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In a recent paper, we demonstrated that inactivation of the Agr system affects the patterns of survival of Listeria monocytogenes
(A.-L. Vivant, D. Garmyn, L. Gal, and P. Piveteau, Front Cell Infect Microbiol 4:160, http://dx.doi.org/10.3389/fcimb.2014.00160). In
this study, we investigated whether the Agr-mediated response is triggered during adaptation in soil, and we compared survival
patterns in a set of 10 soils. The fate of the parental strain L. monocytogenes L9 (a rifampin-resistant mutant of L. monocytogenes
EGD-e) and that of a AagrA deletion mutant were compared in a collection of 10 soil microcosms. The AagrA mutant displayed
significantly reduced survival in these biotic soil microcosms, and differential transcriptome analyses showed large alterations of
the transcriptome when AgrA was not functional, while the variations in the transcriptomes between the wild type and the
AagrA deletion mutant were modest under abiotic conditions. Indeed, in biotic soil environments, 578 protein-coding genes and
an extensive repertoire of noncoding RNAs (ncRNAs) were differentially transcribed. The transcription of genes coding for pro-
teins involved in cell envelope and cellular processes, including the phosphotransferase system and ABC transporters, and pro-
teins involved in resistance to antimicrobial peptides was affected. Under sterilized soil conditions, the differences were limited
to 86 genes and 29 ncRNAs. These results suggest that the response regulator AgrA of the Agr communication system plays im-
portant roles during the saprophytic life of L. monocytogenes in soil.

L isteria monocytogenes is the causative agent of listeriosis, a seri-
ous foodborne infection affecting essentially immunocompro-
mised individuals, the elderly, and pregnant women (1). The
pathogen is largely spread in the environment. It has been isolated
from water systems (2—4), vegetation (5), soil (6-8), farms (9-12),
food industries (13—15), and the feces of animals (16—18). Envi-
ronmental adaptation requires that the cell have the ability to
integrate environmental cues in order to adapt its physiology to
the surrounding conditions through the regulation of gene ex-
pression. Genomics showed that an important part of the L.
monocytogenes genome (7.3%) is dedicated to regulation and in-
cludes 209 transcriptional regulators, 15 histidine kinases, and 16
response regulators constituting two-component systems (19).
Two-component systems participate in the ability of bacteria to
sense and respond to fluctuating environmental conditions.
AgrC/AgrA is a two-component regulatory system that is part of
the Agr communication system. Initially described in Staphylococ-
cus aureus, this communication system is organized as a four-gene
operon, agrBDCA. AgrB is a membrane-bound protein that pro-
cesses the propeptide AgrD into a mature autoinducing peptide
(AIP). Detection of AIP by the histidine kinase AgrC induces tran-
scriptional regulation through activation of the regulator AgrA.
Detailed data concerning the role of the Agr system in the physi-
ology of S. aureus are available (20-22). So far, its role in the
adaptation of L. monocytogenes to its environment is only partially
understood (23). Reports show that the Agr communication sys-
tem of L. monocytogenes is involved in adhesion to abiotic surfaces
(24) in the early stages of biofilm formation (24, 25) and during
infection of the mammalian host (25, 26). Indeed, AagrA and
AagrD in-frame deletion mutants showed defects in adherence
and early biofilm development. The virulence of a AagrA mutant
was attenuated in mice, but in vitro, adhesion and invasion in
several cell lines were not altered (26), while virulence in mice and
invasion of Caco-2 intestinal cells were reduced in an agrD mutant
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(25). This was correlated with a lower level of expression of in-
ternalin.

Recently, in a study focusing on one soil (27), we showed that
the Agr system provides a benefit to the populations of L. mono-
cytogenes, but the role of the Agr communication system in the
adaptation of L. monocytogenes populations in the natural envi-
ronment remains poorly understood. In order to gain a better
understanding of the Agr-mediated response during the adapta-
tion of L. monocytogenes to the telluric environment, we moni-
tored the fate of an inoculated L. monocytogenes parental strain
and an in-frame AagrA deletion mutant in a set of 10 soil micro-
cosms. We further investigated the consequences of inactivation
of AgrA on the transcriptome of L. monocytogenes during adapta-
tion to the soil environment through a differential transcriptome
analysis approach.

MATERIALS AND METHODS

Bacterial strains and inoculum preparation. L. monocytogenes L9, a ri-
fampin-resistant (Rif’) mutant of the parental strain L. monocytogenes
EGD-e (28), and L. monocytogenes DG125A6, a rifampin-resistant mutant
of the AagrA in-frame deletion mutant DG125A (24), were used. L. mono-
cytogenes DG125A6 was isolated on polymyxin-acriflavine-lithium chlo-
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TABLE 1 Nomenclature, land use, soil parameters, and bacterial abundance for the soils used in this study

Organic
E(g)nij;} 1 Cultivable bacterial
=2 ° - community (CFU -
Soil sample no. Land use Texture pH C N C/N ratio CEC* WHC? (%) g~ of s0il [107])
748 Agricultural field Silt loam 8.2 9.80 1.0 9.8 13.2 18.5 5.1
749 Agricultural field Clay loam 8.0 19.2 1.8 10.7 16.6 244 5.2
750 Agricultural field Clay 8.0 26.4 2.8 9.4 37.8 423 3.1
907 Prairie Loam 5.9 25.0 2.4 10.4 11.6 20.7 4.1
909 Agricultural field Silty clay 8.1 27.5 2.8 9.8 29.5 34.2 10.0
911 Prairie Silty clay 5.9 38.1 3.7 10.3 23.6 40.7 2.6
1003 Forest Silty clay 7.5 334 2.3 14.5 27.3 36.1 4.4
1005 Prairie Clay 6.7 35.3 3.9 9.1 31.4 46.6 6.0
1051 Prairie Sandy loam 5.4 26.2 2.5 10.5 8.8 18.8 4.4
1224 Agricultural field Clay 7.8 25.6 2.5 10.2 274 37.6 3.1

@ CEC, cation-exchange capacity.
¥ WHC, water-holding capacity.

ride-ceftazidime-esculin-mannitol (PALCAM) agar (AES Chemunex,
Bruz, France) supplemented with 200 g - ml ™' rifampin (Sigma-Aldrich,
Saint Quentin Fallavier, France), as described by Lemunier et al. (28). This
Rif" mutant was selected, as its growth rate during planktonic growth and
its ability to grow as a biofilm in tryptone soy broth (TSB; AES Chemunex,
Bruz, France) at 25°C without shaking were similar to those recorded with
L. monocytogenes DG125A. A working stock that had been stored at
—80°C was used throughout the study. Strains were grown statically at
25°Cfor 16 hin 5 ml of TSB. Three independent inocula were prepared by
inoculating 10 ml of TSB to an optical density at 600 nm (ODy,,) of 0.04
and incubating statically at 25°C until the OD, reached 0.4. The cultures
were then centrifuged at 8,000 X g for 5 min at room temperature, and the
pellets were suspended in NaCl (0.85%).

Soils characteristics and preparation of microcosms. Ten soils in a
country-wide soil sampling network in the Burgundy section of France
were sampled on the basis of a 16- by 16-km systematic grid. Within a 20-
by 20-m grid, 25 individual core samples of topsoil (depth, 0 to 30 cm)
were collected with a hand auger every 5 m at the edges of the 16 inside 5-
by 5-m squares. At each sampling site, the core samples were mixed into a
composite sample. Soil samples were sieved to 5 mm and stored at 4°C
before analysis. The attributes of the soil samples, such as the pedology,
chemistry, and land use, which were extracted from the DONESOL data-
base (29), and the bacterial abundance are listed in Table 1. Endogenous L.
monocytogenes was not found in these soils. Physical and chemical analy-
ses were performed by the Soil Analysis Laboratory of INRA (Arras,
France; http://www.lille.inra.fr/las). For each soil sample, triplicate mi-
crocosms were prepared by adding 50 g of soil to sterile 180-ml capped
plastic tubes.

Sterilized and biotic soil extracts were prepared for microarray exper-
iments. Sterilized soil extracts were prepared as described by Piveteau et al.
(30). Briefly, 500 g of soil was mixed with 750 ml of water for 30 min at 120
rpm and autoclaved for 1 h at 130°C. Soil suspensions were centrifuged at
10,000 X g for 20 min, and supernatants were filtered on Whatman paper
(Sigma-Aldrich, Saint Quentin Fallavier, France). The particle-free soil
extract obtained was used after autoclaving (20 min, 120°C). A biotic
fraction was prepared by blending 100 g of soil in 300 ml of water for 1.5
min in a Waring blender. To estimate the bacterial abundance of the biotic
fraction, culturable bacterial communities were enumerated by serial
plating on nutrient agar (3 g - liter ™' beef extract, 5 g - liter ™' peptone, 15
g - liter ' agar) supplemented with 100 g - ml~ ! cycloheximide (Sigma-
Aldrich, Saint Quentin Fallavier, France) to suppress fungi. Biotic soil
extracts were prepared by adding 1 ml of the biotic fraction to 9 ml of
sterilized soil extract in order to reach a final concentration of 2 X 107
cultivable CFU/ml.

Soil microcosm survival assays. Fifty grams of each of the soil micro-
cosms was inoculated to achieve a final concentration of 2 X 10° CFU/g of
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soil. The volume of the inoculum was adjusted in order to reach a final soil
moisture content of 60% of the water-holding capacity (WHC). The in-
oculated soils were stirred with a sterile spatula, and then the soil micro-
cosms were incubated in the dark at 25°C. The microcosms were sampled
5 times. The soils were stirred with a sterile spatula prior to sampling of
1 g. The dynamics of the L. monocytogenes populations in the soil micro-
cosms were followed immediately after inoculation and periodically over
a 14-day period by serial plating on selective PALCAM agar (AES Chemu-
nex, Bruz, France) supplemented with 100 pg - ml~' cycloheximide and
100 pg - ml ™! rifampin (Sigma-Aldrich, Saint Quentin Fallavier, France).

RNA extraction and cDNA synthesis. Inocula were prepared as pre-
viously described, except that the pellets were suspended in 10 ml of ster-
ilized or biotic soil extracts. The inoculated soil extracts were incubated
statically at 25°C for 30 min. RNAs were immediately stabilized by treating
the bacterial cultures with the RNAprotect bacterial reagent (Qiagen,
Courtaboeuf, France) according to the manufacturer’s instructions.
Three independent replicates were prepared per condition. Bacteria were
harvested by centrifugation at 8,000 X g for 5 min at room temperature.
Pellets were suspended in 700 pl of RLT buffer (Qiagen) supplemented
with B-mercaptoethanol (1%) and 0.2 g of RNase-free glass beads (diam-
eter, 100 wm). The cells were mechanically disrupted in a Fast Prep cell
disrupter (MP Bio, Illkirch Graffenstaden, France) for 3 cycles (4 m -s™ !,
305s). The cells were centrifuged at 7,000 X g for 5 min at 4°C, and the cell
debris was discarded. Potassium acetate (3 M, pH 5.5) was added to the
supernatants (10%), and the mixture was incubated on ice for 10 min and
centrifuged at 14,000 X g for 5 min at 4°C. The aqueous phase was then
precipitated with an equal volume of cold isopropanol (—20°C), washed,
and dried. The pellets were suspended in 400 pl of RNase-free water and
purified first on polyvinyl polypyrrolidone (PVPP; Sigma-Aldrich, Saint
Quentin Fallavier, France) columns, then on Phase Lock gel (5Prime;
Dominique Dutscher, Brumath, France), and finally, on a Qiagen RNeasy
kit (Qiagen, Courtaboeuf, France) according to the manufacturers’ pro-
tocols. Purified RNA was concentrated with a Qiagen RNeasy MinElute
cleanup kit (Qiagen, Courtaboeuf, France) following the manufacturer’s
instructions.

c¢DNA strands were then synthesized using a TransPlex complete
whole-transcriptome amplification kit (WTA2; Sigma, Saint Quentin
Fallavier, France) according to the manufacturer’s instructions. The
c¢DNA concentration was determined spectrophotometrically by measur-
ing the N at 260 nm (N\,) and Nygy (N0 = 1.0 = 50 g DNA/ml, N,/
N,50 > 1.8). For each strain and each incubation condition, three sets of
c¢DNAs were prepared from three sets of RNAs extracted from three inde-
pendent biological repetitions and hybridized independently.

Whole-genome microarrays and data analysis. A customized whole-
genome microarray including the 2,857 annotated open reading frames
(ORFs) of the genome of L. monocytogenes EGD-e was designed by
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TABLE 2 Target genes and specific primers designed for real-time PCR
confirmation of the results

Primer Sequence (5" —3')

Imo0914F CATTTTACTCATTTGCGGATCAGGA
Imo0914R CCAAGTGCGGGCCTATTAATAAGTAAT
Imo0349F TGCAGGTGGCTTTTTATTCC
Imo0349R CAACCATTTTTCCCCACATC
Imo2257F GGGGATAAGACCCTATCATGG
Imo2257R TGCCATTCTATTGGAAGATGG
Imo0917F TGGAGTTGCTTGCTGAAATG
Imo0917R CCGCTTCATTTGGTTCAGTT
Imo2711F CCACTTGTCAAGGGCAGA
Imo2711R TGCTAGACGGGGAGGT

agrCF2 GGGGTCAATCGCAGGTTTTG
agrCR2 CTTTAAGTTCGTTGGTTGCCGTA
agrAF2 GCAAGCAGAAGAACGATTTCCAA
agrAR2 CGCTGTCTCAAAAAACAAGATAT
Imo0477R GGCGAATAAAGCAGTGGGTA
Imo0477F AACCACCCATTTTCCAATCTT
1mo0943F CGGAAGCCCATTCTCGACT
Imo0943R GTTACATTGTCGCCTTCTTTGTCAG
Imo2467F CCGGCAAGCCGTGTTTAT
Imo2467R AGGTCCACTTATTGGAAAACC

NimbleGen Systems. A total of 13,456 probes were dedicated to the tiling
of intergenic regions every 14 bp. Microarray hybridization, washes, raw
data preprocessing, and normalization were performed by Partnerchip
(Evry, France) according to NimbleGen standard protocols. DNASTAR
ArrayStar software (Madison, WI) was used for analysis of the normalized
results. t statistics and P values (P < 0.05) were calculated to determine
differentially expressed genes. The fold change in the levels of expression
between the two strains was calculated by comparing the expression levels
under the same incubation conditions. Comparisons between biotic and
sterilized conditions were also performed for each strain. Genes with at
least a 2-fold change in expression were considered for interpretation. In
order to identify the relationships between genes and biological functions,
the gene ontology was subsequently searched. P values and Z-scores were
calculated in order to determine the chance that a certain number of genes
would be selected for any given gene ontology term. Information regard-
ing intergenic regions (location, presence of noncoding RNA [ncRNA])
was retrieved from the web-accessible transcriptome browser (http:
/Iwww.weizmann.ac.il/molgen/Sorek/listeria_browser/) provided with
the publication of Wurtzel et al. (31).

qPCR. In order to confirm the fold changes in gene expression ob-
served in the microarray analyses, the transcript levels of several genes
with higher and lower transcript levels were examined by quantitative
PCR (qPCR) using the Absolute qPCR SYBR green carboxy-X-rhodamine
(ROX) mix (Thermo Scientific, Dominique Dutscher, Brumath, France).
Primers specific for each selected gene were designed (Table 2). Each
reaction mixture contained 2 X Absolute qPCR SYBR green ROX mix (7.5
wl), 0.6 uM each PCR primer, 12.5 ng of DNA template, and sterile water
to 15 pl. The qPCRs were carried out in a Step One PCR system (Applied
Biosystems) using the following program: an initial enzyme activation
period (10 min at 95°C), followed by 40 cycles of 15 s at 95°C and 1 min at
60°C. Following PCR, absolute quantification was performed by a stan-
dard curve method. For each target, increasing concentrations of L. mono-
cytogenes genomic DNA ranging from 10 to 80 ng/pl were amplified in
order to draw a relationship between the concentration and the number of
threshold cycles. Fold changes in expression were calculated as the ratio of
the absolute quantity of the target gene determined in the two strains
under the same incubation conditions.

Statistical analyses. Repeated-measures analysis of variance (ANOVA)
was used to compare the survival patterns of the L. monocytogenes parental
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and AagrA mutant populations in soil microcosms. Principal components
analysis was used to investigate the relationships between soil character-
istics and the dynamics of the L. monocytogenes populations. Differences
in soil texture were represented by use of the United States Department of
Agriculture (USDA) pedological classification system using the statistical
software R (v2.14.1). Then, Spearman’s rank correlation was used to test
the dependence between the following variables: the survival profiles of
both the parental and mutant strains and soil attributes (texture, pH,
organic C and N content, C/N ratio, and cation-exchange capacity).

RESULTS
L. monocytogenes population dynamics in the 10 soil micro-
cosms are affected by the deletion of agrA. The dynamics of L.
monocytogenes populations in microcosms prepared from soils for
which land use and edaphic parameters were different (Table 1
and Fig. 1) were recorded over a 14-day period. During incubation
in these soil microcosms, no growth of either of the two strains was
detected and the populations of the parental strain and the AagrA
mutant declined throughout the experiment (Fig. 2). However,
survival patterns differed according to the strain under scrutiny.
Regardless of the soil tested, the population of the mutant was
reproducibly lower than the population of the parental strain in all
three replicates. Repeated-measures ANOVA showed that these
differences were transiently statistically significant. Indeed, in soil
samples 748, 749, and 1224, the differences were significant during
the first week of incubation. In soil samples 750 and 911, the dif-
ferences were significant after 2 days and 4 days of incubation. In
soil samples 1005 and 907, the results were statistically significant
at day 2. The significance at day 4 was confirmed in soil samples
1003 and 1051. Finally, in microcosms prepared with soil sample
909, the differences were statistically significant at day 4 and day 7.
The differences at day 14 were no longer statistically significant in
all microcosms.

Interestingly, for each strain, the abundance at the end of the
experiment was statistically significantly different according to the

axesFland F2:81,4%

748 - AF pH
<

wHe

F2 (29,2 %)
o
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C/N g
OrganicC
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8 -6 4 -2 0 2 4 6 8
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FIG 1 Principal component analysis (PCA) of soils. The length and direction
of the lines represent the contribution of each parameter. The numbers indi-
cate soil sample numbers, and the letters indicate whether soils were from an
agricultural field (AF), a prairie (P), or a forest (F). CEC, cation-exchange
capacity.
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FIG 2 L. monocytogenes parental strain (blue lines) and AagrA mutant (red lines) dynamics in soil microcosms. Error bars represent standard deviations from
three independent replicates. *, significant differences (P < 0.05) were observed after ANOVA.

soil (Fig. 3). Indeed, at 14 days after incubation, it was significantly
higher in soil sample 1003 (repeated-measures ANOVA, P <
0.05), where over 4 log units of the population remained detect-
able, than in soil samples 1005 and 1051 and in the rest of the soils
(soil samples 748, 749, 750, 907, 909, 911, and 1224). Moderate
survival occurred in soil samples 1005 and 1051. The weakest sur-
vival was observed in soil samples 748, 749, 750, 907,909,911, and
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1224, where less than 3 log units were detected 14 days after inoc-
ulation. The Spearman rank correlation test was used to check
correlations between the survival rate of each strain and the soils’
attributes (texture, pH, organic C and N contents, C/N ratio, and
cation-exchange capacity). From these six metrics, a significant
negative correlation between the survival rate and pH was de-
tected (Spearman’s p = —0.736, P < 0.05). During the first days of
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FIG 3 L. monocytogenes parental strain and AagrA mutant abundance after 14 days of incubation in soil microcosms. Error bars represent standard deviations
from three independent replicates. Letters indicate that significant differences were observed after ANOVA.

the experiment, the rate of decline was steeper in the soils with pHs
lower than 6 (soil samples 907, 911, and 1051). In soils with pHs
higher than 6, the decline of the population either was low (soil
samples 1003 and 1005) or became steeper only after 4 days of
incubation (soil samples 748, 749, 750, 909, and 1224).

Numerous transcriptome differences between the parental
strain and the AagrA mutant background are observed in soil
environments. In order to better understand the AgrA-mediated
response in the adaptation of L. monocytogenes to the telluric en-
vironment, we compared the transcriptomes of the parental and
AagrA strains during adaptation to the soil environment. We de-
cided to focus on soil sample 748, for which high differences in
survival between the parental strain and the mutant were re-
corded. Deletion of agrA resulted in large variations in the tran-
scriptome (Fig. 4). A total of 578 genes were differentially tran-
scribed. Two hundred fifty-two genes were recorded in the set of
genes with higher transcript levels in the AagrA mutant back-
ground (see Table S1 in the supplemental material). Gene ontol-
ogy did not identify any functional category to be a significant
term. A focus on the genes highly expressed identified a group of
122 genes with over 3-fold higher transcript levels in the AagrA
mutant background (see Table S2 in the supplemental material).
Most of these genes code for functions related to the metabolism
of carbohydrates, such as I’n02110 (mannose-6 phosphate isomer-
ase), Imo0347 (dihydroxyacetone kinase), and 102824 (p-3-
phosphoglycerate dehydrogenase), or functions related to the
transport of proteins, such as the ABC transporter (Imo2123 to
Imo2125, Imo1739) and the phosphotransferase (PTS) system
(Imo2782, I1mo2665, Imo2666, Imo2780). Fourteen transcriptional
regulators were also in this set of genes.

Moreover, 328 ORFs were identified in the set of genes with
lower transcript levels in the AagrA mutant background (see Table
S1 in the supplemental material). As expected, 1100048 (agrB),
Imo0049 (agrD), lmo0050 (agrC), and Imo0051 (agrA) were in this
set of genes and showed, respectively, 5, 4, 4, and 9 times lower
transcript levels in the AagrA mutant background than in the pa-
rental strain background. Gene ontology showed that functional
categories 1.1, 1.2, 1.8, 1.10, 3.7.1, 3.7.4, 4.4, 5.1, and 6.0 were
significant terms (Fig. 5). Eighty genes were included in category
1, cell envelope and cellular process (1.1, cell wall; 1.2, transport/
binding proteins and lipoproteins; 1.8, cell surface proteins; and
1.10, transformation/competence). Among these genes, the dit-
ABCD operon is involved in D-alanine esterification of teichoic
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acid, and deletion of the dit operon affects adhesion to cell lines
and antimicrobial peptide resistance (32). Several are also in-
volved in the PTS system and ABC transporters. For example,
Imo2115 (anrB), which codes for a permease component of an
ABC transporter, plays a role in nisin resistance and also in baci-
tracin, gallidermin, and beta-lactam antibiotic resistance, and
Imo0153, which codes for a probable ABC transporter, is a ZurR-
regulated gene which is involved in virulence in the murine model
(33). From functional category 3.7 (protein synthesis), 17 genes
were identified (3.7.1, ribosomal proteins synthesis; 3.7.4, elonga-
tion). Finally, an important part of the differentially expressed
genes (87 genes) was associated with other functions, such as
transposons and insertion sequences (functional category 4.4),
consisted of unknown proteins (functional category 5.1), or did
not have any similarity to known genes.

In silico analysis of intergenic regions with significant differ-
ences in transcript levels between the AagrA mutant and the pa-
rental strain highlighted a set of 41 ncRNAs. Their locations, the
flanking genes, and the measured fold changes in expression are
listed in Table 3. The levels of the transcripts of 10 genes (the rliG,
Rli47, R1i80, RIi88, RIi99, RIi106, R1i120, Rli126, Rlil27, and
R1i140 genes) were higher in the AagrA background than in the
parental strain, and 31 genes were identified to have lower tran-
script levels in the AagrA background than in the parental strain.
To date, 271 ncRNAs have been identified and annotated in the
genome of L. monocytogenes (31, 34-37). Among these ncRNAs,
several have been linked to biological functions. These include the
RIi28, R1i32, Rli38, and R1i50 genes, which pair to mRNAs whose
products are potentially involved in bacterial adaptation and also
in rodent infection (38); the Rli31 and Rli50 genes are required
for full virulence in murine, larva, and macrophage infection
models (37). Moreover, the S-adenosylmethionine riboswitch
sreB (R1i47), which can be produced as a short transcript and act as
a trans-regulator, negatively controls PrfA expression by pairing
to the 5 untranslated region of the mRNA (39). Finally, Mandin
et al. predicted that the ncRNA r/i targets mRNA with biological
functions related to sugar metabolism and transport (36).

Transcriptome variations between the parental strain and
the AagrA mutant are limited in sterilized soil environments. In
sterilized soil extracts, deletion of agrA resulted in a limited vari-
ation of the transcriptome (Fig. 6). Indeed, 86 genes and 29 inter-
genic regions showed significant differences in transcript levels
between the AagrA mutant and the parental strain. Seventy-two
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FIG 4 Heat map of the set of genes with significant differences in levels of expression between the AagrA mutant and the parental strain under biotic soil
conditions. Expression levels were standardized so that those of the parental strain under sterilized conditions were set as the baseline. Genes are represented in
rows. The expression levels of these genes under sterilized conditions are also presented.

genes had higher transcript levels in the mutant, and the fold
change in expression of most of them was less than 3 (see Table
S3 in the supplemental material). Gene ontology identified
functional categories of intermediary metabolism 2.1.1 (spe-
cific pathways, 18 genes) and 2.5 (metabolism of coenzymes
and prosthetic groups, 12 genes) to be significant terms for this
set of genes. For example, genes involved in glycolytic and spe-
cific pathways (Imo0342 to Imo0351) (31) were represented, as
were some genes coding for enzymes of the cobalamin synthe-
sis pathway (Imo1190, lmo1192, Imo1193, and Imo1196

In the set of genes with lower transcript levels in the AagrA
mutant (see Table S3 in the supplemental material), most genes
were also detected in the corresponding set of genes identified to
have lower transcript levels under biotic conditions. As expected,
the four genes of the agr operon (agrBDCA) were detected, and the
greatest fold change was detected with agrD (which had a 17 times
lower level of expression). Three genes coding for putative se-
creted proteins (Imo0477, Imo0478, and lmo0479) were also in-
cluded in the top 10 genes with lower transcript levels. Their levels

=
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of expression varied by 16-, 6-, and 5-fold, respectively. Interest-
ingly, all entries in this set of genes except I1101798, 1102286, and
lysA were recorded in the set of genes with lower transcript levels
during growth of a AagrA mutant of L. monocytogenes EGD-e at
25°C in rich medium (40).

The presence of the biotic fraction results in higher levels of
transcription of mobility and ribosomal protein genes. In order
to extract information regarding the response of L. monocytogenes
to the soil biotic fraction, we focused on the genes with high ex-
pression levels (>9 log units) and for which >3-fold changes in
expression under biotic conditions in comparison to the levels of
expression in a sterilized soil environment were recorded. Consid-
ering L. monocytogenes L9, a total of 369 genes met these criteria.
One hundred seventeen genes had higher transcript levels (see
Table S4 in the supplemental material). Of this set of genes, func-
tional categories 3.7.1 (ribosomal proteins, 16/56 genes), 1.5 (mo-
bility and chemotaxis, 7/30 genes), and, to a lesser extent, 3.7.4
(elongation, 3/5 genes), 4.3 (phage-related functions, 6/48 genes),
1.2 (transport/binding proteins and lipoproteins, 19/331 genes),
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6.0 No similarity - (63/25))
5.1 Similar to unknown proteins from Listeria - (13/57
4.4 Transposon and IS | (11y21)
3.7.4 Elongation — 3/5)
3.7.1 Ribosomal poteins | (14/56)
1.10 Transformation/competence - ((7/18)
WO PRPRR— (18/83)
1.2 Transport/binding proteins and lipoproteins — (43/331)
1.1 Cell wall (12/72)
0% 20% 40% 60% 80%

FIG 5 Functional categories identified to be significant by gene ontology and the percentage of genes from the set of genes with lower transcript levels in the
AagrA mutant than in parental strain L. monocytogenes L9 under biotic conditions. The values in parentheses represent the number of genes with significant
variations in transcript levels/the total number of genes in the functional category. IS, insertion sequence.

and 2.3 (metabolism of nucleotides and nucleic acids, 7/61 genes)
were identified by ontology analysis. Interestingly, 7 regulators
were in this set of genes, including agrA (3.6-fold increased ex-
pression). The levels of transcripts of the genes for the global ni-
trogen regulator (GInR), the ferric uptake regulator (Fur), and the
pyrimidine regulatory protein (PyrR) also increased in the biotic
environment. In the mutant background, only 5 genes were in-
cluded in the set of genes with higher transcript levels under biotic
conditions (see Table S5 in the supplemental material).

The presence of a biotic environment resulted in lower levels of
transcription of 253 genes in the parental background (see Table
S6 in the supplemental material). Gene ontology failed to identify
functional categories in this set of genes except for category 4.3,
phage-related functions (13/48 genes). Again, the set of genes with
lower transcript levels under biotic conditions was more modest
in the mutant background (25 genes; see Table S5 in the supple-
mental material).

PCR quantification of selected transcripts. In order to con-
firm the results of the expression profiles, 10 target genes were
selected for quantification. Four of these genes (/mo0349,
Imo0914, Imo0917, and Imo2257) were in the set of genes with
higher transcript levels in the mutant background, 4 (100050,
Imo0051,1mo0477, and Imo2711) had lower transcript levels in the
AagrA mutant background, and 2 (Im00943 and Imo2467) had
similar trends in both the mutant and wild-type strains. qPCR
analysis confirmed that all entries displayed patterns similar to
those observed with the microarray results (Table 4).

DISCUSSION

One of the trademarks of bacteria of the species Listeria monocy-
togenes is their variety of habitats and their capacity to switch from
a saprophytic mode of life to infection of animals. Soil is one of
these habitats where Listeria monocytogenes can be found (41). In
this study, comparison of the population dynamics in 10 soils
showed that survival is dependent on the type of soil. Indeed, the
final abundance of listerial populations ranged from 1.5 to 4 log
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units. This means that each soil sample, characterized by a com-
bination of abiotic and biotic factors, has to be considered a
unique environment. Depending on environmental factors, the
chance of L. monocytogenes survival is higher in some soils than in
others. These results are consistent with those of a previous study
which showed that the survival of L. monocytogenes in soil de-
pended on abiotic properties, in particular, the basic cation satu-
ration ratio, pH, and clay content (42). In our study, pH was the
predominant abiotic factor highlighted by the Spearman rank cor-
relation. It is known that low pH is detrimental to the survival of L.
monocytogenes in soil, but as pH is a structuring parameter for soil
microbial communities, it is rather difficult to differentiate the
actual direct effect of pH and the indirect role of the composi-
tion and structure of the microbial communities on the dy-
namics of the populations of L. monocytogenes (42). More gen-
erally, because the composition and structure of the microbial
communities are structured by the complex characteristics of the
abiotic environment (43-45), it is difficult to address the weight of
a single parameter on the overall survival of L. monocytogenes in
soil. Nevertheless, there is clear evidence that the biotic environ-
ment is a key player in the control of the populations of L. mono-
cytogenes, as evidenced by comparisons of population dynamics in
microcosms of sterilized and unsterilized soils (9, 46, 47). More-
over, in a study of experimental ecology, erosion of the soil micro-
bial diversity resulted in the persistence of the population of L.
monocytogenes in soil (48). The overall fate of L. monocytogenes in
soil depends on a combination of abiotic characteristics, the mi-
crobial abundance, as well as the diversity and structure of the
microbial communities. Other components of the soil biology
could also affect the population dynamics of L. monocytogenes. For
example, protozoans and/or nematodes could facilitate the sur-
vival of L. monocytogenes, and in vitro experiments suggest that
they may shed the pathogen and, hence, facilitate dispersion (41).
One can speculate that in soil sample 1003, collected in a forest,
the abundance of protozoans could have facilitated the persistence
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TABLE 3 Location, flanking genes, and fold change in expression of the ncRNAs found to be differentially transcribed between the AagrA mutant

and the parental strain under biotic conditions

Position

Flanking gene

Fold change in
ncRNA group and gene Start Stop 5 3’ expression
ncRNAs with significantly higher transcript

levels in AagrA mutant
Rli26 388707 388590 Imo0360 Imo0361 5.277
RIi88 1320429 1320501 Imo1292 Imo1293 2.532
Rli127 1473829 1473701 Imo1439 Imo1440 4.109
Rli47 (sreB) 2226036 2226481 Imo2141 Imo2142 3.457
Rli120 226546 226640 Imo0219 1mo0220 2.851
rliG 2386992 2386715 Imo2302 Imo2304 2.676
RIi99 2395032 2395236 Imo2320 Imo2321 4911
RIi140 2395244 2395032 Imo2320 Imo2321 4911
RIi106 2594785 2594561 Imo2515 Imo2516 2.309
Rli52 552417 552313 Imo0517 Imo0518 3.351
RIi80 787038 787254 Imo0761 Imo0762 4.516
ncRNAs with significantly lower transcript
levels in AagrA mutant
R1i38 1152549 1152917 Imolll5 Imolll6 2.495
RIi55 1198108 1198561 Imol1170 pduQ 2.686
RIi56 1199848 1199937 pduQ Imol172 2.624
R1i40 1275794 1275547 Imol1251 Imol1252 2.062
RIi59 1702543 1702361 Imo1652 Imo1653 2.464
Rli23 172171 172268 Imo0172 2.677
Rli43 1861533 1861377 inlC plS 2.190
Rli44 2039087 2039375 Imo1964 Imo1965 2.154
RI1i9%4 2039375 2039079 Imo1964 Imo1965 2.154
R1i60 2054162 2054501 Imo1982 ilvD 2.613
Rli45 2154765 2154852 Imo2074 Imo2075 2.440
Rli46 2155058 2154765 Imo2074 Imo2075 2.440
Rli61 2275362 2275297 Imo2187 Imo2188 2.616
Rli48 2361405 2361274 Imo2271 Imo2272 2.571
RIi98 2361329 2361581 Imo2271 Imo2272 2.571
Rli112 2782978 2783221 Imo2709 Imo2710 3.483
RIi50 2783264 2782981 Imo2709 Imo2710 3.483
Rlii 2842199 2841962 Imo2760 Imo2761 2.437
Rli25 357618 357516 Imo0330 2.731
Rli27 434817 434929 Imo0411 Imo0412 2.812
Rli28 507372 507141 Imo0470 Imo0471 3.364
R1i78 507068 507473 Imo0470 Imo0471 3.364
RIi29 507632 507450 Imo0470 Imo0471 2.742
Rli52 552417 552313 Imo0517 Imo0518 2.423
Rli31 597806 597926 Imo0558 Imo0559 2.610
Rli32 600750 600604 Imo0560 Imo0561 2.334
Rli33-2 708618 708860 Imo0671 Imo0672 2.501
RIi35 855495 855393 Imo0828 2.642
Rli36 859521 859412 Imo0829 1mo0830 2.261
RIi37 907526 907832 Imo0866 Imo0867 2.395
Rli53 955824 956021 Imo0918 Imo0919 2.358

of L. monocytogenes. The abundance of fungi could also impact
survival (49-51).

In a study that focused on one silty loam soil, we previously
showed that impairment of the response regulator AgrA or inac-
tivation of the production of the propeptide AgrD reduced the
fitness of L. monocytogenes in this habitat (27). The results of the
present study allow the general observation that inactivation of
the Agr system affects the dynamics of L. monocytogenes in other
kinds of soil with textures ranging from sandy loam to clay and
confirm that deletion of agrA affects the adaptation of L. monocy-
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togenes to the soil environment. It is interesting to notice that the
consequences of the inactivation of the Agr system were limited in
soil sample 1003, which was permissive to L. monocytogenes. This
suggests that the activity of the Agr system may be critical when L.
monocytogenes has to face unfavorable conditions and when its
survival is compromised. AgrA is part of the complex transcrip-
tional regulatory circuitry of L. monocytogenes, and experimental
evidence suggests that the AgrA regulon includes genes responsi-
ble for the transport and metabolism of amino acids and related
molecules, genes responsible for motility and chemotaxis, and
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FIG 6 Heat map of the set of genes with significant differences in levels of expression between the AagrA mutant and the parental strain under sterilized soil
conditions. Expression levels were standardized so that those of the parental strain under sterilized conditions were set as the baseline. Genes are represented in
rows. The expression levels of these genes under biotic conditions are also presented.

also genes that code for regulators (40). The observed intercon-
nection between the Agr regulon and the 0B regulon (40) sustains
the idea that the impact of Agr activity is more pronounced under
biotic and abiotic stress conditions. These observations suggest

TABLE 4 Comparison of fold change in expression between the AagrA
mutant and parental strain of selected genes in microarray and gPCR
analyses

Fold change in expression

Gene qPCR Array
Upregulated
Imo0914 2.6 6.6
Imo0349 4.7 21.4
Imo2257 6.3 4.0
Imo0917 7.2 3.2
Downregulated
Imo2711 —7.2 —5.4
Imo00050 (agrC) —8.2 —8.7
Imo0051 (agrA) —6.7 —6.4
Imo0477 —37.9 —16.0
Unchanged
Imo0943 1.4
Imo2467 1.2
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that AgrA activity participates in the overall adaptation of the cell
following the integration of environmental cues.

Major variations to the transcriptome were recorded in the
parental background under biotic conditions. This suggests that
the sensing of the biotic environment triggers a range of physio-
logical adaptations. This adaptation could be depicted as a sce-
nario in which the cell surface must be rearranged as a protective
action and for the development of resistance to antimicrobial
compounds. Moreover, the upregulation of several transport sys-
tems and modification of metabolic activity are most likely, as
evidenced by the upregulation of carbon, nitrogen, and pyrimi-
dine metabolism regulators. Increased motility may also be a strat-
egy developed in response to the biotic environment. The higher
level of transcription of fur probably reflects the need to compete
for available iron, as overexpression of this regulator was observed
under iron-limiting conditions (52). The higher level of transcrip-
tion of agrA under biotic conditions is another indication of the
involvement of AgrA in the regulation cascade required to adapt
to the biotic environment. In fact, the inactivation of AgrA im-
peded the appropriate rearrangement of the transcriptome in the
mutant background. As a consequence, comparison of the tran-
scriptomes of the parental and AagrA mutant strains showed large
variations under biotic conditions. These results suggest that the
extensive modification of gene expression that L. monocytogenes
undergoes during adaptation to soil requires AgrA activity. In this
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study, inactivation of AgrA altered the transcription of genes re-
lated to cell envelope and cellular processes. It included PTS sys-
tems and ABC transporters dedicated to carbohydrate uptake.
Upregulation of these genes in the parental background may illus-
trate a metabolic adaptation required to use resources available in
the soil environment, where competition for substrates may occur
(53-56). Indeed, the prevalence of nutrient acquisition mecha-
nisms in the onset of soil adaptation has been reported previously
(30). Similarly, modification of the bacterial cell surface is re-
quired for environmental adaptation and during growth and sur-
vival in soil (30, 38, 57-59). Inactivation of AgrA could have pre-
vented appropriate adjustment of the cell surface to the conditions
of the environment. Interestingly, genes known to code for pro-
teins involved in resistance to antimicrobial peptides were tran-
scribed to lower levels in the mutant background. This finding
may indicate that the deletion of agrA impairs the onset of the
appropriate mechanisms required to resist competition by inter-
ference and to resist antimicrobial weaponry.

The detection of a set of genes with higher transcript levels in
the AagrA background is an indication of the inability of the mu-
tant to downregulate the transcription of these targets. Similar
observations were reported during incubation in the laboratory
medium tryptone soy broth at 25°C and 37°C (40). At the in vivo
temperature of 37°C, in the AagrA background, downregulation
was suppressed for a set of genes coding for proteins involved in
cellular processes and metabolism.

The regulatory cascades underlying these transcriptome rear-
rangements also probably involve ncRNAs, as the transcript levels
of a repertoire of ncRNAs also varied under biotic conditions.
They have been recognized to be important regulators in biolog-
ical processes in eukaryotes (60) and bacteria (61, 62). So far, a
large repertoire of ncRNAs has been described in L. monocyto-
genes, and evidence suggests that they are central to environmental
adaptation (31, 35-38, 63—65). As in other bacterial models, this
noncoding part of the genome is an important contributor to the
regulation of virulence in L. monocytogenes (35-39). These
ncRNAs may participate to the transition from saprophytic to
intracellular life. For example, the L. monocytogenes-specific Rli38
gene is upregulated during invasion of the host’s blood system and
forms a complex with the transcripts of three genes coding for
proteins involved in L. monocytogenes adaptation to blood (38).
The RI1i28, Rli32, Rli34, R1i38, Rli49, and Rli50 genes regulate the
expression of virulence factors, such as internalins, by pairing to
mRNAs (38). Beyond virulence, there is evidence that ncRNAs
participate in the regulation of the transport of sugars and metab-
olism (36, 63), the synthesis of vitamins (35), and motility (35).
The interconnection between the RNome and other regulons is
evidenced by the presence of oA, 0B, or PrfA boxes upstream of
ncRNAs (35, 66), and deletion of [hrA affects the expression of
more than 300 genes (63). In accordance with the findings of these
studies, our results may suggest that the regulator AgrA also par-
ticipates in the regulation of the RNome. However, further inves-
tigation will be required to decipher the actual role of these
ncRNAs during the saprophytic life of L. monocytogenes in soil.

Altogether these results give more insight into the role of the
AgrA-mediated response and Agr communication system dur-
ing the environmental adaptation of L. monocytogenes. The ac-
tivity of the Agr communication system, through AgrA-mediated
regulation, is triggered in response to the soil environment. Inter-
estingly, in soil, AgrA-mediated regulation comes in response to
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biotic parameters, either directly or indirectly. These results high-
light that the adaptation of L. monocytogenes to soil requires re-
shaping of gene expression at the transcriptional level. Finally, our
data suggest that, in complex environments, the regulator AgrA
may have a central role in the regulation of transcription and it
may participate in the modulation of the large repertoire of
ncRNAs.
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