., 2005 USDA-FSIS Brazil Carcass, hands and gloves 7 1/2b, 1/2¢
Berrang et al., 2010 FSIS USA Flor drains 56 3
Raw Products 16 3
Chasseignaux et al., 2001 VIDAS assay France Meat 17 3
Poultry products 4 3
Fish
Gudmundsdottir et al., 2005 FSIS Iceland Raw material 27 1/2a, 1/20
Equipment and transporters 32 1/2a, 1/26
Floors and drains 58 1/2a, 4t
Intermediate and final products 70 1/2at
Vongkamijan et al., 2013 FDA USA Smoked fish facility 80 _
Dairy Almeida et al., 2013 VIDAS Portugual Cheese 23 lla, 1lb, IVb 2
Milk 7 lla, 1lb, IVb v
Whey 1 Vb 2
Contact surfaces 21 llb, IVb 2
Non-contact surfaces 37 lla, lb, Vb 2
Parisi et al., 2013 ISO 11290-1 Italy Products 6 1/2a, 1/20
Contact surfaces 13 1/2a, 4b/4é
Non-contact surfaces 6 1/2a, 1/2b, 3b, 4b/4e
Barancelli et al., 2014 FDA Brazil Products 4 1/2c, 4bt
Contact surfaces 3 4p?
Non-contact surfaces 21 1/2b, 4kt

40



* Abbreviations: ISO: International Organization for Standardization; VIDAS: Automated hoassay System; USDA: United States Department of Agriculture; FDA: Food and
Drug Administration; FSIS: Food Safety and Inspection Service; EC: Europeani€amHPB: Health Protection Branch
** serotyping method: * conventional; 2 molecular; 2 not available
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material (7%), dehairing equipment, knives, carcass splitter surfaces (23%), floor drains
and walls in the dirty zone (25%); only serotypes 1/2c (78%) and 1/2a (22%) were
detected (Meloni and others 2013). In another study from lItaly, 23 of 774 carcasses (3%)
and 94 of 752 fresh hams (12.5%) were positivé fononocytogenedlevertheless, only

14 of 708 (2.0%) dry-cured hams presented positive results for the pathogen, consistent
with less risk associated with dried products (Prencipe and others 2012).

Despite having good manufacturing practices, controL.omonocytogenes
Brazilian poultry processing facilities remains a challenge (Barbalho and others 2005;
Chiarini and others 2009). This challenge is not a particular problem only in Brazil:
Berrang and others (2010) studied a newly constructed chicken processing plant in the
USA, and did not detett monocytogendsefore the beginning of operations; however,
within four months of regular processing, differénimonocytogenestrains (as defined
by PFGE) were identified in floor drains, both before and after cleaning and sanitizing
operations. In another study, Chasseignaux and others (2001) ttackedocytogenes
isolates obtained from poultry and pork processing plants where they detected
monocytogeneat multiple locations: PFGE assays indicated that some strains were
recovered from the plants for several months while others were not recovered on
subsequent visits during the period studied.

The fish processing environment is also a sourcke. shonocytogenesand the
consumption of contaminated smoked fish has been involved in listeriosis outbreaks.
Gudmundsdéttir and others (2005) detedtednonocytogenesontamination in cold-
smoked salmon and the associated processing environment in Iceland, and found an
overall prevalence of 11.3%, with 4% of final product being positive. The same strains,
as identified by identical PFGE profiles, were also recovered from raw material, floors,
and drains. Vongkamjan and others (2013) identified persistembnocytogenestrains
from a smoked fish processing facility in USA. In another study conducted in USA, the
authors selected four smoked processing plants for sampling and three were positive for
L. monocytogeneas raw fish and processing environments (Thimothe and others 2004).
Studies in fresh and processed “surubin”, a typical Brazilian fish, demonstrated low
frequencies oE. monocytogenesnd suggested the low risk of listeriosis associated with
the consumption of this fish type (Alves and others 2005; Souza and others 2008).

L. monocytogenelsas been a problem in dairy facilities (Ryser and Marth 2007),
with sequential detection between years in some cases (Almeida and others 2013). Parisi
and others (2013) reported the occurrencke. ahonocytogeneim seven (20.6%) of 34

dairy plants studied in Italy. Barancelli and others (2014) evaluated the occutrence
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monocytogenem three cheese manufacturing plants in Brazil, and serotypes 4b, 1/2b,
and 1/2c were detected in two plants, with serotype 4b being the most frequently
recovered serotype: PFGE analysis indicated the presence of multiple strains and thus
contamination may have arisen from multiple sources.

Studies over the past decades indicatelthatonocytogenesan contaminate and
multiply in a variety of foods, even those with high salt content or that are stored at
refrigerated temperatures. Reddyeat foods (RTE) are common vehicles involved in
listeriosis outbreaks, stimulating many countries to create specific legislation aiming to
control L. monocytogenes these foods after the 1990s. In the USA there is a zero
tolerance policy fol.. monocytogenes RTE (Shank and others 1996). Similar, the
Brazilian Ministry of Agriculture Livestock and Food Supply (MAPA) adopted the
criteria of the absence af monocytogeneis RTE in Brazil (MAPA 2009). In Canada
and in some European countries the norms vary among food products: less than 100
CFUlqg is tolerated in foods that are not suitableListeria growth, and a zero tolerance
standard was adopted for foods that support growth and that possess extended shelf life
(Canada 2011; Commission 2005; 2007).

Among 778 packaged smoked fish produced by 50 different manufacturers located
in 12 European Union countries, 157 samples (20.2%) were contaminatéd by
monocytogengshowever, only 26 samples (3.3%) at levels higher than 100 CFU/g
(Acciari and others 2017). An integrative survey carried out in Italy tested 2,696 RTE
samples (884 from soft and semi-soft cheese and 1,802 from cooked meat products), and
the contamination of meat products was 1.66% at the arrival at the laboratory and 1.92%
at the end of shelf-life, while the prevalence in cheese was 2.13% at the arrival and 1.01%
at the end of shelf-life (lannetti and others 2016). The occurrencermbnocytogenes
was analyzed in 2,864 RTE samples obtained in the Eastern region of Spain, with 3.8%
tested as positive, the pathogen was more common in smoked salmon and dried pork
sausages samples (Doménech and others 2015). These studies indicate that non-
compliance with EU official criteria (100 CFU/g) were obtained only from few samples,
the hygiene management strategies applied by different manufacturers appears to result
to different levels of contamination in the final products.

In Brazil, Sant'/Ana and others (2012) detec®tlbt (16/512) RTE vegetables
marketed in Sado Paulo positive formonocytogenesnd only five samples presented
countable levels, with counts ranging from 1.0 ¥ 1® 2.6 x18 CFU/g. A similar
prevalence was observed by Byrne and others (2016) in RTE vegetables commercialized

in Salvador. In another study carried out in Brazil, Martins and Leal Germano (2011)
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found 6.2% salami samples and 0.8% ham samples positiverfmmocytogene€ounts

in salami samples ranged from < 10 to 1,900 CFU/g, and the results suggest that
consumption of salami can be associated with high risk of listeriosis for the consumers.
The distribution ofListeria spp. andL. monocytogeneserotypes in food samples
collected in Brazil between 1990 and 2012 was analyzed recently by Vallim and others
(2015), and the pathogenic serotypes 1/2a, 1/2b, and 4b were the most common in non-
processed meat; while serotypes 1/2a and 4b were the most commonly found in processed
meat and RTE.

The Brazilian legislation allows reprocessing the RTE animal products positive
for L. monocytogenessince the procedure applied ensures the destruction of the
pathogen. After the reprocessing, the establishments must carry out a microbiological
analysis to ensure that monocytogenes absent. In addition, after detection Lof
monocytogenesn RTE foods, the supervised establishments shall review their self-
control procedures (MAPA 2009).

Based on the presented information, different steps from the food processing
environment can be considered as relevant sourcesmbnocytogenesontamination
in foods. Then, listeriosis development is clearly linked to consumption of contaminated
foods, and also to particular characteristics of the consumer and virulence of

monocytogenes

Epidemiology of human listeriosis

L. monocytogenascidence is much lower (0.2 per 100,000 peombally) compared
to other enteric pathogens, suctsasmonella entericél,140 per 100,000), enterotoxigenic
E. coli (1,257 per 100,000) ar@dampylobactespp (1,390 per 100,000) (Kirk and others
2015). The World Health Organization (WHO) evaldatiee median rate of listeriosis in
different regions in 2010 and estimated that tfeeddence of listeriosis is similar across
different regions (was 0.1 per 100,000 people incAf Eastern Mediterranean, and South-
East Asia; 0.2 per 100,000 people in Europe aniMbstern Pacific; 0.3 per 100,000 people
in the Americas) (Kirk and others 2015). Interegiimin some Northern European countries
the incidence rate has been higher (0.6 to 1.6 q3e100,000 people) than in other countries
in recent years, maybe due to the increased congumgd RTE meat and fish products
(EFSA 2012; Jensen and others 2010). Less is known tigootitcome of listeriosis cases,
although de Noordhout and others (2014) estimatadisteriosis resulted in 23,150 illnesses

and 5,463 deaths globally in 2010.
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Listeriosis cases and outbreaks have been desdnilpedgltiple countries since 2000s
(Table 2), with different food involved as vehiglé@scluding cantaloupe, caramel apples,
RTE salad, dairy products, diced celery, meat pragiish products, cooked ham, deli meat,
among other foods. In 2013 alone the 27 membersstdtEU reported 1,763 confirmed
human cases of listeriosis, resulting in 191 dg@&RSA 2015). Listeriosis can manifest itself
invasively or not, and it is responsible for a hingispitalization rate (95%). Mortality rates
can range between 20 to 30%, and serotypes 1/2g,dn@ 4b are involved in more than
95% of the cases and outbreaks. The invasive femadds rapid antibiotic treatment and is
characterized by severe infection in persons behgntp risk groups (Swaminathan and
Gerner-Smidt 2007). Unfortunately, hospitals theweselcan be a significant source of
listeriosis because of the combination of acced’®Th foods and a higher probability of
consumers who are immunosuppressed (Silk and @b&d.

According to Todd and Notermans (2011), produatk si3 soft cheeses and deli meats
were commonly involved in listeriosis outbreaks abihe world. Similar transmission
vehicles were observed by Cartwright and others3g®ihere the authors reported changes
in characteristics of outbreaks reported in the WA DC during 1998-2008. Earlier in the
study period (1998 - 2003) the outbreaks were giyerager and longer in comparison with
the late period (20052008). In the USA, declining cases may reflect the efforts of PulseNet
to quickly identify and stop outbreaks. Howev@aJmonellaandL. monocytogeneare still
the major bacterial foodborne pathogens leadirtpath in USA (Scallan and others 2015;
Scallan and others 2011).

The first documented North American outbreak aktissis (1981) linked to the
consumption of contaminated coleslaw happened valeotia, Canada, with 41 cases and
18 deaths (Schlech and others 1983). In 1983 theseaw outbreak in Massachusetts, USA,
with 49 cases and 14 deaths, linked to pasteunikdFleming and others 1985). A large
listeriosis outbreak occurred in Southern Calif@ydSA, in 1985 with 142 cases and 48
deaths, caused by consumption of a soft cheeseafhiand others 1988). Other relevant
outbreaks happened before the 2000s, for examgiieebn 1983 and 1987 in Switzerland
(with 122 cases, 34 deaths), in United Kingdomwbenh 1987 and 1989, total of 366 cases),
in France during 1992 (279 cases and 85 deaths), ar8Arbekween 1998 and 1999, with
108 cases and 14 deaths (Swaminathan and GernerZ0v).
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Table 2. Report of the main listeriosis outbreaks and related food vehicles that occurred between 2007 andfdghticalintries.

Food vehicle Year Cases Deaths Serotype Country Reference

Camembert cheese 2007 17 3 NR Norway Johnsen et al., 2010
Pasteurized milk 2007 5 3 4b USA CDC, 2008

Tuna salad 2008 5 3 1/2a USA Cokes et al., 2011
Jellied pork 2008 16 4b Austria Pichler et al., 2009
Deli meat 2008 57 24 NR Canada Currie et al., 2015
Mexican-style cheese 2008 -2009 8 1/2a USA Jackson et al., 2011
Chicken wraps 2009 36 4 NR Australia Popovic et al., 2014
Contaminated beef 2009 8 2 NR Denmark Smith et al., 2011
Quargel 2009 -2010 34 8 1/2a Austria/Germany/Czech Republic  Fretz et al., 2010
Cheese 2009 -2012 30 2 4b Portugal Magalhées et al., 2014
Ricotta salata cheese 2012 20 4 NR USA CDC, 2012

Unrelated 2010 6 4 NR Australia Popovic et al., 2014
Rockmelons 2010 9 2 NR Australia Popovic et al., 2014
Diced celery 2010 10 5 NR USA Gaul et al., 2013
Cooked ham 2011 6 1/2a Switzerland Hachler et al., 2013
Cantaloupe 2011 - 2012 147 33 1/2a and 1/2b USA McCollum et al., 2013
readyto-eat food 2013 3 1/2a Scotland Okpo et al., 2015
Truffles cheeses 2013 5 1 NR USA Choi et al., 2014
Unrelated 2013 5 1/2b Spain Pérez-Trallero et al., 2014
Readyto-eat salad 2013-2014 32 4b Switzerland Stephan et al., 2015
Foie gras 2013-2014 10 1/2b Spain Pérez-Trallero et al., 2014
Meat products 2013-2014 41 17 NR Denmark Anonymous, 2015
Dairy products 2014 8 1 NR USA CDC, 2014

Caramel apples 2014 -2015 35 7 4b USA Doyle, 2015

Ice cream 2014 - 2015 10 3 NR USA CDC, 2015

1 fetal loss



Large outbreaks have become less frequent since 2000s, presumably due to
implementation ot.isteria control measures by the food industry and improved clinical
diagnostics. Unlike the 1980s and 1990s, wlemonocytogenesvas commonly
recovered from the central nervous system (Mylonakis and others 1998), currently the
pathogen is most often detected in the blood, probably due to advances in medical
diagnosis. The serotype 4b is the most often responsible for meningoencephalitis, and it
has also becoming less prevalent (Swaminathan and Gerner-Smidt 2007), but according
to Cartwright and others (2013), this serotype is still responsible for the largest number
of outbreaks in the USA. However, in Canada and European countries the serotype 1/2a
has becoming more common (Althaus and others 2014; Jensen and others 2016; Knabel
and others 2012; Lomonaco and others 2015; Mammina and others 2013).

One factor that hampers investigations in many countries, including Brazil, is the
absence of an effective surveillance system and a lack of reporting requirements. There
are few registers of isolatioh. monocytogeneom clinical cases in Brazil, and as
listeriosis is not a disease under compulsory notification, the outbreak investigation is
very often compromised. Reis and others (2011) reported that serotype 4b was the most
frequently recovered serotype from clinical samples between 1969 to 2008 in Brazil, but
serotypes 1/2a, 1/2b, 1/2c, 3a, 3b, 4a, and 4ab have all been found among clinical material
of human origin in Brazil (Hofer and others 2006; Hofer and others 2000). A cluster of
listeriosis in hospitalized patients (caused by serotypes 1/2b and 3b) was characterized
for the first time in Brazil by Martins and others (2010), and the results indicate that the
hospital kitchen was the possible source of contamination. To determine the true
incidence of listeriosis in countries like Brazil, it is necessary the implementation of a
laboratory surveillance system to track sporadic cases or outbreaks of human listeriosis
and the sources of contamination (Blum-Menezes and others 2013; Lemes-Marques and
others 2007).

Clinical manifestations, treatment and monitoring of resistance

The incubation period df. monocytogenasnges between 3 to 70 days according
to observations by Linnan and others (1988) from a large 1988 listeriosis outbreak. Goulet
and others (2013) recently demonstrated that incubation periods differed significantly by
clinical form of the disease, being the longer incubation periods identified in pregnancy-
associated cases (median 27.5 days), followed by infections in the central nervous system

(median 9 days), sepsis (median 2 days), and febrile gastrointestinal disease (median 24
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h). In pregnant women, infection is more frequent in the third trimester, generally
asymptomatic or with mild symptoms. The consequences to the fetus or newborn are
extremely serious, including stillbirth, premature birth, pneumonia, sepsis, and meningitis
(Janakiraman 2008). Early-onset neonatal listeriosis occurs in infants infeactesdo.

The late-onset type may occur from one to several weeks after birth, as the result of
transplacental transmission, cross-contamination, or ingestion of contaminated foods
(Janakiraman 2008; Ryser and Marth 2007).

Among immunocompromised patients, such as the elderly, transplant patients, HIV
carriers, and in people diagnosed with cancer, listeriosis can present as sepsis, meningitis,
or meningoencephalitis. In immunocompetent individuals, non-invasive listeriosis is
most common and manifests itself as febrile gastroenteritis, diarrhea, muscle pain, and
headache (Cartwright and others 2013; Ryser and Marth 2007). Althbugh
monocytogeness the only species considered pathogenic to humans, sporadic cases of
gastroenteritis and bacteremia dud.tdvanovii (Guillet and others 2010), bacteremia
due toL. innocuaandL. grayi (Perrin and others 2003; Rapose and others 2@08)
meningitisdue toL. innocua(Favaro and others 2014) ahd seeligeri(Rocourt and
others 1986) have been reported in the last few years.

Regarding the treatment with antibiotids, monocytogenes sensitive to most
drugs suitable for Grarpesitive bacteria with the most common treatment involving -
lactam antibiotics (penicillin or ampicillin), potentially in conjunction with gentamicin.
Vancomycin and trimethoprim/sulfamethoxazole are alternative drugs for patients
allergic to penicillin. In addition, erythromycin, tetracycline, chloramphenicol,
rifampicin, and linezolid can be used. The choice of antibiotic will vary according to the
symptoms of infection and patient risk group (Janakiraman 2008; Salamano and others
2005; Swaminathan and Gerner-Smidt 2007).

In Brazil, Reis and others (2011) reported only 1 strain (1.5%) resistant to rifampin,
and 2 (3%) were resistant to trimethoprim-sulfamethoxazole among 68 human strains
isolated between 1970 and 2008, but increase in the minimum inhibitory concentration
(MIC) values reinforce the need of continuing resistance surveillance. Lemes-Marques
and others (2007) observed two clinical strains resistant to sulfamethoxazole. In addition,
a large number of strains resistant to clindamycin and oxacillin were reported by Camargo
and others (2015a) among isolates obtained from meat-processing environments, beef
products, and clinical cases in Brazil.

L. monocytogeneecovered from food and food processing environment can be

resistant to antimicrobial agents, including drugs used for listeriosis treatment (Table 3).
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But similar as observed in Brazil, few strains obtained in European countries (from food,
food processing environments and clinical) have demonstrated resistance to key
antimicrobials (Conter and others 2009; Granier and others 2011; Khen and others 2015;
Korsak and others 2012; Vitas and others 2007). However, description of resistance to
antimicrobials that are not commonly used for listeriosis treatment appears to be
increasing (Alonso-Hernando and others 2012; Khen and others 2015). In addition, multi-
drug resistant strains have been isolated from RTE in different regions of the world,
creating an concern about dissemination of these strains in the food processing chain
(Chen and others 2014; Doménech and others 2015).

Table 3. Antibiotic resistant.isteria monocytogendsolated from a variety of sources.

Antibiotic Source Reference
Ampicillin Fish Conter et al., 2009
Beef chain Khen et al., 2015
Chloramphenicol Poultry meat Miranda et al. 2008
Fish Obaidat et al., 2015
Human Morvan et al., 2010
Salad Jamali et al., 2014
Ciprofloxacin Fish, fish en¥. Conter et al., 2009
Smoked salmon, smoked salmon finge Kovacevic et al, 2012
Poultry meat (1993 and 2006) Alonso-Hernando et al., 201:
Human Morvan et al., 2010
Clyndamicin Fish, meat, meat env. Conter et al., 2009
Fish Obaidat et al., 2015
Beef chain Khen et al., 2015
Smoked salmon, smoked salmon finge Kovacevic et al, 2012
Environment, foods, clinical Camargo et al., 2015
Seafood Jamali et al., 2014
Doxycycline Poultry meat Miranda et al. 2008
Food Vitas et al., 2007
Erythromycin Poultry meat Miranda et al. 2008
Fish Obaidat et al., 2015
Seafood, chicken Jamali et al., 2014
Human Morvan et al., 2010
Gentamicin Poultry meat (2006) Alonso-Hernando et al., 201:
Beef chain Khen et al., 2015
Fish Obaidat et al., 2015
Linezolid Fish, fish env., meat Conter et al., 2009
Penicillin Beef chain Khen et al., 2015
Fish Obaidat et al., 2015
Seafood, egg, chicken, salad Jamali et al., 2014
Oxacillin Fish, fish env., meat, meat env. Conter et al., 2009
Beef chain Khen et al., 2015
Envinronment, foods, clinical Camargo et al., 2015
Sulfisoxazole Poultry meat Miranda et al. 2008
Trimethoprim/ sulfamethoxazol¢ Fish Obaidat et al., 2015
Vancomycin Fish Conter et al., 2009
Beef chain Khen et al., 2015
Fish Obaidat et al., 2015
Seafood, salad, egg, Jamali et al., 2014
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Table3.

Antibiotic

Source

Reference

Streptomycin

Tetracycline

Rifampicin

Smoked salmon fingers
Fish

Seafood

Human

Poultry meat (2006)
Fish

Food

Beef chain

Fish

Seafood, chicken, salad
Human

Meat, meat env.
Poultry meat (2006)
Beef chain

Fish

Kovacevic et al, 2012
Obaidat et al., 2015

Jamali et al., 2014

Morvan et al., 2010
Alonso-Hernando et al., 201.
Conter et al., 2009

Vitas et al., 2007

Khen et al., 2015

Obaidat et al., 2015

Jamali et al., 2014

Morvan et al., 2010

Conter et al., 2009
Alonso-Hernando et al., 201.
Khen et al., 2015

Obaidat et al., 2015

a Environment

According to Magalhaes and others (2014b), who charactdrizmdnocytogenes

isolates from human clinical cases that occurred in Portugal between 2008 and 2012,

resistance to ciprofloxacin, rifampicin, nitrofurantoin, and to streptomycin was observed,

with 29 isolates (14.3%) resistant to 2 or more antimicrobials of different classes. Even

though the incidence of antibiotic-resistant isolates is relatively low, it was significantly

higher than in previous years (20@B07) (Barbosa and others 2013). Morvan and others

(2010) evaluated 4,816 monocytogenedsolates obtained from clinical cases in France,

and the prevalence of resistance was estimated at 1.27%, being the resistance to

tetracyclines and fluoroquinolones more common, and also the presence of resistance

related genedfrD, tetM, int-Tn, cat, andlde. In the same study, the authors described the

first clinical isolate exhibiting a high-level of resistance to trimethoprim, and an increase

in penicillin MICs, reinforcing the need of a continuous surveillance.

L. monocytogenesfflux pumps encoded bge are associated with fluoroquinolone

resistance (Godreuil and others 2003), while resistance to macrolides, cefotaxime, heavy
metals and ethidium bromide are encodedniyfL (Mata and others 2000). Mobile
plasmids (pIP501, pAMPB1, pRYCI16, pDBI, pIP811, pIP823, pUBX1, and pWDB100)

and transposons (I645-Tn916family) from enterococci and streptococci may transfer

antibiotic resistance genes tasteria spp. Some of these mobile elements can be

transferred amonbisteria species once they are in the same environment (Bertsch and

others 2013; Biavasco and others 1996; Charpentier and Courvalin 1999; Charpentier and
others 1995; Roberts and others 1996).
Tetracycline resistance fromnisteria strains is most frequently associated with

tet(M), which can be transferred tasteria by mobile elements such as a family of
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conjugative transposon Tn916. TiheTn gene is a target to detect the transposons family
Tn916-Tn1545 (Bertrand and others 2005; Bertsch and others 2014; Haubert and others
2016). In addition to theet(M), others genes that mediate tetracycline resistance, such as
tet(K), tet(L), andtet(S), can also be expectedlinmonocytogene@-acinelli and others

1993; Hadorn and others 1993; Poyart-Salmeron and others 1992; Yan and others 2010)
The resistance geneslfrD (corresponding resistance to trimethoprimgpc
(spectinomycin), anérm(A) (erythromycin or clindamycin) can be located on plasmids
such as pDB2011 (Bertsch and others 2013). Similarly, chloramphenicol resistance can
be encoded by theatgene carried on plasmids. According to Poyart-Salmeron and others
(1990), the genes carried in on plasmid pIP811 confer resistance to chloramphenicol,
erythromycin, and streptomycin. Haubert and others (2016) recently idenrtified
monocytogenessolates from food processing environment and food obtained in Brazil
exhibiting multi-drug resistance phenotypes. Two multi-drug resistant strains harbored
the tetM and ermB resistance genes, and the presence of resistance tgéMeinf a
plasmid indicates a potential risk of transferring multi-drug resistance to other
microorganisms.

The differences in the frequency of antibiotic resistante wfonocytogenesdrains
between studies could be in part explained by design of experiments, number of strains
tested, and biological independence. It is important to keep in mind that in many studies
that focus on resistance to antibiotics, the authors do not use techniques such as PFGE,
capable of distinguishing the tested isolates (Camargo and others 2015a; Conter and
others 2009; Loiko and others 2016; Miranda and others 2008; Obaidat and others 2015)
Without attention to the possibility that investigators are sampling from clonal
populations, estimates of the prevalence of antibiotic resistance over time (increasing or
decreasing) may be biased by repeated characterization of the same strains. Sampling

from dispersed premises and sources will likely limit this issue.

Control of L. monocytogenes in food processing facilities

Eliminating L. monocytogene$rom food processing environmental is nearly
impossible, however, the implementation of control procedures by Brazilian Ministry of
Agriculture, Livestock and Food Supply (MAPA) in 2009 was an important step to
overcome the worse scenarios observed in the past (Catdo and Ceballos 2001; Destro and
others 1991; Padilha da Silva and others 2004; SILVA and others 1998). Despite the low

prevalence ok. monocytogenes RTE worldwide, samples with counts above the limit
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allowed by the legislation can offer a high risk to consumers, and the risk tend to increases
with the number of cells ingested.

The bacterial biofilms are important to the food industry because these structures
provide an additional means to protect bacteria from sanitation efforts. The association
between higher adherence and persistencel.ofmonocytogenesin industrial
environments was identified by Norwood and Gilmour (1999). While some investigators
have shown serotype-specific differences in biofilm formation, others have found no
correlation, indicating that the ability to form biofilms varies by strain rather than by
serotype (Borucki and others 2003; Di Bonaventura and others 2008; Djordjevic and
others 2002; Lundén and others 2000; Nilsson and others 2011; Norwood and Gilmour
1999; Pan and others 2010). In addition, a multi-species biofilm can be more resistant
than a biofilm composed only by monocytogengdMaretrg and Langsrud 2004).

The best approach to avoid biofilm formation and food contamination is to adopt
effective cleaning practices to remove organic matter that can be metabolized by the
bacteria. Disinfection with quaternary ammonium compounds (QACs), sodium
hypochloride, sodium dichloroisocyanurate, peracetic acid, and iodofors can be effective
against L. monocytogenesThe processing environments must to be designed to
accommodate complete removal of particulates during pre-wash, access of chemicals at
proper concentrations, and the ability to completely rinse surfaces, such as interior of
drains, floors, cut room, grinders, boxes, among others (Chaitiemwong and others 2014;
Ryser and Marth 2007).

QACsare applied for sanitation of medical and food processing environments with
benzal-konium chloride (BC) being a common formulation. The complete dissolution in
water allows for the frequent use of chlorine as disinfectants in food processing facilities,
these formulations are ease of use, low cost, and has high antimicrobial activity. However,
it is very important to know their functions, effective concentrations, action mode, and
the correct way to prepare them in order to optimize their application, avoid health risks
and to obtain better effect with a minimal quantity. Silva and others (2016) studied the
Listeriaspp. contamination in a butcher shop located in Minas Gerais, Brazil. The authors
evaluated thé.. monocytogeneadhesion ability and sensitivity to food contact surface
sanitizers (chlorine based and quaternary ammonium based compounds). After the
adoption of both sanitizers in the cleaning routine of the butcher shomnocytogenes
was not detected, demonstratimgsitu their effectiveness and the importance of the

adoption of appropriate sanitation procedured_fanonocytogenesontrol.
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While effective, To and others (2002) demonstrated lthahonocytogenesan
survive sub-lethal concentrations of BC through the activity of efflux pumps; these
mechanisms may contribute to higher tolerance of BC should advantageous mutations
arise. QACs are not recommended for use on surfaces that come into direct contact with
fermented food because small concentrations of residues can inactivate “starter” cultures.

One alternative would be use peracetic acid, which does not have this shortcoming.

In addition to the use of chemicals, development of alternative strategies to
eliminateL. monocytogendsas become an active field of research. There are studies that
describe use of ultraviolet radiation, bacteriophages, lactic acid bacteria, purified
bacteriocins produced by lactic acid bacteria, ultrasonic treatment, natural products (such
oils), and surfactants to contilol monocytogenes the food processing environment or
directly in the food (Bafios and others 2016; Camargo and others 2015c; Cotter and others
2013; Giaouris and others 2014; Mgretrg and Langsrud 2004; Strydom and Witthuhn
2015).

Although many bacteriocins produced by lactic acid bacteria have been
characterized, their application by food industries is still restricted and can vary by
country (Cotter and others 2005; de Arauz and others 2009; Favaro and others 2015). In
Brazil, studies have been describing bacteriocinogenic strains with antilisterial activity
isolated from raw milk and cheeses (Cavicchioli and others 2017; Perin and others 2012),
sausage (De Martinis and Franco 1998), salami (Barbosa and others 2014), charqui
(Biscola and others 2013), pork products (de Carvalho and others 2010), rocket salad
(Kruger and others 2013), and smoked fish (Alves and others 2005).

The restrictions for the use of these bacteriocins can be in part explained because
some producer strains are often considered as non safe, or the data available about these
bacteriocins is still insufficient to approve their use, since this characterization is
expensive and time-consuming. Nisin was the first approved bacteriocin for coritrol of
monocytogeneLurrently, nisin (a lantibiotic, class | bacteriocin) and pediocin Pal/AcH
(clas lla anti-Listerial bacteriocins) are approved and used to treat many types of food
worldwide, while others bacteriocins produced by acid lactic bacteria offer promising
perspectives to be approved for commercial use (Galvez and others 2007; Lopez Aguayo
and others 2016).

Various phage preparations also have been successfully tested dgainst
monocytogenes the last years. The ListShield™ was the first phage-based preparation
approved by the Food and Drug Administration (FDA) and the Environmental Protection

Agency (EPA). Since then, the product was approved by others countries to be used as
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decontaminant of surfaces, equipment, and direct on food. In addition, the Listex™ P100

has been tested and approved in several countries (Carlton and others 2005; Food and
Administration 2006; Gutiérrez and others 2017; Yang and others 2017). The efficiency
of bacteriophage P100 (LISTEX™ P100) was evaluated by Rossi and others (2011),

being demonstrated that this product was very effective for biocontroL. of
monocytogenesn Brazilian fresh sausage. Bacteriophages can be useful.for
monocytogenekiocontrol in food contact surfaces and in foods, however, dose, contact
time, storage temperature, and pH potentially affect the effectiveness of the product
(Oliveira and others 2014; Soni and others 2010).

Concluding remarks

L. monocytogenes a microorganism that occurs ubiquitously in nature and can be
constantly reintroduced in food processing facilities. Good sanitization procedures are
crucial to eliminatel. monocytogenesom food processing environments and prevent
bacterial adhesion and biofilm formation, which often result in cross contamination to
food. Listeriosis was recognized as a serious disease in the last decades, probably as a
function of advances in medical diagnosis, but also due to the changes in food processing
(for example use of cold for food preservation) and eating habits (increasing consumption
of RTE foods). Continuous surveillance is needed to underdtanmdonocytogenes
contamination dynamics in Brazil, and development of an effective surveillance system
and compulsory notification of listeriosis, to facilitate the outbreaks investigation in
Brazil, then will be possible to design better strategies to control the pathogen in food
processing environments and food, as well as monitoring the emergence of antibiotic

resistance.
Acknowledgments

The authors thank Coordenacédo de Aperfeicoamento de Pessoal de Nivel Superior
(CAPES), Conselho Nacional de Desenvolvimento Cientifico e Tecnologico (CNPq) and
Fundacdo de Amparo a Pesquisa do Estado de Minas Gerais (FAPEMIG).

Disclosure Statement

No competing financial interests exist.
54



References

Acciari V.A., Torresi M., lannetti L., et aListeria monocytogenda smoked salmon and other
smoked fish at retail in Italy: Frequency of contamination and strain characterizat
products from different manufacturers. Journal of Food Protection 2017; 80:271-278.

Almeida G., Magalhdes R., Carneiro L., et al. Foci of contaminatidistd#ria monocytogenes
in different cheese processing plants. International Journal of Food Microbid@is;
167:303-309.

Alonso-Hernando A., Prieto M., Garcia-Fernandez C., Alonso-Calleja C. and Capita R. Increase
over time in the prevalence of multiple antibiotic resistance anieolgtes ofListeria
monocytogenefsom poultry in Spain. Food Control 2012; 23:37-41.

Althaus D., Lehner A., Brisse S., Maury M., Tasara T. and Stephan R. Characterizhisverat
monocytogenestrains isolated during 2032013 from human infections in Switzerland.
Foodborne Pathogens and Disease 2014; 11:753-758.

Alves V.F., Martinis E.C.P.D., Destro M.T., Vogel B.F. and Gram L. Antilistex@ivity of a
Carnobacterium piscicol@solated from Brazilian smoked fish (Surubim [Pseudoplatystoma
sp.]) and its activity against a persistent strainListeria monocytogeneisolated from
Surubim. Journal of Food Protection 2005; 68:2068-2077.

Anonymous. Annual report on zoonoses in denmark 2014, national food institute, technical
university of Denmark. 2015.

Bafios A., Garcia-Lépez J.D., Nafiez C., Martinez-Bueno M., Magueda M. and Valdivia E.
Biocontrol of Listeria  monocytogenesn fish by enterocin AS-48 and Listeria lytic
bacteriophage P100. LWT - Food Science and Technology 2016; 66:672-677.

Barancelli G.V., Camargo T.M., Gagliardi N.G., et al. Pulsed-Field GeltrB@wresis
characterization ofisteria monocytogendsolates from cheese manufacturing plants in Sao
Paulo, Brazil. International Journal of Food Microbiology 2014; 173:21-29.

Barbalho T.C.F., Almeida P.F., Aimeida R.C.C. and Hofer E. Prevalentistefia spp. at a
poultry processing plant in Brazil and a phage test for rapid confirmatiospécucolonies.
Food Control 2005; 16:211-216.

Barbosa J., Magalhdes R., Santos I., et al. Evaluation of antibiotic resistance patternsmd food
clinical Listeria monocytogenasolates in Portugal. Foodborne Pathogens and Disease 2013;
10:861-866.

Barbosa M.S., Todorov S.D., Belguesmia Y., et al. Purification and characterizatiba of t
bacteriocin produced blyactobacillus sakeMBSal isolated from Brazilian salami. Journal
of Applied Microbiology 2014; 116:1195-1208.

Barros M.A., Nero L.A., Silva L.C., et alListeria monocytogene®ccurrence in beef and
identification of the main contamination points in processing plants. Meat S&e0de
76:591-596.

55



Berrang M.E., Meinersmann R.J., Frank J.F. and Ladely S.R. Colonization of a newlyaedstr
commercial chicken further processing plant withteria monocytogenegournal of Food
Protection 2010; 73:286-291.

Bertrand S., Huys G., Yde M., et al. Detection and characterizatitet(®f) in tetracycline-
resistant Listeria strains from human and food-processing origins in BelgiurRrance.
Journal of Medical Microbiology 2005; 54:1151-1156.

Bertsch D., Anderegg J., Lacroix C., Meile L. and Stevens M.J. pDB2011, a 7.6 kb multidrug
resistance plasmid frorpisteria innocuareplicating in Gram-positive and Gram-negative
hosts. Plasmid 2013; 70:284-287.

Bertsch D., Muelli M., Weller M., Uruty A., Lacroix C. and Meile L. Antimicrobial cestibility
and antibiotic resistance gene transfer analysis of foodborne, clinical, and emvritahm
Listeria spp. isolates includirigsteria monocytogeneMicrobiologyOpen 2014; 3:118-127.

Biavasco F., Giovanetti E., Miele A., Vignaroli C., Facinelli B. and VaralddnPvitro
conjugative transfer of VanA vancomycin resistance between Enterococci andakisteri
different species. European Journal of Clinical Microbiology and Infectious 2isek996;
15:50-59.

Biscola V., Todorov S.D., Capuano V.S.C., Abriouel H., Gélvez A. and Franco B.D.G.M.
Isolation and characterization of a nisin-like bacteriocin produced lbgctbcoccus lactis
strain isolated from charqui, a Brazilian fermented, salted and dried noghtcpr Meat
Science 2013; 93:607-613.

Blum-Menezes D., Deliberalli 1., Bittencourt N.C., et al. Listeriosis in theSfarth of Brazil:
neglected infection? Revista da Sociedade Brasileira de Medicina TropicalB03&1-383.

Borucki M.K., Peppin J.D., White D., Loge F. and Call D.R. Variation in biofilm foronati
among strains oListeria monocytogene#\pplied and Environmental Microbiology 2003;
69:7336-7342.

Byrne V.d.V., Hofer E., Vallim D.C. and Almeida R.C.d.C. Occurrence and antinatrob
resistance patterns bfsteria monocytogendsolated from vegetables. Brazilian Journal of
Microbiology 2016; 47:438-443.

Camargo A.C., Castilho N.P.A., Silva D.A.L., Vallim D.C., Hofer E. and Nero L.A. Actiibi
resistance ofListeria monocytogenessolated from meat-processing environments, beef
products, and clinical cases in Brazil. Microbial Drug Resistance 2015a; 21:458-462.

Camargo A.C., Dias M.R., Cossi M.V.C., et al. Serotypes and pulsotypes diverkistesia
monocytogenem a beef-processing environment. Foodborne Pathogens and Disease 2015b;
12:323-326.

Camargo A.C., Lafisca A., Cossi M.V.C., et al. Low occurrenckisiBria monocytogenam
bovine hides and carcasses in Minas Gerais state, Brazil: moleculactehaation and

antimicrobial resistance. Journal of Food Protection 2014; 77:1148-1152.

56



Camargo A.C., Paula O.A.L., Todorov S.D. and Nero L.A. In vitro evaluation of bacteriocins
activity againstListeria  monocytogene®iofilm formation. Applied Biochemistry and
Biotechnology 2015c:1-13.

Canada H. Policy ohisteria monocytogengns Readyto-Eat Foods. IFD-FSNP 0071Bureau
of Microbial Hazards FD, Health Products and Food Branch, (ed.). Canada, 2011.

Carlton R.M., Noordman W.H., Biswas B., de Meester E.D. and Loessner M.J. Bacteriophage
P100 for control ofListeria monocytogenem foods: Genome sequence, bioinformatic
analyses, oral toxicity study, and application. Regulatory Toxicology and Phaoga2605;
43:301-312.

Carpentier B. and Cerf O. ReviewPersistence oListeria monocytogenes food industry
equipment and premises. International Journal of Food Microbiology 2011; 145:1-8.

Cartwright E.J., Jackson K.A., Johnson S.D., Graves L.M., Silk B.J. and Mahon B.E. Listeriosis
outbreaks and associated food vehicles, United States-28®8 Emerging Infectious
Diseases 2013; 19:1-9.

Castro V., Escudero J.M., Rodriguez J.L., et al. Listeriosis outbreak causedrbgtyat fresh
cheese, Bizkaia, Spain, August 2012. Euro Surveillance 2012; 17:42.

Catdo R.M.R. and Ceballos B.SIGsteria spp., coliformes totais e fecaigkecolino leite cru e
pasteurizado de uma induastria de laticinios, no Estado da Paraiba (Brasil). Ciéncia e
Tecnologia de Alimentos 2001; 21:281-287.

Cavicchioli V.Q., Camargo A.C., Todorov S.D. and Nero L.A. Novel bacteriocinogenic
Enterococcus hiraend Pediococcus pentosacegfains with antilisterial activity isolated
from Brazilian artisanal cheese. Journal of Dairy Science 2017; 100:2526-2535.

CDC. Multistate outbreak of listeriosis linked to imported frescolinaeriarand ricotta salata
cheese 2012.

CDC. Multistate outbreak of listeriosis Linked to roos foods dairy products 2014.

CDC. Multistate outbreak of listeriosis linked to blue bell creameries products 2015.

Chaitiemwong N., Hazeleger W. and Beumer R. Inactivatiohistieria monocytogeneby
disinfectants and bacteriophages in suspension and stainless steel carridwuesal of Food
Protection 2014; 77:2012-2020.

Charpentier E. and Courvalin P. Antibiotic Resistanddsteria spp. Antimicrobial Agents and
Chemotherapy 1999; 43:2103-2108.

Charpentier E., Gerbaud G., Jacquet C., Rocourt J. and Courvalin P. Incidence of antibiotic
resistance iisteria species. Journal of Infectious Diseases 1995; 172:277-281.

Chasseignaux E., Toquin M.T., Ragimbeau C., Salvat G., Colin P. and Ermel G. Molecular
epidemiology ofListeria monocytogendsolates collected from the environment, raw meat
and raw products in two poultry and pork processing plants. Journal of Applied Miogbi
2001; 91:888-899.

57



Chen M., Wu Q., Zhang J., Yan Z.a. and Wang J. Prevalence and characterizaigiariaf
monocytogenessolated from retail-level readg-eat foods in South China. Food Control
2014; 38:1-7.

Chiarini E., Tyler K., Farber J.M., Pagotto F. and Destro Mi3teria monocytogenes two
different poultry facilities: Manual and automatic evisceration. Poultry Sci€da® 88:791-

797.

Choi M.J., Jackson K.A., Medu C., Beal J., Rigdon C.E. and Cloyd T.C. Notes fronelthe fi
multistate outbreak of listeriosis linked to soft-ripened cheese-United States, 2013. Morbidity
and Mortality Weekly Report 2014; 63:294-295.

Cokes C., France A.M., Reddy V., et al. . Serving high-risk foods in a highaiskg: survey of
hospital food service practices after an outbreak of listeriosis in &dlosgfection Control
and Hospital Epidemiology 2011; 32:380-386.

Commission E. Regulation (EC) No 2073/2005 of 15 November 2005 on microbiolouieaa
for foodstuffs. L Off J Eur Union 2005; 33826.

Commission E. No 1441/2007 of 5 December 2007 amending Regulation (EC) No 2073/2005 on
microbiological criteria for foodstuffs Off J Eur Union 2007; 33222

Conter M., Paludi D., Zanardi E., Ghidini S., Vergara A. and lanieri A. Characienizait
antimicrobial resistance of foodborhesteria monocytogenenternational Journal of Food
Microbiology 2009; 128:497-500.

Control C.f.D. and Prevention. Outbreakld$teria monocytogendsafections associated with
pasteurized milk from a local dairfassachusetts, 2007. MMWR Morbidity and mortality
weekly report 2008; 57:1097.

Cotter P.D., Hill C. and Ross R.P. Bacteriocins: developing innate immunitgddr Nature
Reviews Microbiology 2005; 3:777-788.

Cotter P.D., Ross R.P. and Hill C. Bacteriocires viable alternative to antibiotics? Nature
Reviews Microbiology 2013; 11:95-105.

Currie A., Farber J.M., Nadon C., et al. Multi-Province listeriosis outbreak liokazhtaminated
deli meat consumed primarily in Institutional Settings, Canada, 2008. Foodborne Pathogens
and Disease 2015; 12 (8):645-652.

de Arauz L.J., Jozala A.F., Mazzola P.G. and Vessoni Penna T.C. Nisin biotechnological
production and application: a review. Trends in Food Science & Technology 2009; 20:146-
154.

de Carvalho K.G., Bambirra F.H.S., Kruger M.F., et al. Antimicrobial compounds produced by
Lactobacillus sakesubspsakei2a, a bacteriocinogenic strain isolated from a Brazilian meat
product. Journal of Industrial Microbiology & Biotechnology 2010; 37:381-390.

De Martinis E.C.P. and Franco B.D.G.M. InhibitionLddteria monocytogenés a pork product
by a Lactobacillus sake strain. International Journal of Food Microbiology 1998; 42:119-126.

58



de Noordhout C.M., Devleesschauwer B., Angulo F.J., et al. The global burden of listariosis:
systematic review and meta-analysis. The Lancet Infectious Diseases 2014; 14:1073-1082.

Destro M.T., de Melo Serrano A. and Kabuki D.Y. Isolation of Listeria species $omne
Brazilian meat and dairy products. Food Control 1991; 2:110-112.

Di Bonaventura G., Piccolomini R., Paludi D., et al. . Influence of temperature dhmbiof
formation by Listeria monocytogerseon various food contact surfaces: relationship with
motility and cell surface hydrophobicity. Journal of Applied Microbiology 208}:1552-

1561.

Djordjevic D., Wiedmann M. and McLandsborough L. Microtiter plate assaysk@sament of
Listeria monocytogendsiofilm formation. Applied and Environmental Microbiology 2002;
68:2950-2958.

Doménech E., Jimenez Belenguer A., Amoros J.A., Ferrus M.A. and Escriche I. Prevalence and
antimicrobial resistance dfisteria monocytogeneand Salmonella strains isolated in ready-
to-eat foods in Eastern Spain. Food Control 2015; 47:120-125.

Doyle M. Investigation of a multi-state listeriosis outbreak associai#dcaramel apples. In
2015 CSTE Annual Conferendeaste, 2015.

EFSA. European Center for Disease Prevention and Control. The European Unionysummar
report on trends and sources of zoonoses, zoonotic agents and food-borne outbre#ks in 201
European Food Safety Authority Journal 2012; 104P.

EFSA. The European Union summary report on trends and sources of zoonoses, zoonotic agents
and food-borne outbreaks in 2013. European Food Safety Authority 2015; 13.

Facinelli B., Roberts M.C., Giovanetti E., Casolari C., Fabio U. and Varaldo P. Geam®b
tetracycline resistance in food-borne isolatekisteria innocua Applied and Environmental
Microbiology 1993; 59:614-616.

Favaro L., Barretto Penna A.L. and Todorov S.D. Bacteriocinogenic LAB from cheeses
Application in biopreservation? Trends in Food Science & Technology 2015; 41:37-48.

Favaro M., Sarmati L., Sancesario G. and Fontana C. First chstarfa innocuameningitis in
a patient on steroids and eternecept. JMM Case Reports 2014; 1:1-5.

Fleming D.W., Cochi S.L., MacDonald K.L., et al. Pasteurized milk as a vehiahéeation in
an outbreak of listeriosis. New England Journal of Medicine 1985; 312:404-407.

Food and Administration D. FDA approval of Listeria-specific bacteriophage prepamatio
readyto-eat (RTE) meat and poultry products. 2006.

Fretz R., Pichler J., Sagel U., et@hdate: Multinational listeriosis outbreak due to ‘Quargel’, a
sour milk curd cheese, caused by two diffetenhonocytogeneserotype 1/2a strains, 2009-
2010. EuroSurveillance 2010a; 15.

Fretz R., Pichler J., Sagel U., et@hdate: Multinational listeriosis outbreak due to ‘Quargel’, a
sour milk curd cheese, caused by two diffetenhonocytogeneserotype 1/2a strains, 2009-

2010. Euro surveillance: European Communicable Disease Bulletin 15(16) 2010b.

59



Galvez A., Abriouel H., Lopez R.L. and Omar N.B. Bacteriocin-based strategie®ddr f
biopreservation. International Journal of Food Microbiology 2007; 120:51-70.

Gaul L.K., Farag N.H., Shim T., Kingsley M.A., Silk B.J. and Hyytia-Tredddspital-acquired
listeriosis outbreak caused by contaminated diced eel€gkas, 2010. Clinical Infectious
Diseases 2013; 56:20-26.

Gaulin C., Ramsay D. and Bekal S. Widespread listeriosis outbreak attiébtaghasteurized
cheese, which led to extensive cross-contamination affecting cheese retailers, Quebec, Canada,
2008. Journal of Food Protection 2012; 75:71-78.

Giaouris E., Heir E., Hébraud M., et al. Attachment and biofilm formation by foodborreibact
in meat processing environments: Causes, implications, role of bacteriakciimes and
control by alternative novel methods. Meat Science 2014; 97:298-309.

Godreuil S., Galimand M., Gerbaud G., Jacquet C. and Courvalin P. Efflux pump Lde is
associated with fluoroquinolone resistance.igteria monocytogene#ntimicrobial Agents
and Chemotherapy 2003; 47:704-708.

Goulet V., King L.A., Vaillant V. and de Valk H. What is the incubation period &tefiiosis?

BMC Infectious Diseases 2013; 13:11.

Granier S.A., Moubareck C., Colaneri C., et al. Antimicrobial resistamicelisteria
monocytogenegsolates from food and the environment in France over a 10-year period.
Applied and Environmental Microbiology 2011; 77:2788-2790.

Gudmundsdottir S., Gudbjornsdottir B., Lauzon H.L., Einarsson H., Kristinsson K.G. and
KristjAnsson M. Tracindisteria monocytogendsolates from cold-smoked salmon and its
processing environment in Iceland using pulsed-field gel electrophoresis. liatgahddurnal
of Food Microbiology 2005; 101:41-51.

Guerini M.N., Brichta-Harhay D.M., Shackelford S.D., et al. Listeria prevalence.iatetia
monocytogeneserovar diversity at cull cow and bull processing plants in the United States.
Journal of Food Protection 2007; 70:2578-2582.

Guillet C., Join-Lambert O., Le Monnier A., et al. Human listeriosis causédst®ria ivanovii
Emerging Infectious Diseases 2010; 16:136.

Gutiérrez D., Rodriguez-Rubio L., Fernandez L., Martinez B., Rodriguez A. and Garcia P.
Applicability of commercial phage-based products agalisteria monocytogene$or
improvement of food safety in Spanish dry-cured ham and food contact surfacesoRtotl C
2017; 73, Part B:1474-1482.

Hachler H., Marti G., Giannini P., et al. . Outbreak of listerosistduenported cooked ham,
Switzerland 2011. Euro Surveillance 2013; 18:20469.

Hadorn K., Hachler H., Schaffner A. and Kayser F. Genetic characterization of plasmid-encoded
multiple antibiotic resistance in a strain bisteria monocytogenesausing endocarditis.

European Journal of Clinical Microbiology and Infectious Diseases 1993; 12:928-937.

60



Haubert L., Mendonca M., Lopes G., ltapema Cardoso M. and Silast®ria monocytogenes
isolates from food and food environment harbout@tlyl andermBresistance geneketters
in Applied Microbiology 2016; 62:23-29.

Hofer E., Reis C.M.F.d. and Hofer C.B. SorovaresLileria monocytogenes espécies
relacionadas, isoladas de material clinico humano. Revista da Sociedade Brdsileira
Medicina Tropical 2006; 39:32-37.

Hofer E., Ribeiro R. and Feitosa D.P. Species and serovars of the Gstetis isolated from
different sources in Brazil from 1971 to 1997. Memorias do Instituto Oswaldo Cruz 2000;
95:615-620.

lannetti L., Acciari V.A., Antoci S., et alisteria monocytogends readyto-eat foods in Italy:
Prevalence of contamination at retail and characterisation of strains from wdattprand
cheese. Food Control 2016; 68:55-61.

Jackson K., Biggerstaff M., Tobin-D'Angelo M., et al. Multistate outbreakListeria
monocytogeneassociated with Mexican-style cheese made from pasteurized milk among
pregnant, Hispanic women. Journal of Food Protection 2011; 74:949-953.

Janakiraman V. Listeriosis in pregnancy: diagnosis, treatment, and prevention. Reviews in
Obstetrics and Gynecology 2008; 1(4):179-185.

Jensen A.K., Bjorkman J.T., Ethelberg S., Kiil K., Kemp M. and Nielsen E.Meddtdr typing
and epidemiology of human listeriosis cases, Denmark,-2002. Emerging Infectious
Diseases 2016; 22 (4):625-633.

Jensen A K., Ethelberg S., Smith B., et al. Substantial increase in liseesimark 2009.
Eurosurveillance (Online Edition) 2010;:154.

Johnsen B.O., Lingaas E., Torfoss D., Strem E.H. and Nordgy I|. A large outbreskeaf
monocytogenemfection with short incubation period in a tertiary care hospital. Jownal
Infection 2010; 61:465-470.

Khen B., Lynch O., Carroll J., McDowell D. and Duffy G. Occurrence, antibiesistance and
molecular characterization dfisteria monocytogenes the beef chain in the Republic of
Ireland. Zoonoses and Public Health 2015; 62:11-17.

Kirk M.D., Pires S.M., Black R.E., et al. World Health Organization estimatdsedajlobal and
regional disease burden of 22 foodborne bacterial, protozoal, and viral diseases, 2€40: a da
synthesis. PLoS Med 2015; 12(12):1-21.

Knabel S.J., Reimer A., Verghese B., et al. Sequence typing confirms that a predbistesat
monocytogeneslone caused human listeriosis cases and outbreaks in Canada from 1988 to
2010. Journal of Clinical Microbiology 2012; 50:1748-1751.

Korsak D., Borek A., Daniluk S., Grabowska A. and Pappelbaum K. Antimicrobial
susceptibilities ofListeria monocytogenestrains isolated from food and food processing

environment in Poland. International Journal of Food Microbiology 2012; 158:203-208.

61



Kovacevi¢ J., Mesak L.R. and Allen K.J. Occurrence and characterization of Listeria spp. in
readyto-eat retail foods from Vancouver, British Columbia. Food Microbiology 2012;
30:372-378.

Kruger M.F., Barbosa M.d.S., Miranda A., et al. Isolation of bacteriocinogeram sbf
Lactococcus lactissubsp.lactis from rocket salad (Eruca sativa Mill.) and evidences of
production of a variant of nisin with modification in the leader-peptide. Food C@@ia;
33:467-476.

Lariviere-Gauthier G., Letellier A., Kérouanton A., et al. Analysid.isteria monocytogenes
strain distribution in a pork slaughter and cutting plant in the province elh&gu Journal of
Food Protection 2014; 77:2121-2128.

Lemes-Marques E.G., Cruz C.D. and Destro M.T. Pheno-and genotypic characterization of
Listeria monocytogeneslinical isolates from the southwestern region of the State of S&o
Paulo, Brazil. Brazilian Journal of Microbiology 2007; 38:287-292.

Linnan M.J., Mascola L., Lou X.D., et al. Epidemic listeriosis associated with Mexiglan-st
cheese. New England Journal of Medicine 1988; 319:823-828.

Loiko M.R., de Paula C.M.D., Langone A.C.J., et al. Genotypic and antimicrobial
characterization of pathogenic bacteria at different stages of cattle stglimiesouthern
Brazil. Meat Science 2016; 116:193-200.

Lomonaco S., Nucera D. and Filipello V. The evolution and epidemiologyistkria
monocytogenem Europe and the United States. Infection, Genetics and Evolution 2015;
35:172-183.

Lopez Aguayo M.d.C., Grande Burgos M.J., Pérez Pulido R., Galvez A. and Lucas Lépez R.
Effect of different activated coatings containing enterocin AS-48 agdiisteria
monocytogenesn apple cubes. Innovative Food Science & Emerging Technologies 2016;
35:177-183.

Lundén J.M., Miettinen M.K., Autio T.J. and Korkeala H.J. Persidtigieria monocytogenes
strains show enhanced adherence to food contact surface after short contact trmedsofJou
Food Protection 2000; 63:1204-1207.

Lungu B., O'Bryan C.A., Muthaiyan A., et dlisteria monocytogenegantibiotic resistance in
food production. Foodborne Pathogens and Disease 2011; 8:569-578.

Magalhaes R., Almeida G., Ferreira V., et al. . Cheese-related listeriosisa@yutBortugal,
March 2009 to February 2012. Euro Surveillance 2014a; 20.

Magalhaes R., Ferreira V., Santos |, Almeida G. and Teixeira P. Genetic and phenotypic
characterization ofListeria monocytogenefrom human clinical cases that occurred in
Portugal between 2008 and 2012. Foodborne Pathogens and Disease 2014b; 11:907-916.

Mammina C., Parisi A., Guaita A., et al. Enhanced surveillance of invasive listéridsie
Lombardy region, Italy, in the years 2006-2010 reveals major clones and an increase in
serotype 1/2a. BMC Infectious Diseases 2013; 13:152.

62



MAPA. Instrucdo Normativa n. 9, de 8 de abril de 2009. Institui os procedimentos de cdmtrole
Listeria monocytogene=mm produtos de origem animal. Diario Oficial da Unido 2009.

Martins E.A. and Leal Germano P.Msteria monocytogenes readyto-eat, sliced, cooked ham
and salami products, marketed in the city of Sdo Paulo, Brazil: Occurrence, quantifiadi
serotyping. Food Control 2011; 22:297-302.

Martins I.S., Faria F.C.C., Miguel M.A.L., et al. A clusterLidteria monocytogeneafections
in hospitalized adults. American Journal of Infection Control 2010; 38(9):31-36.

Mata M., Baquero F. and Perez-Diaz J. A multidrug efflux transportastieria monocytogenes
FEMS Microbiology Letters 2000; 187:185-188.

McCollum J.T., Cronquist A.B., Silk B.J., et al. Multistate outbreak of listeriosis associdted wi
cantaloupe. New England Journal of Medicine 2013; 369:944-953.

Mclntyre L., Wilcott L. and Naus M. Listeriosis outbreaks in British Columbanatia, caused
by soft ripened cheese contaminated from environmental sources. BioMed Research
International 2015: 1-12.

Meloni D., Piras F., Mureddu A., et alisteria monocytogenefn five sardinian swine
slaughterhouses: prevalence, serotype, and genotype characterization. Journal of Food
Protection 2013; 76:1863-1867.

Miranda J., Vazquez B., Fente C., Calo-Mata P., Cepeda A. and Franco C. Comparison of
antimicrobial resistance inEscherichia coli Staphylococcus aureusand Listeria
monocytogenestrains isolated from organic and conventional poultry meat. Journal of Food
Protection 2008; 71:2537-2542.

Miyasaki K.N., Chiarini E., Sant’Ana A.d.S., Destro M.T., Landgraf M. and Franco B.D.G.d.M
High prevalence, low counts and uncommon serotypestdria monocytogenes linguica,

a Brazilian fresh pork sausage. Meat Science 2009; 83:523-527.

Moreno L.Z., Paixao R., Gobbi D.D., et al. Characterization of atypistdria innocuasolated
from swine slaughterhouses and meat markets. Research in Microbiology 2012; 163:268-271.

Mgretrg T. and Langsrud Bisteria monocytogenebiofilm formation and persistence in food-
processing environments. Biofilms 2004; 1:107-121.

Morvan A., Moubareck C., Leclercqg A., et al. Antimicrobial resistandgstéria monocytogenes
strains isolated from humans in France. Antimicrobial Agents and Chemotherapy 2010;
54:2728-2731.

Mylonakis E., Hohmann E.L. and Calderwood S.B. Central Nervous System Infection with
Listeria monocytogenes833 Years' Experience at a General Hospital and Review of 776
Episodes from the Literature. Medicine 1998; 77:313-336.

Nilsson R.E., Ross T. and Bowman J.P. Variability in biofilm production Listeria
monocytogenesorrelated to strain origin and growth conditions. International Journabdf Fo
Microbiology 2011; 150:14-24.

63



Norwood D. and Gilmour A. Adherence bfsteria monocytogenestrains to stainless steel
coupons. Journal of Applied Microbiology 1999; 86:576-582.

Obaidat M., Bani Salman A., Lafi S. and Al-Abboodi A. CharacterizationListeria
monocytogenefsom three countries and antibiotic resistance differences among countries and
Listeria monocytogeneserogroups. Letters in Applied Microbiology 2015; 60:609-614.

Okpo E., Leith J., Smith-Palmer A., et al. . An outbreak of an unusual strdiistefia
manocytogenemfection in North-East Scotland. Journal of Infection and Public Health 2015;
8:612-618.

Oliveira M., ViAas I., Colas P., Anguera M., Usall J. and Abadias M. Effectiveness of a
bacteriophage in reducirlgsteria monocytogenesn fresh-cut fruits and fruit juices. Food
Microbiology 2014; 38:137-142.

Padilha da Silva W., Carro Techera S., Monks Jantzen M., VON LAER A.E., Saldanha de Lima
A. and Magalhaes Mata M.isteria monocytogenesn quesos tipo Minas producidos
artesanalmente y comercializados en Pelotas, RS, Brasil. Alimentaria 2004:57-60.

Pan Y., Breidt F. and Gorski L. Synergistic effects of sodium chloride, glucose, andatmger
on biofilm formation byListeria monocytogeneserotype 1/2a and 4b strains. Applied and
Environmental Microbiology 2010; 76:1433-1441.

Parisi A., Latorre L., Fraccalvieri R., et al. Occurrenckistieria spp. in dairy plants in Southern
Italy and molecular subtyping of isolates using AFLP. Food Control 2013; 29:91-97.

Pérez-Trallero E., Zigorraga C., Artieda J., Alkorta M. and Marimén J.M. Twaeaakb of
Listeria monocytogenemfection, Northern Spain. Emerging Infectious Diseases 2014,
20:2155-7.

Perin L.M., Moraes P.M., Vigcosa G.N., Silva Junior A. and Nero L.A. Identification of
bacteriocinogenitactococcussolates from raw milk and cheese capable of producing nisin
A and nisin Z. International Dairy Journal 2012; 25:46-51.

Perrin M., Bemer M. and Delamare C. Fatal castisteria innocuabacteremia. Journal of
Clinical Microbiology 2003; 41:5308-5309.

Pichler J., Much P., Kasper S., et al. . An outbreak of febrile gastroenteritisstesg@dgth jellied
pork contaminated withListeria monocytogenesWiener klinische Wochenschrift 2009;
121:149-156.

Popovic I., Heron B. and Covacin C. Listeria: an Australian perspective-{2000). Foodborne
Pathogens and Disease 2014; 11:425-432.

Poyart-Salmeron C., Carlier C., Trieu-Cuot P., Courvalin P. and Courtieu A. Transferabl
plasmid-mediated antibiotic resistance listeria monocytogenesThe Lancet 1990;
335:1422-1426.

Poyart-Salmeron C., Trieu-Cuot P., Carlier C., MacGowan A., McLauchlin J. and Courvalin P
Genetic basis of tetracycline resistance in clinical isolated.isteria monocytogenes
Antimicrobial Agents and Chemotherapy 1992; 36:463-466.

64



Prencipe V.A., Rizzi V., Acciari V., et alisteria monocytogenegrevalence, contamination
levels and strains characterization throughout the Parma ham processing chain. Food Control
2012; 25:150-158.

Rapose A., Lick S. and Ismail Nisteria grayi bacteremia in a heart transplant recipient.
Transplant Infectious Disease 2008; 10:434-436.

Reis C.M.F., Barbosa A.V., Rusak L.A., Vallim D.C. and Hofer E. Antimicrohistsptibilities
of Listeria monocytogenesuman strains isolated from 1970 to 2008 in Brazil. Revista da
Sociedade Brasileira de Medicina Tropical 2011; 44:173-176.

Roberts M.C., Facinelli B., Giovanetti E. and Varaldo P.E. Transferable erythromycin resistance
in Listeria spp. isolated from food. Applied and Environmental Microbiology 1996; 62:269-
270.

Rocourt J., Hof H., Schrettenbrunner A., Malinverni R. and Bille J. Acute purllstaria
seeligeri meningitis in an immunocompetent adult. Schweizerische Medizinische
Wochenschrift 1986; 116:248-251.

Rossi L.P.R., Almeida R.C.C., Lopes L.S., Figueiredo A.C.L., Ramos M.P.P. and Almeida P.F.
Occurrence otListeriaspp. in Brazilian fresh sausage and contrdlisferia monocytogenes
using bacteriophage P100. Food Control 2011; 22:954-958.

Ryser E.T. and Marth E.Hiisteria, listeriosis, and food safet¢RC Press, 2007.

Salamano R., Braselli A., Hoppe A., Monteghirfo R. and Silva T. Neurolistericaitilts: report
of six clinical cases. Arquivos de Neuro-Psiquiatria 2005; 63:1063-1069.

Sant'’Ana A.S., lgarashi M.C., Landgraf M., Destro M.T. and Franco B.D.G.M. Prevalence,
populations and pheno and genotypic characteristitsste#fria monocytogendsolated from
readyto-eat vegetables marketed in Sao Paulo, Brazil. International Journal of Food
Microbiology 2012; 155:1-9.

Sauders B.D., Overdevest J., Fortes E., et al. Diversitystdria species in urban and natural
environments. Applied and Environmental Microbiology 2012:1-38.

Scallan E., Crim S.M., Runkle A., et al. Bacterial Enteric Infections Among OldersAiduihe
United States: Foodborne Diseases Active Surveillance Network-2998. Foodborne
Pathogens and Disease 2015; 12:492-499.

Scallan E., Hoekstra R.M., Angulo F.J., et al. Foodborne iliness acquired in the United-States
major pathogens. Emerging Infectious Diseases 2011; 17 (1): 7-15.

Schlech W.r., Lavigne P.M., Bortolussi R.A., et al. Epidemic listeriesisgdence for
transmission by food. New England Journal of Medicine 1983; 308:203-206.

Shank F.R., Elliot E.L., Wachsmuth I.K. and Losikoff M.E. US position ldsteria
monocytogeneis foods. Food Control 1996; 7:229-234.

Silk B.J., McCoy M.H., lwamoto M. and Griffin P.M. Foodborne listeriosis acquirbo$pitals.
Clinical Infectious Diseases 2014; 59 (4):532-540.

65



Silva D.A., Camargo A.C., Todorov S.D. and Nero LListeriaspp. contamination in a butcher
shop environment aridsteria monocytogenesihesion ability and sensitivity to food-contact
surface sanitizers. Journal of Food Safety 2017; 37 (2): 1-8.

Silva M.C.D.d., Hofer E. and Tibana A. Incidencd.isteria monocytogenes Cheese Produced
in Rio de Janeiro, Brazil. Journal of Food Protection 1998; 61:354-356.

Silva W.P., Lima A.S., Gandra E.A., Aratjo M.R., Macedo M.R.P. and DuvallEskéria spp.
no processamento de linglica frescal em frigorificos de Pelotas, RS, BréasdiaCRural
2004; 34 (3):911-916.

Smith B., Larsson J., Lisby M., et al. Outbreak of listeriosis caused by infected beef meat from a
meals on wheels delivery in Denmark 2009. Clinical Microbiology and Infection 2G150-

52.

Soni K.A., Nannapaneni R. and Hagens S. Reductidnistéria monocytogenem the surface
of fresh channel catfish fillets by bacteriophage Listex P100. Foodborne Pathogens and
Disease 2010; 7:427-434.

Souza V.M.d., Alves V.F., Destro M.T. and De Martinis E.C.P. Quantitative evaluation of
Listeria monocytogenen fresh and processed surubim fists¢udoplatystomsp). Brazilian
Journal of Microbiology 2008; 39:527-528.

Stephan R., Althaus D., Kiefer S., et al. . Foodborne transmissidstefia monocytogenesa
readyto-eat salad: a nationwide outbreak in Switzerland, 22QB4. Food Control 2015;
57:14-17.

Strydom A. and Witthuhn C.R.isteria monocytogenes target for bacteriophage biocontrol.
Comprehensive Reviews in Food Science and Food Safety 2015; 14:694-704.

Swaminathan B. and Gerner-Smidt P. The epidemiology of human listeriosis. Micrabes a
Infection 2007; 9:1236-1243.

Thimothe J., Nightingale K.K., Gall K., Scott V.N. and Wiedmann M. Trackindiisteria
monocytogenei smoked fish processing plants. Journal of Food Protection 2004; 67:328-
341.

To M.S., Favrin S., Romanova N. and Griffiths M.W. Postadaptational resistance to
benzalkonium chloride and subsequent physicochemical modificationsLisi€ria
monocytogene@pplied and Environmental Microbiology 2002; 68:5258-5264.

Todd E. and Notermans S. Surveillance of listeriosis and its causative pathigjeria
monocytogenes-ood Control 2011; 22:1484-1490.

Tubach S.A. A Polyclonal Outbreak of Listeriosis in Kansas Associated with the Consuafption
Ice Cream. Ir2015 CSTE Annual Conferendeste, 2015.

Vallim D.C., Barroso Hofer C., Lisboa R.d.C., et al. Twenty Years of Listeri8razil:
Occurrence olListeria Species andListeria monocytogeneSerovars in Food Samples in
Brazil between 1990 and 2012. BioMed Research International 2015:1-8.

66



Vitas A.l,, Maria Sanchez R., Aguado V. and Garcia-Jalon I. Antimicrobial susitigptib
Listeria monocytogenésolated from food and clinical cases in Navarra, Spain. Journal of
Food Protection 2007; 70:2402-2406.

von Laer A.E., Lima A.S.d., Trindade P.d.S., Andriguetto C., Destro M.T. and Silva W.P.d.
Characterization oListeria monocytogendsolated from a fresh mixed sausage processing
line in Pelotas-RS by PFGE. Brazilian Journal of Microbiology 2009; 40:574-582.

Vongkamjan K., Roof S., Stasiewicz M.J. and Wiedmann M. Persisigntia monocytogenes
subtypes isolated from a smoked fish processing facility included both phage suseaytibl
resistant isolates. Food Microbiology 2013; 35:38-48.

WHO. Food safety and foodborne illness. WHO, March 2007.

Wieczorek K., Dmowska K. and Osek J. Prevalence, characterization, and antimicrobial
resistance oListeria monocytogendsolates from bovine hides and carcasses. Applied and
Environmental Microbiology 2012; 78:2043-2045.

Yan H., Neogi S.B., Mo Z., et al. Prevalence and characterization of antimiaexigance of
foodbornelisteria monocytogendsolates in Hebei province of Northern China, 20087.
International Journal of Food Microbiology 2010; 144:310-316.

Yang S., Sadekuzzaman M. and Ha S.-D. Treatment with lauric arginate ethylamedter
commercial bacteriophage, alone or in combination, inhibis$eria monocytogenes
chicken breast tissue. Food Control 2017; 78:57-63.

Yde M., Naranjo M., Mattheus W., et al. Usefulness of the European Epidemic Intelligence
Information System in the management of an outbreak of listeriosis, Belgit, Euro
Surveillance 2012; 17(38):1-5.

Zhu L., Feng X., Zhang L., Zhu R. and Luo X. Prevalence and serotypdsstefia
monocytogenesontamination in Chinese beef processing plants. Foodborne Pathogens and
Disease 2012; 9:556-560.

67



CHAPTER 3- Antibiotic resistance ofLigteria monocytogenesisolated from meat

processing environments, beef products, and cliniceases in Brazil

Anderson Carlos Camargo, Natalia Parma Augusto de Castilho, Danilo Augusto Lopes

da Silva, Deyse Christina Vallim, Ernesto Hofer; Luis Augusto Nero

Manuscript published in Microbial Drug Resistance, v. 21, n.4, 2015, p. 458-462,

ISSN: 1076-6294, 2016 Journal Citation Reports: 2.306

68



Title Page

Antibiotic resistance ofListeria monocytogenessolated from meat processing

environments, beef products, and clinical cases in Brazil

Keywords: antibiotic resistance; Listeria monocytogenes; serogrouping; virulence

markers

Running title: Antimicrobial resistance bisteria monocytogenes

Anderson Carlos Camargo?, Natalia Parma Augusto de Castilho?, Danilo Augusto Lopes

da Silvat, Deyse Christina Vallim 2, Ernesto Hofer?; Luis Augusto Nero'*

1 Departamento de Veterinaria, Universidade Federal de Vigosa, 36570 900, Vicosa, MG,
Brazil

2 | aboratorio de Zoonoses Bacterianas, Instituto Oswaldo Cruz, Fundagcédo Oswaldo Cruz,
21040 900, Rio de Janeiro, RJ, Brazil

* Corresponding author: Tel.: + 55 31 3899 1463; fax: + 55 31 3899 1457. E-mail address:
nero@ufv.br (L.A. Nero)

69



Abstract

The present study aimed to assess the antimicrobial resistance and the presence of
virulence markers in 13lZisteria monocytogenasolates obtained from meat processing
environments, beef products, and clinical cases. All isolates were subject to molecular
serogouping, and their antibiotic resistance profiles were assessed against 12
antimicrobials. In addition, isolates were subjected to detection of virulence marker genes
(inlA, inlC, inlJ). The isolates were classified into serogroups 4b, 4d, 4a, or 4c (46%),
1/2c or 3c (27%), 1/2a or 3a (13.9%), and 1/2b or 3b (13.1%). All tested isolates presented
sensitivity to the majority of the tested antimicrobials, but most of them presented
resistance or intermediate resistance to clindamycin (88.3%) and oxacillin (73.7%).
Virulence markers were detected in all isolates, demanding further analysis to better

characterize their pathogenic potential.
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Introduction

Listeria monocytogenas a Gram-positive intracellular foodborne pathogen that is
widely distributed in the environment. This pathogen can survive on a diversity of
surfaces, resulting in persistence in food processing environments and cross-
contamination with end-products®. Listeriosis is the disease caused hy
monocytogenesind it is considered an emergent illness since the 1980s, when a number
of cases and outbreaks were reported and associated with the consumption of foods
contaminated with the pathog&f+?3 This disease is characterized by severe infections
in high-risk groups requiring rapid treatment with antibiotfc®

Serogrouping of. monocytogenasolates obtained from clinical and food samples
is important to predict the possible risks to consumers. Strains from serotypes 1/2a, 1/2b,
and 4b are considered the most virulent, and are frequently associated with human
listeriosis cases and outbredks

A diversity of proteins are associated with the virulence activity Lof
monocytogenespch as internalins, listeriolysins, and phospholipaseghe internalin-
related genesr(lA, inlC, andinlJ) are involved with the passage through the intestinal
barrier, cell adhesion and invasion, and their presende monocytogenessolates
suggests a potential pathogenicity for consumers.

Most L. monocytogenesolates are susceptible to the antibiotics that are usually
employed to fight Gram-positive bacteria, and the first report of a multi-resistant strain
was described in 1990, by Poyart-Salmeron, et’alNowadays, several studies has
shown resistance among isolates obtained from food processing environments and foods
17.18,21,2534 The emergence of antimicrobial resistance has serious consequences for
public health, such as failures in the treatment of diseases and limitations in therapeutic
choice, and may require the use of more modern drugs

The present study aimed to assess the antimicrobial resistance and the presence of
virulence markers amonly. monocytogenessolates obtained from different sources

(environment, food, clinical cases) and different Brazilian regions.

Material and Methods

Microorganisms
A total of 137L. monocytogenesolates from 11 different States of Brazil were analyzed

in this study. They were obtained from different food processing environments, foods,
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and clinical cases, between the years 1978 and 2013. All isolates were identified by
biochemical tests according Pagotto, etéland stored at -20°C in trypticase soya broth
(TSB, Oxoid Ltd., Basingstoke, England) supplemented with glycerol at 20% (v/v). At
the time of use, isolates were transferred to trypticase soya agar (TSA, Oxoid) and
incubated at 35°C.

Molecular serogrouping

Isolated colonies from each isolate were transferred to TSB and incubated at 35°C for 24
h, and the obtained cultures were subjected to DNA extraction and purification using the
Wizard Genomic DNA Purification kit (Promega Corp., Madison, WI, USA). PCR
serogrouping was conducted based on the assay described by Borucki ahdruall
amplification mix composed 12.5 pL of GoTaq Green Master Mix (Promega), 2 uL DNA,
40 puM of each of the primers D1 (F: CGATATTTTATCTACTTTGTCA; R:
TTGCTCCAAAGCAGGGCAT) and D2 (F: GCGGAGAAAGCTATCGCA; R:
TTGTTCAAACATAGGGCTA), and ultra-pure PCR water (Promega) to 25 pL. Two
additional reactions were then conducted as described above, using the primers FlaA (F:
TTACTAGATCAAACTGCTCC; R: AAGAAAAGCCCCTCGTCC) and GLT (F:
AAAGTGAGTTCTTACGAGATTT, R: AATTAGGAAATCGACCTTCT).
Amplification conditions were the same as that described by Borucki andl Eiaié uL
aliquots of the PCR products were electrophoresed on 2.0% (w/v) agarose gels in 0.5
Tris/Borate/EDTA buffer (TBE), stained with GelRed (Biotium Inc., Hayward, CA,
USA), and visualized in a transilluminator. For each target DNA region, the following
PCR product sizes were observed: 214 bp for D1, 140 bp for D2, 538 bp for FlaA, and
483 bp for GLT. In all molecular assays,monocytogenestrains Scott A, ATCC 7644,

and ATCC 15313 were tested in parallel as positive controls.

Detection of virulence markers

Multiplex PCR reactions were conducted in order to identify the presence of virulence
markers genes involved in the processes of host-cell invasion ano-cell spreadinlA

(F: ACGAGTTAACGGGACAAATGC; R: CCCGACAGTGGTGCTAGATT)nIC (F:
AATTCCCACAGGACACAACC; R: CGGGAATGCAATTTTTCACTA), andnlJ (F:
TGTAACCCCGCTATCACAGTT; R: AGCGGCTTGGCAGTCTAATA)'®. PCR
reactions were composed of 125 GoTag Green Master Mix, 240 DNA, 1.0 uM of

each primer, and PCR ultra-pure water to a final volume ofi25Amplification

conditions were the same as described by Liu, &t &ive microliter aliquots of the PCR
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products were electrophoresed on 1.5 % (w/v) agarose gelsxnBb, stained with
GelRed, and visualized in a transilluminator. For each target DNA region, the following
PCR product sizes were observed: 800 bpriidy, 517 bp fonnlC, and 238 bp fomnlJ.

L. monocytogeneATCC 7644 was used as a positive control for the assessed genes.

Antimicrobial resistance

L. monocytogenestrains were subjected to phenotypical analysis to characterize their
resistances against 12 antimicrobials (10 pg ampicillin, 10 units penicillin G, 1 pg
oxacillin, 2 ug clindamycin, 15 pg erythromycin, 10 pug gentamicin, 10 pg imipenem, 5
pug rifampin, 30 upg chloramphenicol, 30 pupg tetracycline, 25 ug
trimethoprim/sulfamethoxazole, and 30 pg vancomycin) using the disk diffusion method
(Oxoid). Cultures were transferred to brain and heart infusion (BHI, Oxoid), incubated at
35°C overnight, and diluted in 0.85% NaCl (w/v) until turbidity similar to 0.5
MacFarland. Diluted cultures were swabbed onto the surface of Mueller-Hinton agar
(Oxoid), and the antimicrobial disks were added (3 disks per plate). After incubation at
35°C for 18 and 24 h, the results for each antimicrobial agent were recorded, and their
resistance profiles were classified as sensitive, intermediate, and resistant, as described
by Cockerill *° to Staphylococcuspp. Reference straftaphylococcus aureusTCC

25923 was used as the control.

Results

Table 1 shows the different origins bf monocytogenesolates, and also the
serogrouping results. Among 69 isolates from meat processing environments, a
predominance of isolates from serogroups 4b, 4d, 4a, or 4c, and 1/2c or 3c, were observed,
and among 43 isolates from beef products, most were identified as belonging to
serogroups 1/2b or 3b, followed by 4b, 4d, 4a, or 4c, and 1/2c or 3c. Finally, among 25

clinical strains, the most common serogroups were 4b, 4d, 4a, or 4c.
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Table 1.Listeria monocytogendsolates obtained from meat processing environments, beef products, and clinical samplethestddp.

Source Sample n Serogroup
1/2a or 3a 1/2b or 3b 1/2c or 3c 4D, 4d, 4a, or 4c
Processing environments Bovine hides 9 3 1 2 3
Bovine carcass 13 1 1 2 9
Swine carcass 1 1 - - -
Conductive mat chicken 9 - - - 9
Plastic box 5 - - 2 3
Table 9 - - 7 2
Floor of refrigeration room 2 - - 1 1
Meat handlers 9 1 - 5 3
Meat tenderizer 5 - - 1 4
Grinder 5 1 - 3 1
Knife 2 - - 1 1
Beef products Refrigerated beef 25 2 6 11 6
Frozen beef 13 4 5 2 2
Minced beef 1 - - - 1
Seasoned beef 2 - 2 - -
Cooked beef 1 - - - 1
Frozen cooked beef 1 - - - 1
Clinical Blood 7 1 1 - 5
Cerebrospinal fluid 16 4 2 - 10
Placenta 1 1 - - -
Sheep brain 1 - - - 1
Total - 137 19 18 37 63
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All L. monocytogenesolates presented positive PCR results for the internalin
genesiflA, inlC, andinlJ), and were susceptible to ampicillin (10 pg), penicillin G (10
units), erythromycin (15 pg), gentamicin (10 pg), imipenem (10 pg), rifampin (5 pg),
chloramphenicol (30 ug), tetracycline (30 pug), trimethoprim/sulfamethoxazole (25 ug),
and vancomycin (30 pg). However, resistance to clindamycin (2 pug) and oxacillin (1 pug)
was found in most of the. monocytogenesolates (Table 2). The detailed results for
each isolated and related to each antibiotic are presented in the Supplementary table

(supplementary results).

Table 2. Antimicrobial resistance profile dfisteria monocytogendsolates tested in this study.

Antibiotic class Antimicrobial Number of isolates (%)
Resistant Intermediate Susceptible

Aminoglycoside Gentamicin - - 137 (100.0)
Anfenicol Chloramphenicol - - 137 (100.0)
Ansamycin Rifampin - - 137 (100.0)
Carbapenem Imipenem - - 137 (100.0)
Glycopeptide Vancomycin - - 137 (100.0)
Lincosamide Clindamycin 72 (52.5) 49 (35.8) 16 (11.7)
Macrolide Erythromycin - - 137 (100.0)
Penicillin Ampicillin - - 137 (100.0)

Penicillin G - - 137 (100.0)

Oxacillin 78 (56.9) 23 (16.8) 36 (26.3)
Potentiated Trimethoprim- - - 137 (100.0)
Sulfonamide sulfamethoxazole
Tetracycline Tetracycline - - 137 (100.0)

Discussion

The conventional agglutination method is the reference protocol for serotyping
monocytogenessolates obtained from clinical and food samples. However, molecular
methodologies have been proposed for identification of the inamonocytogenes
serogroups associated with listeriosis. These methods provide rapid and low-cost results,
but the exact identification of the serotype is not possible, since these protocols propose
a serogroup categorization that includes different serotyipes,usually the most

prevalent serotype, and other non-frequent serofifes
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In this study, we showed that most isolates recovered from different Brazil States
from food processing environments and foods belonged to serogroups 4b, 4d, 4a, or 4c
(Table 1), which is in agreement with previous studies in Bt&Zf Moreover, serotypes
1/2a or 3a, 1/2b or 3b, and 1/2c or 3c also have been identified in food processing
environments and foods in different States, similar to previous stitifésAll isolates
from clinical cases belonged to serogroups 4b, 4d, 4a, or 4c, 1/2a or 3a, and 1/2b or 3b
(Table 1), which are usually associated with the majority of outbreaks and sporadic cases
of listeriosis®L.

The internalin-related genes play important roles in the virulence mechaniems of
monocytogeneand their presence suggests potential pathogenicity.infhegene is
directly related td.. monocytogengsassage through the intestinal barrier;ItH€ gene
contributes to the post-intestinal steps of infection; andhtlegene plays an important
role to entry into host celf$ 32, In this study, alL. monocytogenestrains were positive
for virulence markerglA, inlC, andinlJ, as observed in a number of other studies with
strains from serotypes 1/2a, 1/2c, 1/2b, and 48°3* However, additional
characterization, such as the sequencing the entikegene, is important to properly
assess the virulence potential lof monocytogenestrains, since some mutations are
associated with the expression of truncated proteins, which can result in low virulence
potential?®3 Treatment of listeriosis is done using B-lactam antibiotics (ampicillin or
amoxicillin) in association, or not, with an aminoglycoside (gentamicin). However, other
drugs can also be used, such as erythromycin, tetracycline, chloramphenicol, rifampicin,
trimethoprim/sulfamethoxazole, and linezofd33 In our study, all isolates were
susceptible to antibiotics used in listeriosis treatment, but a high level of resistance and
intermediate resistance was observed against clindamycin and oxacillin. Resistance to
lincosamides and penicillins has been described previdadh#&2%3* Antimicrobial
resistance in microorganisms can occur due to endogenous and exogenous factors, and
the environment plays an important role in allowing interactions with other bacteria and
consequent gene or plasmid transfé&r®2! Oxacillin and clindamycin resistance has
been attributed to efflux-pumps or 23S ribosomal RNA modificatfdfisas well as
excessive use of both drugs in veterinary meditikwever, Bertsch, et dlsuggested
thatListeria fleischmanniiywhich is resistant to clindamycin, may possess a transferable
transposon that remains to be identified. While these drugs are not used to treat listeriosis,
the emergence of resistance demands attention due to the possibility of horizontal transfer

to other bacteri&.
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This study showed the prevalence of pathogenic serogroups among isolates from
food processing environments, foods, and clinical cases in Brazil. Despite having
susceptibility to most of the antibiotics used to treat listeriosis, the presence of high
antimicrobial resistance to oxacillin and clindamycin is a serious concern for public
health, and more in depth research is needed to better understand the mechanisms of
antimicrobial resistance. In addition, all isolates harbored virulence marker genes,

demanding further analysis to proper characterize their pathogenic potential.
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Supplementary table. Additional information of I3gteria monocytogendsolates included in the study of antimicrobial resistance. Preserfibechation related
to isolate code, sample source of isolate, Brazilian state in which the isolate was obtained, yeaonf ssstagroup of isolate, and disk diffusion diameter for each
isolate and tested antibiotic (in mm, and followed by indication of resistance, R,ddiannresistance, IR, or susceptibility, S).

Isolate Sample Brazilian Year Serogroup Antibiotics

state CN AMP _ OX P DA E c SXT RD TE VA IPM
1 refrigerated beef MT 2009 1/2aor 3a 26 (S) 31 (S) 12 (IR) 29 (S) 14 (R) 31 (S) 30 (S) 35 (S) 35 (S) 38 (S) 25 (S) 40 (S)
2 frozen beef SP 2006  1/2aor 3a 28 (S) 32 (S) 16 (S) 30 (S) 14 (R) 32 (S) 29 (S) 36 (S) 33 (S) 33 (S) 27 (S) 40 (S)
3 frozen beef SP 2006  1/2aor 3a 29 (S) 35 (S) 13 (S) 33 (S) 13 (R) 35 (S) 30 (S) 36 (S) 33 (S) 36 (S) 27 (S) 39 (S)
4 frozen beef SP 2006  1/2aor 3a 26 (S) 37 (S) 12 (IR) 34 (S) 13 (R) 34 (S) 29 (S) 38 (S) 31 (S) 32 (S) 25 (S) 36 (S)
5 frozen beef SP 2003 1/2aor 3a 29 (S) 35 (S) 10 (R) 33 (S) 12 (R) 34 (S) 30 (S) 40 (S) 35 (S) 34 (S) 25 (S) 40 (S)
6 refrigerated beef RS 2002 1/2aor 3a 27 (S) 29 (S) (R) 34 (S) 17 (IR) 31 (S) 27 (S) 33 (S) 37 (S) 32 (S) 22 (S) 26 (S)
7 blood Sp 1986 1/2aor3a 29 (S) 32 (S) (R) 34 (S) 19 (IR) 35 (S) 31 (S) 39 (S) 36 (S) 34 (S) 24 (S) 42 (S)
8 cerebrospinal fluid PR 1983 1/2aor3a 22 (S) 40 (S) (R) 31 (S) 12 (R) 30 (S) 25 (S) 38 (S) 32 (S) 31 (S) 26 (S) 41 (S)
o placenta PE 1978 1/2aor3a 29 (S) 37 (S) 16 (S) 38 (S) 14 (R) 34 (S) 31 (S) 39 (S) 30 (S) 29 (S) 26 (S) 43 (S)
10 cerebrospinal fluid SP 1978 1/2aor3a 32 (S) 40 (S) 12 (IR) 37 (S) 21 (S) 39 (S) 32 (S) 44 (S) 37 (S) 36 (S) 33 (S) 48 (S)
11 cerebrospinal fluid DF 1989 1/2aor3a 25 (S) 37 (S) 11 (IR) 32 (S) 14 (R) 31 (S) 27 (S) 34 (S) 31 (S) 32 (S) 24 (S) 27 (S)
12 cerebrospinal fluid PR 1983 1/2aor3a 27 (S) 34 (S) 11 (IR) 30 (S) 17 (IR) 30 (S) 31 (S) 39 (S) 28 (S) 34 (S) 23 (S) 38 (S)
13 carcass of swine sC 2004 1/2aor 3a 28 (S) 40 (S) 15 (S) 35 (S) 12 (R) 30 (S) 28 (S) 35 (S) 34 (S) 30 (S) 25 (S) 40 (S)
14 meat handlers MG 2010 1/2aor 3a 23 (S) 31 (S) 12 (IR) 34 (S) 12 (R) 28 (S) 28 (S) 34 (S) 29 (S) 27 (S) 22 (S) 31 (S)
15 grinder PR 2005 1/zaor 3a 24 (S) 35 (S) (R) 29 (S) (R 28 (S) 25 (S) 35 (S) 30 (S) 32 (S) 23 (S) 35 (S)
16 bovine carcass RS 2010 1/2aor 3a 24 (S) 32 (S) (R) 33 (S) 13 (R) 32 (S) 30 (S) 34 (S) 30 (S) 32 (S) 23 (S) 42 (S)
17 bovine hide RS 2010  1/2aor 3a 27 (S) 40 (S) 17 (S) 35 (S) 12 (R) 33 (S) 30 (S) 38 (S) 31 (S) 40 (S) 23 (S) 42 (S)
18 bovine hide RS 2010 1/zaor3a 26 (S) 31 (S) (R) 30 (S) 11 (R) 29 (S) 25 (S) 36 (S) 24 (S) 30 (S) 24 (S) 26 (S)
19 bovine hide RS 2010 1/2aor 3a 22 (S) 34 (S) (R) 32 (S) 10 (R) 25 (S) 26 (S) 31 (S) 24 (S) 27 (S) 22 (S) 34 (S)
20 refrigerated beef MT 2010  1/2bor 3b 25 (S) 32 (S) (R) 29 (S) 22 (S) 31 (S) 21 (S) 31 (S) 25 (S) 31 (S) 25 (S) 37 (S)
21 refrigerated beef MT 2007 1/2bor 3b 28 (S) 38 (S) (R) 35 (S) 25 (S) 34 (S) 32 (S) 36 (S) 28 (S) 35 (S) 24 (S) 43 (S)
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Isolate Sample Brazilian Year Serogroup Antibiotics

state CN AMP  OX P DA E c SXT RD TE VA IPM
22 refrigerated beef MT 2007 1/2bor3b 24 (S) 33 (S) (R) 29 (S) 19 (IR) 32 (S) 28 (S) 36 (S) 28 (S) 33 (S) 24 (S) 40 (S)
23 refrigerated beef MT 2007 1/2bor 3b 25 (S) 30 (S) 20 (S) 36 (S) 19 (IR) 30 (S) 23 (S) 35 (S) 27 (S) 21 (S) 27 (S) 25 (S)
24 frozen beef MT 2007 1/2bor3b 29 (S) 35 (S) 15 (S) 34 (S) 25 (S) 32 (S) 28 (S) 36 (S) 25 (S) 35 (S) 24 (S) 40 (S)
25 frozen beef MT 2007 1/2b or 3b 28 (S) 31 (S) 12 (IR) 30 (S) 20 (IR) 30 (S) 27 (S) 37 (S) 26 (S) 29 (S) 22 (S) 37 (S)
26 seasoned meat SP 2002 1/2bor 3b 25 (S) 35 (S) (R) 30 (S) 13 (R) 37 (S) 19 (S) 32 (S) 25 (S) 28 (S) 22 (S) 34 (S)
27 seasoned meat SP 2002 1/2bor3b 21 (S) 34 (S) 12 (IR) 33 (S) 19 (IR) 31 (S) 28 (S) 32 (S) 28 (S) 33 (S) 25 (S) 39 (S)
28 refrigerated beef RJ 2004 1/2bor 3b 24 (S) 35 (S) 12 (IR) 35 (S) 20 (IR) 31 (S) 26 (S) 35 (S) 22 (S) 34 (S) 22 (S) 37 ()
29 frozen beef MT 2004 1/2bor3b 27 (S) 34 (S) (R) 29 (S) 16 (IR) 31 (S) 27 (S) 32 (S) 27 (S) 31 (S) 24 (S) 34 (S)
30 frozen beef MT 2004 1/2bor3b 27 (S) 34 (S) (R) 33 (S) 16 (IR) 29 (S) 22 (S) 33 (S) 25 (S) 29 (S) 22 (S) 30 (S)
81 frozen beef MT 2004 1/2b or 3b 23 (S) 33 () (R) 32 (S) 12 (R) 25 (S) 31 (S) 31 (S) 28 (S) 28 (S) 21 (S) 37 (S)
82 refrigerated beef MG 2009 1/2bor3b 23 (S) 29 () (R) 29 (S) 14 (R) 30 (S) 26 (S) 36 (S) 25 (S) 29 (S) 21 (S) 34 (S)
33  blood RJ 2008  1/2bor 3b 25 (S) 34 (S) (R) 31 (S) 17 (IR) 33 (S) 29 (S) 35 (S) 26 (S) 35 (S) 23 (S) 32 (S)
34 cerebrospinal fluid SP 1982 1/2b or 3b 28 (S) 30 (S) (R) 26 (S) 13 (R) 34 (S) 31 (S) 39 (S) 28 (S) 34 (S) 27 (S) 31 (S)
35 cerebrospinal fluid PB 2001 1/2b or 3b 26 (S) 34 (S) 16 (S) 31 (S) 15 (IR) 32 (S) 27 (S) 34 (S) 31 (S) 31 (S) 22 (S) 40 (S)
36 bovine carcass RS 2010 1/2bor 3b 26 (S) 31 (S) (R) 32 (S) 10 (R) 32 (S) 30 (S) 37 (S) 32 (S) 35 (S) 22 (S) 37 (S)
37 bovine hide RS 2011 1/2bor3b 25 (S) 34 (S) 12 (IR) 32 (S) 25 (S) 31 (S) 33 (S) 33 (S) 32 (S) 33 (S) 23 (S) 40 (S)
38 frozen beef sP 2003 1/2cor 3¢ 28 (S) 36 (S) 10 (R) 35 (S) 18 (IR) 37 (S) 32 (S) 41 (S) 35 (S) 37 (S) 24 (S) 45 (S)
39 frozen beef SP 2003 1/2cor3c 27 (S) 36 (S) 10 (R) 36 (S) 16 (IR) 34 (S) 29 (S) 35 (S) 33 (S) 33 (S) 23 (S) 42 (S)
40 refrigerated beef MG 2009 1/2cor3c 25 (S) 37 (S) 18 (S) 32 (S) 12 (R) 31 (S) 32 (S) 34 (S) 32 (S) 31 (S) 25 (S) 42 (S)
41 refrigerated beef MG 2010  1/2cor3c 26 (S) 35 (S) 14 (S) 36 (S) 14 (R) 31 (S) 33 (S) 34 (S) 31 (S) 30 (S) 24 (S) 42 (S)
42 refrigerated beef MG 2010 1/2cor3c 26 (S) 32 (S) 10 (R) 29 (S) 15 (IR) 31 (S) 27 (S) 35 (S) 28 (S) 31 (S) 22 (S) 37 (S)
43 refrigerated beef MG 2011 1/2cor3c 30 (S) 33 (S) 13 (S) 32 (S) 19 (IR) 31 (S) 29 (S) 34 (S) 30 (S) 33 (S) 22 (S) 40 (S)
44 refrigerated beef MG 2012 1/2cor3c 24 (S) 35 (S) 17 (S) 33 (S) 26 (S) 29 (S) 29 (S) 32 (S) 33 (S) 32 (S) 24 (S) 40 (S)
45 refrigerated beef MG 2012 1/2cor3c 24 (S) 32 (S) 12 (IR) 31 (S) 14 (R) 31 (S) 27 (S) 34 (S) 29 (S) 30 (S) 22 (S) 41 (S)
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Isolate Sample Brazilian Year Serogroup Antibiotics
state CN AMP  OX P DA E c SXT RD TE VA IPM
46 refrigerated beef MG 2012 1/2cor3c 25 (S) 37 (S) 14 (S) 32 (S) 16 (IR) 31 (S) 30 (S) 32 (S) 30 (S) 34 (S) 23 (S) 43 ()
47 refrigerated beef MG 2012 1/2cor3c 25 (S) 33 (S) 11 (IR) 30 (S) 10 (R) 31 (S) 29 (S) 34 (S) 29 (S) 31 (S) 22 (S) 40 (S)
48 refrigerated beef MG 2012 1/2cor3c 24 (S) 30 (S) (R) 31 (S) 14 (R) 30 (S) 28 (S) 33 (S) 28 (S) 30 (S) 22 (S) 39 (S)
49 refrigerated beef MG 2012 1/2cor3c 23 (S) 29 (S) 10 (R) 30 (S) 12 (R) 31 (S) 26 (S) 34 (S) 29 (S) 30 (S) 23 (S) 37 (S)
50 refrigerated beef MG 2012 1/2cor3c 23 (S) 36 (S) 16 (S) 34 (S) 12 (R) 31 (S) 27 (S) 32 (S) 28 (S) 30 (S) 22 (S) 48 (S)
51 grinder MG 2012 1/2cor3c 32 (S) 42 (S) 15 (S) 44 (S) 15 (IR) 34 (S) 32 (S) 38 (S) 31 (S) 43 (S) 31 (S) 47 (S)
52 grinder MG 2012 1/2cor3c 22 (S) 38 (S) 11 (IR) 35 (S) 14 (R) 30 (S) 25 (S) 32 (S) 27 (S) 31 (S) 25 (S) 38 (S)
53 grinder MG 2012 1/2cor3c 25 (S) 30 (S) 11 (IR) 35 (S) 15 (IR) 31 (S) 26 (S) 32 (S) 28 (S) 32 (S) 22 (S) 37 (S)
54 meat tenderizer MG 2012 1/2cor3c 27 (S) 35 (S) 10 (R) 30 (S) 15 (IR) 31 (S) 33 (S) 35 (S) 32 (S) 34 (S) 22 (S) 40 (S)
55 plastic box MG 2012 1/2cor3c 24 (S) 32 (S) 10 (R) 29 (S) 13 (R) 30 (S) 27 (S) 31 (S) 28 (S) 29 (S) 23 (S) 40 (S)
56 plastic box MG 2012 1/2cor3c 24 (S) 36 (S) 10 (R) 29 (S) (R) 29 (S) 25 (S) 33 (S) 25 (S) 28 (S) 22 (S) 35 (S)
57 table MG 2012 1/2cor3c 26 (S) 30 (S) (R) 30 (S) 13 (R) 31 (S) 27 (S) 34 (S) 27 (S) 31 (S) 22 (S) 37 (S)
58 table MG 2012 1/2cor3c 25 (S) 34 (S) 14 (S) 31 (S) 21 (S) 29 (S) 32 (S) 31 (S) 28 (S) 32 (S) 23 (S) 39 (S)
59 bovine hide MG 2010 1/2cor3c 26 (S) 38 (S) 12 (IR) 36 (S) 13 (R) 31 (S) 33 (S) 34 (S) 32 (S) 32 (S) 24 (S) 45 (S)
60  meathandlers MG 2009  1/2cor3c 25 (S) 33 (S) 11 (IR) 30 (S) 12 (R) 28 (S) 30 (S) 33 (S) 29 (S) 29 (S) 23 (S) 41 (S)
61 meathandlers MG 2010 1/2cor3c 23 (S) 33 (S) 16 (S) 32 (S) 22 (S) 30 (S) 26 (S) 33 (S) 28 (S) 30 (S) 21 (S) 38 (S)
62 meat handlers MG 2010 1/2cor3c 25 (S) 36 (S) 19 (S) 34 (S) 16 (IR) 31 (S) 31 (S) 32 (S) 31 (S) 32 (S) 23 (S) 41 (S)
63 meathandlers MG 2012 1/2cor3c 29 (S) 31 (S) (R) 29 (S) 14 (R) 32 (S) 28 (S) 33 (S) 28 (S) 31 (S) 23 (S) 40 (S)
64 meat handlers MG 2012 1/2cor3c 16 (S) 37 (S) 10 (R) 36 (S) 12 (R) 29 (S) 27 (S) 33 (S) 29 (S) 31 (S) 21 (S) 38 (S)
65  table MG 2010 1/2cor3c 23 (S) 32 (S) 12 (IR) 31 (S) 13 (R) 32 (S) 30 (S) 34 (S) 29 (S) 32 (S) 22 (S) 40 (S)
66  table MG 2010 1/2cor3c 25 (S) 35 (S) 17 (S) 35 (S) 14 (R) 32 (S) 30 (S) 33 (S) 29 (S) 30 (S) 22 (S) 40 (S)
67 table MG 2010 1/2cor3c 27 (S) 32 (S) 10 (R) 33 (S) 12 (R) 31 (S) 27 (S) 37 (S) 30 (S) 30 (S) 24 (S) 39 (S)
68 floor of refrigeration PR 2005 1/2cor 3c
room 28 (S) 37 (S) 14 (S) 32 (S) 14 (R) 32 (S) 31 (S) 41 (S) 30 (S) 31 (S) 24 (S) 38 (S)
69 bovine carcass RS 2011 1/2cor3c 26 (S) 35 (S) 14 (S) 33 (S) 14 (R) 32 (S) 29 (S) 34 (S) 29 (S) 31 (S) 23 (S) 40 (S)
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Isolate Sample Brazilian Year Serogroup Antibiotics

state CN AMP  OX P DA E c SXT RD TE VA IPM
70 bovine carcass RS 2012 1/2cor3c 25 (S) 34 (S) 10 (R) 30 (S) 15 (IR) 28 (S) 26 (S) 32 (S) 28 (S) 33 (S) 28 (S) 37 ()
71 bovine hide RS 2011  1/2cor3c 26 (S) 33 (S) 13 (S) 30 (S) 12 (R) 31 (S) 29 (S) 35 (S) 31 (S) 30 (S) 25 (S) 35 (S)
72 knife RS 2010  1/2cor3c 25 (S) 38 (S) 16 (S) 33 (S) 26 (S) 31 (S) 26 (S) 35 (S) 30 (S) 30 (S) 28 (S) 38 (S)
73 table RS 2010  1/2cor3c 23 (S) 32 (S) 14 (S) 30 (S) 12 (R) 26 (S) 29 (S) 33 (S) 26 (S) 27 (S) 22 (S) 35 (S)
74 table RS 2010 1/2cor3c 26 (S) 34 (S) 14 (S) 33 (S) 15 (IR) 32 (S) 28 (S) 33 (S) 21 (S) 30 (S) 20 (S) 38 (S)
75 refrigerated beef SP 2006 4b, 4d,4a0r4c 39 (5) 37 (S) 10 (R) 33 (S) 14 (R) 34 (S) 29 (S) 40 (S) 29 (S) 35 (S) 26 (S) 40 (S)
76 cooked beef SpP 2004 4b,4d,4a0rdc 9 (g) 36 (S) (R) 34 (S) (R) 33 (S) 29 (S) 39 (S) 32 (S) 34 (S) 23 (S) 40 (S)
77 minced beef RJ 2003  4b, 4d,4a0r4c 55 (5) 30 (S) 10 (R) 32 (S) 12 (R) 34 (S) 27 (S) 38 (S) 29 (S) 33 (S) 24 (S) 39 (S)
78 refrigerated beef RJ 2003 4b, 4d, 4ao0rdc 57 (g) 31 (S) (R) 33 (S) 14 (R) 34 (S) 30 (S) 36 (S) 30 (S) 33 (S) 29 (S) 40 (S)
79 frozen cooked meat  MT 2001 4b,4d,4a0rdc g3 gy 38 (5)  (R) 35 (S) 17 (IR) 34 (S) 29 (S) 41 (S) 31 (S) 35 (S) 24 (S) 40 (S)
80  refrigerated beef RJ 2000 4b,4d,4a0rdc 35 (5) 36 (S) 14 (S) 37 (S) 22 (S) 36 (S) 32 (S) 40 (S) 30 (S) 37 (S) 27 (S) 47 (S)
81  frozen beef MT 2003 4b, 4d,4a0r4c 56 (5) 32 (S) 14 (S) 32 (S) 15 (IR) 39 (S) 25 (S) 36 (S) 28 (S) 33 (S) 23 (S) 30 (S)
82 frozen beef MT 2003  4b, 4d,4a0r4c o5 (g) 38 (S) 10 (R) 32 (S) 13 (R) 32 (S) 21 (S) 35 (S) 27 (S) 30 (S) 21 (S) 38 (S)
83  refrigerated beef MG 2012 4b,4d,4a0r4c 53 (g) 30 (S) (R) 31 (S) 16 (IR) 31 (S) 29 (S) 32 (S) 29 (S) 32 (S) 23 (S) 41 (S)
84 refrigerated beef MG 2012 4b, 4d,4a0r4c 56 (g) 32 (S) (R) 31 (S) 19 (IR) 32 (S) 29 (S) 35 (S) 27 (S) 33 (S) 24 (S) 39 (S)
85  refrigerated beef MG 2012 4b, 4d,4a0r4c 57 (g) 30 (S) 10 (R) 32 (S) 15 (IR) 32 (S) 27 (S) 35 (S) 29 (S) 30 (S) 24 (S) 39 (S)
86 cerebrospinal fluid ES 2010 4b, 4d, 4aor 4c 29 (S) 43 (S) (R) 30 (S) 13 (R) 25 (S) 31 (S) 40 (S) 23 (S) 35 (S) 25 (S) 38 (S)
87  blood SP 1985 4b, 4d, 4aordc 57 (g) 33 (s) (R) 33 (S) 20 (IR) 36 (S) 27 (S) 38 (S) 32 (S) 34 (S) 17 (S) 22 (S)
88  blood SP 1985 4b,4d,4a0r4c 54 (5) 32 (S) 20 (S) 33 (S) 16 (IR) 27 (S) 22 (S) 32 (S) 24 (S) 27 (S) 23 (S) 21 (S)
89 cerebrospinal fluid SP 1997 4b, 4d, 4a0r4c 59 (5) 29 (S) 19 (S) 29 (S) 17 (IR) 32 (S) 31 (S) 36 (S) 27 (S) 31 (S) 28 (S) 42 (S)
90  cerebrospinal fluid RJ 2007 4b, 4d,4a0r4c 59 (g) 36 (S) 12 (IR) 33 (S) 15 (IR) 33 (S) 29 (S) 39 (S) 31 (S) 32 (S) 23 (S) 41 (S)
91  blood RJ 2004 4b,4d,4a0r4c 55 (g) 39 (S) 19 (S) 40 (S) 18 (IR) 26 (S) 20 (S) 33 (S) 21 (S) 27 (S) 27 (S) 23 (S)
92 cerebrospinal fluid Sl 1997 4b, 4d,4a0r4c 54 (5) 34 (S) 18 (S) 32 (S) 10 (R) 29 (S) 24 (S) 27 (S) 20 (S) 24 (S) 20 (S) 23 (S)
93 cerebrospinal fluid RJ 1990 4b, 4d, 4a0rdc 59 (5) 29 (S) 18 (S) 30 (S) 22 (S) 33 (S) 20 (S) 41 (S) 28 (S) 28 (S) 25 (S) 39 (S)
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Isolate Sample Brazilian Year Serogroup Antibiotics

state CN AMP  OX P DA E c SXT RD TE VA IPM
94 cerebrospinal fluid DF 1989  4b, 4d, 4aor4c ,g (S) 35 (S) (R) 31 (S) 14 (R) 36 (S) 34 (S) 40 (S) 32 (S) 36 (S) 28 (S) 41 (S)
95  cerebrospinal fluid PE 1989  4b,4d,4aor4c 59 (5) 38 (S) 14 (S) 36 (S) 18 (IR) 37 (S) 30 (S) 42 (S) 32 (S) 36 (S) 26 (S) 42 (S)
9  blood SP 1985 4b, 4d,4a0rdc 7 (5) 30 (S) 14 (S) 32 (S) 22 (S) 30 (S) 26 (S) 34 (S) 29 (S) 25 (S) 25 (S) 30 (S)
97 cerebrospinal fluid SP 1978  4b, 4d, 4aor4c o (S) 32 (S) (R) 30 (S) 19 (IR) 35 (S) 29 (S) 32 (S) 28 (S) 32 (S) 27 (S) 37 (S)
98 cerebrospinal fluid SP 1980 4b, 4d, 4aor4c 5 (S) 37 () (R) 29 (S) 16 (IR) 36 (S) 33 (S) 40 (S) 31 (S) 36 (S) 24 (S) 39 (S)
99 sheep brain RJ 1987 4b, 4d,4ao0rdc g (5) 37 (S) 12 (IR) 31 (S) 20 (IR) 27 (S) 38 (S) 40 (S) 32 (S) 25 (S) 26 (S) 43 (S)
100  cerebrospinal fluid PR 2000 4b, 4d, 4a or 4c 27 (S) 30 (S) 10 (R) 32 (S) 13 (R) 36 (S) 31 (S) 35 (S) 31 (S) 38 (S) 25 (S) 40 (S)
101 blood RJ 2007  4b, 4d,4a0r4c o5 (5) 34 (S) 13 (S) 31 (S) 16 (IR) 32 (S) 27 (S) 32 (S) 28 (S) 30 (S) 22 (S) 41 (S)
102 meat handlers MG 2012 4b, 4d,4a0r4c 55 (5) 34 (S) 10 (R) 31 (S) 17 (IR) 32 (S) 27 (S) 34 (S) 28 (S) 30 (S) 23 (S) 39 (S)
103 bovine carcass RS 1991 4b,4d,4ao0rdc 35 5) 37 (5) (R) 33 (S) 16 (IR) 35 (S) 31 (S) 40 (S) 33 (S) 33 (S) 26 (S) 45 (S)
104 grinder MG 2012 4b,4d,4a0r4c 55 (5) 29 (S)  (R) 29 (S) 12 (R) 32 (S) 25 (S) 37 (S) 26 (S) 30 (S) 24 (S) 37 (S)
105 knife MG 2012 4b, 4d, 4aordc 55 (5) 30 (S) (R) 29 (S) 14 (R) 30 (S) 25 (S) 33 (S) 25 (S) 30 (S) 22 (S) 37 (S)
106 meat handlers MG 2012 4b, 4d, 4a0r4c 56 (g) 32 (S) (R) 30 (S) 15 (IR) 32 (S) 30 (S) 35 (S) 28 (S) 35 (S) 25 (S) 38 (S)
107 meat tenderizer MG 2012 4b,4d,4a0rdc 54 (5) 30 (S) (R) 29 (S) 17 (IR) 30 (S) 26 (S) 34 (S) 27 (S) 32 (S) 24 (S) 37 (S)
108 meat tenderizer MG 2012 4b, 4d, 4ao0r4c 56 (g) 30 (S) (R) 29 (S) 12 (R) 32 (S) 27 (S) 36 (S) 26 (S) 30 (S) 21 (S) 31 (S)
109 meat tenderizer MG 2012 4b, 4d,4a0r4c 55 (g) 32 (S) (R) 30 (S) 16 (IR) 32 (S) 25 (S) 36 (S) 27 (S) 33 (S) 23 (S) 38 (S)
110  plastic box MG 2012 4b, 4d, 4aordc 55 (g) 31 (S) (R) 29 (S) 24 (S) 31 (S) 26 (S) 31 (S) 26 (S) 29 (S) 23 (S) 34 (S)
111 table MG 2012 4b, 4d,4a0r4c 54 (g) 31 (S) (R) 29 (S) 15 (IR) 32 (S) 27 (S) 36 (S) 27 (S) 34 (S) 24 (S) 38 (S)
112 table MG 2012 4b,4d,4a0r4c 54 (5) 29 (S)  (R) 30 (S) 12 (R) 31 (S) 27 (S) 36 (S) 23 (S) 30 (S) 24 (S) 37 (S)
113 meat handlers MG 2012 4b, 4d,4a0r4c 56 (5) 35 (S) 11 (IR) 31 (S) 21 (S) 32 (S) 26 (S) 31 (S) 27 (S) 33 (S) 22 (S) 38 (S)
114 bovine carcass PR 2005 4b, 4d,4ao0rdc 51 (g) 31 (S) (R) 31 (S) 11 (R) 31 (S) 27 (S) 35 (S) 31 (S) 31 (S) 25 (S) 39 (S)
115 bovine carcass PR 2005 4b,4d,4a0rdc 54 gy 37 (S)  (R) 30 (S) 24 (S) 39 (S) 26 (S) 36 (S) 28 (S) 30 (S) 23 (S) 35 (S)
116 bovine carcass PR 2005  4b, 4d, 4ao0rdc 3 (g) 37 (S) (R) 29 (S) 15 (IR) 28 (S) 25 (S) 31 (S) 27 (S) 27 (S) 21 (S) 35 (S)
117 bovine carcass PR 2005  4b, 4d, 4aordc o5 (g) 30 (S) (R) 32 (S) 13 (R) 31 (S) 26 (S) 33 (S) 24 (S) 22 (S) 25 (S) 39 (S)
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Isolate Sample Brazilian Year Serogroup Antibiotics

state CN AMP  OX P DA E c SXT RD TE VA IPM
118  bovine carcass PR 2005 4b,4d,4a0rdc 35 (5) 34 (5)  (R) 34 (S) 15 (IR) 35 (S) 35 (S) 39 (S) 29 (S) 33 (S) 28 (S) 40 (S)
119 floor of refrigeration PR 2005 4b, 4d, 4a or 4c

room 28 (S) 31 (S) (R) 30 (S) 22 (S) 30 (S) 27 (S) 34 (S) 27 (S) 31 (S) 24 (S) 38 (S)
120 meat tenderizer PR 2005 4b, 4d,4a0r4c 55 (5) 32 (S) 11 (IR) 33 (S) 22 (S) 39 (S) 28 (S) 37 (S) 30 (S) 32 (S) 31 (S) 41 (S)
121 plastic box PR 2005 4b, 4d,4a0r4c 57 (g) 33 (S) 10 (R) 29 (S) 11 (R) 31 (S) 27 (S) 36 (S) 26 (S) 31 (S) 23 (S) 35 (S)
122 plastic box PR 2005 4b,4d,4ao0r4dc 35 (5) 33 (S) 11 (IR) 35 (S) 14 (R) 38 (S) 32 (S) 36 (S) 32 (S) 35 (S) 27 (S) 40 (S)
123 bovine hide RS 2011 4b, 4d,4ao0rdc 55 (g) 29 (S) (R) 28 (S) 12 (R) 29 (S) 24 (S) 33 (S) 26 (S) 30 (S) 23 (S) 31 (S)
124 bovine hide RS 2011 4b,4d,4a0rdc 5 (g) 33 (5) (R) 32 (S) 20 (IR) 32 (S) 30 (S) 33 (S) 30 (S) 35 (S) 25 (S) 40 (S)
125  bovine hide RS 2011 4b, 4d, 4aordc 55 (g) 35 (S) (R) 30 (S) 12 (R) 30 (S) 25 (S) 33 (S) 27 (S) 32 (S) 22 (S) 37 (S)
126  conductive mat chicken PR 2013 4b, 4d,4aor4c 54 (S) 29 (S) (R) 28 (S) 13 (R) 29 (S) 27 (S) 30 (S) 28 (S) 30 (S) 22 (S) 34 (S)
127  conductive mat chicken PR 2013 4b, 4d, 4aor 4c 22 (S) 35 (S) (R) 32 () (R) 30 (S) 26 (S) 35 (S) 27 (S) 34 (S) 22 (S) 35 (S)
128  conductive mat chicken PR 2013 4b, 4d, 4aor4c 5 (S) 35 (S) (R) 32 () (R) 31 (S) 27 (S) 31 (S) 29 (S) 31 (S) 21 (S) 37 ()
129  conductive mat chicken PR 2013 4b, 4d,4ao0r4c o4 (S) 30 (S) (R) 29 (S) 12 (R) 30 (S) 24 (S) 35 (S) 26 (S) 29 (S) 23 (S) 33 (S)
130  conductive mat chicken PR 2013 4b, 4d, 4ao0r4c »¢ (S) 29 (S) (R) 30 (S) 13 (R) 30 (S) 28 (S) 38 (S) 30 (S) 34 (S) 22 (S) 35 (S)
131  conductive mat chicken PR 2013 4b, 4d, 4aor4c 5, (S) 29 (S) (R) 29 (S) (R) 31 (S) 26 (S) 37 (S) 28 (S) 31 (S) 23 (S) 37 ()
132 conductive mat chicken PR 2013 4b, 4d, 4a or 4c 25 (S) 37 (S) (R) 29 (S) 11 (R) 30 (S) 25 (S) 37 (S) 28 (S) 31 (S) 21 (S) 33 (S)
133  conductive mat chicken PR 2013 4b, 4d, 4ao0r4c »3 (S) 36 (S) 12 (IR) 33 (S) 17 (IR) 31 (S) 28 (S) 32 (S) 30 (S) 30 (S) 20 (S) 42 (S)
134  conductive mat chicken PR 2013 4b, 4d, 4a or 4c 23 (S) 33 (S) 10 (R) 30 (S) 13 (R) 30 (S) 27 (S) 35 (S) 30 (S) 32 (S) 23 (S) 35 (S)
135 bovine carcass RS 2011 4b, 4d, 4a or 4c 25 (S) 31 (S) (R) 30 (S) (R) 33 (S) 26 (S) 36 (S) 28 (S) 31 (S) 26 (S) 33 (S)
136 bovine carcass RS 2011 4b,4d,4a0rdc 55 () 29 (S)  (R) 29 (S) 11 (R) 32 (S) 31 (S) 40 (S) 26 (S) 30 (S) 24 (S) 35 (S)
137 bovine carcass RS 2011 4b, 4d,4aordc 57 (g) 30 (S) (R) 34 (S) 12 (R) 32 (S) 27 (S) 36 (S) 29 (S) 29 (S) 24 (S) 35 (S)

Brazilian states: DF: Distrito Federal, ES: Espirito Santo, MG: Minas Gerais, MT: Mato GP&d@araiba, PE: Pernambuco, PR: Parand, RJ: Rio de Janeiro, RBaikie do
Sul, SC: Santa Catarina, SP: S&o Paulo. Antibiotics: gentamicin (CN); ampicillin (AM&illin (OX); penicillin (P); clindamycin (DA); erythromycin (E); chlogenicol (C);
sulphamethoxazole/ trimethoprim (SXT); rifampicin (RD); tetracycline (TE)coarycin (VA); and imipenem (IPM).
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ABSTRACT

We assessd the serotypes distribution afsteria monocytogenasolates from clinical,

beef and environment samples using two PCR-based protocols for serogréypang!

of 134 isolates (clinical samples = 22, beef cuts = 79, beef processing environment = 33)
was subjected to conventional serology and identified as serotypes 1/2a (n = 12), 1/2b (n
=21), 1/2c (n = 71) and 4b (n = 30); isolates from clinical samples were predominantly
4b, and the most prevalent serotype among cuts and environment was 1/2c. The protocol
described by Doumith et al. in 2004 presented contradictory results for seven 1/2a
isolates, which presented positive resultslfool1118and determined the profile lic
(serotypes 1/2c and 3c); in addition, fifteen 4b isolates amplified the 1argé¥37,
presenting the atypical profile IVb-v1. The results of protocol described by Borucki and
Call in 2003 presented full agreement with the conventional serology. We propose
recommendations for using this multiplex PCR by adding one pair of the reported primers
to the panel to reduce total effort by one reaction while maintaining specificity. We
present additional recommendations to improve the efficiency and reproducibility of this

serogrouping assay.
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INTRODUCTION

Listeria monocytogeness a Gram-positive foodborne pathogen that causes
infections in animals and humans. This pathogen is widespread in the environment and
survives in a wide range of conditions while being found in many different food products
(8). Infections occur through the consumption of contaminated foods, andtoeadl-
foods are often described as products with a high risk of transmi{@&ip@6) Despite
the low morbidity, this intracellular bacterium presents 20% to 30% mortality and 95%
hospitalization rates. Neonates, pregnant women, the elderly, and immunosuppressed
individuals are particularly at rigd.0, 13)

A variety of methods have been used to differentiateonocytogenesrains and
predict their virulence potentigl6). The classical serotyping previously described by
Seeliger and HOhn@2) is routinely used to identify potentially pathogenic strains. This
method is based on variation in the somatic (O) and flagellar (H) antigens, allowing the
identification of 13 different serotypes; among them, serotypes 1/2a, 1/2b and 4b are
responsible for more than 95% of listeriosis ca&s). This method, however, is
expensive, labor-intensive, time-consuming and demands high-quality afRiseya

Several molecular assays have been developed to identify the Ilmain
monocytogeneserogroups associated with listerid®@s6, 12, 24, 27, 30)Some of these
methods have been used extensively because they are relatively simple to perform, are
relatively rapid and once the infrastructure is in place, assay expense is limited. Multiplex
PCR described by Doumitt al. (6)is a popular protocol for presumptive differentiation
of L. monocytogenestrains, grouping them into four different serogro{ipsl2, 23, 27-

29). Borucki and Call(2) developed a similar assé¥, 5, 24) but it has been used less
frequently.

Herein we assessed the serotypes distributidn nfonocytogenesolates from
clinical, beef cuts and environment samples from Brazil while evaluating the performance

of these two PCR protocols relative to the serotyping gold standard.

MATERIAL AND METHODS

Microorganisms. A panel 0f134 isolates identified &s monocytogenesas considered
in this study, obtained from tHasteria Culture Collection of Fundagdo Oswaldo Cruz
(FIOCRUZ, Rio de Janeiro, Brazil) and isolated by Camagal. (3) Isolates were

obtained between 1978 and 2012 from different sources: clinical samples (n = 22), beef
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cuts (n = 79) and beef processing environments (n = 33), and they were stored at -20°C
in trypticase soya broth (TSB, Oxoid Ltd., Basingstoke, England) supplemented with
glycerol at 20% (v/v).

Serotyping. All L. monocytogeneisolates were subject to conventional serology using
polyclonal somatic and flagellar antisera produced by the Laboratory of Bacterial
Zoonoses (FIOCRUZ), as previously described by Seeliger and H2hne

Molecular analysis.Isolated colonies from each isolate were transferred to TSB (Oxoid),
incubated at 35°C for 24 h, and the obtained cultures subjected to DNA extraction and
purification using the Wizard Genomic DNA Purification kit (Promega Corp., Madison,
WI, USA). This DNA was subjected to multiplex PCR, as previously described by
Doumith et al. (6) The size of expected PCR included 691 brfm0737, 906 bp for
Imo1118, 597 bp for ORF2110, 471 bp for ORF2819 and 370 bpréoiThe extracted

DNA was also subjected to the Borucki and CA)IPCR assay. Expected PCR products
included 214 bp for D1, 140 bp for D2, 538 bp for FlaA and 483 bp for GLT.

In addition, a modified PCR protocol was developed based on the Borucki an@)Call
assay. In this case extracted DNA was subjected to a multiplex PCR composed of 12.5
uL of GoTag Green Master Mix (Promega), 2 pL of DNA, 40 uM of each of the following
primers: D1 (F, R), D2 (F, R) and GLT (F, R), and ultrapure PCR water (Promega) to a
final volume of 25 pL. Amplification conditions were the same as those described by
Borucki and Call(2) for D1, D2 and GLT primers. A separate PCR was conducted with
the FlaA primers (Borucki and C4R).

L. monocytogenestrains Scott A (serotype 4b), ATCC 7644 (serotype 1/2c), and ATCC
15313 (serotype 1/2a) included as positive controls for all assays. Atypical results
obtained by Doumith method were confirmed independently by the Laboratory of
Bacterial Zoonoses (FIOCRUZ) using the same protocols except reference strains CDC
F4555 (4b) and CDC F6254 (1/2c) were used as positive controls for these reactions.

RESULTS AND DISCUSSION

Based on conventional serology, the majority of clinical isolates were serotype 4b
(68.2%) and 1/2a (22.7%) (Table 1). For beef cuts serotype 1/2c was detected most
frequently (50.6%), but other serotypes were also detected [1/2b (24%), 4b (17.7%) and
1/2a (7.6%)]. Accordingp Orsiet al. (20) serotypes from lineage | (1/2b, 3b, 3c, 4b) can
be isolated from various sources, being overrepresented among human isolates, while

serotypes from lineage Il (1/2a, 1/2c, 3a) are overrepresented among foods, as well as
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environmental sources. For example, Cartwrigthal. (4)reported that clinical isolates

in the U.S. were composed of 60.7% 4b and 33.1% 1/2a. Marin(17)reported a high
prevalence of serotype 1/2c (3&Xfor meat products while serotype 1/2a prevailed
among food contact surfaces (45.5%). According to Odtial. (19) serotype 1/2c is

most commonly isolated from pork meat in Japan while Moegnal. (18)reporteda

high prevalence of serotype 1/2c and 4b in pork processing environment and pork meat
in S&o Paulo state, Brazil. The handling of beef and pork in the same establishments may

explain the high environmental contamination by serotype 1/2c among beef products.

Table 1. Serotypes of the 134. monocytogenesolates used in the present study according to
their sources.

Source Sample type  No. (%) of isolates by serotype
1/2a 1/2b 1/2c 4b Total

Clinical sample¥ - 5227) 2(9.1) - 15 (68.2) 22
Beef cuts - 6 (7.6) 19 (241) 40(50.6) 14 (17.7) 79
Beef processing Carcass 1(14.3) 5(71.4) 1(14.3) 7
environment

Equipment 11 (100) 11

Employee 15 (100) 15

hands
Total 12 21 71 30 134

aone isolate from clinical sample of sheep brain, and other isolates from lelinigad samples.

The Doumithet al. (6)protocol correctly classified 1/2b, 1/2c and 4b isolates into
their corresponding serogroups with 100% accuracy (Table 2). Accuracy was problematic
for 1/2a isolates for which only 42% were correctly serogrouped while the remainder
were misclassified (Table 2). An additional refinement to the Doumith assay, as
described by Leclercqt al. (14)did not distinguish the 4b isolates (serogroup IVb) as
being different from an additional IVb-v1 grouping. The isolates that presented atypical
results (seven isolated from 1/2a serotype, and 15 isolates from 4b serotype) were
subjected to independent PCR testing at the Laboratory of Bacterial Zoonoses
(FIOCRUZ) and all results were confirmed by using the two tested protocols. The
Borucki and Call(2) correctly classified all isolates by the proposed divisions and
serogroups (Table 2). The proposed modifications to the Borucki and2Caksay
produced identical results to the original assay (data not shown).

91



Table 2. Summary of PCR results after amplification protocols according Doumith, @084) and Borucki and Call (2003) bisteria monocytogeneisolates
previously identified according their serotypes by conventional serological tests (Saetidgédhne, 1979).

Serotyp n Doumith, et al. (2004) Borucki and Call (2003)

e
Imo1118 1Imo0737 ORF2110 ORF2819 prs  profile n D1 D2 flaA GLT division n

(serotypes) (serotypes)

1/2a 12 - + - - + lla (1/2a, 3a) 5 - + + - Il (1/2a, 3a) 12
+ + - - + lic (1/2c, 3c} 7

1/2b 21 - - - + + IIb (1/2b, 3b, 7) 21 + - - + | (1/2b, 3b) 21

1/2c 71 + + - - + llc (1/2c, 3c) 71 - + - - Il (1/2c, 3c) 71

4b 30 - - + + + IVb (4b, 4d, 4e) 15 + - - - | (4b, 4d) 30
- + + + + IVb-v1 (4by 15

3Doumith et al., 2004 and Kérouanton et al., 2010
b Leclercq et al., 2011
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Serogrouping proposed by Douméhal. (6)differentiated.. monocytogenesto
four molecular serogroups: lla corresponded to serotypes 1/2a and 3a; llc to 1/2c and 3c;
lIb to 1/2b, 3b and 7; IVb to 4b, 4d and 4e. Nowadays, this is the main protocol considered
for serogroupind.. monocytogeneisolates obtained from food and clinical samples. A
number of the strains from serotype 4b can have an atypical amplification profile, being
named as IVb-v19, 14) (also observed for 15 isolates in the present study; Table 2).
Other studies described strains with this atypical 1Vb-v1 profile from food processing
plants, foods and clinical samplgs 14, 15, 21)Leeet al. (15)demonstrated that IVb-
v1 strains presented a specific gene cassette, comprising thdrgef&84to Imo0739
(6.3 kb) that are common to 1/2a and 3a, 1/2c and 3c strains, suggesting a horizontal gene
transfer to serotype 4b (lineage [), generating the atypical profile IVb-v1.

Moreover, we identified seven strains from serotype 1/2a that presented positive
results tdmo1118 consistent with their inclusion in profile lic (related to serotypes 1/2c
and 3c) (Table 2). Similar results were observed by Doushdh (6)for the EGDe strain,
and Kérouantonet al. (12) reported a similar observation for isolates from food
processing sources and foods. Bécaatiml. (1)compared the genomes of widely used
serotype 1/2a strains 10403S, EGD, and E5Bad showed that the pathogenic EGDe
is more closely genetically related to serotype 1/2c. Consequently, it is possible that many
potentially pathogenic strains from serotype 1/2a can be incorrectly classified as serotype
1/2c; the latter being pathogenic but not common among clinical isolates. This
discordance can be resolved after an additional PCR based on the amplificBaidnrof
these atypical straind2).

The serogrouping method proposed by Borucki and (@llcategorizesL.
monocytogeneisolates into similar groups, as proposed by Doustital. (6) but takes
into consideration the major phylogenetic divisions within the species: Division | includes
serotypes 1/2b, 3b, 4b, 4d and 4e, and Division Il includes serotypes 1/2a, 1/2c, 3a and
3c. A third division was also described (ll1), including serotypes 4a and 4c (less common
serotypes from clinical and food samples), can be identified by adding MAMA-C primers
in the protocol11). We did not include these primers in our study because this lineage is
not usually identified among isolates from human and animal clinical q@éds
Additional PCRIis required for complete identification of possible serotypes in each
Division (2, 24)

Our recommended changes to the Borucki and @albrovided identical results
when compared to the original protocol. The original protocol required three PCR

reactions (one multiplex and two simplex) for complete serogrouping whereas our
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recommended modification requires one less reaction (one multiplex and one simples).
With this improvement in efficiency and the 100% correspondence with conventional
serotyping, this improved protocol may serve practitioner’s needs better than the protocol

described by Doumitkt al. (6)
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ABSTRACT

Listeriosis is a foodborne disease caused by the Gram-positive bdcisteaa
monocytogenegsan intracellular pathogen that modulates its intracellular survival via
vacuolar escape and cytosolic replication. In the present study, we examined the ability
of 59L. monocytogenesirains recovered over the last four decades in Brazil (from beef,
clinical and environmental sources) to invade, replicate and spread in a human intestinal
epithelial cell line (Caco-2). The strains varied widely in their intracellular doubling
times, and there was no clear relationship between serotype or source. Premature stop
codons (PMSCs) were commonimA gene of serotype 1/2c (lineage II) strains from
beef and environment, and significantly afezttheir potential to invade Caco-2 cells
when compared to other serotypes (p < 0.005). There were also significant differences
between serotypes for céti-cell spread: 1/2a strains were generally impaired in their
spreading ability, while most serotype 1/2b exhibited increased spreading ability (p <
0.0001). In addition, we identified three serotype 4b strains that spread nearly twice as
much as the reference strain 10403s. The work presented is consistent with the invasive
potential and cell spread &f monocytogenesacks more strongly with serotype than
source (beef vs. environment vs. clinical), although the most invasive strains were
primarily isolated from beef. Additionally, we have identified isolates that could provide
novel insight into infectivity ot.. monocytogenethat may not be revealed by studying
common reference strains.

KEYWORDS Listeria monocytogeng€aco-2, serotype, invasion, spreading ability

99



Introduction

Listeria monocytogeneis a Gram-positive, rod-shaped, I&&-content (39%)
bacterium that is the etiological agent of listeriosis. Listeriosis is typically characterized
as a sk-limiting gastroenteritis in immunocompetent adults. In more vulnerable
populations, howevet,. monocytogenesan become invasive causing to spontaneous
abortions or stillbirths, sepsis, meningitis, encephalitis, and even ‘déadtality rates
from listeriosis range from 20% to 30%d.. monocytogenes divided into 13 different
serotypes that are grouped into four phylogenetic lineages (I, 11, 1ll, ard*I\Berotypes
1/2a (lineage II), 1/2b and 4b (lineage 1) are responsible for more than 95% of confirmed
cases of listeriosis. Serotype 4b is prevalent worldwide, while serotype 1/2a has become
more common in Northern Europé.

Although allL. monocytogenestrains are considered virulent by regulatory bodies,
genetic diversity in genes needed for infectivity presumably contributes to differential
pathogenicity. For example, the interaction between internalin A (InlA) and the E-
cadherin receptor on human epithelial cells is required for invasive listeriosis. Strains with
mutations that create premature stop codanli attenuaté.. monocytogenes®. Upon
invasion of the host cell,. monocytogenesmploys listeriolysin O (LLOhly) to escape
the phagosom® 1°. Once in the cytosol,. monocytogenesxpressactAthat enables the
bacterium to appropriate host F-actin to power its own motflif¢that, in turn, permits
cell-to-cell dissemination. Strains deficient ily or actA are profoundly attenuated
because they cannot escape the primary infected cell. Studies detailing the intracellular
virulence phenotypes of natutal monocytogenesolates are important because having
the ability to differentiate virulent from less virulent strains based on serotype and
virulence gene sequences could potentially mitigate unnecessary recalls of foodstuffs, and
reveal further insight into how this important human pathogen efficiently hijacks host
cells.

In this study, we used cell-culture (Caco-2) experiments to characterize the
invasion, replication and ceib-cell spread of 59.. monocytogenestrains recovered
over the last four decades in Brazil. Four common serotypes were included (1/2a, 1/2b,
1/2c and 4b) from beef, clinical or environmental sources. We did not observe any
differences in intracellular doubling times when comparing the source or serotype of the
strains. Serotype 1/2c strains were significantly impaired in Caco-2 invasion while most
serotype 1/2b and 4b from beef exhibited invasive phenotypes. We evaluated the

distribution of premature stop codons (PMSCs) initih& gene and found that PMSCs
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are common in serotype 1/2c (lineage Il) from environment and food, but were not present
in any of the 22 strains from clinical cases or those from lineage I. There were also
significant differences in cetb-cell spread between the serotypes, where serotype 1/2a
strains were generally impaired in their spreading ability and serotype 1/2b were found to
have increased spread ability. Further analysis are needed to demonstrate whether
mutations found in thactA gene of each serotype may be affecting thetosl- cell

spread ability.

Results

Intracellular growth of L. monocytogenesin Caco-2 cells

We assessed the intracellular growth ofl59nonocytogenestrains from beef,
clinical or environmental source3dgble 1 and Table S} in Caco-2 cells using a
gentamicin protection assay. At 2 and 8 hours post-infection (hpi), the Caco-2 cells were
lysed and then the bacteria CFUs were enumerated. For all experiments we used the
reference strain 10403S (wild-type) as control. As expedtedhonocytogeneahly
exhibited a significant growth defect, likely due to an inability to access to the cytosol
(Fig. 1A). Additionally, the normonocytogenespp.L. welshimerj L. innocuaandL.
seeligerj which lack the traits required for infection, were unable to grow inside of Caco-
2 cells Fig. 1B). The doubling times ofhly and the othelisteria sp. increased by > 2-
fold in Caco-2 cellsKig. 1C), whereas the doubling time far monocytogenesactA
and AinlAAactA strains was similar to wild-type 10403S. This was consistent with
expectations because InlA only affects entry and ActA deficiency only begins to impair
growth later during infection (>12 h).

Table 1 Listeria monocytogenestrains recovered from Brazil and respective lineages and
serotypes.

Source Total Lineage | Lineage Il

1/2b 4b 1/2a 1/2¢
Clinical 22 2 15 5 -
Environment 12 - 4 3 5
Raw beef 23 7 6 5 5
Cooked meat 2 - 2 - -
Total 59 9 27 13 10
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Figure 1. Intracellular growth oL. monocytogenesolates in Caco-2 cells. Caco-2 cells were
infected with the indicatetl. monocytogenestrains (A) orlListeria spp (B) and CFUs were
enumerated at 2 and 8 hours post-infection (hpi). (C) Intracellular doubliag tihthe indicated
control strains inside Caco-2 cells. (D) Intracellular doubling tinfe§9oL. monocytogenes
isolates plotted according to serotype and source (D), source only (F), or seroyy(@)o(iE)
Growth curves of selected serotype 1/2a strains. (H) Percent distribution of the stidiisg
increased (>70 min, blue), equivalent (grey), or reduced (<57 min, red) intracdbuiling
times as compared to the 104Q33nonocytogendsab strain. Error bars represent mean + SD of
2 biological replicates performed in technical duplicate, and where allpdaits are shown
medians are indicated by horizontal bars. (D, F, G) Each data point represents the mean of 2
biological replicates performed in technical duplicate.

When we calculated the doubling times of theL5%nonocytogenestrains, we

did not observe any statistically significant differences when the strains were grouped by
serotype or sourcd-i{g. 1D-G). There were 2 strains both serotype 1/2a, 2137 (clinical,
CSF of newborn) and 2140 (clinical, placenta), that exhibited a huge growth defect andnot
grow in Caco-2 cells, respectivelyig. 1E). To ensure that these or any growth
differences observed in Caco-2 cells were not due to general slow growth defects, we
assessed the BHI broth growth of all of the strains. There were five strains (2138, 3728,
3864, 2140 and 1078) that grew slightly slower in BHI and 3 strains (3738, 3712, and
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2137) that grew significantly sloweFig. S1A). Although 2140 grew slightly slower in
BHI, it was significantly impaired for growth in Caco-2 cells and was indeed the most
attenuated strain of all the 59 strains tesked.(LE andFig. S1B).

There were only 2 strains, 3864 (beef, serotype 1/2a) and 2137, that had
equivalently impaired growth in BHI and Caco-2 cells, and therefore these strains were
not included in the general doubling time analyses. As expectel, thenocytogenes
mutant strainsAhly, AactAandAinlAAactA) andListeria spp. showed no difference in
BHI growth versus 10403S wild-typ&ig. S10. We also did not observe any trends
between serotype or source with respect to the distribution of the percent of strains that
exhibited increased (> 10403S), similar (= 10430S), or decreased (< 10403S) doubling
times Fig. 1H and Fig. S1D. Therefore, the variability in intracellular replication seen
amongst these 59 strains is likely to be determined by strain-specific factors rather than

by serotype or source.

Invasion of L. monocytogenes into Caco-2 cells

To assess the invasion ability of the strains, we compared the CFUs within Caco-2 cells
at 2 hpi. Invasion defects were confirmed in the contrilsiAAactA and non-
monocytogenes.isteria spp. €ig. 2A). Unlike intracellular replication, there were
significant differences in invasion ability between serotypes. Serotype 1/2c strains were
significantly impaired for invasion, independent of the source (beef versus environment)
(Fig. 2B-D and Table S]. While 50% of serotype 1/2c strains had increased doubling
times in Caco-2 cells§g. 1H), none of these strains exhibiting decreased doubling times
(Fig. 1H). Thus, this serotype appears to be generally attenuated for both invasion and
growth. Interestingly, although we previous observed that all serotype 1/2b strains were
within the standard deviation of doubling time of 10403%g.( 1G), they vary
significantly in their ability to invade, with 50% these strains exhibiting increased
invasion versus 10403%i¢. 2C and 2B. Of all the serotypes examined, serotype 4b
strains exhibited the highest variability in both intracellular growt.(1G and 1H as

well as invasionKig. 2C).
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Figure 2. Invasion ofL. monocytogendsolates into Caco-2 cells. (A) Invasion ability plotted as
the CFU of the indicated strains at 2 hpi divided by the CFU of 10403S. Invasion ability..of 59
monocytogeneisolates plotted according to serotype and source (B), serotype onlys@iroe

only (D). (E) Percent distribution of the strains exhibiting defective iowaé<0.7, blue),
equivalent invasion (grey), or hyper-invasion (>1.5, red) compared to 10403S. (F) Comparison
of invasion of serotype 4b strains sorted by source. All data points are showre@iadsrare
indicated by horizontal bars. (B-D, F) Each data point represents the meambialbgical
replicates performed in technical duplicate. *p < 0.05; **p < 0.005; ***p = 0.0007, Mann-
Whitney U test.

Although there was large variation in invasion ability within and across the
sources, we found that 50% of the beef isolates were more invasive than 10403S versus
just 30% of environment and clinical isolat€gy 2E). Serotype 4b strains isolated from
beef were significantly more invasive (p < 0.005) than 4b strains isolated from clinical
sourceskig. 2F and S2A. We also looked at the strains within serotype or sources when
invasion and intracellular doubling times were plotted together. There were no broad

trends evident between sources, but we did observe that serotype 1/2c strains were all
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similar in their trends towards reduced invasion and increased doubling EigeSZB
and S20.

Detection of premature stop codonsin inlA of L. monocytogenes

Five (41.7%) strains from environment and five (21.7%) from raw beef harbor three
different premature stop codons (PMSCgplA. Interestingly, we did not detect PMSCs
in any of the clinical strainsTéble 2). Nearly all (9/10) serotype 1/2c strains carry
PMSCs Table 3), which likely explains the significant invasion defect we observed for
this serotypeKig. 2C). We found several 1/2a and 1/2c strains with mutations leading to
amino acid changes, including strains from lineage Il expressing amino acids commonly
observed from lineage F{g. 3A). We also identified two strains from serotype 4b with
9-nucleotide deletions (2167 and 3192, from clinical and beef, respectively), resulting in

a 3-amino acid residue deletidrid. 3A).

Table 2. Listeria monocytogenesvith inlA mutations resulting in premature stop codons
(PMSCs) or 9 nucleotide deletion resulting in 3 amino acid residue deletion.

inlA genotype Clinical strains (%) Environmental Raw beef Cooked meat
With PMSCs - 5 (41.7) 5(21.7) -

type 6 - - 1(4.3) -

type 11 - 1(8.3) 1(4.3) -

type 19 - 4 (33.3) 3(13) -

Without PMSC$ 22 (100) 7 (58.3) 18 (78.2) 2 (100)

With 3 amino acid 1 (4.5) - 1(4.3) -

residue deletion

! Including the two strains with 3 amino acid residue deletion.
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Table 3. Details of each premature stop codons (PMSCs) identifietbieria monocytogeneaslA genotypes.

AA position  PMSC type  Mutant allelic  Wild-type allelic Strains Serotype Source Multiple Previous described by:
type type state
492 6 TAG CAG 3864 1/2a Raw beef no Nightingale 2008;
Ragon et al. 2008,
Van Stelten et al. 2010,
Kanki et al. 2015
685 11 TAG TGG 45, 232 1/2c Environment no Rousseaux et al. 2004;
and raw beef Ragon et al. 2008,
Kovacevic et al. 203,
Kanki et al. 2015
326 19 TAA GAA 1%, 133, 139, 1/2¢ Environment  yes Wau et al. 2016
227,508, 525, and raw beef
3726
! raw beef

2 environment
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Figure 3. Sequence analysis of internalin A acrbssnonocytogeneisolates. (A) Alignment of
the internalin A protein sequences from Lineage | and Il strains showing amihweaaiction
versus the 10403S reference lab strain (green boxes), deletions (red boxesddoctioh of
premature stop codons (black boxes). (B) Invasion ability plotted as the CFUs of tateitdi
strains at 2 hpi divided by the CFUs of 10403S. Strains carrying a prematucedbopPMSC)
type 6 (green), type 11 (maroon) or type 19 (blue) are indicated.

Correlating the results from the sequence analysis with the invasion phenotypes, it
was clear that the PMSCs, particularly type 19, had an impact on invasion while the 3-
amino acid deletion did noFig. 3B). There was no correlation between invasion and
growth defects, as most of the strains grew normally once inside of Caco-Zaglls (
S3. We also identified strains that exhibited attenuated invasion despite encoding a full-
length InlA, suggesting other mechanisms can impact invasion aside frortAtbeding

sequence (data not shown).
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Cell-to-cell spread of L. monocytogenesisolatesin Caco-2 cells

We characterized the ceb-cell spread phenotypes of the 59 strains by measuring
the area of bacterial spread by microscopy within a monolayer of Caco-2 cells &fter 24
We observed significant differences in areas of foci across the serotypes, with serotype
1/2a strains exhibiting impaired spread and serotype 1/2b strains exhibiting increased
cell-to-cell spread abilityKig. 4A, 4B, Fig. S4 and Table §1There was no correlation
between celto-cell spread and the source of the straifg.(4C and 4D. There were 3
interesting clinical strains (1015, 2944, and 3723) from serotype 4b that formed the
largest foci and significantly deviated from the standard foci areas of their sereiype (
4A-B).

Both LLO, encoded byly, and ActA are important virulence determinants of
cell-to-cell spread. We noted striking similarities between strains that were unable to
spread (3864 beef 1/2a, 2140 clinical 1/2a, 2137 clinical 1/2a, and 3726 beef 12c) and
monocytogeneshly andAadA (Fig. 4F-H). All of these strains had increased doubling
times, which is consistent with a defect in vacuolar escapghbsbut not AactA,
exhibited an increased doubling tim&ig. 1). However, 2137 and 2140 were
significantly more impaired for growth thashly, therefore a defect in phagosomal

escape is not fully sufficient to explain their growth defects.
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Figure 4.Cell-to-cell spread oE. monocytogendsolates in Caco-2 cells. Quantification of focus
areas of 5&. monocytogendsolates plotted according to serotype and source (A), serotype only
(B), or source only (C). Data are presented as the percent focus size ambnapz0403S. (D)
Percent distribution of strains exhibiting smaller foci (<85%, blue), equivakaréy foci (grey),

or larger foci (>115%, red) as compared to the 10403S lab strain. (E, F) Imades of
monocytogenefyreen) as they spread through Caco-2 cells (black area) for 24 &ad Diod
indicates the edge of the focus area. Scale bar = 50 pm. (A-C) Each data pesetimsghe mean

focus area (n = 32 £ 12). *p < 0.05; **p < 0.009; ***p = 0.0002, ****p < 0.0001, Mann-Whitney
U test.

Detection of SNPs leading to non-synonymous mutations and deletion of 105 bp in
actA gene

The ActA protein is composed by multiple functional domains and has a crucial
role in bacterial actin-based motility, as well as mediate escape from autophagic
recognition. Among the strains from lineage Il (except 3872), only one strain (3864) from
serotype 1/2a exhibited SNPs leading to hon-synonymous mutatiagsAi{iTable 4).
Interestingly,actA of strain 3872 (1/2a) showed high identity with serotype 1/2b, and
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because this we placed 3872 with serotype 1/2b to extract SNPs. Different from strains
of lineage I, various SNPs leading to non-synonymous mutations were identified among
lineage | straingTable 4). Considering the results obtained in cell spread experiment, the
mutations identified in 1/2b strains may contribute to increasetae##! spread,
demanding further analysis to confirm this hypothesis. Moreover, all strains from
serotypes 1/2b, 1/2c, and 4b exhibited a 105 bp deletion after the base 792 (aa 260).
Curiously, seotype 1/2a strains (that presented the cometa sequence) exhibited

lower cellto-cell spread ability in Caco-2 when compared to other serotfgesAB).

Hemolytic and phospholipase C activity
LLO and phosphatidylinositol-specific phospholipase C (PI-PLC) are virulence
determinants only present in monocytogeneandL. ivanovii Hemolytic and PI-PLC
activity of some strains unable to invade and spread, as well as some strains that spread
significantly more were assessed on blood agar and Agar Listeria according to Ottaviani
and Agosti (ALOA). The results showed that avirulent, non-spreading strains (2137 and
2140) exhibited hemolysis defect and no hemolysis on horse blood agar, respectivelyv
(Table 5 andFig. 5A) and completely lacked hemolysis activity on bovine blood agar
(Fig. 5B), consistent with the absence of LLO activity. While non-invasive strains that
carry PMSCs type 6 (3864) and type 19 (3726) exhibited normal hemolysis on horse and
sheep blood agar, little hemolysis on bovine blood agar, and presented normal PLC
activity (Fig. 5B).

Strain 2137 displayed uncommon small colonies on ALOA and low PI-PLC
activity, while the most attenuated strain (2140) exhibited absence of PLC aétigity (
5C). Strains that were average in spreading ability or spread significantly more exhibited
normal hemolytic and PI-PLC activitffable 5). Taken together, these results are in

agreement with what we observed in Caco-2 cells for intracellular growth and cell-
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Table 4: SNPs imactAleading to non-synonymous mutations across thedi8ria monocytogenes.

Lineage Serotype Nucle. Posi.  Wild Mutant AA Position wild Mutant Isolates
Il 1/2d 1210 C A 404 L M 3864
1259 A C 420 E A 3864
1/2¢ none
I 1/2p 336 T G 112 D E 3872, 2083, 2138, 7, 441, 3865, 3869, 3870
371 A C 124 D A 3870
1044 C G 348 I M 3872, 2083, 2138, 7, 441, 3865, 3869
1265 C G 422 T S 2083, 2138, 7, 441, 3865, 3869
1276 C T 426 P S 3872, 2083, 2138, 7, 441, 3865, 3869
1598 G A 533 G E 3872, 2083, 2138, 7, 441, 3865, 3869, 3870
4p 265 c G 89 L V 1015
336 T G 112 D E 629, 2167, 2168, 2930, 3723, 3734, 3739, 233, 12829,
74,3192, 3724, 3863
1040 T C 347 L P 629, 2167, 2168, 2930, 3723, 3734, 3739, 233, 12829,
74,3192, 3724, 3863
1044 G C 348 M I 2168, 2930, 3734, 1282, 74
1265 G C 422 S T 2167, 2168, 2930, 3723, 3734, 3739, 233, 1282, 3729
3192, 3724, 3863
1276 T C 426 S P 2167, 2168, 2930, 3723, 3734, 3739, 233, 1282, 3729
3192, 3724, 3863
1460 C A 487 A E 2167,3723, 3739, 233, 3729, 3192, 3724, 3863
1524 T A 508 D E 3863

1 SPNs extracted usiractA sequence of strains 10403s and EGD-e as referé@fiNs extracted usiractA sequence of LM41 (1/2c) as refereAc®PNs extracted usiragtA
sequence of LM11 (1/2b) as referent8PNs extracted usiragtAsequence of F2365 (4b) as refereficmrotype 1/2a
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Table 5. Details of virulence phenotypes exhibited by selectsiéria monocytogenas Caco-2 cells, hemolysis activity, phospholipase activity and morphology.

ID Source Serotype  Doubling time Foci Hemolysis PLC activity
(min) area (%) (ALOA)?
Horse  Bovine
L. innocua Raw beef 6a - - -
L. monocytogenes
ATCC 15313 (avirulent) Rabbit 1/2a - - ++++
ScottA Clinical (human) 4b +++ ++ +++
2137 CSF of newborn 1/2a 211,94 1,00 + - +
2140 Placenta 1/2a 1264,03 1,00 - - -
3712 CSF 1/2a 62,34 63,72 +++ ++ +4++
3864 Raw beef 1/2a 95,40 1,00 +++ ++ +4++
732 Raw beef 1/2a 60,38 102,43 +++ ++ +++
159 Meat grinder 1/2a 63,47 83,79 +++ ++ +++
3726 Raw beef 1/2¢c 94,22 1,00 +++ ++ 4
7 Raw beef 1/2b 63,09 99,63 +++ ++ 44+
441 Raw beef 1/2b 66,32 157,61 +++ ++ +++
1015 Blood (kidney transplantation) 4b 57,27 187,83 +++ ++ +++
2930 Blood (newborn sepsis) 4b 95,32 85,36 +++ ++ +++
2944 CSF 4b 56,95 203,57 +++ ++ +++
3723 CSF 4b 62,14 180,23 +++ ++ +4++
3738 Sheep brain 4b 73,41 61,56 +++ ++ +++
3724 Raw beef 4b 73,11 110,79 +++ ++ +++

The spread ability of WL. monocytogenesas calculated in compassion with 10403S, and expressed as percentagedfo€il®403S was considered 100%8)gar Listeria
according to Ottaviani and Agosti (ALOA)},negative, ++++ enhanced activity, +++ normal activity, ++ moderated activiiiyle activity.
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strains in horse (A), cow (B) blood agar plates. (C) Phosphatidylinggigalific phospholipase C activity on Agar Listeria according to Ottavidnigasti (ALOA).
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to-cell spread Kig. 1E and Fig. 4F-H. Further genomic analyses are needed to

determine where the mutations conferring these nonvirulent phenotypes are located.

Discussion

L. monocytogenebas a range of virulence factors in order to cross the intestinal,
placental, and blood-brain barriers, resulting in dissemination to the fetus and central
nervous system® 4 The majority ofL. monocytogenestrains studied here did not
present significant differences in the intracellular doubling times in Caco-2 cells, with
only 7% of strains exhibiting increased replication compared to the 10403S labFsgain (
1A-H), which has never being linked to caused a confirmed laboratory-acquired infection
in people. These data suggest that the virulence of natunabnocytogeneisolates is

more likely to be influenced by factors affectibgmonocytogendgfe cycle rather than
intracellular growth, and as such assays other than intracellular growth should be
employed for future characterizations.

We also determined that the invasiveness andt@ek!l spreading oflL.
monocytogenstrains in Caco-2 cells can be distinguished based on serotype and not by
the strain origin (beef vs. environment vs. clinic&ig(2A-F). The invasion defects seen
with serotype 1/2c isolates are likely due to the presence of PMSCs that we identified in
the virulence factors such as InlA are commonly observed in strains from environment
and food, but not among those from clinical ca%eSo far, 21 PMSCs have been
described in th&lA gene, including three (types 19, 20, and 21) recently identfi&t
We found that all 1/2c strains carrying PMSCs were hampered in their ability to invade
Caco-2 cells, similar to what we observed for other, non-pathogesteria species or
AinlAAactA

There are few reports of PMSCsiitA among clinical strain® " 18 including
type 6 and 11, which we detected only in strains from beef and the enviromiged{

B). PMSCs ininlA were not identified among our 22 clinical strains or among lineage |
strains recovered from Brazil, supporting the idea that they are not common among
clinical strains. We also identified two serotype 4b strains with 9-nucleotide deletions
(2167 and 3192) that exhibited normal invasion, which is consistent with previous
observations®. Interestingly, we found that serotype 4b strains from beef were among
the most invasive of all of the strains tested. It is unclear what governs increased invasion

into Caco-2 cells, whether these strains have more InlA on their surface or if some other
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factor is involved. Nevertheless, these data indicate that 4b contaminants on beef may
represent a real risk for epithelial invasion.

We identified two serotype 1/2a strains, 2137 and 2140, isolated from the CSF of
a child newborn and placenta, respectively, which were markedly attenuated for
intracellular growth and cetb-cell spreadKig. 1E and Table S). These strains lacked
hemolytic activity and 2140 was further deficient in PLC activiggg( 5A-C). The
intracellular growth defect of these strains was more pronounced tinaonocytogenes
10403S deficient in LLO, therefore these strains may have other mutations affecting their
growth ability in Caco-2 cells. It is curious that a strain lacking LLO and PLC activity
and which grows so poorly in host cells could be isolated from the placenta. Genomic
analyses of this strain would likely serve to enlighten the basis of its survival inside the
host and whether mutations at LIPI-1 are leading to its avirulence in Caco-2 cells.

An important mechanism of immune evasiornLbynonocytogenas its ability to
spread celto-cell using actin-based motility. This virulence attribute allolvs
monocytogeneso remain hidden within epithelial cells where it evades targeting by
complement, antimicrobial peptides, and neutrophils. The resulstéfsequencing
revealed that serotypes 1/2b, 1/2c, and 4b ba@® bp deletion: possessing three instead
of four proline-rich region in actA protein. Moriishi, Terao, Koura and Irf8seggested
that incidence of two aleles attAgene (with and without the 105 bp) are similar among
isolates recovered from humans, suggesting that the number of the proline-rich repeat
units in ActA protein may not drastically affect the virulenceLofmonocytogenes
Similar as had been observed by Roberts and Wiedmanithe present study
demonstrated that 105 bp are conserved only amorgtédlisequences of 1/2a strains,
which is in agreement with other studies that suggested which 105 bp deletion is more
linked to lineage | strains and often detected among clifiégldemonstrating that the
mutation does not affect the functionality of the protein. Perhaps, it may confer even an
advantage, as most serotype 1/2a strains studied here (that have the caotplete
sequence) exhibited significand defects duringtoetlell spread in Caco-Figure 4B),
demanding to further analysis to confirm this hypothesis, as well to confirm if the
mutations in actA of 1/2b are related with increasetcetlell spread ability.

Serotype-level analyses revealed that most 4b strains from beef are inkagive (
2F) while 1/2b strains spread more in Cacd-RBj( B). Perhaps not coincidentally, these
serotypes are most often associated with human disease. Among these serotypes, the
strains isolated from beef presented the most extreme virulence attributes amongst the

strains tested in this study. Regardless of their origins, the appearance of these phenotypes
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in vitro using Caco-2 cells provides a tractable model for better understanding the factors
that increase invasion and spread amongst natural isolates. Novel mechanisms of
increased invasion and spread are unlikely to be revealed by the comman lab
monocytogenestrains EGD and 10403S that are both serotype 1/2a. In addition to the
serotype-specific and strain-specific phenotypes uncovered in this work, these data
provide a valuable reference foisteriaresearchers as we have thoroughly detailed and
validated the virulence attributes of B9monocytogenedsolates which could be used to

uncover novel mechanism of pathogenesis.

Materials and Methods

Bacterial strains

A total of 59 L. monocytogenestrains from serotypes 1/2a (n=13), 1/2b (n=9), 1/2c
(n=10), and 4b (n=27) were included in this study, most of them from CLIST collection,
FioCruz Table SJ1. Twenty two were from clinical cases, 12 from food-processing
environment (referred to as “environmental” strains), and 25 from beef samples (Table

1). L. welshimeri, L. innocua, L. seeligeandL. monocytogene$0403S (wild-type)

were used as a control for infection assays, as well the mutant atirdi&ctA AactA
andAhly (all in the 10403S background).innocua L. monocytogeneScotA ans ATCC
15313 were used as control for hemolysis and phospholipase C activity assays. Pure
cultures were maintained at —80°C in brain heart infusion broth (BHI, Oxoid Ltd.,
Basingstoke, England) in the presence of 20% (v/v) glycerol (Merck, Whitehouse Station,
NJ, USA), and recovered in BHI agar prior use.

Cdl culture

Human colon carcinoma enterocyte-like epithelial cells (Caco-2) were growfGatr87
controlled atmosphere of 5%0O, in Dulbecco modified Eagle medium (GIBCO),
supplemented with 20% heat inactivated fetal bovine serum (Thermo Scientific
HyClone), 1% L-glutamine, and 1% sodium pyruvate (Thermo Fisher Scientific). Cells

were passaged every 2-3 days and maintained at <70% confluency.

Intracellular CFU enumeration
TheL. monocytogenestrains were grown in Brain Heart Infusion (BHI) media at 30°C
overnight without shaking to stationary phase §3D1.1-1.3). 1 mL of the overnight

culture was washed 3 times and resuspended in 1 ml of 1X PBS. Caco-2 cells were
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infected as previously describéd with an MOI of 2. Briefly, growth curves were
performed in 12-well plates with 0.5 x (LCaco-2 cells seeded in 1 mL the before
infection. At the time of infection, the cell monolayers were washed with 1X PBS and
infected in complete medium containing 0.1% FBS for 1 h at 37°C. After that, the media
was removed, cells were washed twice with 1X PBS, and medium supplemented with 50
ug/mL of gentamicin was added to kill extracellular bacteria. At 2 h and 8 h post-
infection, the cells were washed twice with 1X PBS, lysed in 300 pL of cold MilliQ water,
and plated for enumeration. For every infection set, the reference strain 10403 was

included.

inlA sequencing

DNA extraction of 59L. monocytogenestrains was performed using the Wizard
Genomic DNA Purification kit (Promega). The 2,400ibjA was amplified following
recommendations previous described by Ragon, Wirth, Hollandt, Lavenir, Lecuit, Le
Monnier and Brissé®. The forward primer was 5’-CGGATGCAGGAGAAAATCC3’

and reverse was 5’-CTTTCACACTATCCTCTCC3’. The obtained sequences were

analyzed using MEGA software version 6.

Microscopy and image analysis

To measure Listeria cell spreading, 0.75 ¥ &6lls/mL Caco-2 cells were plated on
collagen-coated glass coverslips (Corning BioCoat) within 6-well plates and infected with
a range of MOls (0.02 100) that depended on the invasiveness of the stramensure

no overlap between the foci and to ensure sufficient recovery of foci. After 20 h the cells
were fixed in 3.5% formaldehyde (Thermo Fisher Scientific) and blocked in Tris-buffered
saline with 1% BSA (Sigma). Staining was performed using Listeria O Antiserum (BD
Difco 223021) and phalloidin (F-actin probe) (Thermo Fisher Scientific). The coverslips
were mounted with ProLong Gold Antifade Mountant with DAPI (Thermo Fisher
Scientific). A Nikon Eclipse E600 microscope with a Qlmaging Retigia EX CCD Camera

was used for imaging. Determination of focus areas were done using ImageJ software.

Deep sequencing, assembly, and SNPs extraction of actA gene

A total of 40L. monocytogenasolates representatives of virulence diversity observed in
cells were selected for deep sequencing. The genomic DNA was extracted using the
DNeasy Blood and Tissue kit (QIAGEN, Germany), following the manufacturer's

instructions. Listeria genomes were sequenced using lllumina MiSeq platform (lllumina,
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San Diego, CA, USA) and reads assembled udegovo The alignment oactA was
performed using as reference sequences from each serotype: 10403S and EGD-e for
serotype 1/2a (NC_017544.1 and AL591824.1), LM41 for serotype 1/2c
(NZ_MJBT00000000.1), LM11 for serotype 1/2b (CP019624.1), and F2365 for serotype
4b (NC_002973.6). SNPs were extracted basedcth alignment using the software
MAUVE.

Hemolysis and phospholipase C activity

The hemolytic activity was determined as recommended by ISO 11298-The strains

that exhibited avirulent phenotypes (2137, 2140, 3864 and 3726), as well some strains
that exhibited spread significant more or average spreading, were recovered on agar BHI
prior use (24 h at 37°C) and inoculated on 8% blood agar (Isofar, RJ, Brazil) at 37°C for
24 h (the agar plates were made using blood of horse, sheep and bovine). The
phospholipase C activity was evaluated on Agar Listeria according to Ottaviani and
Agosti (ALOA) as recommended by ISO 11290-1.

Statistical Analyses
Data were analyzed using Prism 6 software. Statistical significance is indicated in the
figure legends.
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Supplementary Figure 1 Growth ofL. monocytogeneisolates in BHI broth. (A) Absorbance

595 values of cultures grown statically at 37c and shaken 30 sec prior tp teads. (B)
Intracellular doubling times of the indicatéd monocytogeneisolates inside Caco-2 cells. (C)
Same as in (A) but data are showing ofhisteria spp. (nonmonocytogengsas well as control
strains used in the study. (D) Percent distribution of the strains éxgiloicreased (blue),
equivalent (grey), or reduced (red) intracellular doubling times as comfuated 104033..
monocytogenelab strain. Data are similar to those shown in Figure 1H except here they are
segregated by both serotype and source. (A, C) Data represent the means ofcabiefdgiates

for each strain. (B, D) Data are from 2 biological replicates performedhmical duplicate, and
medians are indicated by horizontal bars. ***p < 0.0001, ordinary one-way ANOVA.
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Supplementary Figure 2. Invasion of L. monocytogene@to Caco-2 cells. (A) Percent

distribution of 59L. monocytogeneisolates exhibiting defective invasion (blue), equivalent

invasion (grey), or hyper-invasion (red) as compared to the 104088nocytogendab strain.
Data are similar to those shown in Figure 2E except here they are segregatdu ssrdigpe
and source. XY plots comparing invasion ability (Y axis) with intracaldloubling times (X

axis) in Caco-2 cells segregated according to source (B) or serotyfi@af€yepresent the mean

from 2 biological replicates performed in technical duplicate.
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Supplementary Figure 4.Cell-to-cell spread ofL. monocytogeneisolates in Caco-2 cells.
Percent distribution of 5B. monocytogendsolates exhibiting smaller foci (blue), equivalently

sized foci (grey), or larger foci (red) as compared to the 10403S lab straimrarBatenilar to

those shown in Figure 4D except here they are segregated by both serotype and source. Data
represent the mean from 2 biological replicates performed in technical duplicate.
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Supplementary Table 1.

Serogrouping by PCR Caco-2
Invasion .
ID State | Year Source Serotype | Boruckiand | Doumith et | inlA PMSC | (CFU/CFU Er‘r’]‘ég"(ﬁm) Foci area (%
Call 2003 al. 2004 10403S) AVG 10403S) AVG
AVG
10403S wild-type 1/2a 1,00 63,50 100,00
10403S AhlyA 1/2a 0,68 122,41 1,00
10403S AactA 1/2a 0,83 58,32 1,00
10403S AinlA 1/2a
AactA 0,01 61,15 1,00
L. innocua 6a MG 2010 environment (dirty knife) 6a 0,04 583,21 1,00
L. innocua 6b MG 2011 raw beef (refrigerated) 6b 0,01 378,17 1,00
L. welshimeri MG 2009 environmental (bovine carcass) -- 0,01 223,36 1,00
L. seeligeri MG 2012 environment (dirty table) -- 0,01 134,40 1,00
CLIST 1078 SP 1986 clinical (blood of kidney transplantation| 1/2a 1/2a ou 3a 1/2c ou 3c 0,87 71,76 96,00
CLIST 2137 PR 1983 clinical (CSF of newborn) 1/2a 1/2a ou 3a 1/2c ou 3c 0,03 211,94 1,00
CLIST 2140 PE 1978 clinical (placenta) 1/2a 1/2a ou 3a 1/2a ou 3a 2,54 1264,03 1,00
CLIST 3712 SP 1978 clinical (CSF) 1/2a 1/2a ou 3a 1/2c ou 3c 5,89 62,34 63,72
CLIST 3732 DF 1989 clinical (CSF) 1/2a 1/2a ou 3a 1/2c ou 3c 0,39 69,93 47,52
LO7 RS 2010 environmental (bovine carcass) 1/2a 1/2a ou 3a 1/2a ou 3a 26,50 63,80 83,19
159 PR 2005 environmental (grinder) 1/2a 1/2a ou 3a 1/2c ou 3c 1,38 63,47 83,79
CLIST 3872 SC 2004 environment (swine carcass) 1/2a 1/2a ou 3a 1/2aou 3a 5,87 40,97 44,09
CLIST 732 MT 2009 raw beef (refrigerated) 1/2a 1/2a ou 3a 1/2a ou 3a 1,96 60,38 102,43
CLIST 3183 SP 2006 raw beef (frozen) 1/2a 1/2a ou 3a 1/2c ou 3c 0,56 65,69 88,68
CLIST 3186 SP 2006 raw beef (frozen) 1/2a 1/2a ou 3a 1/2c ou 3c 4,60 65,23 76,63
CLIST 3727 SP 2003 raw beef (frozen) 1/2a 1/2a ou 3a 1/2a ou 3a 1,71 47,44 56,54
CLIST 3864 RS 2002 raw beef (refrigerated) 1/2a 1/2a ou 3a 1/2aou3a |type6 0,04 95,40 1,00
CLIST 2083 RJ 2008 clinical (blood, patient with lymphoma) | 1/2b 1/2b ou 3b 1/2b,3bor7 0,24 67,97 113,85
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Serogrouping by PCR Caco-2
Invasion .
ID State | Year Source Serotype | Boruckiand | Doumith et | inlA PMSC | (CFU/CFU Er‘r’]‘ég"(ﬁm) Foci area (%
Call 2003 al. 2004 10403S) AVG 10403S) AVG
AVG

CLIST 2138 SP 1982 clinical (CSF, meningitis) 1/2b 1/2b ou 3b 1/2b,3bor7 0,84 67,21 144,04
7 MG 2009 raw beef (refrigerated) 1/2b 1/2b ou 3b 1/2b,3bor7 29,67 63,09 99,63
CLIST 441 MT 2010 raw beef (refrigerated) 1/2b 1/2b ou 3b 1/2b,3b or 7 3,95 66,32 157,61
CLIST 3063 MT 2007 raw beef (refrigerated) 1/2b 1/2b ou 3b 1/2b,3bor7 0,44 66,24 135,77
CLIST 3865 SP 2002 raw beef (seasoned) 1/2b 1/2b ou 3b 1/2b,3b or7 5,31 57,84 116,84
CLIST 3866 SP 2002 raw beef (seasoned) 1/2b 1/2b ou 3b 1/2b,3bor7 6,80 60,15 133,31
CLIST 3869 RJ 2004 raw beef (refrigerated) 1/2b 1/2b ou 3b 1/2b,3b or7 0,99 62,60 156,80
CLIST 3870 MT 2004 raw beef (frozen) 1/2b 1/2b ou 3b 1/2b,3bor7 0,09 67,71 167,96
19 MG 2009 environment (meat handlers) 1/2¢c 1/2c or 3c 1/2cor3c |type 19 0,25 70,29 87,97
133 RS 2010 environment (knife) 1/2c 1/2c or 3c 1/2cor3c |type 19 0,18 69,81 114,28
139 MG 2010 environment (dirty table) 1/2¢c 1/2c or 3c 1/2cor3c |type 19 0,11 59,84 97,86
227 RS 2010 environment (table) 1/2¢c 1/2c or 3c 1/2cor3c |type 19 0,03 64,84 100,31
232 MG 2010 environment (clean table) 1/2¢c 1/2c or 3c 1/2cor3c |type 11 0,04 64,01 117,25
45 MG 2010 raw beef (refrigerated) 1/2¢c 1/2c or 3c 1/2cor3c |type 11 0,60 77,60 94,44
508 MG 2012 raw beef (refrigerated) 1/2¢c 1/2c or 3c 1/2cor3c |type 19 0,25 65,44 92,51
525 MG 2012 raw beef (refrigerated) 1/2¢c 1/2c or 3c 1/2cor3c |type 19 0,16 64,81 86,90
581 MG 2012 raw beef (refrigerated) 1/2c 1/2c or 3c 1/2c or 3c 0,05 78,69 98,87
CLIST 3726 SP 2003 raw beef (frozen) 1/2¢c 1/2c or 3c 1/2cor3c |type 19 0,03 94,22 1,00
247 RJ 2007 clinical (blood of stillbirth) 4b 4b, 4d, 4a, or 44 4b, 4d, 4e 0,87 73,98 81,42
CLIST 629 ES 2010 clinical (CSF) 4b 4b, 4d, 4a, or 49 IVb-v1 16,60 61,64 79,92
CLIST 1011 SP 1985 clinical (blood of kidney transplantation| 4b 4b, 4d, 4a, or 44 4b, 4d, 4e 4,60 54,26 106,73
CLIST 1015 SP 1985 clinical (blood of kidney transplantation| 4b 4b, 4d, 4a, or 49 4b, 4d, 4e 4,56 57,27 187,83
CLIST 2167 SP 1997 clinical (CSF) 4b 4b, 4d, 4a, or 49 4b, 4d, 4e 1,02 84,46 126,81
CLIST 2168 RJ 2007 clinical (CSF of of stillbirth) 4b 4b, 4d, 4a, or 44 IVb-v1 0,08 64,79 109,28
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Serogrouping by PCR Caco-2
Invasion .
ID State | Year Source Serotype | Boruckiand | Doumith et | inlA PMSC | (CFU/CFU Er‘r’]‘ég"(ﬁm) Foci area (%
Call 2003 al. 2004 10403S) AVG 10403S) AVG
AVG
CLIST 2930 RJ 2004 clinical (blood newborn sepsis) 4b 4b, 4d, 4a, or 44 IVb-vl 0,13 95,32 85,36
CLIST 2944 SP 1997 clinical (CSF) 4b 4b, 4d, 4a, or 49 IVb-v1 6,30 56,95 203,57
CLIST 3723 RJ 1990 clinical (CSF) 4b 4b, 4d, 4a, or 49 4b, 4d, 4e 0,49 62,14 180,23
CLIST 3733 DF 1989 clinical (CSF) 4b 4b, 4d, 4a, or 44 4b, 4d, 4e 0,44 79,96 93,18
CLIST 3734 PE 1989 clinical (CSF) 4b 4b, 4d, 4a, or 49 IVb-v1 0,03 77,64 98,17
CLIST 3735 SP 1985 clinical (blood of kidney transplantation| 4b 4b, 4d, 4a, or 44 4b, 4d, 4e 0,31 67,32 95,78
CLIST 3737 SP 1980 clinical (CSF, meningitis) 4b 4b, 4d, 4a, or 49 4b, 4d, 4e 0,08 69,69 89,06
CLIST 3738 RJ 1987 clinical (sheep Brain) 4b 4b, 4d, 4a, or 44 4b, 4d, 4e 1,07 73,41 61,56
CLIST 3739 PR 2000 clinical (CSF) 4b 4b, 4d, 4a, or 49 4b, 4d, 4e 3,52 80,99 113,55
212 MG 2012 environment (plastic box) 4b 4b, 4d, 4a, or 44 4b, 4d, 4e 1,51 81,34 112,94
233 MG 2012 environment (grinder) 4b 4b, 4d, 4a, or 44 4b, 4d, 4e 1,62 75,25 128,65
1282 SP 2013 environment (mat chicken) 4b 4b, 4d, 4a, or 49 IVb-v1 6,21 61,12 116,86
CLIST 3729 RS 1991 environmental (animal) 4b 4b, 4d, 4a, or 44 4b, 4d, 4e 0,08 63,55 77,49
74 MG 2010 raw beef (refrigerated) 4b 4b, 4d, 4a, or 49 IVb-v1 3,82 63,61 103,19
CLIST 3192 SP 2006 raw beef (refrigerated) 4b 4b, 4d, 4a, or 44 4b, 4d, 4e 1,95 96,52 82,33
CLIST 3724 RJ 2003 raw beef (milled) 4b 4b, 4d, 4a, or 4q 4b, 4d, 4e 0,45 73,96 122,68
CLIST 3728 RJ 2003 raw beef (refrigerated) 4b 4b, 4d, 4a, or 44 4b, 4d, 4e 40,00 73,11 110,79
CLIST 3863 RJ 2000 raw beef (refrigerated) 4b 4b, 4d, 4a, or 49 4b, 4d, 4e 4,17 59,41 106,63
CLIST 3868 MT 2003 raw beef (frozen) 4b 4b, 4d, 4a, or 44 IVb-v1 0,19 53,75 31,48
CLIST 3721 SP 2004 cooked meat 4b 4b, 4d, 4a, or 49 IVb-v1 14,83 61,27 97,79
CLIST 3731 MT 2001 cooked meat (frozen) 4b 4b, 4d, 4a, or 44 IVb-vl 16,55 58,34 113,12
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Abstract

The Gram-positive bacteribisteria monocytogeneis a foodborne pathogen able to
multiply in a variety of host cells after escape of the phagocytic vacuole and gain the
cytosol, despite of host cell defense responses. Upon infettianpnocytogeness
detected by multiple pattern recognition receptors (PRRS); ligand recognitions can trigger
production of type | interferons (IFN) and activate the inflammasome. Here we have
examined the ability of.. monocytogenetsolates obtained in Brazil to multiply into
macrophages, to induce cell death, and to activate type | IFN production. No trends were
observed regarding intracellular doubling times in iBMDM by comparing sources and
serotypes, indicating that the intracellular growth is dictated by genotype characteristics
of each strain. Clinical (629, 1011, 2167, 3723) and raw beef (3727, 7, 3865) isolates
induced pyroptosis through the activation of caspase-1; clinical isolate 629 (serotype 4b,
atypical IVb-v1 by molecular serogrouping) also induced nearly the double of type I IFN
production in comparison with reference strain 10403S, being STING dependent and
partially cGAS dependent. Similar, isolates 3727 (1/2a), 7 (1/2b) and 508 (1/2c) induced
higher production of type | IFN by a STING dependent pathway, being part@ip c
dependent (3727, 508) and fully cGAS independent (7). This work demonstrated that
wild-type L. monocytogenesom Brazil induced pyroptosis and type | IFN production in
macrophages through the activation of STING and cGAS pathways.

Key words:Listeria monocytogenepyroptosis, type | IFN, STING, cGAS
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Introduction

In the last three decades, the Gram-positive pathbigéria monocytogendsas
been broadly used as model organism for host-pathogen interaction studies due to its
ability to enter and to multiply in a variety of host cells, including non-phagocytic
(epithelial and endothelial cells) and macrophalés Systematic analysis based on
epidemiological data, virulence phenotypes characterizatiatro andin vivo, and most
recently whole-genome sequencing (WGS) have been contributed to better understand
theL. monocytogenedrulence cycle and the host innate and acquired immune signaling
pathways in response to infectidh

After the phagocytosis by macrophagesmonocytogenesecretes listeriolysin
O (encoded by thaly gene), a protein that plays a major role to disrupt the vacuolar
membrane, allowing the pathogen to escape and to replicate into the host cell cytoplasm
6. As response, the host cells display strategies to limit bacteria replication by different
innate immune signaling pathwayls. monocytogenepathogen-associated molecular
patterns (PAMPSs) released during infectialfiow the activation of innate immunity
through a sequence of sensing pathways. Cytosolic receptors, like cGAS/STING, DDX41
and AIM2, can trigger the type | interferon (IFN) production and the inflammasome
activation after detection of PAMPS'*,

Ligand recognition oL.. monocytogeneby a nod-like receptor (NLR) or by a
cytosolic DNA sensor can lead to activation of human or mouse caspase-1 or mouse
caspase-11, resulting in the activation of the inflammasome complex, cleavagélof pro-
1B and pro-IL-18 into their active forms, and cell death by pyroptosis, which would work
in favor of host by eliminating the bacteria from intracellular nfch¥2. The major host
cytosolic sensor is the stimulator of IFN genes (STINGERiocalized transmembrane
protein activated by cyclic dinucleotides (CDNs) produced and released by bacteria or by
endogenous CDN$ Most recently, the cyclic-GMP-AMP (cGAMP) synthase (CGAS)
was identified as another important cytosolic DNA sensor which synthesizes cGAMP,
binding and activating STING to induce type | IEN

Most of the studies that focus on characterizatioh. shonocytogenegrulence
traits, including activation of innate immune signaling pathways, are restricted to few
reference strains such as 10403S, EGD and EGD-e, which are all from serotylfe 1/2a
Here we performedn vitro assays to demonstrate the virulence potential and innate
signaling pathways induced by 59 wild type monocytogenesecovered from beef,

environment, and clinical sources in Brazil. The results highlight the identification of wild
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type strains that induce pyroptosis and type | IFN production in macrophages through the
activation of STING and cGAS pathways, demanding further genomic analysis and other
experimental approaches to uncover the mechanisms conferring the most extreme

detected phenotypes.

Results

Intracellular growth in iIBMDM

We assessed the intracellular doubling times ofL59nonocytogenestrains
obtained from beef, clinical and environmental sourdeble SI) in iIBMDM cells by
CFU enumeration at 2 and 8 hours post-infection (hpi). As expdcteaynocytogenes
Ahly exhibited a major growth defect due to the inability to access the cell cytosol, as well
as the nomnonocytogenespp. L. welshimeri L. innocuaandL. seeligerj while the
doubling times fol.. monocytogenesactA and AinlAAactA were similar to wild type
10403S (data not showed).

No significant differences were observed in doubling times when we grouped the
strains by sources and serotypemy( 1A), source onlyKig. 1B) or serotype onlyKig.
1C) (P > 0.05). Two strains from serotype 1/2a, 2137 (clinical, CSF of newborn) and
2140 (clinical, placenta) exhibited the most attenuated virulence phend&geS]), as
they did not grew in iBMDM cells. Strain 2137 also grew significantly slower in BHI and
2140 grew slightly slower (data not showed). The results indicated that the variability in
intracellular replication seen amongst the strains is likely to be determined more by strain-
specific factors rather than by serotype or source.
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Figure 1. Intracellular doubling times of 5Z. monocytogeneisolates in iBMDM cells, plotted
according to serotype and source (A), source only (B), or serotype only (C). The litot
indicates the doubling time of the reference strain 10403S. Two cliniaalssfrom serotype

1/2a (2137 and 2140) which did not grow in iBMDM were not included in the analysis. Each data
point represents the mean of 2 biological replicates performed in tectmpdialate. No statistical
difference between sources or serotypes was observed using ordinary one-way ANOVA.

Wild typeL. monocytogenesducing pyroptosis

Cell death induced by the 39 monocytogenewas indirect measured by the
amount of lactate dehydrogenase (LDH) released by iBMDM into supernatant 8 hours
after infection, using a colorimetric reporter substrate. As expected, 10403S induced very
low levels of cell death. Among the wild type strains, statistical difference (P < 0.05) were
observed only among isolates from environmental sources, when comparing 1/2a and 4b
strains (P < 0.05)Fig. 2A). No trends emerged when we grouped all strainsduyce
only (Fig. 2B) or serotype onlyRig. 2C). Strains 3727 (1/2a from beef), 7, 3865 (il/2
from beef), and 629, 1011, 2167, 3723 (4b from clinical) induced the highest levels of
cell death in comparison with the reference strain 104038l¢ S1), suggesting that
they trigger pyroptosis. To confirm this hypothesis, we performed infections in wild type
and Caspt iBMDM primed overnight with Pam3CSK4. Cell death induced by all strains

was caspase 1 dependérig( 3), as well as cell death induced by the positive control
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10403S-LpFlaA, which express thegionella pneumoniflagellin (Fig. 3), confirming
that these isolates trigger pyroptosis of iBMDM.
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Figure 2.LDH released after infection of iBMDM cells hy monocytogendsolates. The 58.
monocytogenesolates are plotted according to serotype and source (A), sourceBynby (
serotype only (C). Each data point represents the mean of 4 techrlicatesgrom 2 biological
duplicate. Statistical difference (P < 0.05) was observed in environmental 1/2a vbrsu
Statistical significance was calculated using ordinary one-way ANOVA.
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Figure 3. LDH released after infections of WT and Cai/é,pIBMDM primed overnight with
Pam3CSK4. Cell death induced by selected strains were caspase 1 dependent, adlwekis ce
induced by the positive control 10403S LpFlaA, which expressLétgonella Pneumonia
flagellin, confirming that these isolates triggers pyroptosis in iBMDM. Eachtant represents
the mean of 4 technical replicates from 2 biological duplicates.

The role of cGAS and STING on Type | IFN expression in response to infection
Production of type | IFN can be stimulatedlbynonocytogend3NA andCDNs
detected in the host cell cytoplasm. We did not detected significant differences (P > 0.05)

in IFN production induced bly. monocytogeneshen we grouped the strains by sources
and serotypedHg. 4A), source onlyKig. 4B) or serotype onlyKig. 4C). However, we
identified some wild typd.. monocytogenessolates that induced nearly the double of
type | IFN production when compared to the reference strain 10408SS2).Clinical
isolate 629 (serotype 4b), which exhibited the atypical IVb-v1 by molecular serogouping,
induced nearly the double of type I IFN in comparison with 10403S, being STING
dependent and partially cGAS depend@ing. 5). Isolates 3727 (1/2a), 7 (1/2b) and 508
(1/2c) also induced higher production of type | IFN by a STING dependent pathway,
being partially cGAS dependent (3727, 508) and fully cGAS independe(fi§7)5).

There were no significant trends comparing ISRE response and LDH release or growth,
but some of the strains that gave the highest ISRE responses also have high cell death.
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Figure 4. IFN released after infection of iBMDM cells thy monocytogeneisolates. All 59L.
monocytogeneisolates plotted according to serotype and source (A), source only (B), opseroty
only (C). Each data point represents the mean of 4 technical replicates fboofog@ical
duplicates. No statistical difference between sources or serotypes wasdhssing ordinary

one-way ANOVA.
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Figure 5. IFN released after infections of WT, STII_\/I_Gmd, cGAfS/f primary macrophages. IFN
production induced by selected strains was STING dependent, being partially cGAS dependent
(629, 3727, 508, 3734), most cGAS dependent (1011 and 3723) and fully cGAS independent
(10403S and 7). Each data point represents 3 technical replicates from one biol pgidaient

done using primary macrophages, results are indicated as ISRE percentage over 10403S.
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Discussion

A variety of proteins are expressed in the host cell cytosal Imyonocytogenes
during its virulence cycle, and most of the genes required for cytosolic replication and
cell-to-cell spreadlfly, ActA, pIcA, plcB, m@ndprfA) are placed in the LIPI-1 and are
expressed under positive control of the PrfA reguldnNo trends regardingd..
monocytogenedoubling times in iIBMDM were revealed in this study by comparing
serotypes and sourc@dg. 1A, B, C) The growth inability exhibited by strains 2137 and
2140(Table S1)seems to be influenced by factors affectingnonocytogendge cycle,
and genomic analysis combined with other assays should be employed for further
characterization.

Intracellular pathogens are adapted to survive and to replicate within host cells.
Otherwise, the host cells display some strategy to limit microbial replication, for example
by programmed cell deati % Pyroptosis is one such form of cell death that can be
triggered byL. monocytogene a inflammasome dependent activation pathiay
Multiple inflammasomes were described so far, and they are composed by a receptor, like
a nod-like receptors (NLR), coupled to caspase-1 or mouse caspdse-11

The ligand recognitions dfisteria DNA released during bacteriolysis by NLR
leads to activation of human or mouse caspase-1 or mouse caspase-11, triggering
pyroptosis and activation of pinflammatory cytokines ILH and IL-188 111218 which
has a critical role in innate immunity response againstonocytogendafectionin vivo
17 Macrophages undergoing death supposedly help to elinlinatenocytogenesom
the cytosolic niche; however, we found clinical strains (629, 1011, 2167, and 3723) that
induced high levels of pyroptosiBi¢. 3).

The type | interferons (IFNs) are recognized as central regulators of immune
responses against viral and bacterial pathogens. Hansen, Prabakaran, Laustsen,
Jargensen, Rahbaek, Jensen, Nielsen, Leber, Decker, Horan, Jakobsen and®Paludan
demonstrated thaisteriaDNA is a master trigger for [IFNf expression in human myeloid
cells, being sensed by IFI16 and cGAS to activate the STING pathway. Our results
suggest that IFN production by iBMDM and primary macroph&ges 5 and Fig. S2)
was induced by DNA released durihg monocytogenebacteriolysis or by second
messengers, such as cyclic diadenosine monophosphateAfdR)i-produced byL.
monocytogeneduring infection Second messengers (signaling molecules), secreted by
strains that overexpress multidrug efflux pumps (MDRS), activate a cytosolic pathway on

innate immunity, being also critical foL. monocytogenegrowth and infection
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establishment® 8 19 Activation of STING byL. monocytogenes-di-AMP, and
consequent production of type | interferon, downregulates cell-mediated immunity
resulting in decreased protective immunity in nfice

The results showed that there were no trends in relation to doubling times, cell
death and IFN induction in macrophages when we compare sources (food, environment,
clinical) or serotypes (1/2a, 1/2b, 1/2c, 4b), indicating that the most extreme phenotypes
are linked to specific genetic characteristics of each strain. WildLtyp®nocytogenes
that induced pyroptosis and high production of IFN after activation of cytosolic sensors
were sequenced, demanding further genomic analysis and additional experiments to
uncover new aspects regarding the innate and acquired immune response pathways

triggered byL. monocytogenes

Materials and Methods

Listeria monocytogenesulture collection

A collection composed by 39 monocytogenestrains, from serotypes 1/2a, 1/2b, 1/2c,
and 4b, were screened in this study. The strains were obtained in Brazil from beef, food
processing environment and clinical sources, most of them from CLIST collection,
FioCruz (Table S1). The experiments were conducted using as donivelshimeri, L.
innocua, L. seeligerireference strain 10403S (wild type) and the mutants AinlA/actA

AactA AhlyA as controls, as well as 10403S capable to exprgaseumophildlagellin
(LpFlaA). Pure cultures were maintaihet —80°C in brain heart infusion broth (BHI,

Oxoid Ltd., Basingstoke, England) in the presence of 20% (v/v) glycerol (Merck,

Whitehouse Station, NJ, USA), and recovered in BHI agar prior use.

Cell Culture

Immortalized bone marrow-derived macrophages (iBMDM) and Ca&i¥DM were

grown at 37C in controlled atmosphere of 5% (V@D using plastic tissue culture flask
containing Dulbecco modified Eagle medium (DMEM), supplemented with 10% heat
inactivated fetal bovine serum (FBS) (Thermo Scientific HyClone), 1% of L-glutamine
and 1% sodium pyruvate (Thermo Fisher Scientific), 55 uM 2-mercaptoethanol and
macrophage colony-stimulating factor (M-CSF) at final volume of 10%. Primary
macrophages at concentration 0.50 & d€lls/mL were transferred to 12 wells plate (1
mL per well) one day before the infection and incubated @ Bicontrolled atmosphere

of 5% (vol/vol) CO..
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Intracellular enumeration

L. monocytogenes wegeown overnight in Brain Heart Infusion (BHI) media at 30°C to
stationary phase (Qfy, 1.1-1.3). Then, 1 mL of the overnight culture was washed 3 times
and suspended in 1 mL of 1X PBS. iBMDM cells were infected as described by Sauer,
Witte, Zemansky, Hanson, Lauer and PortoBriefly, growth curves were performed

in 12-well plates with 0.75 x £Qcells seeded in 1 mL one day before infection. For
infections, the cell monolayers were washed with 1X PBS and infected in complete media
for 30 minutes at 37°C. After that, the medium was removed, cells were washed twice
with 1X PBS, and rdium supplemented with 50 pg/mL of gentamicin was added to kill
extracellular bacteria. At 2 h and 8 h post-infection, the cells were washed twice with 1X
PBS, lysed in 500 uL of cold MilliQ water, followed by decimal dilutions and plated on
Lysogenic agafThe duplicates were quantified by enumerating intracellular bacteria. For

each infection set, reference strain 10403S and uninfected wells were used as control, and

differences normalized in slope.

Cell death assays

Before CFU enumeration at 8h, the supernatants were collected for mensuration of the
amount of DHL released by the cells, following recommendations of Sauer, Witte,
Zemansky, Hanson, Lauer and PortfoyBupernatants from controls (uninfected and
infected by 10403S) were collected from each set of experiments, as well uninfected cells
lysed with Triton 1%. All those wild strains that induced more cell death in WT iBMDM
were selected for infections in WT, CagpiBMDM, pretreated overnight with 100
ng/mL Pam3CSK4 (Invitrogen, San Diego, CA) to confirm that they induces pyroptosis
in the infected iIBMDM. The absorbance values were measured by a SpectraMax 340
spectrophotometer (Molecular Devices, Sunnyvale, CA), using a wavelength of 490 nm.
The lysis values were calculated as percentage of cells lysed over 10403S.

Type | INF production assays

The type | INF secreted by infected macrophage in the supernatant was measured using
the reporter cell line interferon stimulated response element (ISRE-L929), as previously
described®® %2 The ISRE-L929 cells were cultured in ISRE media (DMEM, 2 mM
glutamine, 1 mM pyruvate, 10% heat inactivated FBS, and penicillin-streptomycin).
ISRE cells were grown using 96-well plates and incubated with 40 pL of supernatant of

infected macrophages for 6 h. Then, cells were lysed using a lysis buffer, mixed with
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firefly luciferin substrate, and the luminescence measured, using a luminometer
(Lmaxl1384; MDS Analytical Technologies). Type | IFN values were calculated as
percentage over 10403S. To determine the trigged IFN response pathways the wild strains
that induced high levels of type | IFN were selected for infections in WT, ST)N&6d

cGAS’ using primary macrophages. The IFN production was measured as indicated

above.

Statistical Analyses
Statistical significance was calculated using ordinary one-way ANOVA. Data were

analyzed using Prism 6 software.
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Supplementary Table 1.

Strain Serotype Source LDH Doubling IFN
release times (min) production
AVG
10403S 1/2a Clinical 0.00 43.44 100.00
L. welshimeri - Environmental 0.00 D.N.G* 26.59
(bovine carcass)
L. innocuaba 6a Environment -0.77 D.N.G* 28.09
(dirty knife)
L. innocuabb 6b Raw beef -1.80 D.N.G* 30.06
(refrigerated)
L. seeligeri - Environment 0.15 D.N.G* 27.23
(dirty table)
CLIST 732 1/2a Beef -3.21 45,17 89.27
CLIST3183 1/2a Beef -2.14 74.80 87.29
CLIST 3186 1/2a Beef -0.14 41.93 98.00
CLIST 3727 1/2a Beef 3.77 48.72 189.61
CLIST 3864 1/2a Beef 0.05 53.03 62.74
CLIST 1078 1/2a Clinical -4.30 50.62 59.37
CLIST 2137 1/2a Clinical 3.67 D.N.G.* 43.65
CLIST 2140 1/2a Clinical -1.33 D.N.G.* 77.17
CLIST 3712 1/2a Clinical 0.91 45,57 87.46
CLIST 3732 1/2a Clinical 0.58 48.83 85.06
159 1/2a Environment -0.13 50.64 71.48
CLIST 3872 1/2a Environment 0.49 4581 109.53
LO7 1/2a Environment 0.03 43.80 70.46
7 1/2b Beef 2.63 41.89 205.58
CLIST441 1/2b Beef -2.35 45.06 126.40
CLIST 3063 1/2b Beef -2.39 39.79 25.29
CLIST 3865 1/2b Beef 3.38 44.93 139.22
CLIST 3866 1/2b Beef 1.65 44.35 96.30
CLIST 3869 1/2b Beef -0.20 44.70 54.36
CLIST 3870 1/2b Beef -3.32 46.67 22.34
CLIST 2083 1/2b Clinical -4.78 45.83 43.69
CLIST 2138 1/2b Clinical -3.26 43.73 58.02
45 1/2c Beef 1.56 39.65 101.31
508 1/2c Beef -1.16 47.37 168.21
525 1/2c Beef -5.83 51.01 31.91
581 1/2c Beef -8.54 53.08 18.76
CLIST 3726 1/2c Beef -2.02 48.74 50.31
19 1/2¢c Environment 0.58 50.01 68.77
133 1/2¢c Environment -0.65 48.22 95.80
139 1/2¢ Environment -5.73 54.76 59.23
227 1/2¢ Environment 2.42 46.49 91.10
232 1/2¢ Environment -6.27 49.97 33.61
74 4b Beef -3.75 43.91 47.00
CLIST 3192 4b Beef -3.05 48.70 106.57
cLisT 3721 4b Beef -1.36 53.04 60.88
CLIST 3724 4b Beef -0.65 46.58 105.03
CLIST 3728 4b Beef -1.62 46.97 86.90
cLIsT 3731 4b Beef 0.07 47.65 48.16
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Strain Serotype Source LDH Doubling IFN
release times (min) production
AVG

CLIST 3863 4b Beef -0.10 49,96 49,38
CLIST 3868 4b Beef -0.95 45.34 32.15
247 4b Clinical -4.80 51.00 94.43
CLIST 629 4b Clinical -0.13 38.14 194.92
cLIsT1011 4b Clinical 2.47 46.07 115.23
CLIST1015 4b Clinical -2.79 45.00 113.12
CLIST 2167 4b Clinical 8.63 45.14 26.17
CLIST2168 4b Clinical -2.08 42.74 51.20
CLIST 2930 4b Clinical -5.20 82.45 56.38
CLIST 2944 4b Clinical 0.53 46.61 69.15
CLIST 3723 4b Clinical 434 47.73 104.95
CLIST 3733 4b Clinical -0.66 57.38 42.18
CLIST 3734 4b Clinical -1.41 46.06 13.40
CLIST 3735 4b Clinical -5.29 47.50 47.33
CLIST 3737 4b Clinical -5.74 46.79 22.25
CLIST 3738 4b Clinical -3.44 46.59 23.80
CLIST 3739 4b Clinical -4.92 43.19 52.02
212 4b Environment -5.42 50.89 73.87
233 4b Environment -4.77 47.33 76.71
1282 4b Environment -6.57 43.43 70.45
CLIST 3729 4b Environment -6.36 54.41 32.23

*D.N.G., did not grow
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FINAL REMARKS

The present work characterized a collectibh.anonocytogenesolates obtained
in Brazil from clinical samples, food, and food processing environment.
monocytogeness recognized as the causative agent of listeriosis, a serious disease that
affects several species of mammals. In humans, the invasive disease is more common in
risk groups, such as pregnant women, newborns, the elderly, and immunocompromised
individuals, causing gastroenteritis, septicemia, abortion and infections in the central
nervous system, leading to mortality rates of up to 30%.

Here we showed a high frequency of resistance to clindamycin, oxacillin amongst
theL. monocytogendsolates from Brazil, and the presence of virulence genes (Camargo
et al., 2015). Molecular serotyping produced conflicting results for seven isolates of
serotype 1/2a, which were positive foro1118and exhibited profile lic (serotypes 1/2c
or 3c). In addition, fifteen isolates from serotype 4b amplified the geo6737 and
were classified as atypical IVb-vl (Camargo et al., 2016), an emerging clone involved in
several recent outbreaks of listeriosis in the USA (Chen et al., 2017).

The research also identified the diversity in relation to invasion and intracellular
doubling times of.. monocytogened he 4b isolates from beef showed a greater ability
to invade the Caco-2 cells when compared to the 4b from clinical origin. Two old strains
(both serotype 1/2a), 2137 (CSF of the newborn) and 2140 (placenta) were not able to
multiply in Caco-2 cells and macrophages, and were deficient in hemolytic activity and
the enzyme phospholipase, suggesting the presence of mutations in virulence genes
required for the intracellular cycle. Serotype 1/2a exhibited a defect inoaml
dissemination, and serotype 1/2b presented a greater ability to disseminate & Caco-
cells. In addition, three isolates of serotype 4b were able to spread in an area
approximately twice as large as the reference strain 10403S.

Strains 3727 (1/2a), 7, 3865, 3866 (1/2b), 45, 227 (1/2c) and 629, 1011, 2167,
3723 (4b) induced higher levels of programmed cell death (by pyroptosis) compared to
the strain reference 10403S after infection of macrophages. A high production of INF (an
inflammatory modulator response) was induced after after infection of macrophages by
strains 3727 (1/2a), 7,441, 3865 (1/2b), 508 (1/2c), and 629, 3723 (4b). This inflammatory
response was activated after cytoplasmic receptors detect DNA or messenger molecules

produced and released by these strains into the cytoplasm of the macrophages.
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This research was the first in Brazil to carry out a deep characterization of
monocytogenetsolates. The study showed that isolates from lineage | (recovered from
beef) presented risks for consumers. In addition, some strains have been able to elicit a
more robust immune response, these strains can be used for otheristfudiese, to
better understand the pathways of immune response in order to discovery alternative
forms of diseases treatment. Finally, the sequenced genomes of 40 will help eludidade
the virulence phenotypes identified and the mechanisms associated to the virulence traits

of L. monocytogendsolates from Brazil.
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