biofilms and
microbiomes

npj

ARTICLE

www.nature.com/npjbiofilms

M) Check for updates

The ribonuclease PNPase is a key regulator of biofilm
formation in Listeria monocytogenes and affects invasion of

host cells
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Biofilms provide an environment that protects microorganisms from external stresses such as nutrient deprivation, antibiotic
treatments, and immune defences, thereby creating favorable conditions for bacterial survival and pathogenesis. Here we show
that the RNA-binding protein and ribonuclease polynucleotide phosphorylase (PNPase) is a positive regulator of biofilm formation
in the human pathogen Listeria monocytogenes, a major responsible for food contamination in food-processing environments. The
PNPase mutant strain produces less biofilm biomass and exhibits an altered biofilm morphology that is more susceptible to
antibiotic treatment. Through biochemical assays and microscopical analysis, we demonstrate that PNPase is a previously
unrecognized regulator of the composition of the biofilm extracellular matrix, greatly affecting the levels of proteins, extracellular
DNA, and sugars. Noteworthy, we have adapted the use of the fluorescent complex ruthenium red-phenanthroline for the
detection of polysaccharides in Listeria biofilms. Transcriptomic analysis of wild-type and PNPase mutant biofilms reveals that
PNPase impacts many regulatory pathways associated with biofilm formation, particularly by affecting the expression of genes
involved in the metabolism of carbohydrates (e.g., Imo0096 and Imo0783, encoding PTS components), of amino acids (e.g., Imo1984
and Imo2006, encoding biosynthetic enzymes) and in the Agr quorum sensing-like system (Imo0048-49). Moreover, we show that
PNPase affects mRNA levels of the master regulator of virulence PrfA and PrfA-regulated genes, and these results could help to
explain the reduced bacterial internalization in human cells of the ApnpA mutant. Overall, this work demonstrates that PNPase is an

important post-transcriptional regulator for virulence and adaptation to the biofilm lifestyle of Gram-positive bacteria and
highlights the expanding role of ribonucleases as critical players in pathogenicity.
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INTRODUCTION

Biofilms are the prevalent mode of growth for microorganisms in
natural ecosystems. However, they have been an increasing
medical concern given that 80% of microbial infections are
associated with biofilms’? and contribute to the persistence of
chronic infections®. Biofilms are defined as communities of
microorganisms that are attached to biotic or abiotic surfaces
and are enclosed in self-produced hydrated extracellular poly-
meric substances (EPS), also known as the biofilm matrix*®.
Polysaccharides, proteins, phospholipids, and nucleic acids are the
main components of the biofilm extracellular matrixS. Sessile
microorganisms are protected by the surrounding matrix and can
endure external stresses like nutrient deprivation and desiccation
much better than planktonic bacteria, as well as being much less
susceptible to the action of antimicrobial agents and host’s
immune defences’. The biofilm’s structure allows the accumula-
tion of components of lysed cells and favors horizontal gene
transfer between bacteria and cell-cell communication®®,

Biofilm formation has been associated with virulence in several
pathogenic bacteria by promoting infection. Listeria monocyto-
genes (Listeria) is a Gram-positive pathogenic bacterium that
causes listeriosis, one of the most lethal foodborne infections in

humans®. It can survive intracellularly, manipulate host’s cellular
machineries, and escape from immune system'®. L. monocyto-
genes endures adverse environmental conditions such as low
temperatures, low pH, and high salt concentrations''. Moreover, it
can adhere to several types of surfaces, persist in the form of
biofilms in food-processing environments and contaminate food
products, making this bacterium a major burden for the food
industry’>”'>. When grown under static conditions, L. monocyto-
genes biofilms can either be in the form of a bacterial monolayer'®,
or form a honeycomb-like biofilm'”. They can also form ball-
shaped structures under continuous-flow conditions'®.

Biofilm formation is a complex and multifactorial process. In L.
monocytogenes, as in other bacterial pathogens, it has been shown
that swimming ability’® and the Agr quorum sensing-like system
are important at the early stages of biofilm formation, with the
latter being involved in the regulation of proteins relevant for
adhesion to surfaces and/or bacteria?>?'. Moreover, both the
transcriptional regulator of virulence PrfA and the stress response
regulator ¢® are important for biofilm development in Listeria,
namely by controlling the expression of genes such as actA, inlA,
and rmiIA%2725, For instance, it was shown that PrfA-regulated
factor ActA is involved in bacterial aggregation, a key step in
biofilm formation*. PrfA is responsible for the expression of
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several virulence factors, such as the surface proteins internalins,
which are essential for invasion of mammalian cell lines'®2°, In
addition, other factors play a role in biofilm formation in
pathogenic bacteria, such as sSRNAs?”?® and c-di-GMP?°30,

Another factor found to regulate biofilm formation in other
bacterial species is the RNA-binding protein polynucleotide
phosphorylase (PNPase). It is a highly conserved 3’-5" exoribonu-
clease that catalyzes the degradation and processing of RNA3'
and has been implicated in virulence-related processes in
different bacterial species®?*, We had previously found that
PNPase is an important enzyme in L. monocytogenes in the
processing and function of a CRISPR element>®. In Gram-negative
bacteria Escherichia coli K-12 and Salmonella enterica serovar
Typhimurium, the inactivation of PNPase was shown to impair
biofilm formation3¢-38. However, in E. coli C strain, the PNPase-
deletion mutant showed increased biofilm formation3°. Thus, the
role of PNPase in biofilm formation remains to be fully explained,
while it is still unknown if PNPase affects biofilm formation in
Gram-positive bacteria.

In this work, we show that inactivation of PNPase in L.
monocytogenes causes reduced cellular invasion and strong
defects in biofilm production, greatly affecting the extracellular
matrix composition. Also, RNA-sequencing analysis showed that
PNPase is involved in the regulation of distinct pathways
influencing biofilm formation, namely quorum sensing and
metabolism of carbohydrates and amino acids. Hence, we present
PNPase as a new biofilm regulator in Gram-positive pathogens.

RESULTS

PNPase affects the internalization of Listeria monocytogenes in
human cell lines

PNPase has been implicated in virulence-related processes in
different bacterial species, even though its role is still not
completely understood and may differ among different bacteria
(reviewed in ref. 3'). To determine if PNPase is important for L.
monocytogenes virulence, we tested the ability of the wild-type
(WT), the PNPase-deletion mutant (ApnpA) and the PNPase-
complemented (ApnpA::pnpA) strains to invade host cells. For that,
we used two well-established human epithelial cell lines: Hela
(isolated from cervical cancer and commonly used as a model of
study) and HepG2 (hepatocytes-derived cells, as the liver is a
preferred target for Listeria infection). Bacterial cultures were used
to infect the human cells for one hour, followed by a one hour-
treatment with gentamycin that kills extracellular bacteria®.
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Fig. 1 PNPase is important for Listeria monocytogenes invasion of
human epithelial cell lines. Quantification of intracellular bacteria in
HelLa and HepG2 cells at 2 hours post-infection, at MOI 50 for HelLa
and MOI 40 for HepG2. Averaged replicate values were normalized
to inoculum concentration (CFU/mL at the time of infection) and the
transformed data expressed as the percentage of surviving bacteria
relative to the wild-type. Data represent mean+SD of three
independent experiments. Significance was determined by an
unpaired t test; *P < 0.05, **P < 0.01.
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Intracellular bacteria were recovered after host cell lysis, and
viability was determined on BHI agar plates. Our results showed
that PNPase was necessary for entry into both cell lines, as the
ApnpA mutant was less invasive than the wild-type (decrease of
~95% in Hela and 80% in HepG2) (Fig. 1). The complemented
strain showed partial recovery in the infection of HelLa and full
complementation in the infection of HepG2. These results
demonstrate that PNPase is important for L. monocytogenes
infection. This fact is in accordance with what has been described
for other pathogenic bacteria®** and highlights a role for PNPase in
bacterial virulence.

Inactivation of PNPase leads to mutant phenotypes of Listeria
monocytogenes

Changes in cell size, shape, and motility have been associated with
virulence defects of bacterial pathogens as these traits may affect
host invasion*'*2. To determine if the difference in the coloniza-
tion ability of host cells by the Listeria monocytogenes EGD-e (wild-
type) and the ApnpA mutant cultures could result from a
phenotypic variation between these strains, we firstly analyzed
their microscopic cellular morphology (Fig. 2a). No significant
differences in cell size were found between these two strains or
the complemented strain. Next, we analyzed the morphology of
macrocolonies from all strains grown on BHI agar plates; and
striking differences were observed (Fig. 2b). All colonies were
characterized by a central core with a concentric ring surrounded
by a peripheral area of smooth morphology. Nevertheless, the
outer region of the wild-type and complemented macrocolonies
presented a lobated edge, while the ApnpA mutant showed a
more regular smooth-growth zone. The most noticeable differ-
ence was found in the inner region, as the wild-type showed a
granular appearance. Instead, the ApnpA mutant showed a
speckled morphology, which was not confined to the inner core,
but it was observed all over the macrocolony and resembled
hollow-like structures on the surface (a zoomed image of
representative areas of each macrocolony is shown to better
visualize the different features) (Fig. 2b). This phenotype was not
observed in the complemented strain, which was more similar to
the granular appearance found on the wild-type. Since flagella
and motility have also been associated to virulence, we decided to
evaluate if PNPase could affect the swimming ability of Listeria.
Cultures of the wild-type and the ApnpA mutant were spotted on
BHI-soft-agar plates (Fig. 2c). Deletion of PNPase resulted in a
strain with reduced motility (about 70% less) when compared to
the wild-type. This defective phenotype was fully restored in the
PNPase-complemented strain.

Collectively, these results showed that the inactivation of
PNPase causes phenotypic changes, with differences found in
colony morphology and cell motility, which are correlated with the
less invasive nature of this strain.

PNPase affects the formation and structure of Listeria
monocytogenes biofilms

Colony morphology and motility are two interconnected pheno-
types known to affect the formation of bacterial biofilms*3*#4, To
determine if the altered morphotype and motility defects found in
the PNPase-mutant of Listeria monocytogenes could affect biofilm
formation, we next compared the amount of biofilm produced by
the wild-type, ApnpA and complemented strains. Bacteria were
grown statically in BHI medium at 37 °C in 24-well plates. After the
removal of planktonic cells and washing, surface-adhered biofilms
were stained with crystal violet (CV). We observed that the Listeria
PNPase-deletion mutant was clearly defective (40% less) in biofilm
formation compared to the wild-type (Fig. 3a). This phenotype was
at least partially recovered in the PNPase-complemented strain.
Moreover, the morphology of the biofilm observed in the ApnpA
mutant was strikingly different from the biofilms of the two other

Published in partnership with Nanyang Technological University



Apnp.

s wre

Fig. 2

ApnpA::pnpA s

A.P. Quendera et al.

npj

ns

~

Cell size (um)

T
WT APNPA ApnpA::pnpA

ApnpA::pnpA

B ﬁ’z‘v’—w ".ﬂ
% ‘;%{ﬁﬁg a!‘ ;2 0;‘—*.;

ek

v ik |
"5 P angt) £
o P g
“nr '(-'

[
1000 pm

——
1000 pm

ApnpA::pnpA

100+ *x

80

60—

40+

20

% motility relative to WT

o
|

T
WT APNpPA ApnpA::pnpA

Inactivation of PNPase affects colony morphology and motility of Listeria monocytogenes. a Representative images of individual

bacterial cells at mid-exponential phase (ODgqo at 0.7-0.8) to assess cell size and morphology. Scale bars, 1 um (left). Bar-plot of average cell
sizes of two independent biological replicates of each strain (right). Data represent mean + SD. Significance was determined by an unpaired t
test. ns, not significant; *P < 0.05. b Representative images of macrocolony observation using a zoom microscope. Each strain was inoculated
on BHI agar plate and incubated at 37°C for 8 days. The lower panel corresponds to a zoom magnification. Scale bars, 1000 um.
¢ Representative images of swimming motility assessment from bacteria cultures spotted on 0.3% (w/v) BHI agar and incubated at 25 °C for
48 h (left). Bar-plot of swimming areas of each strain (right). Averaged replicate values were transformed as the percentage motility relative to
the wild-type. Data represent mean * SD of three independent experiments. Significance was determined by an unpaired t test; **P < 0.01,

***¥P < 0.005.

strains (Fig. 3a, left). Inactivation of PNPase resulted in a biofilm
with pronounced streaked-like edges that were not detected in
cells expressing PNPase. In addition, we observed that the biofilm
in the ApnpA mutant was more easily detached during the
washing steps, suggesting that this biofilm adheres less and is less
structured.

To further assess Listeria biofilm architecture, we used confocal
laser scanning microscopy (CLSM). Biofilms were grown on glass
coverslips on 24-well plates for 48 h at 37 °C. Then, the biofilms
were gently washed to remove unattached bacterial cells and
stained with SYTO™ 9, a cell-permeant fluorescent nucleic acid dye
that labels bacteria and extracellular DNA%> (eDNA). Z-stacks of
each biofilm were obtained and reconstructed into three-
dimensional projections. As shown in Fig. 3b, the Listeria wild-
type strain formed biofilms that resembled a dense lawn of
bacteria with some cell aggregates. In contrast, the ApnpA mutant

Published in partnership with Nanyang Technological University

strain formed a sparse biofilm with many empty areas between
individual bacterial cells. In the PNPase-complemented strain, the
biofilms resembled the ones formed by the wild-type strain. In
addition, the structural differences in biofilm formation were
quantified (Fig. 3c). The wild-type biofilm presented more biomass
and was significantly thicker than the ApnpA mutant biofilm.
Regarding biofilm roughness, wild-type biofilms presented lower
roughness coefficient than ApnpA mutant biofilm, since wild-type
has a more homogeneous aspect, while ApnpA mutant has
reduced biovolume and presents more hollow spaces. Biofilms
from the PNPase-complemented strain showed intermediate
values of biomass and roughness, although the maximum
thickness was higher than the wild-type due to heterogeneity in
the z-stack image acquisition. Together, these results validate
information obtained from CV assays and together point toward a
decrease in ApnpA mutant biofilm formation.
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Fig. 3 PNPase affects the formation and structure of Listeria monocytogenes biofilms. a Biofilms were grown statically at 37 °C for 48 h and
biofilm biomass was determined using crystal violet staining method. On the left, biofilms were imaged after the addition of crystal violet. On the
right, averaged values of the absorbance at 595 nm were plotted. Data represent mean * SD of three independent experiments. Significance was
determined by an unpaired t test; ***P < 0.005. b Representative three-dimensional structures of the biofilms were reconstructed after acquiring
z-stack images by CLSM after growth at 37 °C for 48 h. ¢ The biomass, maximum thickness and roughness coefficient of the imaged biofilms were
quantified by COMSTAT. Replicate values were averaged and plotted. Data represent mean + SD of three independent experiments. Significance
was determined by an unpaired t test; *P < 0.05. d Representative images of biofilms observed by SEM at 2000x and x10,000 magnifications.

To better understand the morphological nature of the reduced
Listeria biofilm formation when PNPase is not expressed, the biofilm
architecture of the wild-type, ApnpA mutant and the PNPase-
complemented strain was further studied by Scanning Electron
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Microscopy (SEM). It was readily observed that biofilms from the
wild-type strain exhibited a smooth and hydrated-like surface that
was quite different from the rough and cracked surface found in the
ApnpA mutant (Fig. 3d). A higher magnification revealed that wild-
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Fig. 4 Biofilm extracellular matrix content is reduced in ApnpA mutant biofilms. a Relative quantification of extracellular DNA, protein, and
polysaccharide content in the matrix of biofilms grown during 48 h at 37 °C. Averaged replicate values were transformed as the percentage
relative to the wild-type. Data represent mean = SD of three independent experiments. Significance was determined by an unpaired t test;
*P<0.05, **P<0.01. b Representative images of CLSM analysis of the biofilm matrix composition. SYTO™ 9 was used as a control to dye
bacteria, TO-PRO™-3 iodide was used for extracellular DNA staining, SYPRO® Ruby for protein staining, and RR-OP for polysaccharide staining.

ApnpA

type bacteria were mostly covered by the extracellular material,
which made it difficult to observe the outlines of individual cells. In
sharp contrast, the ApnpA mutant bacteria were not embedded in a
dense extracellular matrix, and cells were easily detected. The
PNPase-complemented strain showed a biofilm phenotype more
similar to the wild-type with a smooth surface and higher content of
extracellular matrix than the ApnpA mutant. However, we note that
complementation was not total as some patches of rough biofilm
surface and bacteria not trapped in the extracellular matrix were
also detected. The partial complementation of different phenotypes
obtained in the ApnpA:pnpA strain is probably related to different
levels of PNPase expression in the different assay conditions here
tested. This might be a consequence of the cloning strategy used
for the amplification of pnpA gene for cloning in pPL2 plasmid, that
might have missed activator regions or other promoters located in
the upstream sequence of pnpA (see “Methods”).

Overall, this set of results showed that PNPase affects L.
monocytogenes biofilms by disturbing the formation of the
extracellular matrix. Inactivation of Listeria PNPase leads to
reduced and thinner biofilms with a significantly lower content
of its extracellular matrix.
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PNPase affects the composition of the biofilm matrix

The matrix of Listeria monocytogenes biofilms is composed of EPS,
namely eDNA, proteins and polysaccharides?. Following the
previous set of results, we investigated the macromolecular biofilm
matrix composition of the wild-type, ApnpA, and complemented
strains to understand if the observed differences in biofilm structure
and morphology were due to changes in the matrix composition.
Biofilms grown for 48 h at 37 °C were scrapped from the abiotic
surface and subjected to sonication to separate the EPS from the
bacterial cells. After sonication, ODgqo Was measured for further
normalization of each matrix component against the total biofilm
biomass of each strain. The EPS recovered in the supernatant was
further quantified using distinct biochemical techniques according
to the component in the study: phenol-chloroform extraction
method for eDNA, Bradford’s method for proteins, and phenol-
sulfuric acid method for polysaccharides. Remarkably, the results
indicate that the amount of the three major components of the
Listeria extracellular matrix was reduced in the ApnpA mutant strain
when compared to the wild-type (Fig. 4a). Also, we observed that
the complemented strain was able to partially recover the wild-type
phenotype.
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To further validate these results and visualize the different matrix
components, 48h-grown biofilms were then analyzed by CLSM after
staining with specific dyes for each component, as shown in
representative images in Fig. 4b. TO-PRO™-3 iodide fluorescent dye
targets nucleic acids but not in bacteria with intact membranes.
Thus, it has been used for eDNA detection on the extracellular
matrix since it allows the distinction between eDNA and DNA found
inside biofilm cells, when used simultaneously with SYTO™ 9 dye*.
In Fig. 4b, a strong reduction of eDNA levels was detected in ApnpA
mutant biofilm with only few cells being stained, while a stellar-like
pattern of eDNA was observed in the wild-type biofilm. FilmTracer™
SYPRO® Ruby Biofilm Matrix dye is used for protein detection*” and
was able to bind to protein-rich aggregates in the matrix of the wild-
type biofilm, but only stained individual cells in the ApnpA mutant
biofilm (Fig. 4b). This demonstrates that there is lower protein
content in the extracellular matrix of PNPase-deficient strain.
Staining polysaccharides present in the biofilm matrix of Listeria
was a more challenging procedure. First, we tested the fluorescent
dye wheat germ agglutinin (WGA) conjugated with Alexa Fluor 633,
commonly used to detect polysaccharides in Gram-positive
biofilms, namely in Staphylococcus aureus*®. However, this dye
was not effective in the labeling of polysaccharides in Listeria
biofilms, at least in the conditions here tested. To overcome this
difficulty, next we tested ruthenium red (RR), a dye that binds to
carbohydrates and was known to stain Listeria biofilms*®. RR is not
fluorescent, but when conjugated with non-fluorescent 1,10-
phenanthroline (OP) it results in the fluorescent RR-OP complex,
previously used to label anionic substrates like chromatin from
erythrocytes nuclei*®. We synthesized RR-OP and tested its ability to
label the polysaccharides present in Listeria EPS. As observed in Fig.
4b, RR-OP successfully binds to the polysaccharides present in the
biofilm matrix. The staining was more intense in the wild-type
matrix but stained poorly the ApnpA mutant, showing that there are
lower levels of polysaccharides in the mutant biofilm matrix. To the
best of our knowledge, this was the first time RR-OP was used as a
fluorescent staining method for polysaccharides on Listeria biofilms,
providing a new tool that could be useful for the study of bacterial
biofilms. Taken together, these results show that inactivation of
PNPase leads to the reduction of the EPS in Listeria biofilms,
affecting the levels of eDNA, proteins and polysaccharides.

Biofilms of PNPase-depleted strain are more susceptible to
antibiotics

Biofilms are more resistant to the action of antimicrobial agents
due to their robust structure and to the protective role of the
surrounding matrix. Since inactivation of PNPase leads to thinner
biofilms with less EPS content, next we evaluated if PNPase-
deficient biofilms were less resistant to antibiotics treatment. The
two antibiotics used for the treatment of listeriosis were selected,
in this case gentamicin and erythromycin (which are considered
the first- and second-line therapeutic agents, respectively®'*2).
First, the minimum inhibitory concentrations (MIC) of planktonic
cultures grown in BHI broth were determined and revealed no
differences between the strains, in terms of bacterial cultivability
in BHI-A plates (3 pg/mL for gentamicin and 0.1 pg/mL for
erythromycin). Then, wild-type and ApnpA mutant biofilms grown
statically in BHI for 48 h were subjected to a treatment with high
doses of each antibiotic. After 24 h, the biofilms were washed,
subjected to an ultrasound bath, and scraped to release the
attached cells from the abiotic surface. The recovered biofilm cells
were plated in BHI agar plates for CFU/mL assessment. In parallel,
BHI without antibiotic was used as a control for cellular
cultivability. There were no significant differences between wild-
type and ApnpA mutant when no antibiotic was added to the pre-
formed biofilms, showing that inactivation of PNPase does not
affect cell cultivability in Listeria biofilms (Fig. 5). In contrast, each
antibiotic treatment resulted in lower cultivability for ApnpA
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Fig. 5 Biofilms of the PNPase-depleted strain are more suscep-
tible to antibiotics. Biofilms grown for 48 h at 37 °C were subjected
to a treatment of 24 h with high doses of gentamicin (10X MIC) or
erythromycin (100X MIC). As bacterial cultivability control, BHI was
added instead of antibiotic. After each treatment, recovered
cultivable cells were quantified as CFU/mL. Replicate values were
averaged and transformed as the percentage of CFU/mL relative to
the wild-type. Data represent mean+SD of three independent
experiments. Significance was determined by two-way ANOVA; ns,
not significant; ****P < 0.0001.

mutant when compared to the wild-type, although we noted that
this reduction was less than 1-log. This effect was more
pronounced with gentamicin treatment (ApnpA strain was 75%
less cultivable), although a reduction in cultivability was also
observed when erythromycin was used (ApnpA strain was 40%
less cultivable) (Fig. 5). The complemented strain showed nearly
full complementation in both antibiotic treatments. These results
show that the biofilm of the PNPase mutant is more susceptible to
antibiotics than the wild-type. This fully agrees with our previous
observations that PNPase-deficient biofilms are less structured
and have less extracellular matrix components.

Transcriptomic analysis of Listeria PNPase-deficient biofilms

To better understand how PNPase affects gene expression in
biofilm formation, we compared the transcriptome between
ApnpA mutant and wild-type biofilm cultures. Total RNA was
extracted from biofilm cultures grown for 48h at 37°C and
submitted to RNA-sequencing (RNA-seq). From the RNA-seq data,
we assessed the differential transcript expression between ApnpA
mutant and wild-type biofilms by calculating and plotting the fold
change for each transcript in a MA scatterplot (Fig. 6a). To
determine the differentially expressed genes (DEGs) that were
statistically significant we defined the following parameters: a
false-discovery rate (FDR) lower than 0.1, a fold change higher
than 2, and an expression value of the transcripts (log, CPM)
higher than 3. Although the dispersion of the log, fold change
values was considerably reduced for most of the transcripts, a
total of 103 genes were differentially expressed (Supplementary
Table 1), of which 46 were downregulated, and 57 were
upregulated (Fig. 6a). Remarkably, when the DEGs were grouped
according to their general biological role, we observed that the
majority of DEGs was part of either the “Carbohydrate transport
and metabolism” (n=14) or the “Amino acid transport and
metabolism” (n = 11) groups, along with the uncategorized DEGs
(n = 37) (Fig. 6b). Next, DEGs were mapped to the KEGG database
to attribute each gene to its respective pathway, followed by
KEGG pathway enrichment analysis (Fig. 6c). Results showed
enrichment in pathways involved in “Metabolic pathways”
(n =36), “Biosynthesis of secondary metabolites” (n=22) and
“Microbial metabolism in diverse environments” (n = 14). We can
observe a good correlation between the categories ascertain in
Fig. 6b and the enriched KEGG pathways described in Fig. 6¢: the
category “Amino acid transport and metabolism” is supported by
enrichment of “Biosynthesis of amino acids”, “Alanine, aspartate
and glutamate metabolism”, and “Valine, leucine and isoleucine
biosynthesis” pathways; in the same manner, the category
“Carbohydrate transport and metabolism” can englobe the KEGG

Published in partnership with Nanyang Technological University



7
| H o NS
[ ®Up (n=57)
G - 12 Seset . ® Down (n=46)
® e
(o]
[ = N -
@
ol -
3 o-
=z -
T o
S O
o
q’ -
o
;

T T T T T
-5 0 5 10 15

Average log CPM

B Amino acid transport and metabolism

m Carbohydrate transport and metabolism

m Cell wall/membrane biogenesis/cell division
Cofactor and Vitamin transport and metabolism

m Electron transfer

m Energy production and conversion

m Inorganic ion transport and metabolism

M Lipid transport and metabolism
Nucleotide transport and metabolism

m Regulation of gene expression

H Unknown

Cc

Valine, leucine and isoleucine biosynthesis
Pyruvate metabolism

2-Oxocarboxylic acid metabolism
Terpenoid-quinone biosynthesis

Glycerolipid metabolism

Alanine, aspartate and glutamate metabolism
Microbial metabolism in diverse environments
Metabolic pathways

ABC transporters

Glycolysis / Gluconeogenesis

Biosynthesis of secondary metabolites
Biosynthesis of amino acids

Carbon metabolism

Citrate cycle (TCA cycle)

A.P. Quendera et al.

npj

-
a
N
]

VA
J/\M/"\\_/-

/

Coverage

=)

| Imo0096 >

T
[ S SN A

517.8

Up-regulated:

Coverage

o

2 < Imo0783 I< Im00784|

0
N
~N
w

BN Vs
\MWW

Coverage

o

| Imo1984 >

rS
N
N
0

Hg : /-\’\,rmf“\ ]
E MM\WL
|

| Imo1986 >
M

Down-regulated:

|
\

|

< Imo2006 |

imo)285
mo1775

~
w
o  Coverage : o  Coverage

T T
0 10 20 30

Number of genes

40

Fig. 6 Transcriptomic analysis of PNPase-deficient biofilms. a MA scatterplot comparing the expression of transcripts between two

biological replicates of L. monocytogenes EGD-e wild-type and ApnpA

mutant biofilms. Genes with significantly different expressions are

highlighted in red if they are upregulated or in green if they are downregulated in ApnpA biofilms compared to wild-type. The FDR cut-off is
<0.10. The two horizontal lines correspond to the cut-off of a log, fold change of 1, and the vertical line to the cut-off of the log, CPM of 3. NS

not significant. b Global visualization of differentially expressed genes (D

EGs) divided into general biological categories. The number of genes

belonging into each category is in white. ¢ DEGs with significantly increased enrichment grouped into predicted KEGG pathways. d Heatmap
of the transcriptional profile of the DEGs. Hierarchical clustering was done to group genes with similar expression pattern in terms of log,
RPKM. e Read coverage plots of three upregulated (Imo0096, Imo0783, Imo0784) and three downregulated genes (Imo1984, Imo1986, Imo2006).
Imo0783-0784 are shown in operon. Blue line corresponds to wild-type, while red line corresponds to ApnpA mutant. The y axis represents the

coverage of reads and the maximum value of each gene is shown. The

pathways “Carbon metabolism”, “Citrate cycle”, and “Glycolysis/
Gluconeogenesis”.

A heatmap was charted, showing the normalized expression
values of the DEGs in the wild-type and the ApnpA mutant strains
(Fig. 6d). We then selected six of those differentially expressed
transcripts (3 up- and 3 downregulated genes) as examples of our
RNA-seq data and plotted their read coverage to assess the
sequencing depth in both strains (Fig. 6e). Next, genes that
presented higher and lower log, FC, and that have been
previously associated with biofilm formation according to the
literature were selected as representative genes (Table 1). For
instance, inactivation of PNPase led to the upregulation of genes
from the quorum sensing system Agr (Imo0048, Imo0049), genes
from the mannose/glucose (Imo0096, Imo0783, Imo0784) and
maltose (Imo2124, Imo2125) transport systems, along with genes
involved in the pentose phosphate pathway (Imo0342, Imo0343,
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X axis represents the gene position.

Imo0345). The categories that were strongly downregulated by
PNPase inactivation were the “Amino acids transport and
metabolism” (Imo1733, Imo1835, Imo1984, Im01986, Imo2006)
together with the “Energy production and conversion” (Imo1052-
1055). RNA-seq results were validated by qPCR analysis, using a
subset of these representative genes (Table 1). We observed a
good correlation between the two techniques, indicating that the
gPCR results were consistent with the RNA-seq data.

Our results have shown that there was an altered expression in
biological categories important for biofilm formation in ApnpA
mutant biofilm when compared with the wild-type, and the
majority of the DEGs under control of PNPase are integrated in
either carbohydrate or amino acids-related processes. These data
corroborate our previous set of results showing that PNPase
affects the levels of polysaccharides and proteins from the
extracellular matrix of Listeria monocytogenes biofilms.
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Table 1. Comparison between the values for fold change of selected genes using RNA-seq and qPCR.
Gene Product Biological process RNA-seq FDR (corrected P qPCR
value)
Upregulated Imo0096 PTS mannose/glucose transporter subunit IIAB, Carbohydrate transport and 4.83 8.34x1073 248
ManL metabolism
Imo0342 Transketolase, Tkt 14.82 1.82x 1077 -
Imo0343 Transaldolase, Tal2 19.30 1.62x 1078 3.46
Imo0345 Ribose 5-phosphate isomerase, Rpi 23.90 9.58x 107° 3.22
Imo0783 PTS mannose/glucose transporter subunit 1B, 4.44 1.95x 1072 -
MpoB
Imo0784 PTS mannose/glucose transporter subunit lIA, 4.36 2.13x 1072 2.71
MpoA
Imo2124 Maltose/maltodextrin ABC-transport system 10.59 7.78x10°° 2.00
permease, MalF
Imo2125 Maltose/maltodextrin ABC-transporter binding 15.09 2.38x 1077 3.05
protein, MalE
Imo0048 Sensor of histidine kinase, AgrB Quorum sensing system 8.59 436x107° 6.73
Imo0049 Autoinducing peptide, AgrD 5.44 410x1073 -
Downregulated Imo71733 Glutamate synthase subunit beta, GItD Amino acids transport and 0.07 2.90%x 1077 0.14
Imo1835 Carbamoyl-P synthetase large subunit, Carg ~ Metabolism 0.24 1.62% 1072 -
Imo1984 Acetolactate synthase large subunit, [lvB 0.11 1.30x 107> -
Imo1986 Ketol-acid reductoisomerase, llvC 0.08 1.78x10°° 0.19
Imo2006 Acetolactate synthase large subunit, AlsS 0.26 233x1072 -
Imo1052 Pyruvate dehydrogenase subunit E1 alpha, Energy production and 0.10 494x10°° 0.56
PdhA conversion
Imo1053 Pyruvate dehydrogenase subunit E1 beta, PdhB 0.13 854x107° 0.56
Imo1054 Dihydrolipoamide acetyltransferase E2, PdhC 0.16 557x107* -
Imo1055 Dihydrolipoamide dehydrogenase E3, PdhD 0.26 240%x1072 -
Fold changes were calculated as the ratio of ApnpA mutant to wild-type. Values above 1 correspond to upregulated transcripts while values below 1
correspond to downregulated transcripts. qPCR was performed in triplicate with RNA extracted from, at least, three independent cultures.

PNPase affects mRNA stability of genes associated to biofilm
and virulence

To further assess the role of PNPase in the regulation of the most
significant DEGs, we performed rifampicin mRNA stability assays
comparing the ApnpA mutant with wild-type cultures. Due to
technical difficulties in performing this technique in biofilms,
alternatively we have used stationary phase cultures grown in BHI
medium at 37 °C since at this growth stage, bacteria are more
physiologically similar to sessile bacteria present in biofilms®3. The
levels of the mRNAs of the genes of interest were evaluated by
Northern blot using specific probes.

We observed that inactivation of PNPase resulted in the strong
stabilization of mMRNAs from upregulated DEGs (Table 1), namely:
the quorum sensing-like system Imo0048/agrB, the PTS transporter
subunit Imo0096/manlL and the sugar ABC-transporter Imo2125/
malE (Fig. 7a). This stabilization was particularly obvious when
analyzing Imo0048 and Imo0096 mRNAs, which showed barely
detected levels in the wild-type, not allowing a reliable
quantification of the mRNAs half-lives in this strain. We noted
that two bands of different sizes were observed with the Imo0048
probe: a longer band corresponding to the monocistronic mRNA
(detected in both the WT and the ApnpA mutant) and a shorter
band corresponding to a decay intermediate (only detected in the
ApnpA mutant). The levels of both mRNA species are higher in the
ApnpA mutant compared to the wild-type strain, being particularly
obvious the strong accumulation of the shorter transcript in the
absence of PNPase. It is possible that the shorter mRNA might lead
to the production of a Lmo0048/AgrB truncated protein, which
may still be partially functional and potentially affect biofilm-
related pathways. Overall, this set of results demonstrates that
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PNPase acts as a post-transcriptional regulator by acting as a main
enzyme involved in the degradation of mRNAs of upregulated
genes identified in our RNA-seq analysis. Contrarily, the mRNA of a
selected downregulated gene (Imo2006) was observed to decay
slightly faster in the ApnpA mutant, which probably contributes to
the observed reduced levels of this transcript in this strain.

In addition, we constructed and analyzed transcriptional fusions
to test whether PNPase could affect the transcription of either
Imo0048/agrB (one upregulated gene) and/or Imo2006/alsS (one
downregulated gene) (Fig. 7b). Promoter activity of these genes was
analyzed using the pTCV plasmid and lacZ as a reporter gene®”.
-galactosidase assays showed that there were no significant
differences between wild-type and ApnpA mutant, what suggests
that PNPase is not significantly affecting the transcription of these
genes. Considering that we do not observe significative changes in
the transcription of Imo0048 (Fig. 7b), this confirms that the higher
levels of the two RNAs in Fig. 7a are due to their stabilization in the
absence of PNPase; therefore, PNPase is responsible for their
degradation. The shorter transcript of /mo0048 was not a
consequence of increased transcription; instead, this mMRNA most
likely results from the cleavage of the longer transcript of Imo0048
by other ribonucleases, being rapidly cleared out by PNPase, which
explains why this mRNA was not detected in the wild-type (Fig. 7a).

Since we observed that inactivation of PNPase results in
reduced invasion of human cell lines (Fig. 1) and bacterial motility
(Fig. 2), we further extended our studies to genes important for
these phenotypes, even though they do not appear to be
differentially expressed in our biofilm transcriptomic data. Using
rifampicin mRNA stability assays and Northern blot analysis,
inactivation of PNPase was found to result in lower mRNA levels of
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quantification.

the transcriptional activator of virulence genes, prfA, along with
two prfA-regulated genes, namely, inlA (codifies for Internalin A)
and hly (codifies for Listeriolysin O) in stationary phase cultures
(Fig. 7c). This regulation appears to be indirectly caused, as the
stability of these transcripts was not strongly affected by the
absence of PNPase. We also observed reduced protein levels of
Internalin A in cell extracts of the ApnpA mutant, showing that the
reduced levels of inlA mRNA are correlated with lower levels of
protein (Fig. 7d). On the other hand, we observed that PNPase
does not affect the levels and stability of mogR mRNA, the
transcriptional repressor of motility genes (Fig. 7c).

Overall, these results show that PNPase regulates the expression
levels of genes involved in biofilm and virulence and supports that
PNPase is an important enzyme involved in the post-transcriptional
regulation of biofilm formation.

DISCUSSION

In this work, we present the ribonuclease PNPase as a novel
regulator of biofilm formation and virulence in the Gram-positive
pathogen Listeria monocytogenes. We demonstrate that PNPase is
a positive determinant of biofilm production in L. monocytogenes
EGD-e strain, affecting the biomass, morphology, and structure of
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the biofilm. The PNPase-deletion strain produced less biofilm
biomass, exhibiting a thinner, more rugose and with a dry-looking
surface, and less structured biofilm than the wild-type. This was
correlated with major defects in the composition of the biofilm
extracellular matrix of the ApnpA mutant, which exhibited a minor
content of proteins, polysaccharides, and extracellular DNA, as
detected by biochemical assays and microscopy. Indeed, bacteria
present in the ApnpA biofilms are not found to be significantly
embedded in a layer of matrix, in sharp contrast to what is
observed in the wild-type biofilms where bacteria are surrounded
by a thick matrix. These structural defects render a feeble biofilm
production in the ApnpA mutant, which most likely causes the
increased susceptibility of Listeria biofilms to antibiotics. Moreover,
inactivation of Listeria PNPase resulted in phenotypic changes in
macrocolonies and reduced cell motility, two features widely
associated to biofilm formation.

PNPase has been previously associated to biofilm formation in
Gram-negative bacteria; however, its exact role is controversial.
Whereas PNPase was shown to be a positive regulator of biofilm
formation in E. coli K-12°® and in Salmonella Typhimurium3537,
another study using E. coli C proposed PNPase as an inhibitor of
biofilm formation3°. The effect of PNPase in biofilm production
seems thus to be species-dependent, at least in Gram-negative
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bacteria. Nevertheless, there is a current lack of information about
the role of PNPase in the establishment of biofilms in Gram-
positive bacteria and our work intended to fill that gap. To better
understand how PNPase contributes to the biofilm formation of L.
monocytogenes, the transcriptomic analysis of the wild-type and
ApnpA mutant biofilms was performed. PNPase was found to
affect the expression levels of several genes and multiple
regulatory pathways, as was expected from a major post-
transcriptional regulator. A total of 103 DEGs affected by PNPase,
with 57 and 46 genes showing up- and down-regulation,
respectively, were obtained by RNA-seq. The majority of DEGs
was part of either the “Carbohydrate transport and metabolism” or
the “Amino acid transport and metabolism” groups.

Genes involved in quorum sensing and genes involved in
carbohydrate transport and metabolism are amongst the most
upregulated genes in Listeria biofilms not expressing PNPase (Fig.
6 and Table 1). Initially described in S. aureus, the Agr quorum
sensing-like system in L. monocytogenes is encoded in the
Imo0048-Imo0051 operon>>. Our results revealed the upregulation
of the genes Imo0048 (encoding a homolog of the S. aureus sensor
histidine kinase AgrB) and Imo0049 (encoding a homolog of S.
aureus autoinducing peptide AgrD) in biofilms of the ApnpA
mutant (Fig. 6 and Table 1). It was previously shown that the Agr
operon is important for Listeria biofilm formation since Agr
mutants, namely AlImo0049 (AagrD), were affected in adhesion
and in the first 24 h of biofilm formation?%2'°%, The expression of
the L. monocytogenes agr operon is subjected to temporal
regulation, with increasing levels of expression found in the early
stages of biofilm growth, and subsequent declining as the biofilm
matures'®. We observe that this temporal regulation of the agr
system is defective in the absence of PNPase; the high levels of
agrB and agrD transcripts observed in biofilms after 48 h of growth
could help explaining the reduction in biofilm biomass found in
the ApnpA mutant.

In addition, several genes involved in sugar transport and
bioenergetics were found to be upregulated in the ApnpA mutant
biofilms. These include genes of the phosphoenolpyruvate (PEP)-
dependent sugar:phosphotransferase system (PTS) for the high-
affinity uptake of both mannose and glucose. The PTS comprises
two general phosphotransferase proteins (EI and HPr) and a
variable number of sugar-specific enzyme Il complexes; El and HPr
transfer phosphoryl groups from PEP to EIIAB that is responsible
for phosphorylation of different sugars, with EIICD acting as
transporters®”->8, Our results indicate the upregulation of Imo0096
(ENIABM2/GIY) from the Man operon and Imo0783 (EIIAM2"/GlY) and
Imo0784 (EIIBMa™SY) from the Mpo operon. The upregulation of
these PTS may represent an increase in the consumption of
glycolytic PEP, thus reducing its availability for the biosynthesis of
aromatic amino acids and cell wall precursors®®. This most
probably contributes to the lower biofilm matrix production
observed in the Listeria ApnpA biofilms. In agreement with this
hypothesis, PTS enzymes are downregulated during biofilm
formation in other Gram-positive bacteria, as observed in
Streptococcus pneumoniae®® and in strong and weak biofilm
formers of Enterococcus faecalis®'. Further upregulated genes
include Imo2124 and Imo2125 that encode for the ATP-binding
cassette transporter responsible for the uptake of maltose/
maltodextrin, which is later used in glycolysis in the form of
glucose®. We also observed the upregulation of seven genes from
the gol operon (Imo0341-0351), which encode for enzymes
involved in the non-oxidative phase of the pentose phosphate
pathway (Imo0342, Imo0343, and Imo0345), in glycerol metabolism
(Imo0344, Imo0347, and Imo0348) and in glycolysis (Imo0346)%3%4,
Altogether, the higher expression of these genes suggests that the
metabolism of carbohydrates is focused preferentially on energy
production rather than on biosynthetic pathways. This could
further help to explain the low biosynthesis of matrix components
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and consequent defective biofilm formation observed in the
absence of PNPase.

Among the downregulated genes found in PNPase-defective
biofilms, it was similarly possible to identify metabolic pathways
affecting biofilm formation (Fig. 6 and Table 1). A major category
was amino acid metabolism, and included the genes Imo1984
(ilvB), Imo1986 (ilvC), Imo2006 (alsS), which are involved in the
synthesis of branched-chain amino acids such as isoleucine,
leucine, and valine. These amino acids have been shown to
promote robust biofilm formation in different bacteria: for
example, high levels of leucine and valine were found in E. coli
biofilms®>¢; they are among the biofilm-promoting amino acids
identified in Pseudomonas aeruginosa®’; and, the metabolism of
isoleucine, leucine, and valine is essential during Bifidobacterium
bifidum biofilm formation®®. Another downregulated gene
involved in amino acid metabolism is Imo1733 (gitD), which
encodes the smaller subunit of the glutamate synthase and is
responsible for the conversion of glutamine into glutamate. This
amino acid was also found to affect biofilm formation, with
defects in this metabolic pathway leading to reduced adhesion to
solid surfaces and, consequently, less biofilm formation in L.
monocytogenes®® and Bacillus subtilis’®. Overall, the reduced
expression of these amino acid genes agrees with the lower
protein content of the extracellular matrix and less structured
biofilm observed in the ApnpA mutant. In addition, another
downregulated set of genes consists of the Imo1052-1055 operon
encoding the pyruvate dehydrogenase complex (pdh operon),
responsible for the conversion of pyruvate to acetyl-CoA. In
Streptococcus suis, protein expression of PDH was higher in the
biofilm state than in planktonic’’ and biofilm formation was
significantly decreased after PDH deletion”?.

Rifampicin mRNA stability assays and Northern blot analysis
revealed that PNPase is involved in the degradation of at least a
representative subset of the upregulated genes identified in the
transcriptomic analysis of biofilms. In the ApnpA mutant strain, a
strong stabilization in the transcripts from Imo0048/agrB, Imo0096/
manlL and Imo2125/malE was observed when compared to the
wild-type strain. The high levels of these transcripts do not seem
to be consequence of increased transcription in the absence of
PNPase as a transcriptional fusion of promoter from /Imo0048 with
lacZ showed no significant differences in B-galactosidase activity
between the wild-type and the ApnpA mutant strain. These results
confirm PNPase as an important post-transcriptional regulator of
genes involved in biofilm formation, supporting that the
upregulated DEGs are a consequence of the increased stability
of these transcripts in the absence of PNPase. The higher levels of
these mRNAs may potentiate translation of the corresponding
proteins, therefore affecting biofilm formation pathways.

On the other hand, it was observed that the mRNA of Im02006/
alsS decayed slightly faster in the ApnpA mutant. This suggests
that PNPase may act indirectly to control the stability of mRNAs
from downregulated DEGs. For instance, PNPase could be
controlling the levels of a repressor of these transcripts (like
sRNAs)”374, or PNPase may be protecting these mRNAs from
degradation by other ribonucleases, similarly to what was
described for RNase Il in E. coli’>.

Furthermore, PNPase was found to affect the expression of
genes important for Listeria virulence. Strikingly, the ApnpA
mutant showed reduced mRNA levels of the transcriptional
activator of virulence genes, prfA, which could imply lower levels
of PrfA protein. Since PrfA is autoregulated, it seems likely that
lower levels of PrfA could lead to a reduction in the expression of
virulence factors’®. As a matter of fact, we observed that inlA/
Internalin A and hly/Listeriolysin O virulence factors presented
reduced values of mRNA in the ApnpA mutant without major
differences in the mRNA half-lives between the ApnpA mutant and
the wild-type strain. Importantly, we found decreased levels of
Internalin A in the absence of PNPase (Fig. 7). The lower
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expression of these virulence factors could indeed help explaining
the reduced invasion of human cell lines by the ApnpA mutant.
Moreover, the decreased expression of PrfA likely contributes for
the reduced levels of biofilms observed in the ApnpA mutants.
Previous reports highlighted that PrfA and members of the PrfA-
regulon act as positive determinants of biofilm production in
Listeria monocytogenes, given that mutants were defective in
surface-adhered biofilm formation?>7778, It was proposed?® that
these defects may result from alterations in cell surface that are
detrimental for biofilm development, as PrfA regulates the
expression of cell surface factors (like Internalin A) and secreted
proteins (like Listeriolysin O), whose mRNA levels were also
reduced in the ApnpA mutant. Finally, we also tested if PNPase
was involved in the regulation of MogR, the transcriptional
repressor of flagellar motility genes. However, PNPase was not
found to affect mogR mRNA levels, which means the defect in
motility observed in ApnpA mutant strain seems to be indepen-
dent of MogR. There