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Abstract

Background

Severe acute malnutrition (SAM) is a major public health problem affecting children under
the age of five in many low- and middle-income countries, and its resolution would contribute
towards achieving the several sustainable development goals. The etiology of SAM is pluri-
factorial, including delayed maturation of the gut microbiota, suboptimal feeding practices
and dysfunctional breastfeeding. The recent serendipitous detection of Listeria monocyto-
genes in the breast milk of Malian women, in contrast to French women, suggests a possible
association with SAM.

Methodology/ Principal findings

To investigate the possible association of L. monocytogenes carriage in breast milk and
SAM, a case-control study was performed in Senegal, with subjects recruited from two
areas. Using 16S amplicon sequencing, a culture independent method, 100% (152/152) of
the mothers were positive for L. monocytogenes in their breast milk while gPCR analysis
gave lower recovery rates. Interestingly, after enrichment in Fraser broth and seeding on
PALCALM agar, all 10 isolated strains were isolated from the milk of 10 mothers who had
SAM children which also had a significantly increased relative abundance of L. monocyto-
genes (0.34 (SD 0.35) vs 0.05 (SD 0.07) in controls, p<0.0001). The high genomic similarity
between these strains and Malian breast milk strains from a previous study supports the
hypothesis of endemic clone carriage in West Africa. Moreover, the in vitro growth inhibition of
L. monocytogenes using breast milk samples was obtained from only 50% of the milk of moth-
ers who had SAM children, in contrast to control samples which systematically inhibited the
growth of L. monocytogenes with a higher inhibition diameter (15.7 mm (SD 2.3) in controls
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versus 3.5 mm (SD 4.6) in SAM, p =0.0001). Lactobacillus and Streptococcus isolated from
the breast milk of controls inhibit L. monocytogenes in a species-dependent manner.

Conclusions/Significance

Our study reveals a previously unsuspected carriage of L. monocytogenes in the breast milk
of West African women, which is associated with SAM. The inhibitory effect of human
selected lactic acid bacterial species against L. monocytogenes might provide new thera-
peutic and inexpensive options to prevent and treat this neglected public health issue.

Author summary

Severe acute malnutrition is a global public health issue which greatly impacts childhood
mortality rates. Although still not fully understood, the multi-factorial pathology of severe
acute malnutrition has been associated, among other factors, with sub-optimal feeding
practices (including dysfunctional breastfeeding) and an altered gut microbiota. The ser-
endipitous detection of Listeria monocytogenes in the breast milk of Malian women has
raised the possibility of its involvement in the pathogenesis of severe acute malnutrition.
To investigate this possibility, the presence of L. monocytogenes was assessed in a cohort of
lactating Senegalese women, both mothers of healthy children as well as those of severely
malnourished children using culture-dependent and independent methods. Our study
confirms the previously unsuspected presence of L. monocytogenes in the breast milk of
Senegalese women, which is increased in the milk of mothers of severely malnourished
children. Moreover, breast milk samples from the mothers of healthy children more fre-
quently induced a potent inhibition of L. monocytogenes than those from the mothers of
severely malnourished children. An inhibition was also achieved using potential probiot-
ics, Lactobacillus and Streptococcus species, isolated from breast milk. Our study reveals
the previously unsuspected carriage of L. monocytogenes in the breast milk of West Afri-
can women, which is associated with severe acute malnutrition. The inhibitory effect of
human selected lactic acid bacterial species against L. monocytogenes might provide new
therapeutic and inexpensive options to prevent and treat this neglected public health
issue.

Introduction

Severe acute malnutrition (SAM) is a major public health issue with major consequences for
childhood mortality rates [1]. SAM affects about 16 million children under the age of five
around the world at any given time with a prevalence of 2.4% [2], leading to a four to eight
fold increased death rate compared to that of well-nourished children [3]. In West Africa spe-
cifically, nearly eight million children suffer from SAM [4]. This severe form of childhood mal-
nutrition is associated with inadequate food intake, malabsorption and infection which alters
the metabolism and weakens the immune system [5]. There are two forms of SAM, distin-
guished by the presence of a nutritional bilateral oedema: kwashiorkor (oedematous SAM)
and marasmus characterized by extreme wasting (non-oedematous SAM) [6].

The instrumental role of the alteration of the intestinal microbiota has recently been
highlighted in this context [7]. The etiology of SAM and particularly kwashiorkor cannot be
solely explained by nutritional deficiency. A pioneering study in twins discordant for
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kwashiorkor has revealed delayed maturation of the intestinal microbiota, and demonstrated
that the “weight loss” phenotype could be transmitted to gnotobiotic mice through faecal
microbiota transplantation combined with the local diet [8]. Since then, several studies have
shown an alteration of the intestinal microbiota in severely malnourished children character-
ized by a decrease in overall diversity [9,10], increased colonization of the digestive microbiota
by pathogenic species (Proteobacteria, Fusobacteria, Enterococcus faecalis, Escherichia coli,
Staphylococcus aureus), and a depletion of oxygen-intolerant species, particularly a loss of
methanogenic archaea [9,10]. In addition, this depletion in oxygen-intolerant species is associ-
ated with an oxidation of the digestive environment [9], as previously described [11]. More
recently, our team has identified potential probiotics to restore missing gut microbes [10] and
has highlighted a difference between marasmus and kwashiorkor with a specific increase in
Proteobacteria, Fusobacteria and pathogens in kwashiorkor [12].

The earliest studies describing SAM and, more specifically, kwashiorkor have mentioned
dysfunctional breastfeeding and weaning as etiological factors in the pathogenesis of SAM
[13]. Breast milk contains a plethora of distinct bioactive molecules which protect against
infection and inflammation and contribute towards immune maturation [14]. Moreover,
recent insights into the composition of the breast milk and tissue microbiota have revealed a
diverse ecosystem [15]. Recent studies have highlighted the existence of a vertical transfer of
microbiota through breast milk [16]. However, the few studies regarding vertical transfer have
seldom described pathogen transmission. Listeria monocytogenes was first reported in human
breast milk in 1988 [17]. Since then, only one study by our group showed a prevalence of L.
monocytogenes in breast milk. A serendipitous finding, while exploring the microbial diversity
of breast milk, highlighted a prevalence of L. monocytogenes in the breast milk of Malian moth-
ers from an area known for endemic malnutrition [18], while healthy French lactating women
did not present any L. monocytogenes in their breast milk. This well-known pathogen is the
agent of listeriosis, a food-borne disease that includes maternal-neonatal infections possibly
leading to foetal loss [19]. Interestingly, maternal listeriosis was three times more prevalent in
pregnant women born in Africa than in the French general population [19].

The present study is not only aimed at confirming the carriage of L. monocytogenes in the
breast milk of lactating women from West Africa but also how this observation might be asso-
ciated with SAM, with a dysbiosis of the breast milk microbiota. We therefore conducted a
two-centre case-control study in Senegal to investigate the prevalence of L. monocytogenes in
the breast milk of these women and its possible association with SAM, using culture-depen-
dent and independent analyses.

Material and methods
Ethics statement

The study obtained approval from the Senegalese National Ethics Committee for Health
Research (CNERS) (Protocol SEN16/45), 7 March 2017. Informed and signed consent was
obtained from all participants.

Design and sampling

This case-control study was carried out with groups with similar age and sex distribution
according to the STROBE statement [20] check list (S1 STROBE Checklist). Breastfeeding
mothers of severely malnourished and healthy children were recruited in Senegal over two
periods, between August and December 2017, and between September and December 2018 in
the Notre Dame Esperance clinic in Thiaroye, located in a suburban area of Dakar (cases

n = 90 and controls n = 22), in the medical centres in Toucar, Ngayokheme and Diohine, and
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in the public and “private” health centres located in the Fatick region of the Niakhar munici-
pality (cases n = 30 and controls n = 10), 150 km from the Dakar region. Milk samples (100uL
to 500pL) were collected in sterile cryotubes after disinfecting the nipple with a saline solution
(NaCl 0.85%) and 70% ethanol. 50 to 100 pL of the C-Top liquid conservation medium (Cul-
ture Top, Marseille, France), consisting mostly of three antioxidants, namely ascorbic acid,
glutathione and uric acid, was added to all samples and stored at 4°C for two to three hours
prior to storage at -80°C in the VITROME laboratory (Dakar, Senegal). Samples were then
shipped on dry ice to the University Hospital Méditerranée Infection of Marseille for microbi-
ological and molecular analyses.

Cases and control inclusion

SAM was defined according to the WHO criteria for children aged 6 to 59 months, namely
anthropometric criteria (a weight-for-height z-score <-3SD and/or a brachial perimeter less
than 115 mm) and/or the presence of bilateral oedema [21]. Controls were mothers of children
with no anthropometric deficits according to the criteria defined by WHO [21] and confirmed
by the WHO anthro software [22] (version 3.2.2, 2011, http://www.who.int/childgrowth/
software/en/). Controls were similar in age to the SAM cases and lived in the same areas. Lac-
tating mothers of the included children suffering from SAM were asked for a milk sample at
the time of initial care. Breastfeeding mothers of the control children were asked for a milk
sample at inclusion.

Exclusion criteria included delivery by caesarean section, refusal to participate by the
parents or the legal guardian, children who were not breastfed, the absence of sample collec-
tion, and requests for withdrawal. Mothers of children presenting with respiratory symptoms,
malaria, varicella or sickle cell disease were excluded from the study. Mothers of children with
diarrhea or fever were excluded from the control group but not from the SAM group, as these
symptoms form part of the clinical features of SAM. All the women (mothers of SAM and
healthy children) included in the cohort were asymptomatic (no fever, diarrhoea or other
symptoms of infection). Anthropometric parameters, namely age, sex, weight, height, and
mid-upper arm circumference (MUAC), were collected for all children. The weight was mea-
sured using an electronic infant scale (Greetmed, Zhejiang Province, China) while the height
was assessed using a height gauge. As for the MUAC, it was measured using the WHO-recom-
mended tape.

Detection of Listeria monocytogenes using culture-independent methods in
the milk of Senegalese mothers

DNA extraction protocols. Proteins and glycans may hinder DNA extraction, consis-
tently with the fact that chemical lysis using proteinase K and deglycosylation prior to extrac-
tion has been reported to induce substantial differences in metagenomic gut studies [23,24].
To optimize the detection of L. monocytogenes, three DNA extraction protocols (automated
extraction, proteinase K treatment prior to automated extraction, deglycosylation followed by
proteinase K treatment prior to automated extraction) were compared.

Automated extraction. After a 30-minute sonication of all breast milk samples, DNA extrac-
tion was performed using an EZ1 Advanced XL automated device (Qiagen, Courtaboeuf,
France) and the QIAGEN-DNA kit Tissue (Omega bio-tek, Norcross, GA, USA) with an elu-
tion volume of 50 pL. DNA tubes were stored at -20°C until use.

Deglycosylation and proteinase K treatments prior to automated extraction. Samples were
extracted by a mechanical treatment performed with acid-washed glass beads (Sigma-Aldrich,
Saint-Louis, MO, USA) and 0.5mm glass bead cell disruption media (Scientific Industries, Inc.,
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NewYork, NY, USA) using a FastPrep-24 5G Grinder (MP Biomedicals, Illkirch-Graffenstaden,
France) at maximum speed (6.5 m/sec) for 90 seconds. This was followed by a chemical lysis, con-
sisting of either an overnight proteinase K treatment or an overnight deglycosylation step followed
by a proteinase K treatment [24] and finally, an automated extraction purification.

Quantitative polymerase chain reaction (QPCR). We performed a quantitative PCR
(qPCR) specific for L. monocytogenes on all breast milk samples after DNA extraction. gPCR
was performed using the CFX96 Real-Time system (Bio-Rad, Laboratories, Foster City, CA,
USA). Reactions were carried out in a final volume of 20 pL including 10uL of master mix
(Roche Diagnostics GmbH, Mannheim, Germany), 0.5 ul of each primer per reaction (Fwd
and Rev), 0.5 uL of Uracil-DNA glycosylase (UDG), 0.5 ul probe, 3uL of Ultrapure distilled
water, DNAse, RNAse-free (Invitrogen, Carlsbad, California, USA) and 5 uL of DNA. The
applied protocol was that of Roche, which consists of two minutes at 50°C, five minutes at
95°C followed by 40 cycles of five seconds at 95°C and 30 seconds at 60°C. The results of the
qPCR were considered negative in the absence of an amplification curve.

16S rRNA amplicon sequencing. 16S rRNA amplicon sequencing was performed from
DNA extracted with and without prior deglycosylation followed by proteinase K using MiSeq
technology (Illumina Inc., San Diego, CA, USA) with paired-end strategy, constructed accord-
ing to the 16S Metagenomic Sequencing Library Preparation (Illumina). DNA was amplified
for the 16S “V3-V4” regions by PCR for 45 cycles, using the Kapa HiFi Hotstart ReadyMix 2x
(Kapa Biosystems Inc., Wilmington, MA U.S.A), and the surrounding conserved region
V3_V4 primers with overhang adapters (FwOvAd_341F TCGTCGGCAGCGTCAGATGTG
TATAAGAGACAGCCTACGGGNGGCWGCAG; RevOvAd_785R GTCTCGTGGGCTCGG
AGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC. After purification on
AMPure beads (Beckman Coulter Inc, Fullerton, CA, USA), concentration was measured using
high-sensitivity Qubit technology (Beckman Coulter Inc., Fullerton, CA, USA) and dilution to
3.5 ng/pl was performed. At this step, the library without deglycosylation was pooled with equal
volumes of the library with deglycosylation, and Illumina sequencing adapters and dual-index
barcodes were added to the amplicon. After purification on AMPure beads (Beckman Coulter
Inc., Fullerton, CA, USA), the first library was pooled with 95 multiplexed samples and the sec-
ond library with 41 multiplexed samples. The global concentration was quantified by a Qubit
assay with the high sensitivity kit (Life technologies, Carlsbad, CA, USA). Before loading for
sequencing on MiSeq (Illumina Inc, San Diego, CA, USA) the pool was diluted at 8pM. Auto-
mated cluster generation and paired-end sequencing with dual index reads was performed in a
single 39-hour run in a 2x250bp. The paired reads were filtered according to the read qualities.
The raw data were configured in fastq files for R1 and R2 reads. Operational taxonomy units
(OTUs) and taxonomic assignment were performed as reported previously [25].

Detection of L. monocytogenes by culture-dependent methods

Culture was carried out by enriching 10 ul of breast milk samples in Fraser broth (Fisher Scien-
tific, lllkirch, France) which were incubated for 48 hours at 37°C. 50 uL of the culture was then
seeded in PALCALM agar (Fisher Scientific, Illkirch, France), incubated for between 24 and
48 hours at 37°C before colony growth. The identification of these colonies was achieved using
Matrix Assisted Laser Desorption Ionisation—Time of Flight mass spectrometry (MALDI-
TOF MS) on a Microflex LT spectrometer (Bruker Daltonics, Heidelberg, Germany).

Lactograms and antimicrobial assays

The inhibitory activity of breast milk on L. monocytogenes CSUR Q0781, isolated from the
milk of the mother of a SAM child, was tested on 5% sheep blood-enriched Columbia agar
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(bioMerieux, Marcy I'Etoile, France) and ordinary nutritive agar, with amoxicillin as a positive
control and sterile PBS as a negative control. Three holes were punched in the plates after seed-
ing with Listeria monocytogenes at a concentration of 0.5 McFarland, which were subsequently
filled with 100pL of breast milk from mothers of children suffering from SAM, that from
mothers of healthy children, or PBS. Potentially antagonistic species were also tested using the
same protocol with a bacterial suspension of 0.5 McFarland.

Statistics

Statistical analyses were performed using SPSS software version 20.0 (IBM, Paris, France), SAS
9.4 statistical software (SAS Institute, Cary, NC) and GraphPad Prism 9.0 (GraphPad software,
LaJolla, USA). To test for a statistical association between the detection of L. monocytogenes
and severe acute malnutrition using qPCR and/or culture, we used the bilateral Barnard exact
test [26]. Quantitative data distribution was assessed using the Kolmogorov-Smirnov and Sha-
piro-Wilk normality tests. Quantitative variables were compared using the bilateral Student
test or Mann-Whitney test depending on the data distribution assessed by the normality test.
All tests were two-tailed with a significance threshold set at a value of p< 0.05.

Results
Population

Analysis of the baseline characteristics (Table 1) did not reveal any statistical difference
between the ages of the cases and controls, nor that of the mothers. As expected, anthropomet-
ric indicators were significantly lower in the SAM cases than in the controls. Besides nutri-
tional indicators, we also observed that fever and diarrhoea were frequent in the SAM cases
(respectively 81.6% and 77.5%). We screened 229 severely malnourished children, of whom
174 had anthropometric measurements consistent with SAM or presented with nutritional
oedema. 23 children who presented pharyngitis, rhinitis, bronchitis, malaria, varicella, and
sickle cell disease were excluded. Of the 151 children that were eligible for the study, 31 had
been weaned, leaving 120 lactating mothers of children suffering from SAM included in our
study (Fig 1A). 94.2% (113) of the samples were collected from mothers of marasmus cases
while 5.8% (7) were collected from mothers of kwashiorkor cases. Of the 90 healthy children
screened, 15 were excluded due to lack of parental consent, a parental withdrawal request or
lack of sampling. 21 children presented clinical symptoms or diseases specifically pharyngitis,
rhinitis, bronchitis, malaria, diarrhoea, or sickle cell disease and were therefore excluded. Of
the 54 eligible children, 22 had been weaned, leading to a final cohort of 32 lactating mothers
of healthy children retained for our study (Fig 1B).

Confirmed prevalence of L. monocytogenes in the breast milk of West
African women

Using 16S amplicon sequencing, L. monocytogenes was detected in the breast milk of all the
women included in this study. Real-time PCR was used to quantify L. monocytogenes after
three different extraction protocols. Automated extraction made it possible to detect L. mono-
cytogenes in 13/152 (8.5%) lactating women. To improve the detection of L. monocytogenes,
two treatments were performed on the samples before automated extraction: proteinase K and
deglycosylation. Proteinase K treatment increased the detection rate from 8.5% to 81.6% (124/
152) of breast milk samples positive for L. monocytogenes. Deglycosylation and proteinase K
treatment prior to automated extraction further improved the detection of L. monocytogenes
to reach a proportion of 86.6% (132/152) of positive women. eglycosylation followed by
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Table 1. Baseline characteristics.

Locality

Mother’s characteristics

Age (years)

Asymptomatic mother

Children’s characteristics

Age (months)
Sex (Female)
Weight
Height
WHZ

WAZ

HAZ

MUAC
Fever
Diarrhoea
Oedema
Death

Diet

Chi square test

Pbilateral Student test

Dakar
Fatick
Rice
Millet
Maize
Black eyed peas
Peanut

“bilateral Mann-Whitney test

9bilateral Fisher exact test.

https://doi.org/10.1371/journal.pntd.0009555.t001

SAM (n = 120)
90
30

27.3+6.0
120 (100%)

18 (12-24)
76 (63.3%)
7.03 [6.2-8.5]
76.25 +10.6
-3.170 [-3.76; -2.56]
-3.225 [-3.98; -2.66]
-2.07 [-3.12; -1]
11.22 +0.55
98 (81.6%)
93 (77.5%)
7 (5.8%)
1(0.8%)
120 (100%)
120 (100%)
30 (25.0%)
42 (35.0%)
23 (19.2%)

CTL (n=32)
22
10

28.3+6.6
32 (100%)

18 (9-24)

16 (50%)
10.50 [9.4-16.0]
79.09 +9.8
0.70 [0.34; 1.19]
0.28 [0.13; 0.67]

-0.49 [-1.16; 0.25]

13.69 £0.85
15 (46.9%)
0 (0%)

0 (0%)

0 (0%)
32 (100%)
32 (100%)
10 (31.2%)
15 (46.9%)
32 (100%)

P-value
0.48?

0.64°

0.22°
0.17°
<107°°¢
0.071°
<107°¢
<107°°¢
<107°°¢
0.00001 °
10—7 a
<107*
0.34¢
0.79¢

0.48°
0.22°
<1072

proteinase K therefore markedly improved the detection of L. monocytogenes in breast milk

using real-time PCR and was therefore the only protocol considered going forward.

Using v3v4 16S amplicon sequencing, all women included in this study were positive for L.
monocytogenes (152/152 (100%) with a mean relative abundance of 0.29 (SD 0.34)). Interest-
ingly, Listeria grayi was only detected in 10/132 (6.6%) of women. Therefore, the high preva-
lence of Listeria spp. detected in the breast milk of Senegalese lactating women consisted
mostly of L. monocytogenes, a foodborne pathogen, at the species level. This high prevalence

was reflected in the isolation of the 10 strains of L. monocytogenes from 10 samples, all col-
lected from mothers of marasmus cases, the initial identification of which using MALDI-TOF
MS was also confirmed through genome sequencing.

Phylogenetic conservation of Listeria monocytogenes across anatomical

niches and countries in West Africa

As L. monocytogenes had an increased prevalence in several African datasets [18,19] and to
clarify whether a hyperendemic clone was circulating in Africa, we analysed the pangenome of
the eight strains previously isolated from human milk in Mali [18], the 10 strains isolated in
this study, and the strain isolated from a vaginal sample from a woman in Senegal who had
miscarried. The orthoANT analysis of the eight genomes of the strains isolated from the milk
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a. b.
229 severely malnourished children screened 90 healthy children controls screened
in the disiricts of Dakar and Fatick (Niakhar), in the districts of Dakar and Fatick {Niakhar),
SENEGAL, SENEGAL,
from August o December 2017 from August to December 2017
and September 2018 1o December 2018 . 2 and September 2018 to December 2018 " "

15 refusal of parents to give consent 5 refusal of parents to give consent
20 excluded due to inability 1o provide sample 3 excluded due to inability to provide sample
20 parental withdrawal request 7 parental withdrawal request

174 eligible severely malnourished children 75 cligible healthy children

with adequate anthropometric data with adequate anthropometric data
23 excluded as symptomatic 21 excluded as symptomatic
T 1 Pharyngitis / rhinitis / bronchitis 5 Pharyngitis / rhinitis / bronchitis

10 Malaria 10 Malaria
5 Varicella 3 Diarrhea
7 Sickle cell disease 3 Sickle cell disease

151 severely malnourished childre?
with adequate anthropometric data
and elinical leatures

54 healthy children
with adequate anthropometric data
and clinical features

k 31 weaned malnourished children l 22 healthy weaned children
120 breastfed severely malnourished 32 breastfed healthy
children children
120 mothers sampled for 32 mothers sampled for
breast milk breast milk

Fig 1. Selection of the study population with (a) case selection based on exclusion criteria including lack of ethical approval, WHO anthropometric and clinical criteria
and weaning (b) control selection based on exclusion criteria including lack of ethical approval, weaning and symptoms.

https://doi.org/10.1371/journal.pntd.0009555.9001

from Mali showed similarity percentages ranging from 99.99 and 100% between all strains,
supporting the hypothesis of a single clone from Malian samples (Fig A in S1 Text). Similarly,
the genomic comparison of the 10 strains isolated from Senegalese milk using orthoANT analy-
sis showed similarity percentages between 99.99 and 100%, also supporting the hypothesis of a
single Senegalese clone (Fig 2A). When comparing two breast milk strains from Mali (P9663
and P9726), two breast milk strains from Senegal (Q0781 and Q0784), the vaginal strain from

Type strain

Mali_Milk_Pase3 =
- 8 | Mali_Milk_P9663
0 |

Mali_Milk_P9726

Senegal_Milk_00781

Senegal_Milk_00781

Senegal_Milk_GO0784 Senegal_Vaginal_0Q1049
Senegal_Milk_Q0784

Mali_Milk_P726
Type strain

Senegal_Vaginal_01049 Fr_Blood_P9390

Fr_Blood_P9930

Fig 2. Endemic clonal circulation of L. monocytogenes in West Africa. (a) Genomic similarity estimated using Orthologous Average Nucleotide Identity Tool (OAT)
software. (b) Pangenome carried out using the ROARY software.

https://doi.org/10.1371/journal.pntd.0009555.g002
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Senegal (Q1049), and an isolated strain from a clinical sample (blood) in France in our labora-
tory (P9990) with the reference genome of the type strain of L. monocytogenes, orthoANI val-
ues ranged from 98.53 to 100% with all the African strains clearly clustered with orthoANI
values ranging from 99.99 to 100%. Pangenome analysis using ROARY showed all African
strains clustered and different from the type strain or the clinical strain (Fig 2B). Only one
Malian strain (CSUR P9663) was slightly different, with an additional plasmid that was seem-
ingly lost in the other strains (Fig 2B). All these analyses tend to show the existence of a single
endemic clone of L. monocytogenes circulating in West Africa.

Increased prevalence of L. monocytogenes in the milk of mothers of SAM
children

Unlike when using 16S amplicon sequencing, the comparison based on the results of the real-
time PCR analysis showed that all samples (120/120) from mothers of SAM children were posi-
tive for L. monocytogenes, while only 37.5% (12/32) of samples from mothers of healthy children
were positive. These results highlight a significantly increased prevalence of L. monocytogenes in
breast milk associated with SAM (100% (120/120) compared to 37.5% (12/32), bilateral mid-
P-exact test, p = 107, S1 Table). 16S amplicon sequencing emphasised this observation with a
significantly increased relative abundance of L. monocytogenes in the breast milk of mothers

of SAM children (0.34 (SD 0.35) vs 0.05 (SD 0.07), p<0.0001, Fig 3A and 3B). Interestingly, no
significant difference was observed between samples collected from marasmus cases and those
collected from mothers of kwashiorkor cases (0.38 (SD 0.05) vs 0.48 (SD 0.18), p = 0.39). Con-
versely, the OTU matching L. grayi was less abundant in SAM compared to control samples
(1.2e-5 (SD 5.8e-5) vs 9.5e-5 (SD 0.0003), p = 0.51, Fig B in S1 Text). In contrast to the 16S and
PCR results, which show non-viable as well as viable organisms, the culture results were quite
different. By culture all the L. monocytogenes strains were isolated from the breast milk of moth-
ers of SAM children (10/120 vs 0/32 in mothers of healthy children, Barnard test, bilateral;

p = 0.1 —unilateral; p = 0.036).

Antimicrobial effect of the breast milk of mothers of healthy children
against L. monocytogenes

Given the association between the increased prevalence and relative abundance of L. monocy-
togenes in the breast milk of lactating women and the nutritional status of their children, we
assessed the antimicrobial activity of breast milk samples (10 randomly selected samples from
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Fig 3. Detection of Listeria monocytogenes according to nutritional status. (a) Spike graph representing the relative abundance estimated according to the 16S amplicon
sequencing. Samples that are culture positive are coloured yellow. (b) Comparison of the absolute concentration of L. monocytogenes assessed using qPCR between
mothers of malnourished children (SAM) and those of healthy children (CTL).

https://doi.org/10.1371/journal.pntd.0009555.g003
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Fig 4. Antimicrobial activity of (a) breastmilk samples, ***: p < .0005, two-sided Mann-Whitney test, and (b) selected species isolated from breast milk samples against L.
monocytogenes (strain CSUR Q0781 isolated in the present study from the breast milk of a mother with a severely malnourished child). n = 3 experiments, mean and
standard deviation are reported. No anti-L. monocytogenes activity was found for the strains of Bifidobacterium longum, Bifidobacterium breve, Lactobacillus brevis,
Lactobacillus delbrueckii, Lactobacillus gasseri, Lactobacillus gastricus or Lactococcus lactis isolated and tested in the present study.

https://doi.org/10.1371/journal.pntd.0009555.9g004

each group) against L. monocytogenes. Growth inhibition was systematically obtained using
breast milk from the lactating mothers of healthy children (10/10) while an inhibition was
obtained with only 40% (4/10) of the breast milk from the lactating mothers of SAM children
(bilateral Barnard test, p = 0.009). Moreover, the inhibition diameter of all the SAM children’s
mothers was lower than the smallest inhibition diameter of the control mothers without any
overlap (Fig 4A). Additionally, known probiotics previously used in the treatment of mastitis
in the literature, namely Lactobacillus paracasei, Lactobacillus salivarius and Streptococcus sali-
varius, isolated here from mothers of healthy child, showed antimicrobial activity against L.
monocytogenes with a species-specific effect (Fig 4B).

Lactic acid bacteria enriched in the breast milk of mothers of healthy children

Because lactic acid bacteria (LAB) used as probiotics have also proved to have an antimicrobial
activity against L. monocytogenes, the frequency of each OTU was estimated in each group (Fig
5). Most of the OTUs with a significant different frequency between SAM and healthy controls
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Frequency in breast milk of | Frequency in breast milk of
0TUs Frequency difference pvalue | mothers of healthy children | mothers of SAM children

(n=19) (n=113)
Streptococcus_australis / Streptococcus_ihumii / Streptococcus_lactarius /
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Streptococcus_peroris, Bacteria RN 34.8% (8) 6.2% (7)
Streptococcus_australis / ._Srfl"ep tococcus_cristatus / . ) = 52.2% (12) 20.2% (33)
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Streptococcus_pyogenes,Bacteria -y 21.7% (5) 2.6% (3)
IHU_PS_96_Streptococcus_48123,Bacteria it 17.4% (4) 0% (0)
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Fig 5. Comparison of the breast milk bacterial diversity assessed through 16S amplicon sequencing between the mothers of healthy children and those of severely
malnourished children.

https://doi.org/10.1371/journal.pntd.0009555.g005

belonged to the Streptococcus genus (29/33 (87.9%)) suggesting that the role of Streptococcus in
breast milk for the nutritional status of the children may have been overlooked. Several OTUs
corresponding to the Streptococcus genus were enriched both in SAM and healthy controls
(Streptococcus corresponded to 89.6% (26/29) OTUs enriched in the breast milk of mothers of
healthy children versus 75% (3/4) in the breast milk of mothers of SAM children, p = 0.48).
Nevertheless, OTUs matching species associated with the health of children, for instance
Streptococcus lactarius were enriched in healthy samples (94.7% (18/19) vs 11.5% (13/113),
P<0.00001), as for Streptococcus infantis (21.7% (5/19) vs 5.3% (6/113), p < 0.05). Conversely,
Streptococcus intermedius, associated with brain abscesses in children [27], was only detected
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in the breast milk consumed by SAM children (27.4% (31/113) vs 0% in healthy children, p =
0.004). Two OTUs matching the Bifidobacterium genus, including Bifidobacterium adolescentis
(26.1% (6/19) vs 5.3% (6/113), p < 0.0005) and an unidentified species (IHU_PS_Bifidobacter-
ium_45647, 17.4% (4/19) vs 1.8% (2/113), p < 0.005) and two OTUs matching the Lactobacil-
lus genus, L. gasseri (21.7% (5/19) vs 1.8% (2/113), p < 0.0005) and L. pasteurii (8.7% (2/19) vs
0%, p < 0.005) were enriched in the breast milk consumed by healthy children (Fig 5).

Discussion

This work provides confirmatory evidence of the very high prevalence of L. monocytogenes in
the breast milk of west African women that we first reported in Mali [18]. Surprisingly, this
incidence has been ignored and had never been evaluated in lactating mothers, despite the fact
that L. monocytogenes is known to circulate in the milk of mammals typically consumed by
humans [28,29], and is even one of the major sources of human foodborne infections recog-
nised to date [19]. However, this high prevalence was only revealed subsequently to a proteic
lysis and deglycosylation of the milk samples, probably due to the high content in complex
proteins and human milk oligosaccharides [30]. This explains the highly variable prevalence of
L. monocytogenes detected depending on the DNA extraction protocol and highlights the
importance of an appropriate DNA extraction.

These results should spark a great deal of work around the world, particularly in Africa, to
evaluate the prevalence of L. monocytogenes in larger cohorts and determine the role of L.
monocytogenes in neonatal pathology. Furthermore, in this study, we highlight a significantly
increased prevalence of L. monocytogenes in the milk of lactating mothers of SAM children
compared to that of lactating mothers of healthy children, suggesting an implication of L.
monocytogenes in human breast milk in the pathogenesis of SAM. Indeed, the gut microbiota
of SAM children presents the particularity of a low prevalence of lactic acid bacteria [7,31]
which are inhibitors of L. monocytogenes, particularly Lactobacillus species [32,33]. In this
study, we have confirmed the activity of lactic acid bacteria against L. monocytogenes, which
may prevent the risk associated with this foodborne pathogen in well-fed children with a non-
dysbiotic microbiota. This antagonism between lactic acid bacteria and L. monocytogenes is of
the utmost importance since it has been shown that oral administration of Lactobacillus spe-
cies was effective against mastitis in lactating women [34-36] as well as in cows for the preven-
tion of mastitis and brain abscesses [37]. There is a verified passage of orally administered
Lactobacillus salivarius in the milk of lactating mothers and cows [36] the efficacy of which to
inhibit L. monocytogenes was shown here. Fermented dairy products or probiotics containing
L. paracasei, are already widely marketed and consumed in countries with a low prevalence of
malnutrition such as Western countries and Japan (L. paracasei strain Shirota). L. salivarius, L.
paracasei and S. salivarius or other antagonistic strains could eliminate L. monocytogenes from
the milk of lactating women and preserve the expected prevalence in lactic acid bacteria that
may be missing in SAM children [7,10,31].

The increased relative abundance of L. monocytogenes in the milk of the mothers of SAM
children hints towards a dysbiosis of their breast milk microbiota. Future studies should there-
fore further investigate the composition of the breast milk and gut microbiota of mothers of
SAM children and characterize the associated dysbiosis. The presence of L. monoctytogenes in
the breast milk of African lactating mothers underlines a source of infection in children that
has been completely neglected to date. Nonetheless, the efficacy of carefully selected strains of
lactic acid bacteria, already known for their safety, against L. monocytogenes provides the possi-
bility of inexpensive and simple therapeutic interventions against L. monocytogenes infection
and hopefully the correction of undernutrition-related microbiota disruption.
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