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Abstract

Bacterial microcompartment (BMC) dependent ethanolamine (eut) and propanediol
utilization (pdu) has recently been shown to stimulate anaerobic growth of Listeria
monocytogenes. This metabolic repertoire conceivably contributes to the competitive fitness
of L. monocytogenes in the human gastrointestinal (Gl) tract, where these compounds
become available following phospholipid degradation and mucus-derived rhamnose
metabolism by commensal microbiota. Previous transcriptomics and mutant studies of eut
and pdu L. monocytogenes suggested a possible role of eut and pdu BMC metabolism in
transmission in foods and pathogenicity, but data on a potential role of L. monocytogenes
interaction with human cells is currently absent. First, we ask which cellular systems are
expressed in the activation of eut and pdu BMC metabolism and the extent to which these
systems are conserved between the states. We find common and unique systems related to
metabolic shifts, stress and virulence factors. Next, we hypothesize that these common and
unique activated cellular systems contribute to a role in the interaction of L. monocytogenes
interaction with human cells. We present evidence that metabolically primed L.
monocytogenes with active eut and pdu BMCs, as confirmed by metabolic analysis,
transmission electron microscopy and proteomics, show significantly enhanced translocation
efficacy compared to non-induced cells in a trans-well assay using Caco-2 cells, while
adhesion and invasion capacity was similar. Taken together, our results provide insights into
the possible key cellular players that drive translocation efficacy upon eut and pdu BMC

activation.
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6.1 Introduction

Listeria monocytogenes is a food-borne pathogen responsible for a severe infection called
listeriosis, which case-fatality can reach up to 30% in specific high-risk population groups
such as the elderly, immunocompromised individuals, fetuses and newborns [1]. Acquisition
of this infection is mainly caused by consumption of contaminated food (predominantly
ready-to-eat food) [2]. L. monocytogenes is found ubiquitously in nature environments such
as soil, silage, groundwater, sewage and vegetation [1, 3]. The food-borne pathogen can
grow at low temperatures and is very robust to survive in environmental stresses, such as
low pH and high salt concentrations [1, 2]. All of these features make the transmission and

contamination of L. monocytogenes a severe concern for the food industry [2, 4, 5].

Upon ingestion of contaminated food by the host, L. monocytogenes needs to overcome
acidic conditions in the stomach before reaching the Gl tract and subsequent interaction
with the mucus-coated epithelial barrier [1, 6]. L. monocytogenes has evolved a number of
mechanisms to cross various host barriers and survive with its unique intracellular lifestyle
[1, 6, 7]. Following the entry into epithelial cells mediated by Internalin A (InlA) and
Internalin B (InIB), L. monocytogenes is internalized into the vacuole [1, 8]. Subsequently, L.
monocytogenes produces listeriolysin O (LLO) [6] and two phospholipases, phospholipase A
(PIcA) and phospholipase B (PIcB), for vacuolar rupture and escape, which together with
Actin (ActA), involved in intracellular motility and cell to cell spread, mediate crucial steps in
L. monocytogenes pathogenesis [1, 3, 9]. L. monocytogenes can survive and duplicate within
the cytosol of the host cell and even induce changes in the morphology of host cell
organelles, thereby altering their function to promote infection [1, 3]. Notably, alternative
routes of entry and translocation have been described including possible roles for so-called
Listeria Adhesion Protein (LAP, Imo1634) [10, 11], and listeriolysin/LLO [12]. The bacterium,
first used as a model to study cell-mediated immunity, has emerged over the past 20 years
as a paradigm in the study of bacterial regulation and host-pathogen interactions and, more

recently, interactions with the gut microbiome. (Reviewed in [1, 3]).

Upon arriving in the host gut, L. monocytogenes needs to adapt to an environment already
rich in commensal microbes and poor in available nutrients. Recent evidences suggest that
Salmonella and other enteric bacteria conduct cellular organelles called bacterial
microcompartments (BMCs) to facilitate their pathogenesis in host gut [13-15]. BMCs are
proteinaceous organelles that optimize the utilization of some specific substrates, such as
1,2-propanediol, ethanolamine, rhamnose and choline, with the encased enzymes producing
toxic intermediate aldehydes, thereby preventing damage to cells’ DNA and proteins [14,
16]. Substrates for BMC-dependent metabolism like ethanolamine and 1,2-propanediol can
be produced in the Gl tract by bacterial metabolism of (host) phospholipids and following

mucus degradation and rhamnose metabolism, respectively [13, 17, 18]. Enteric pathogens
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gain a competitive advantage in the intestine by utilizing these substrates, an advantage
enhanced by the host inflammatory response (Reviewed in [17]). Previous studies using cell
lines and animal models and assessing performance of pathogen wild type and selected
mutants in BMC dependent eut and pdu, pointed to a role in virulence of foodborne
pathogens including Salmonella enterica Serovar Typhimurium, Escherichia coli, and L.
monocytogenes [17, 19, 20].

The transcriptomics and mutant studies of pdu and eut L. monocytogenes suggested a
possible role in transmission in foods and pathogenicity. Transcriptomics in L.
monocytogenes showed the upregulated expression of pdu and eut for growth on vacuum-
packed cold smoked salmon[21] and mouse infection model [22]. A deleted pduD mutant of
the L. monocytogenes showed attenuated virulence and faster clearing of L. monocytogenes
in the Gl tract which indicate the importance of pdu for the fitness of L. monocytogenes
during infection in the Gl tract [22]. The importance of eut and pdu activation in stress
survival and virulence of L. monocytogenes was highlighted in recent reviews [19]. Notably,
we recently provided experimental evidence including metabolic and proteomic analysis,
combined with transmission electron microscopy, for activation of L. monocytogenes pdu
and eut BMCs and corresponding growth stimulation in anaerobic conditions [23, 24].
Combining our data with previous studies, we hypothesize that priming of L. monocytogenes
pdu and eut BMCs in foods and/or the intestine, may affect interaction with the host
epithelial barrier. In this study we quantified adhesion, invasion and translocation efficacy of
pdu-induced and eut-induced L. monocytogenes compared to non-induced cells in Caco-2
cell assays. Correlations of virulence results with L. monocytogenes metabolic, stress and
virulence factors, that show significant differential expression in pdu-induced and eut-

induced cells versus non-induced cells, are discussed.
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6.2 Materials and Methods

6.2.1 Strain and Culture Conditions

L. monocytogenes EGDe was used in this study. L. monocytogenes EGDe was anaerobically
grown at 30°Cin Luria Broth (LB) medium supplemented with 50mM 1,2-propanediol or
15mM ethanolamine (EA) as extra carbon source as described before [23, 24]. 20nM
Cobalamine B12 was added to induce pdu and eut cluster as B12 controls riboswitch-based
regulator of pdu and eut cluster [25, 26]. Anaerobic conditions were achieved by Anoxomat
Anaerobic Culture System with the environment 10% CO;, 5% H, 85% N;. LB with 50 mM
1,2-propanediol or 15 mM ethanolamine plus 20 nM vitamin B12 was defined as pdu-
induced and eut-induced condition, respectively, while LB with 50 mM 1,2-propanediol or 15
mM ethanolamine conditions without B12 were defined as pdu and eut non-induced
conditions. L. monocytogenes cells were harvested until the late-exponential growth phase

(OD600 = 0.4-0.5) for proteomics analysis and Caco-2 infection test.

6.2.2 Proteomics

L. monocytogenes EGDe cultures were anaerobically grown at 30°C in pdu/eut induced and

in non-induced conditions. Samples were collected at 12 h of the inoculation and processed
as described before [23, 24]. The mass spectrometry proteomics data have been deposited

to the ProteomeXchange Consortium via the PRIDE [27] partner repository with the dataset
identifier PXD027979 for eut induced and in non-induced conditions (retrieved from Zeng Z,
et al, 2021 [24]) and identifier PXD028010 for pdu induced and in non-induced conditions.

6.2.3 Caco-2 adhesion, invasion and translocation

Cultures of Caco-2 cells (human intestinal epithelial cells, ATCC HTB-37), production of
differentiated cells in 12-well plates were carried out as described before [25]. L.
monocytogenes overnight grown cells used for adhesion, invasion and translocation were

normalized to obtain cell concentrations of 8.0 + 0.2 log CFU/ml.

For adhesion and invasion experiments with Caco-2 cells, 1.6 x 105 cells/well were seeded
into the 12-well tissue culture plates (Corning Inc. ID 3513). Inoculated 12-well plates were
incubated at 37 °C for 12—-14 days, with the medium refreshed every 2 days, to establish a
confluent monolayer of cells. Adhesion and invasion experiments were started by
inoculation with 40 pl of late exponential phase cells of pdu/eut induced and non-induced L.
monocytogenes EGDe resulting in an final inoculum of approximate 6.8 log CFU/well. Then
the 12 well plates were centrifuged for 1 min at 175 xg to create a proximity between the L.

monocytogenes cells and Caco-2 cells.

For adhesion and invasion enumeration, after 1h anaerobic incubation without gentamicin,
L. monocytogenes cells that have not adhered to Caco-2 cells, were removed by washing

three times with PBS buffer. Half of the wells containing Caco-2 cells were lysed with 1 ml of
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1% v/v Triton X-100 in PBS and serially diluted in PBS for quantification of the number of
adhered and invaded L. monocytogenes cells. The other half of the wells of the Caco-2 cells
was subsequently incubated anaerobically for 3 h with 0.3% gentamicin (50 pg/ml, Gibco) to
eliminate all extracellular L. monocytogenes cells. Thereafter, gentamycin containing
medium was removed by washing three times with PBS buffer. The Caco-2 cells were lysed
with 1 ml of 1% v/v Triton X-100 in PBS and serially diluted in PBS for quantification of the

number of invaded L. monocytogenes EGDe cells.

For translocation experiments, 0.8 x 105 Caco-2 cells per mL were seeded ThinCert PET
inserts Greiner Bio-One 665640) for 12—14 day differentiation at 37 °C. Prior to the
translocation assay wells and inserts were washed three times with PBS, and placed in TCM
without gentamycin and fetal bovine serum. Translocation was started by adding 20 ul of
late exponential cells of pdu/eut induced and non-induced L. monocytogenes EGDe into the
inserts, resulting in an inoculum of approximately 6.5 log CFU/well. After centrifuging the
Transwell plates for 1 min at 175x g, the plates were incubated 2 hrs anaerobically. After
incubation, the inserts were removed with a sterile forceps and discarded. The contents in
the wells was collected for quantification of the translocated number of L. monocytogenes
EGDe cells.

6.2.4 BMC gene loci analysis

The Hidden Markov Models (HMMs) of two BMC shell protein domains listed as Pf00936 and
Pf03319 were retrieved from the Pfam database to predict BMC shell proteins in L.
monocytogenes EGDe as described before [23, 24]. Shell proteins were predicted by a HMM
search using the HMMER package and a local protein database of L. monocytogenes EGDe
genome [28]. All hits with an e-value less than or equal to 1e-05 that correspond to a
genomic record from Genbank, RefSeq, EMBL, or DDBJ databases were accepted as BMC
shell protein homologs. The annotation from InterPro are taken to fulfill the annotation of

some unannotated proteins in BMC loci. Details in Supplementary Tablel.

6.2.5 Venn analysis and STRING networks analysis

The protein IDs of significantly changed proteins from Supplementary Table 2 and 3 were
uploaded to the BioVenn online server [29] taking the default setting to generate Venn
diagrams. Overlapping proteins from the Venn diagram were transferred to the STRING
online server[30] for multiple proteins analysis of functional interaction using sources such

as co-expression, genomic neighbourhood and gene fusion.

6.2.6 Pathway visualization of protein expression via Pathview
The UniProt protein IDs from Supplementary Table 2 and Supplementary Table 3 were
collected and retrieved to Entre IDs. A list of Entrez IDs, protein expression indicated by LFQ

intensity (Supplementary Table 4 and Supplementary Table 5) was mapped to the L.
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monocytogenes EGDe KEGG pathway database using the tool Pathview (R version 3.2.1) [31].
The box represent genes and the different color indicates level of expression with default

setting.

Statistical analyses were performed in Prism 8.0.1 for Windows (GraphPad Software). As
indicated in the figure legend, Statistical significances are shown in ***, P<0.001; *, P<0.05;
ns, P>0.05 with Holm-Sidak T-test.
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6.3 Results

6.3.1 pdu and eut BMC gene loci organization and core metabolic reactions

The genes encoding conserved BMC shell proteins and core enzymes are located in
respective pdu and eut clusters, and corresponding metabolic reactions in L. monocytogenes
EGDe are shown in Figure 1. Briefly, the pdu cluster contains seven BMC shell proteins
PduTUABKIN and the eut cluster contains five BMC shell proteins EutLKMN and Lmo1185
(Figure 1A and Supplementary Table 1) as previously described [23, 24]. BMC substrates 1,2-
propanediol and ethanolamine, enter respective BMCs and are degraded via their signature
enzymes, propanediol dehydratase PAuCDE and ethanolamine ammonia lyase EutBC, into
corresponding aldehydes, followed by action of aldehyde dehydrogenase and
phosphotransacylase to generate an acyl-phosphate leading to ATP generation in the
oxidative branch, while in the reductive branch, an alcohol dehydrogenase is used for

cofactor regeneration (Figure 1A and Supplementary Table 1).
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Figure 1. Gene loci organization and core metabolic reactions of bacterial microcompartments (BMCs) in
Listeria monocytogenes EGDe.

(A) Gene loci organization of 1,2-propanediol utilization cluster (pdu) and ethanolamine utilization cluster (eut).
Letters above the gene characters indicate the gene name for pdu and eut separately, see text for details.
Vitamin B12-dependent riboswitches to activate pdu and eut are shown in box. Genes name and proteins ID
are in Supplementary Tablel. (B) pdu BMC for 1,2-propanediol utilization. PAuCDE, diol dehydratase; PduQ,
propanol dehydrogenase. PduP, CoA-dependent propionaldehyde dehydrogenase; Pdul, Phosphotransacylase;
PduW, propionate kinase. (C) eut BMC for ethanolamine utilization. EutBC, ethanolamine ammonia lyase; EutG,
alcohol dehydrogenase; EutE, acetaldehyde dehydrogenase; EutD, phosphotransacetylase; EutQ, acetate
kinase.
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6.3.2 Activation of L. monocytogenes BMC-dependent pdu and eut

Growth performance, metabolism, transmission electron microscopy and proteomics
confirmed B12-dependent BMC activation in L. monocytogenes pdu and eut-induced cells
(data not shown), in line with previous observations [23, 24]. Comparative proteomic
profiling of pdu and eut BMC induced and respective non-induced cells enabled
identification of differentially expressed proteins linked to metabolism, stress response and
virulence. Analysis of the complete list of identified proteins and subsequent Student’s t-test
difference scores of pdu induced compared to pdu non-induced control cells (Supplementary
Table 2), resulted in a selection of 1444 proteins shown in a volcano plot (Figure 2A), with
160 proteins upregulated more than two fold in pdu induced cells including 20 proteins
encoded in the Pdu cluster, Pdu STUVABCDEGHKIMNOPQFX (Figure 2A blue dots, details in
Supplementary Table 2). Comparing eut induced cells with eut non-induced cells, 161
proteins were upregulated more than 2 fold in eut induced cells with in total 1891 identified
proteins (Figure 2B blue dots, details in Supplementary Table 3). All of 13 Eut proteins in the
eut cluster were significant upregulated in eut induced cells compared to eut non-induced
cells. The increased expression of the pdu and eut-encoded proteins in the tested conditions
is in line with previously published results [23, 24]. Analysis of the differentially expressed
proteins in pdu induced and eut induced cells shows shared and specific responses that will
be discussed in the next section.
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Figure 2. Proteomics analysis of BMC induced and BMC non-induced Listeria monocytogenes EGDe.

(A) Proteomic volcano plot of pdu induced cells (Pd + B12 added) compared to pdu noninduced cells (Pd added
only), full list of proteins is in Supplementary Table 2. (B) Proteomic volcano plot of eut induced cells (EA + B12

added) compared to eut noninduced cells (EA added only), full list of proteins is in Supplementary Table 3, this
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dataset has been retrieved from Zeng Z, et al, 2021 [24]. In (A) and (B) proteins with the fold change <2 are in
blue, proteins with the fold change > 2 are in orange; Pdu or Eut proteins are indicated in dark blue. (C) Venn
diagram of the overlapping pdu and eut induced proteins and (D) Venn diagram of the overlapping pdu and eut
repressed proteins. Details of the proteins in (C) and (D) are in Supplementary Table 4 and Supplementary
Table 5.

6.3.3 Comparative proteome analysis of pdu and eut BMC induced cells shows overlap in
induced and repressed proteins

Shared and specific responses of pdu and eut BMC induced cells and non-induced cells are
shown in Figure 2C and 2D. Shared induced proteins are shown in Figure 2C, with 160
proteins upregulated more than two fold in pdu induced cells and 161 proteins upregulated
more than two fold in eut induced cells, showing 12 common induced proteins. These 12
proteins include several metabolic enzymes, Acetate kinase 2 (Uniprot ID: Q8Y7V1, Gene ID:
Imo1168), pyruvate - phosphate di-kinase (Q8Y633, Imo1867), putative pyruvate- phosphate
di-kinase regulatory protein 2 (Q8Y634, Imo1866), putative transaldolase 2 (P66957,
Imo0343), proteins Q8YA21 (Imo0345), Q8YA22 (Imo0344) and Q8YA23 (Imo0343), together
function as transketolase (Supplementary Table 4 and Supplementary Figure 2). Additional
shared induced proteins include Imo2158 encoded protein CsbhD (Q929L4), a SigB regulon
member involved in osmotic and heat stress defense [32], Imo0818 encoded protein
Q8Y8S6, a putative Ca?* ATPase contributing to metal homeostasis [33, 34], and protein
Imo2323 encoded Gp43 (Q8Y4V7), a protein encoded in the bacteriophage A118 gene
cluster [35]. In Figure 2D, 212 proteins downregulated more than two fold in pdu induced
cells and 229 proteins downregulated more than two fold in eut induced cells, show 31
common repressed proteins including protein PODJMO Internalin A (Imo0433) and protein
P34024 phospholipase A (Imo0201). The remaining set of proteins includes protein Q8Y7U1,
zinc uptake regulator (ZurR), that is predicted to coordinate uptake of zinc from the external
environment, and a variety of proteins with diverse putative functions and hypotheticals [36]
(Supplementary Table 5 and Supplementary Figure 3). Shared and specific pdu and eut BMC
induced and repressed proteins point to metabolic shifts, stress response and virulence, with

selected aspects discussed in more detail in sections below.

6.3.4 Activation of pdu and eut BMC metabolism represses glycolysis in L. monocytogenes
To visualize the impact of BMC-associated shifts in metabolism, the identified proteins and
expression levels (Figure 3A) are mapped to the glycolysis pathway in L. monocytogenes
EGDe (Supplementary Table 2). Obviously, enzymes involved in the conversion of
glyceraldehyde 3-phosphate to pyruvate (Figure 3A, pointed with red arrow) were mostly
repressed in pdu induced cells compared with pdu non-induced cells. Activation of
propanoate metabolism (Supplementary Figure 1) is in accordance with increased
expression of pdu cluster and degradation of 1,2-propanediol to 1-propanol and propionate.

Similar to pdu induced cells, eut induced cells also show a clear restraint of glycolysis (Figure
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3B). The enzymes mediating conversion of glyceraldehyde 3-phosphate to pyruvate (Figure
3B, pointed with red arrow) are downregulated in eut induced cells compared with eut non-
induced cells (Figure 3B). Activation of ethanolamine ammonia lyase EutBC in eut induced
cells degrades ethanolamine into acetaldehyde inside BMCs, that is metabolized into end

products acetate and ethanol.
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Figure 3. Glycolysis metabolism visualized with proteomic profiling in BMC induced compared BMC non-

induced Listeria monocytogenes EGDe.

(A) Glycolysis metabolism visualized with proteomic profiling in pdu BMC induced compared with pdu BMC
non-induced Listeria monocytogenes EGDe via Pathview. Details of upregulated propanoate metabolism are
shown in Supplementary Figure 1. (B) Glycolysis metabolism visualized with proteomic profiling in eut BMC
induced compared with eut BMC non-induced Listeria monocytogenes EGDe via Pathview. Upregulated
ethanolamine metabolism is customized to be included. In (A) and (B), Colors represent the change intensity of
protein expression in BMC induced compared to BMC non-induced Listeria monocytogenes EGDe. Lines with
arrow represent the metabolic reactions, circles represent metabolites while rectangles represent enzymes

with EC number or gene name.

6.3.5 pdu and eut BMC induced stress and virulence associated proteins

Next to shared induced and repressed responses, pdu and eut specific responses were
observed (Supplementary Table 4 for shared induced proteins of pdu and eut BMC cells,
Supplementary Table 5 for shared repressed proteins of pdu and eut BMC cells). The pdu
induced cells contained significant higher levels of CtsR, transcript regulator of heat shock
stress proteins [37]; Stressosome component Blue-light photoreceptor Imo0799, involved in
light and redox control of SigB expression [38]; Sigma B anti-anti-sigma factor, Serine-

protein kinase RsbW, GbuB; Sigma B-dependent osmoprotectant betaine transporter [39];
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Heat-inducible transcription repressor HrcA [40]; Imo1021, encoding histidine kinase of the
LiaSR two-component system (Imo01021 and Imo1022) that plays a role in resistance to
antimicrobials [41]; Protease HtpX homolog, involved in membrane/cell envelope stress
response [42]; LexA repressor, involved in DNA damage repair, and DPS, DNA protection
during starvation protein [42]. In addition, a number of bacteriophage A118 encoded
proteins are higher expressed in pdu induced cells, conceivably due to activation of gene
expression following DNA damage [35]. No significant higher expression of PrfA or sigmaB

controlled virulence factors is observed in pdu induced cells.

However, both pdu induced and non-induced control cells contain internalin B, Q8Y7G3
encoded putative membrane bound zinc metalloprotease (Lmo1318) involved in release of
Q8Y436 peptide pheromone encoding lipoprotein A, PplA (Lmo2637), that conceivably
supports activation of PrfA [43, 44], and Listeria Adhesion Protein (LAP, Imo1634), involved
in host cell invasion [45], with the latter protein significantly higher expressed in pdu non-

induced cells.

The eut induced cells express higher levels of Phosphate import ATP-binding proteins PstB 1
and PstB 2 [3]; Phosphate-specific transport system accessory protein PhoU (Imo2494) [3];
Manganese transport system membrane protein MntC [3]; OpuCD protein, involved in sigB
dependent uptake of osmoprotectant carnitine [46]; Fosfomycin resistance protein FosX,
involved in resistance to antimicrobials [47]; ATP-dependent protease CIpE, involved in
protein quality control [48]; and RecS protein, ATP-dependent DNA helicase [3]; RecG, and
Endonuclease lll, all three involved in DNA damage repair [3]. In addition, a number of
bacteriophage A118 encoded proteins are higher expressed in eut induced cells, conceivably
due to activation of gene expression following DNA damage. Concerning activation of
virulence factors, the eut induced cells showed significantly higher levels of Listeriolysin
regulatory protein PrfA and P13128 encoded Listeriolysin O (hly). The eut induced and
control cells also express Q8Y7G3 encoded zinc metalloprotease (Imo1318) and Q8Y436
encoded PplA (Imo2637), and LAP (Imo1634) as described above, and in addition produce
P33379 encoded Actin assembly-inducing protein ActA, P34024 encoded 1-
phosphatidylinositol phosphodiesterase PlcA; and P33378 encoded Phospholipase B, PlcB,

although the latter is significantly higher expressed in eut non-induced cells.

These results point to shared stress defense responses in pdu and eut induced cells including
uptake of osmoprotectants (Gbu and OpuC transport proteins), activation of chaperons for
quality control (ClpP and ClpE), and enzymes involved in DNA damage repair (LexA and RecS,
RecG, recombinase), with a more extensive response in eut cells at the level of regulators
and proteins involved in transport of phosphate and transition metals such as manganese

(Mn), calcium (Ca), Iron/heme, and cadmium (Cd). Notably, only eut induced cells showed
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significant higher expression of virulence factors PrfA and listeriolysin O (LLO, Hly).
Subsequent vitro virulence assays with pdu and eut BMC primed cells are discussed in the

next section.

6.3.6 Impact of pdu and eut BMC activation on Caco-2 cell adhesion, invasion and
translocation

In vitro adhesion, invasion and translocation assays with Caco-2 cells were performed using
primed pdu and eut BMC cells and non-induced control cells Figure 4). As shown in Figure
4A, the ability to translocate Caco-2 cells monolayers in a trans-well system, is significantly
higher for pdu induced L. monocytogenes cells compared to pdu non-induced cells (0.5 log of
CFU/well improvement), while no significant differences were observed for adhesion and
invasion efficacy (Figure 4A). Similar to pdu induced cells, eut induced cells show
significantly higher translocation efficacy (0.6 log of CFU/well increase), while no significant
improvement of adhesion and invasion capacity is observed (Figure 4B). Our results provide
evidence for enhanced Caco-2 cell monolayer translocation efficacy of pdu and eut BMC

primed cells compared to non-induced control cells.
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Figure 4. Caco-2 cell assays with BMC induced and BMC non-induced Listeria monocytogenes EGDe.

(A) is for pdu BMC induced and pdu BMC non-induced cells. (B) is for eut BMC induced and eut BMC non-
induced cells. X axis show three groups of columns which are adhesion assay, invasion assay and translocation
assay. Y axis is the total CFU per well in logio after the assays while initial inputs for adhesion and invasion are
approximate 6.8 logio CFU/well and the initial inputs for translocation are approximate 6.5 logio CFU/well.
Statistical significance are indicated (*** means P<0.001; * means P<0.05; ns means > 0.05 by Holm-Sidak T-

test)
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6.4 Discussion

Bacterial microcompartments (BMCs) are proteinaceous organelles that optimize specific
metabolic pathways referred to as metabolosomes involving transient production of toxic
volatile metabolites such as aldehydes [17, 49]. We recently provided evidence for a role of
BMC-dependent utilization of propanediol (pdu) and ethanolamine (eut) in L.
monocytogenes resulting in growth stimulation under anaerobic conditions [23, 24]. In this
study we performed a comparative proteomics analysis of pdu and eut BMC primed L.
monocytogenes cells and non-induced control cells, to identify specific and shared responses
focusing on metabolic, stress response and virulence parameters, and to correlate these to
adhesion, invasion and translocation efficacy in caco-2 assays. Expression analysis of the
complete lists of identified proteins showed 160 of 1444 proteins upregulated more than
two fold in pdu induced cells including 20 proteins encoded in the pdu cluster, and 161 of
1891 identified proteins in eut induced cells, including all 13 proteins encoded in the eut
cluster. Creation of BMCs with key metabolic turnover steps of pdu and eut enzymes
encapsulated, occurs in a stepwise manner [13, 14], thereby creating a protection against
the respective toxic intermediates propionaldehyde and acetaldehyde. Proteomics analysis
of shared and specific pdu BMC and eut BMC responses indicates metabolic shifts and
activation of stress defense proteins, conceivably as a response to aldehyde-induced redox
stress before BMC production is completed. Shared main themes in pdu and eut BMC
primed cells include expression of transcriptional regulators and/or respective regulon
members of ZurR, a transcriptional repressor of zinc (Zn) transporters [50]; SigB, CtsR, and
HrcA, transcriptional activators/repressors involved in coordinating cellular stress defense
including uptake systems for osmoprotectants and synthesis of a range of chaperons
contributing to maintenance of protein quality and functionality [51], and RecA/LexA,
regulators of L. monocytogenes SOS response including enzymes involved in DNA damage
repair [52, 53]. The latter stress phenomenon is conceivable linked to expression activation
of L. monocytogenes EGDe prophage A118 [35], with highest relative abundance of A118
GP43 protein (Lmo2323) in both pdu and eut primed cells. Expression of additional phage
proteins was noted, but holin and lysin proteins were not detected (Supplementary Table 1),
in line with the observation that pdu and eut induced cells reach high cell counts during
anaerobic growth indicating no or very limited lysis of cells (data not show, [23, 24]).
Notably, previous studies showed that the A118 gene cluster is inserted in the L.
monocytogenes EGDe comK gene, which renders it inactive in cells grown at 30°C, while
excision of the cluster leading to expression of the L. monocytogenes comK gene and
corresponding competence genes at 37°C, contributes to intracellular growth following
bacterial escape from macrophage phagosomes [54, 55]. Notably, activation of SOS response
is another facet of pdu and eut BMC priming that can affect efficacy and timing of the BMC

encased pathways with concomitant aldehyde production, an aspect that has been largely
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ignored up to now including possible activation of lytic or lysogenic phages, that may affect

competitive fitness of producer cells.

Analysis of specific responses shows a higher expression in eut induced cells of proteins
involved in transport of phosphate and transition metals such as manganese (Mn), calcium
(Ca), Iron/heme, and cadmium (Cd). This might point to increased acetaldehyde-induced
oxidative stress affecting transition metal homeostasis leading to activation of DNA-binding
metal-responsive transcription factors, metal-acquisition or secretion, metal-detoxification
and metal-storage systems, some of which represent key L. monocytogenes virulence
determinants [56]. In addition, BMC-dependent metabolism may be affected by availability
of compounds including Fe3* that can act as extracellular electron acceptors allowing a shift
towards the ATP generating oxidative branch resulting in higher cell numbers, as we
previously showed for eut BMC primed L. monocytogenes cells anaerobically grown in
defined medium without and with added Fe3* [24]. A physiological link between the large
number of differentially expressed metal transport systems and significant higher expression
of PrfA and listeriolysin (LLO) in BMC eut induced cells, may be explained by recent findings
reported by Gaballa et al. (2021) [57], about the role of divalent metal ion scavengers
Chelex and activated charcoal in the induction of PrfA regulon expression in complex
medium. This study showed that the expression of the PrfA-regulated gene hly, which
encodes listeriolysin O (LLO), is induced 5- and 8-fold in L. monocytogenes cells grown in
Chelex-treated BHI (Ch-BHI) and in the presence of activated charcoal (AC-BHI), respectively,
relative to cells grown in BHI medium. Additional experiments provide evidence that
intracellular metal depletion contributes to activation of PrfA and that genes in its regulon
are differentially expressed with LLO showing highest modulation. The authors suggest that
metal ion abundance plays a role in modulating expression of PrfA-regulated virulence genes
in L. monocytogenes [49]. Additional experiments are required to confirm the hypothesis
that increased expression of metal transporters in eut BMC induced cells signifies a
homeostatic response to metal depletion, concomitant with increased expression of PrfA
and LLO in eut BMC induced cells.

Comparative analysis of Caco-2 cell monolayer adhesion, invasion and translocation, showed
similar adhesion and invasion efficacy of pdu and eut non-induced compared to pdu and eut
BMC primed cells, with the latter BMC activated cells showing significantly higher
translocation efficacy. Comparative analysis of virulence factor expression, shows specific
activation of PrfA and listeriolysin LLO in eut induced cells but not in pdu induced cells, while
no increased expression of L. monocytogenes virulence factors Internalin A (InlA), Internalin
B (InIB), Phospholipase A and B (PIcA, PlcB), and Actin (ActA), is observed. Analysis of the
complete list of proteins in eut non-induced and eut induced cells (Supplementary Table 3),

showed the presence of Actin assembly-inducing protein ActA, 1-phosphatidylinositol
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phosphodiesterase PlcA, and Phospholipase B, PlcB, in both types of cells. It is therefore
possible that enhanced translocation of eut induced cells is not solely linked to activation of
PrfA and more importantly to LLO activity, but is supported by activity of PIcA, PlcB and ActA.
To confirm roles of LLO, that has been shown to mediate alternative routes of invasion and
translocation and possible contributions by other virulence factors in enhanced translocation
efficacy of eut induced cells [12, 43, 44, 58], further studies are required. Obviously, the
same holds for identification of factors that contribute to enhanced Caco-2 cell monolayer
translocation of pdu induced cells. Notably, analysis of the complete list of proteins present
in pdu non-induced and induced cells (Supplementary Table 2), shows the presence of
internalin B, next to putative membrane bound zinc metalloprotease (Imo1318) involved in
release of peptide pheromone encoding lipoprotein A, PplA (Imo2637), that conceivably
supports activation of PrfA [43, 57], and Aldehyde-alcohol dehydrogenase/Listeria Adhesion
Protein (LAP, Imo1634) . Notably, with the exception of InIB, these proteins are also present
in eut non induced and induced cells, with LAP, previously shown to provide an alternative
route of entry and translocation [10, 11]. Whether these virulence factors in combination
with other cellular and physiological features of pdu BMC primed cells contribute to

enhanced translocation efficacy remains to be confirmed.

In conclusion, we have provided evidence for shared and specific metabolic, stress resistance
and virulence associated responses at proteome level in pdu and eut BMC primed L.
monocytogenes cells. Shared stress responses include activation of stress defense proteins
and SOS DNA damage repair enzymes [52, 53], conceivably linked to activation and selected
expression of previously described lysogenic prophage A118 gene cluster. Most L.
monocytogenes strains carry prophages in their genome, including A118 and A118-like
prophages such as in L. monocytogenes 10403S [35, 54, 55]. Using L. monocytogenes 10403S
as a model, Pasechnek et al. [55] recently provided evidence for temperature-dependent
activation of lysogeny as a bacteria-phage adaptive response in the mammalian
environment, with temperature as a crucial factor controlling excision of the phage gene
cluster and expression of selected phage proteins that excluded the holin and lysin proteins,
associated with bacterial host cell lysis. Since in our studies we used L. monocytogenes EGDe
grown at 30°C, mimicking priming of pdu and eut BMCs before entering the human host for
example during transmission in foods, future experiments should also include cells primed at
37°C to mimic activation of BMCs inside the mammalian host. Inclusion of multiple L.
monocytogenes strains, without and with lysogenic prophages, will further add to our
understanding of mechanisms underlying production and functionality of pdu and eut BMCs
in L. monocytogenes competitive fitness and survival during transmission in the food chain

and inside the mammalian host.
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6.5 Supplementary Materials
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Supplementary figure 1. Propanoate metabolism visualized with proteomic profiling in pdu BMC induced

compared pdu BMC non-induced Listeria monocytogenes EGDe.

Colors represent the change intensity of protein expression in pdu BMC induced compared to pdu BMC non-
induced Listeria monocytogenes EGDe. Lines with arrow represent the metabolic reactions, circles represent

metabolites while rectangles represent enzymes with EC number or gene name.
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Supplementary figure 3. STRING protein-protein interactions of common repressed 31 proteins in pdu-

induced cells and eut-induced cells.
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Supplementary Table 1. Gene annotation, proteins IDs and protein domain anotation of pdu

and eut cluster

Supplementary Table 2. Protein profiling of pdu induced cells compared to pdu non-induced

cells

Supplementary Table 3. Protein profiling of eut induced cells compared to eut non-induced

cells
Supplementary Table 4. Shared induced proteins of pdu and eut BMC cells.
Supplementary Table 5. Shared repressed proteins of pdu and eut BMC cells.

The table lists UniProt protein ID, X value representing Log2 Protein abundance ratio (eut
induced/non-induced in LB), Y value representing -Log10 p-value (induced condition /non-

induced condition), NCBI protein Annotation and NCBI Gene ID.
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