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Listeria monocytogenes Is Resistant to Lysozyme through the
Regulation, Not the Acquisition, of Cell Wall-Modifying Enzymes
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Listeria monocytogenes is a Gram-positive facultative intracellular pathogen that is highly resistant to lysozyme, a ubiquitous
enzyme of the innate immune system that degrades cell wall peptidoglycan. Two peptidoglycan-modifying enzymes, PgdA and
OatA, confer lysozyme resistance on L. monocytogenes; however, these enzymes are also conserved among lysozyme-sensitive
nonpathogens. We sought to identify additional factors responsible for lysozyme resistance in L. monocytogenes. A forward ge-
netic screen for lysozyme-sensitive mutants led to the identification of 174 transposon insertion mutations that mapped to 13
individual genes. Four mutants were killed exclusively by lysozyme and not other cell wall-targeting molecules, including the
peptidoglycan deacetylase encoded by pgdA, the putative carboxypeptidase encoded by pbpX, the orphan response regulator en-
coded by degU, and the highly abundant noncoding RNA encoded by rli31. Both degU and rli31 mutants had reduced expression
of pbpX and pgdA, yet DegU and Rli31 did not regulate each other. Since pbpX and pgdA are also present in lysozyme-sensitive
bacteria, this suggested that the acquisition of novel enzymes was not responsible for lysozyme resistance, but rather, the regula-
tion of conserved enzymes by DegU and Rli31 conferred high lysozyme resistance. Each lysozyme-sensitive mutant exhibited
attenuated virulence in mice, and a time course of infection revealed that the most lysozyme-sensitive strain was killed within 30
min of intravenous infection, a phenotype that was recapitulated in purified blood. Collectively, these data indicate that the
genes required for lysozyme resistance are highly upregulated determinants of L. monocytogenes pathogenesis that are required

for avoiding the enzymatic activity of lysozyme in the blood.

ysozyme is a ubiquitous bactericidal enzyme found in the

blood, bodily secretions, and phagocytic cells of all animals
(1-3). Lysozyme degrades the bacterial cell wall by hydrolyzing the
B1-4 linkage between the N-acetylglucosamine (NAG) and N-
acetylmuramic acid (NAM) residues that comprise the pepti-
doglycan backbone, often resulting in bacteriolysis (4). Not sur-
prisingly, many pathogens have evolved mechanisms of lysozyme
resistance (5, 6). The best-characterized mechanisms of lysozyme
resistance involve the acetylation state of the peptidoglycan, cata-
lyzed by the deacetylase PgdA and/or the acetyltransferase OatA.
PgdA deacetylates the amino group of NAG, while OatA O-acety-
lates NAM, converting the sugar backbone into a poor lysozyme
substrate (7, 8). pgdA mutants of Streptococcus pneumoniae and
oatA mutants of Staphylococcus aureus are lysozyme sensitive, and
in each case, lysozyme-sensitive mutants are attenuated in animal
models of infection (7-10).

Listeria monocytogenes is a facultative intracellular pathogen of
animals and humans that causes severe disease in pregnant
women and immunocompromised individuals (11). Both PgdA
and OatA contribute to lysozyme resistance in L. monocytogenes,
and pgdA mutants are attenuated during oral and intravenous
(i.v.) infections of mice (9, 10, 12). Indeed, pgdA oatA double
mutants are extremely lysozyme sensitive and more than 1,000-
fold less virulent in mice (10). In vitro, pgdA oatA double mutants
show increased killing upon phagocytosis by macrophages and
undergo bacteriolysis in the macrophage cytosol, which leads to
induction of macrophage cell death by pyroptosis (10).

Gram-positive pathogens such as L. monocytogenes, Bacillus
anthracis, S. aureus, and S. prneumoniae are extremely lysozyme
resistant, while many related but nonpathogenic species are ly-
sozyme sensitive (13, 14). One possible explanation for the evolu-
tion of lysozyme resistance is the acquisition of enzymes such as
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PgdA and OatA (14). However, this is probably not the case, since
pgdA and oatA are conserved in many nonpathogenic bacilli and
staphylococci (13). Why, then, are L. monocytogenes and other
pathogens so lysozyme resistant? In this study, we sought to an-
swer this question by performing a forward genetic screen for
lysozyme-sensitive mutants of L. monocytogenes. Rather than
identify novel cell wall-modifying enzymes, this screening led to
the identification of the transcription factor DegU and the abun-
dant noncoding RNA Rli31, which both contributed to lysozyme
resistance and L. monocytogenes pathogenesis.

MATERIALS AND METHODS

Bacterial strains. All of the strains of L. monocytogenes used in this study
were in the 10403S background and were cultured in brain heart infusion
medium (BHI). Construction of the Arli3] mutant was performed by
amplifying the regions neighboring r/i31 with primer pairs JZ298 and
JZ299 and JZ300 and JZ301 and then combining them via splice overlap
extension PCR. The product was then introduced into L. monocytogenes
by allelic exchange with pKSV7 (15). rli31 complement strains were con-
structed by amplifying r/i31 and the i3] promoter with TB140 and
TB141. This fragment was introduced into L. monocytogenes by using
pPL2 or pAM401 as described previously (16, 17). For lists of all of the
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strains and primers used in this study, see Tables S2 and S3 in the supple-
mental material, respectively.

Transductions were performed by using U153 phage as previously
described (18). Briefly, 10” phage were grown in the donor strain, incu-
bated with 10® recipient bacteria, and selected for on BHI-erythromycin
plates. For construction of the pgdA pbpX rli31 triple mutant, the rli31:
Tn917 transposon was transduced into ApgdA pbpX::Tn and selected for
on BHI-chloramphenicol plates.

For disk diffusion assays, strains were grown overnight while shaking
at 37°C in liquid BHI and 10® bacteria were plated onto BHI agar. A sterile
filter disk containing 1 mg of lysozyme was then added to the plate, and
bacteria were allowed to grow overnight at 37°C. Zones of inhibition were
then measured.

Ethics statement. This study was carried out in strict accordance with
the recommendations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health. All of the protocols were
reviewed and approved by the Animal Care and Use Committee at the
University of California, Berkeley (Master Animal Use Protocol R235-
0813B).

Mouse strains and in vivo infections. All of the in vivo infections in
this study were performed with Crl:CD1(ICR) (CD-1) or C57BL/6] (B6)
mice from Charles River and The Jackson Laboratory, respectively. Mice
were infected i.v. with 10° logarithmically growing bacteria, and the or-
gans indicated were harvested at 48 h or 30 min postinfection. Organs
were homogenized with 0.1% NP-40, and the dilutions indicated were
plated onto LB agar. For competitive-index experiments, 10° total bacte-
ria ata 1:1 ratio of each mutant was used for infection and organ homog-
enates were plated onto both LB and LB containing erythromycin to de-
termine the ratios of the two strains.

For assays in blood, strains were grown to mid-exponential phase in
BHI, washed with phosphate-buffered saline (PBS), and diluted 1:100
into defibrinated sheep or horse blood (Hemostat). For assays using ben-
tonite-treated blood, 5 mg of bentonite (Sigma) was added to 1 ml of
blood and incubated at 4°C for 30 min. The bentonite was then removed
from the blood by two centrifugation steps at 5,000 and then 12,000 rpm.

Northern blot assays and qPCR. RNA was purified from 20 ml of
logarithmically grown bacteria by phenol-chloroform extraction and eth-
anol precipitation. A 20-pg sample was then loaded onto a 6% urea-
polyacrylamide gel and separated by electrophoresis. Gels were stained
with a 1:10,000 dilution of SYBR gold (Invitrogen) and imaged by Ty-
phoon (GE). For Northern analysis, nucleotides were transferred to a
nylon membrane, probed with **P-labeled oligonucleotides, and imaged
by Typhoon. For quantitative PCR (qPCR) analysis, 4.4 g of RNA was
DNase treated and reverse transcribed with iScript (Bio-Rad). cDNA lev-
els were measured by using SYBR FAST (Kapa Biosystems) and primers
(see Table S2 in the supplemental material) specific for the target gene.

Sequencing of transposon insertions. Flanking regions of transposon
insertions were amplified by two rounds of PCR with hot-start polymer-
ase (TaKaRa). For each colony, a small amount of bacteria was resus-
pended in 100 pl water and 1 pl was used for the first PCR. This reaction
amplified the regions flanking the Himarl transposon with the TN1
primer, which was specific to the transposon, and the Arb1 primer, which
contained random nucleotides (see Table S2 in the supplemental mate-
rial). The second reaction used 1.5 .l of the previous PCR and primers
TN2 and Arb2, which were specific to the previously amplified PCR prod-
uct. The product of this reaction was then treated with 5 pl of ExoSAP-IT
(Affymetrix) and sequenced with the primer TNSEQ.

Whole-genome sequencing. Genomic DNA was isolated from sta-
tionary-phase cultures of L. monocytogenes grown in BHI broth by using
the MasterPure DNA purification kit (Epicentre). DNA was then frag-
mented by using Covaris S22 (Covaris Inc.). Libraries were constructed by
using Apollo 324 (IntegenX Inc.), PCR amplified, and multiplexed at the
QB3 Functional Genomics Laboratory at the University of California,
Berkeley (http://qb3.berkeley.edu/qb3/fgl/). The resulting libraries were
sequenced by using single-end reads with a Hiseq 2000 Illumina platform.
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Sequence data were aligned with the L. monocytogenes 10403S reference
genome (GenBank accession no. CP002002.1) by using Bowtie 2 (19), and
single nucleotide polymorphisms (SNPs) were identified by using SAM-
tools (20). Approximately 93% of the reads aligned with the reference,
resulting in an average of greater than 50-fold coverage of the genome.
Cell wall purification and muropeptide analysis. Peptidoglycan was
purified from mid-exponential-phase cultures as described previously
(21). For extracted cell walls, incubation in 48% hydrofluoric acid was
omitted to retain the wall teichoic acids. One milligram of extracted cell
walls or peptidoglycan was digested with 100 pg mutanolysin from Strep-
tomyces globulosporus (Sigma) in 12.5 mM sodium phosphate buffer (pH
5.6) for 16 h at 37°C. The reaction was stopped by boiling for 3 min, and
the soluble muropeptide fraction was reduced with 10 mg sodium boro-
hydride for 30 min. The pH was lowered to 2 with orthophosphoric acid.
Muropeptides were analyzed by high-performance liquid chromatogra-
phy (HPLC) as described previously (22) with a Hypersil reversed-phase
octyldecyl silane column (4.6 by 250 mm, 5-pm particle size; Thermo-
Hypersil-Keystone) at 52°C. Chromatograms corresponded to previously
published data (9); however, muropeptide identity assignments were fur-
ther confirmed by mass spectrometry (MS). MS analysis was carried out
by the Unité de Spectrométrie de Masse Structurale et Protéomique at the
Institut Pasteur. Fully automated, chip-based nanoelectrospray MS was
performed on a NanoMate robot incorporating ESI 400 Chip technology
(Advion BioSciences, Ithaca, NY) controlled and manipulated by Chip-
Soft 8.1.0 software operating under the Windows system while coupled to
an Orbitrap Velos mass spectrometer equipped with an electron transfer
dissociation module (Thermo Fisher Scientific, Bremen, Germany) by
using the off-line nanospray source in the positive-ion mode. A full set of
automated positive-ion calibrations was performed immediately prior to
mass measurement. The transfer capillary temperature was lowered to
100°C, the sheath and auxiliary gases were switched off, and the source
transfer parameters were optimized by using the auto-tune feature. The
Fourier transform (FT) automatic gain control was set at 1 X 10° for MS.
Spectra were acquired by FT MS over 30 s with one MicroScan and a
resolution of 30,000 at 11/z 400 before being summed by Qualbrowser in
Thermo Xcalibur 2.1. Summed spectra were then deconvoluted by Xtract.

RESULTS

Screen to identify lysozyme-sensitive mutants. To identify genes
required for lysozyme resistance in L. monocytogenes, a library of
approximately 40,000 distinct transposon mutants was generated
by using a Himarl transposon delivery vector in wild-type (WT)
L. monocytogenes 10403S (23). Bacteria were plated on BHI agar at
a concentration of approximately 200 CFU/plate and replica
plated onto BHI agar plates containing 1 mg/ml lysozyme. This
concentration of lysozyme was chosen because it was sufficient to
completely restrict the growth of the ApgdA mutant, had no effect
on WT bacteria, and was relevant during infection (3, 24). BHI
plates were visually compared to BHI-lysozyme plates for the loss
of individual colonies (Fig. 1A). Screening was repeated by using a
previously described Tn917 library (25), for a total of >50,000
screened colonies. A total of 174 mutants were identified, and the
insertion sites were defined by a nested-PCR-based sequencing
method (see Materials and Methods). For each gene identified,
transposon insertions were transduced into the WT background
and rescreened with a lysozyme disk diffusion assay. Transposon
insertions mapped to 13 individual genes, and most of the genes
were identified by multiple independent transposon insertions
(Table 1).

Mutants were tested for susceptibility to lysozyme by disk dif-
fusion (Fig. 1B and C), confirming that all of the mutants identi-
fied were significantly more susceptible to lysozyme than WT L.
monocytogenes. The screening results were validated by the iden-
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FIG 1 Screen to identify lysozyme-sensitive mutants in L. monocytogenes. (A) L. monocytogenes transposon mutants were replica plated from BHI (left panels)
onto BHI-lysozyme plates (right panels) containing 1 mg/ml chicken egg white lysozyme (Sigma). Arrows indicate colonies defective on BHI-lysozyme plates. (B,
C, D) Strains were grown in 2 ml BHI overnight while shaking at 37°C, and 30 .l was spread onto BHI agar. Filter disks containing 1 mg of lysozyme were placed
onto the agar and incubated overnight at 37°C, and zones of clearance were measured. Means and standard deviations from at least three separate experiments

are presented. ***, P < 0.001. The dotted line indicates the zone of inhibition of WT bacteria by lysozyme.

tification of mutations of pgdA and prsA2, both of which are re-
quired for lysozyme resistance in L. monocytogenes (10, 26). Inser-
tions in oatA were not identified in the screen; however, this was
not surprising, as the oatA phenotype is significant only when
paired with ApgdA (Fig. 1D) (10) and oatA mutants were able to
grow on lysozyme plates (data not shown). All of the mutants grew
normally in BHI broth, other than the prsA2 and wall mutants,

TABLE 1 Mutants that cause lysozyme sensitivity in L. monocytogenes

which had slightly delayed growth kinetics (see Fig. S1 in the sup-
plemental material).

The screening for lysozyme-sensitive mutants identified seven
gene products previously shown to regulate cell wall and mem-
brane architecture. Of these, the enzyme PrsA2 is a posttransloca-
tion chaperone required for the activity of numerous secreted
proteins (26, 27). Wall is a negative regulator of the essential two-

No. of independent Killing" by:

No. Locus tag Gene name Description insertions CAMPs Antibiotics
1 Imo0415 pgdA Peptidoglycan deacetylase 2 - -

2 Imo0540 pbpX Putative carboxypeptidase 4 - -

3 Intergenic rli31 Noncoding RNA 1 - -

4 Imo2515 degU Orphan response regulator 4 - -

5 1m00290 wall Regulator of WalRK TCS” 2 ++ ++
6 Imo0971 dltD Modifies teichoic acid with p-Ala 4 + +

7 m00973 dltB Modifies teichoic acid with p-Ala 10 + +

8 Imo1741 virS TCS kinase 3 ++ ++
9 Imo1745 virR TCS response regulator 6 ++ +
10 Imol746 ABC family transporter, vir operon 9 ++ +
11 Imo2219 prsA2 Extracellular chaperone 1 + ++
12 Imo2473 Unknown 3 + ++
13 mo2768 Unknown 2 ++ +

a
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—, no killing; +, moderate killing; + +, significant killing of the strains indicated (as observed in the data presented in Fig. 2).
Y TCS, two-component system.
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FIG 2 Treatment of lysozyme-sensitive strains with CRAMP and cell wall-acting antibiotics. (A) A final concentration of 10 wg/ml of purified mouse CRAMP
(Anaspec) was added to mid-exponential-phase cells (at 37°C in BHI) of the L. monocytogenes strains indicated, and turbidity was monitored at 10-min intervals.
Data are representative of at least three separate experiments and divided into three panels for clarity. (B, C) Thirty-microliter volumes of overnight L.
monocytogenes cultures were plated onto BHI, and disks containing 700 ng of cefuroxime (B) or 500 ng of penicillin G (C) were added. The plates were incubated
overnight at 37°C, and zones of inhibition were measured. The data shown are the means of at least three separate experiments, and error bars represent the
standard deviations of the means. *, P < 0.05; ***, P < 0.001; ns, not statistically significantly different (determined by unpaired two-tailed  test).

component system WalRK, which is required for the expression of
autolysins and other cell wall-related enzymes (28-32). Lastly,
multiple genes were identified in the vir operon, which regulates
the dif operon and is the only two-component system required for
L. monocytogenes virulence (33). The dlt operon is required for
D-alanylation of teichoic acid (34), and mutants deficient in dltD
show increased autolysis (35).

Apart from pgdA, the contribution of the remaining six genes
to lysozyme resistance or to the cell wall was unknown. lmo2473
encodes an uncharacterized protein that has been hypothesized to
function in the synthesis of peptidoglycan precursors (36), and
Imo2768 encodes an uncharacterized membrane protein with
an ABC transporter domain. /00540 (here referred to as pbpX) is
the homolog of pbpX in B. subtilis, where it contributes to ly-
sozyme resistance (37). pbpX encodes a B-lactamase domain;
however, it has been reported that in Mycobacterium smegmatis,
PbpX does not contribute to P-lactam antibiotic resistance.
Rather, it was proposed to function as a D,D-carboxypeptidase;
however, this has never been confirmed biochemically (38). DegU
is an orphan response regulator that regulates flagellar and che-
motaxis genes in L. monocytogenes and is severely attenuated dur-
ing the infection of mice (39-43). The phenotype of the degU
mutant, however, has remained unexplained since flagellar and
chemotaxis genes are not required for virulence (40, 41, 44).
Lastly, rli31 encodes a noncoding RNA, and rli3]1 mutants are
attenuated 5-fold in the spleens and livers of infected mice
(45, 46).

Because the rli3] mutant was identified from only one
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unique transposon insertion, we sought to confirm that the
rli31 transposon (position 578052 in the L. monocytogenes ge-
nome [GenBank accession no. CP002002.1]) disrupted the func-
tion of the small noncoding RNA (sRNA) and not neighboring
genes. An rli3] deletion mutant was constructed (see Materials
and Methods) and was sensitive to lysozyme (Fig. 1C). rli31 was
then integrated with its native promoter at a unique locus of the
chromosome by using plasmid pPL2 (16), which restored com-
plete lysozyme resistance to the Arli31 mutant (Fig. 1D). The ly-
sozyme resistance of the Arli31 mutant was also complemented by
the nonintegrative, high-copy-number plasmid pAM401 contain-
ing the rli31 gene and the native promoter (Fig. 1D). The Arli31
mutant had lysozyme susceptibility identical to that of the
rli31::Tn mutant, as shown by disk diffusion (Fig. 1D), and these
strains behaved identically in all assays.

Nine lysozyme-sensitive mutants are killed by cationic pep-
tides and display increased sensitivity to 3-lactam antibiotics.
Seven genes identified in the screen are known to broadly affect
cell wall homeostasis, and their phenotypes were likely not specific
to lysozyme resistance. To determine if the phenotypes of the re-
maining mutants were specific to lysozyme, each mutant was
treated with a cathelin-related antimicrobial peptide (CRAMP), a
cationic antimicrobial peptide (CAMP) (Fig. 2A), and cefuroxime
and penicillin G, two B-lactam antibiotics (Fig. 2B and C). dltA
and mprF mutants served as positive controls for susceptibility to
CAMPs, and both were killed in this assay. DItA is required for
D-alanylation of teichoic acid (34), and mprF is required for the
transfer of L-lysine onto phospholipids (47), both of which confer
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a positive charge on the cell surface leading to CAMP resistance.
The pgdA mutant served as a control that is killed only by lysozyme
and was not killed in either assay (Fig. 2). As predicted, the seven
genes known to be involved with cell wall homeostasis were killed
by CRAMP and had increased susceptibility to 3-lactam antibiot-
ics. It was consistently observed that 1102473 and prsA2 mutants
were killed by CRAMP; however, these mutants were the least
susceptible and exhibited only a small amount of additional killing
compared to WT bacteria. These two mutants were the most sus-
ceptible to penicillin, suggesting that their role in lysozyme sus-
ceptibility is due primarily to cell wall and not membrane integ-
rity.

The pgdA, rli31, degU, and pbpX mutants were as resistant as
WT bacteria to both antibiotics and CAMP treatment. To further
determine if these mutants were killed by antimicrobial peptides,
the pgdA, degU, pbpX, and rli3] mutants were also treated with
high concentrations of a cationic peptide derived from human
(RAWVAWRNR) and chicken (NAWVAWRNR) lysozymes (see
Fig. S2 in the supplemental material). Identical phenotypes were
observed in each mutant and the WT bacteria, while the dltA and
mprF mutants were killed by both peptides (see Fig. S2A). To-
gether, these data led to the conclusion that four L. monocytogenes
genes were specifically involved with lysozyme resistance. Two
encode cell wall-acting enzymes (pgdA and pbpX) and two encode
regulators of gene expression (r/i31 and degU). Rli31 and DegU
were completely uncharacterized with regard to lysozyme sensi-
tivity, and we chose to focus on characterization of the lysozyme
susceptibility phenotype of the rli31 mutant.

Rli31 is a constitutively expressed, abundant RNA. To better
characterize the rli31 mutant phenotype, the relative expression of
RIi31 was analyzed at various stages of growth in broth by North-
ern analysis by using a probe specific for Rli31. Rli31 was consti-
tutively expressed during all of the growth phases, from the early
exponential phase (optical density at 600 nm [ODy,] of 0.3) to
mid-exponential (ODg,s of 1.3 and 2.3) and stationary (ODyg, of
3.9) phases (Fig. 3A). Rli31 migrated at the predicted size of 144
nucleotides (nt) (46) and was not processed into smaller frag-
ments. In addition, Rli31 was observed to be strikingly abundant.
Upon the staining of total RNA from L. monocytogenes lysates with
anonspecific nucleotide dye, Rli31 was observable in WT L. mono-
cytogenes lysates alongside other abundant RNAs, such as the 5S
rRNA and the 6S sRNA (Fig. 3B). This band was confirmed as
Rli31 by Northern analysis with a probe specific for Rli31 (Fig.
3C). The appearance of Rli31 as the only RNA between 100 and
170 nt was surprising, as >40 noncoding RNAs corresponding to
this length are predicted to exist in L. monocytogenes (46).

Characterization of the rli31 mutant phenotype. To deter-
mine why the r/i31 mutant was killed by lysozyme, cell walls from
WT L. monocytogenes and the rli31 mutant were purified and the
muropeptide compositions of these strains were analyzed by re-
verse-phase HPLC (Fig. 4A). O-acetylation and covalently at-
tached modifications were also analyzed by omitting the hydro-
fluoric acid treatment during cell wall purification (Fig. 4B).
Muropeptide composition was confirmed by MS, and the abun-
dance of eluted molecules was measured as a percentage of the
total absorbance at 206 nm (see Table S1 in the supplemental
material). In these analyses, the cell walls of the rli31 mutant
contained an abundance of O-acetylated muropeptides similar
to that of WT bacteria, while multiple species of N-deacetylated
glycans were less abundant (for example, 8.49 to 5.72%
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FIG 3 Rli31 is highly abundant and expressed in all growth phases. (A)
Twenty-microgram samples of total RNA collected in the phases of growth in
BHI indicated were separated on 6% polyacrylamide. Nucleotides were trans-
ferred to a nylon membrane, probed with a **P-labeled TB13 primer, and
imaged by Typhoon. (B) Twenty-microgram samples of total RNA collected in
the mid-exponential phase in BHI at 37°C from the WT (lane 1), the Arli31
mutant (lane 2), and the Arli31/pAMA401:rli31 mutant (lane 3) were separated
on 6% polyacrylamide and stained with SYBR gold (Invitrogen). The arrow
indicates Rli31, and lane L contains a molecular size ladder. (C) RNA from
panel B was transferred to a nylon membrane, probed with a **P-labeled TB13
primer, and imaged by Typhoon.

GICNMTTiPpy o pnn; See Table S1in the supplemental material).
The analysis also identified a significant increase in muramyl-
tripeptides in the rli31 mutant (3.85 to 5.27%) and an increase
in 3-4 (p-ala—diaminopimelic acid [DAP]) linkages (3.62 to
5.65%), indicating a difference in peptide cross-linking. The
difference in acetylation suggested that pgdA was misregulated
in the rli31 mutant. The alterations in cross-linking suggested
that pbpX may also contribute to the r/i31 mutant phenotype.

A genetic approach was then undertaken in which suppressor
mutations were generated in the Arli31 background that restored
lysozyme resistance to this mutant. Individual r/i31 colonies were
subcultured in broth with increasing concentrations of lysozyme
(50, 100, 200, 500, and 1,000 wg/ml) until these mutants were
resistant to 1 mg/ml lysozyme (Fig. 4C). Three of these strains
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FIG 4 Characterization of the ri31 mutant phenotype. (A, B) HPLC analysis of the muropeptide composition of WT and Arli3] mutant L. monocytogenes.
Deacetylated muropeptides are red, and O-acetylated muropeptides are blue. Muropeptide abbreviations: GlcNAc, NAG; GlcN, glucosamine; M, NAM;
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nine; OAc, O-acetylated. (A) Samples were treated with hydrofluoric acid. (B) Samples were not treated with hydrofluoric acid to retain covalent modifications.
(C) Multiple rli31 and pgdA mutants were independently passaged with increasing concentrations of lysozyme (50, 100, 200, 500, 1,000 pg/ml) in BHI broth
while shaking at 37°C. The resulting strains were grown to mid-exponential phase and treated with 1 mg/ml lysozyme along with the Arli31 mutant parent strain.
Turbidity was monitored at 10-min intervals. sup., suppressor. (D) PgdA and PbpX transcripts of the strains indicated were measured by qPCR, normalized to
BglA, and compared to the transcript levels in WT L. monocytogenes. Error bars represent standard deviations of the means. Statistical analyses were performed
by using a two-tailed # test assuming a null hypothesis of 1. **, P < 0.01.
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TABLE 2 Variants identified in r/i31 mutant suppressor strains”

Arli31 suppressor

strain Location Reference Alteration Description

1 436736 T 16 nt upstream of pgdA transcriptional start site

2 436736 T 16 nt upstream of pgdA transcriptional start site

3 436736 T 16 nt upstream of pgdA transcriptional start site
2418019 A Intergenic region 5" of [mo2387

“ Individually derived Arli3] mutants were serially passaged with increasing concentrations of lysozyme until the resulting mutants were resistant to 1 mg/ml lysozyme. Whole-

genome sequencing identified variants as described in Materials and Methods.

were then deep sequenced, and SNP analysis revealed that all three
uniquely derived strains had a single thymidine insertion 16 nt
upstream of the pgdA transcriptional start site, at position 436736
on the chromosome (Table 2). qPCR analysis of the pgdA tran-
script levels in these strains revealed 3.1-fold * 0.39-fold upregu-
lation of pgdA. These data suggested that the rli31 phenotype
could be complemented by overexpression of pgdA.

Together, the biochemical and genetic analyses suggested that
the ri31 mutant phenotype was due to misregulation of pgdA and
possibly pbpX. To determine if Rli31 regulated pgdA or pbpX,
RNA was purified from WT bacteria and the rli3] mutant and
real-time qPCRs were performed with primers specific for these
two genes. These data showed that pgdA was significantly down-
regulated (8-fold below the WT) and pbpX was slightly downregu-
lated in the rli31 mutant (3-fold below the WT, Fig. 4D). These
qPCR data matched the biochemical and genetic analyses and pro-
vided an explanation for the lysozyme sensitivity of the rli31 mu-
tant.

Rli31 functions independently of DegU. It remained unclear
why the degU mutant was lysozyme sensitive and if this phenotype
involved Rli31. RNA was purified from the WT and the degU
mutant, and qPCRs were performed with primers specific for
transcripts of pgdA, pbpX, and rli31. Significant downregulation of
pgdA (18-fold below the WT) and pbpX (8-fold below the WT)
was observed in the degU mutant (Fig. 4D). However, no differ-
ence in Rli31 abundance was observed in the degU mutant and no
change was observed in the amount of degU transcript in the rli31
mutant.

To determine if the Rli31 and DegU phenotypes were epistatic,
the degU mutation was transduced into the Ar/i31 mutant and the
resulting double mutant was treated with 10 pg/ml lysozyme (Fig.
5A). The rli31 degU double mutant was killed significantly more
than either single mutant by treatment with lysozyme. Because
DegU regulates chemotaxis and motility genes, any regulation of
DegU by Rli31 would result in a motility phenotype. Upon inoc-
ulation into soft agar, neither the r/i31 mutant nor the r/i31 over-
expression construct displayed a motility defect, while the degU
mutant was not motile, as expected (see Fig. S3 in the supplemen-
tal material). Together, these data suggested that Rli31 and DegU
both regulate pgdA and pbpX but by independent mechanisms.

The rli31 mutant phenotype is due mostly to regulation of
pgdA and pbpX. To determine if the lysozyme sensitivity of the
rli3] mutant is due exclusively to the regulation of pgdA and pbpX,
the rli31 transposon was transduced into the ApgdA mutant and
the resulting double mutant strain was treated with a concentra-
tion of lysozyme that did not fully kill either single mutant (167
pg/ml). In this assay, the double mutant was killed significantly
more than either the Arli31 or the ApgdA mutant (Fig. 5B). A
similar phenotype was also observed with the pbpX rli31 double
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mutant (Fig. 5C), the oatA r1i31 double mutant (Fig. 5D), and the
oatA pgdA rli31 triple mutant (Fig. 5E). The pgdA pbpX rli31 triple
mutant was then compared with the pgdA pbpX double mutant
(Fig. 5F). The differences between these strains were smaller than
those in the other experiments, where only a 2- to 10-fold differ-
ence was observed between these strains at 1 and 2 h and no sta-
tistically significant difference existed at 4 h. These data suggested
that most of the r/i31 mutant phenotype was attributable to the
regulation of pgdA and pbpX. However, because the rli31 pheno-
type was somewhat additive when paired with the pgdA pbpX dou-
ble mutantat 1 and 2 h, this suggested that the target of Rli31 must
have a small additional function distinct from the regulation of
pgdA and pbpX, which are required for lysozyme resistance in L.
monocytogenes.

The rli31 phenotype was additive with the pgdA and oatA phe-
notypes in vitro, yet it remained unclear how the rli31 phenotype
affected the pgdA and oatA phenotypes during infection. Upon the
i.v. infection of CD-1 mice, the oatA rli31 double mutant was
significantly more attenuated than the oatA mutant (see Fig. S4A
in the supplemental material). When mice were infected with
strains harboring pgdA mutations, however, CFU were barely re-
coverable. The dynamic range was small, and no statistically sig-
nificant difference between the pgdA and pgdA rli31 mutants was
observed when a total of 10 mice were used. Despite this, the
difference between the pgdA oatA double mutant and the pgdA
oatA rli31 triple mutant was significant (see Fig. S4B). These data
provided in vivo evidence that Rli31 functions independently of
PgdA and OatA.

Lysozyme-sensitive mutants are attenuated in vivo within 30
min and are killed upon inoculation into blood in vitro. To eval-
uate the contribution of the four genes required for resistance to
the enzymatic activity of lysozyme, the phenotypes of these mu-
tants were analyzed in vivo. Six- to 8-week-old CD-1 female mice
were infected i.v., and the CFU counts in their spleens and livers
were determined after 48 h. The pgdA and degU mutants were
attenuated 3 to 5 logs, while the rli3] and pbpX mutants were
attenuated 5-fold (Fig. 6A).

We sought to explain the severe loss of virulence of lysozyme-
sensitive L. monocytogenes observed in vivo. The lysozyme concen-
tration varies from organ to organ (48, 49); therefore, the defect
observed in vivo may be due to killing in a specific organ. However,
the ri31 mutant phenotypes in various organs were similar, rang-
ing from 5- to 20-fold (see Fig. S5A in the supplemental material).
We next reasoned that the major bactericidal factor could be mac-
rophages, neutrophils, or serum, since all have been previously
implicated in the killing of lysozyme-sensitive bacteria (9, 50, 51).
Upon the infection of bone marrow-derived macrophages, only a
small defect was observed when the pgdA oatA pbpX triple mutant,
the most lysozyme-sensitive strain, was used (see Fig. S5B). Infec-
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tion of macrophages with other lysozyme-sensitive strains showed
even smaller differences between the mutant and WT bacteria
(data not shown).

Next, to test if serum could kill lysozyme-sensitive mutants, i.v.
infections were performed and mice were sacrificed at 30 min
postinfection, a time point when L. monocytogenes has encoun-
tered the blood but neutrophils have not yet migrated to areas of
infection (52). For these infections, we chose three mutants that
differ in lysozyme susceptibility, the rli3] mutant, the pgdA mu-
tant, and the pgdA oatA pbpX triple mutant. Surprisingly, the pgdA
oatA pbpX triple mutant lost 97% of its viability after 30 min, the
pgdA mutant lost 92.5%, and the rli31 mutant lost a small but
significant number of CFU (Fig. 6B). These data suggest that se-
rum is a major factor responsible for the killing of lysozyme-sen-
sitive L. monocytogenes during infection.

To directly test if serum killed lysozyme-sensitive bacteria, the
four strains specifically killed by lysozyme were inoculated into
purified blood and plated for CFU over time. The pgdA mutant
lost >10* CFU and the degU mutant lost >40-fold CFU after 4 h
(Fig. 6C). The rli31 mutant was killed 5-fold more than the WT,
and the pbpX mutant was similar to the WT. Most strikingly, the
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pgdA oatA pbpX triple mutant lost 10° CFU within 30 min and
CFU were barely recoverable after 2 h (Fig. 6D). The loss of CFU of
various lysozyme-sensitive strains observed in blood correlated
precisely with their lysozyme susceptibility and the defect ob-
served in vivo. To directly test if lysozyme was the bactericidal
factor responsible, the blood was treated with bentonite, which
removes lysozyme activity from serum but leaves complement
intact (53, 54). Upon bentonite treatment, the pgdA oatA pbpX
triple mutant behaved identically to WT bacteria at all of the time
points examined (Fig. 6D). Bentonite treatment also fully rescued
the killing of the pgdA mutant in blood (data not shown). To
ensure that bentonite treatment did not remove a bactericidal
factor other than lysozyme, bentonite-treated blood was supple-
mented with 10 and 25 wg/ml of chicken egg white lysozyme,
which are physiological concentrations found in blood (3, 55).
Lysozyme addition completely restored the bactericidal activity of
blood (see Fig. S6 in the supplemental material).

DISCUSSION

The results of this study show that L. monocytogenes uses three
enzymes (PgdA, PbpX, and OatA) and two regulators of gene
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FIG 6 Serum kills lysozyme-sensitive L. monocytogenes. (A) CFU counts in organs of CD-1 mice infected i.v. for 48 h. Shown are combined data from two
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expression (DegU and Rli31) to resist the bactericidal activity of
lysozyme. The two regulators and one of the enzymes, PbpX, were
previously not associated with L. monocytogenes lysozyme resis-
tance. The degU and r/i3] mutants were extremely susceptible to
lysozyme and were attenuated during in vivo infection. Both the
degU and rli31 mutants displayed a reduced abundance of pbpX
and pgdA mRNAs, and lysozyme-resistant rli31 suppressor mu-
tants upregulated the expression of pgdA. These data suggested
that DegU and Rli31 are the major regulators of lysozyme resis-
tance in L. monocytogenes that act by increasing the expression of
pgdA and pbpX. All of these factors contributed to L. monocyto-
genes pathogenesis in mice and were required for survival in
blood.

Rli31isa 144-nt noncoding RNA that contains a Rho-indepen-
dent transcriptional terminator and is predicted to be transcribed
by the essential housekeeping transcription factor SigA (46). A
previous study using a different strain of L. monocytogenes showed
that rli31 abundance was relatively low during growth in broth but
upregulated during infection and that r/i31 mutants were attenu-
ated 5-fold in the spleens and livers of infected mice (46). In agree-
ment, we also observed that /i3] mutants were 5-fold attenuated
in the spleens and livers of infected mice, but in contrast to the
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previous study, we found that Rli31 was among the most abun-
dant RNAs in L. monocytogenes. pgdA and pbpX were downregu-
lated in the r/i31 mutant, and upregulation of pgdA restored ly-
sozyme resistance to the rli3] mutant. Lastly, the pgdA pbpX
double mutant was killed similarly to the pgdA pbpX rli31 triple
mutant by lysozyme treatment, suggesting that the r/i31 mutant
phenotype was due to regulation of the two major lysozyme resis-
tance enzyme-encoding genes, pgdA and pbpX. sRNAs have di-
verse functions in bacteria, including regulation of translation,
targeting of mRNA for degradation, and modulation of protein
activity (56). It was therefore possible that Rli31 interacted directly
with the pgdA and pbpX transcripts, leading to mRNA degradation
or to translational repression. However, both genes contain rela-
tively small 5’ untranslated regions (44 and 26 nt, respectively
[57]) and neither gene contains any homology to Rli31 as deter-
mined by BLAST searches, by target prediction programs (Target-
RNA [58], RNApredator [59]), or by any other method of mea-
suring homology. In the future, we aim to identify the target(s) of
RIi31 to explain how Rli31 regulates pgdA and pbpX.

The results of this and three other studies show that L. mono-
cytogenes degU mutants are considerably attenuated in mice (40,
41, 44). DegU is responsible for the expression of chemotaxis and
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flagellar genes, but chemotaxis genes are not required for L. mono-
cytogenes virulence (40, 41, 44, 60). The data presented here sug-
gest that the attenuation of the degU mutant in vivo is due to
lysozyme sensitivity caused by the downregulation of pbpX and
pgdA. In B. subtilis, DegU is cotranscribed with its cognate kinase,
which is encoded by degS, but L. monocytogenes lacks degS and it
remains unclear how DegU is regulated posttranslationally. Fur-
ther studies are required to determine if DegU regulates pgdA and
pbpX directly or indirectly and to determine whether this regula-
tion is affected by phosphorylation of DegU.

B. subtilis also contains pbpX, oatA, and the genes for multiple
peptidoglycan deacetylases (13, 37, 61), yet B. subtilis is not a
pathogen and is significantly more sensitive to lysozyme than L.
monocytogenes. The MIC of lysozyme is 6 pg/ml for WT B. subtilis
(13) and 2,000 pg/ml for L. monocytogenes (data not shown).
Therefore, there is a >300-fold difference between these two spe-
cies in lysozyme sensitivity although both encode highly related
enzymes. Why, then, is L. monocytogenes so lysozyme resistant?
Our data suggest that L. monocytogenes has not acquired novel
enzymes to mediate lysozyme resistance but rather utilizes two
regulators of gene expression, DegU and Rli31, to upregulate the
expression of common cell wall-modifying enzymes. Therefore, it
is the upregulation of lysozyme resistance genes by DegU and
Rli31 that accounts for the difference in lysozyme resistance be-
tween L. monocytogenes and B. subtilis. Microarray analysis of the
degU regulon in B. subtilis did not identify pbpX or a deacetylase
(62), suggesting that L. monocytogenes has evolved lysozyme resis-
tance by modifying the DegU regulon to include pgdA and pbpX.
The conservation of these enzymes across bacterial species sug-
gests that these enzymes are also required in nonpathogens for
growth and/or for surviving exposure to low concentrations of
antibacterial molecules found in the environment. However,
overexpression of these enzymes can convert them into factors
essential for pathogenesis.

Pathogenic staphylococci are lysozyme resistant because of the
expression of oatA, while nonpathogenic species are often ly-
sozyme sensitive (8, 14). It was previously suggested that these
nonpathogens lack oatA (14), but simple BLAST searches indicate
that genes with high homology to S. aureus oatA exist in many
nonpathogenic, lysozyme-sensitive staphylococci, including S.
carnosus (76% identity), S. xylosus (77% identity), and S. equorum
(62% identity). On the basis of the results of our study, we hypoth-
esize that oatA is likely expressed at very low levels in these organ-
isms and is probably upregulated in pathogenic staphylococci by
uncharacterized regulators. Indeed, inducible expression of S. au-
reus oatA in lysozyme-sensitive S. carnosus led to increased ly-
sozyme resistance (14).

Lysozyme resistance clearly represents a common mechanism
of bacterial pathogenesis, as lysozyme-sensitive mutants are se-
verely attenuated in multiple models of infection. However, it has
been difficult to assign a direct role to lysozyme in vivo since mice
contain two lysozyme genes, LysM and LysP. LysM LysP double
mutant mice do not exist, to our knowledge, and LysM '/~ mice
still have nearly WT levels of lysozyme in their blood (10, 64).
However, bone marrow-derived macrophages from LysM '~
mice lack lysozyme and are therefore appropriate models to ex-
amine the roles of lysozyme during infection (10). Lysozyme-sen-
sitive L. monocytogenes bacteria are more susceptible to killing in
bone marrow-derived macrophages from B6 mice, leading to hy-
perinduction of multiple inflammatory pathways, but show no
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differences in LysM '~ macrophages (10). Therefore, pgdA mu-
tants are clearly more susceptible to killing by lysozyme in macro-
phages, resulting in increased inflammation. However, these phe-
notypes do not result in a significant loss of CFU during
macrophage infection (10) (see Fig. S5B in the supplemental ma-
terial). The most striking bactericidal activity observed in vivo oc-
curred during the first 30 min after i.v. infection, where lysozyme-
sensitive bacteria lost >90% of their CFU, a phenotype that can be
faithfully recapitulated in vitro in blood (Fig. 6). These data sug-
gest that serum is a major host factor responsible for the killing of
lysozyme-sensitive bacteria in vivo, at least upon i.v. infection.
During oral infection, L. monocytogenes disseminates to the liver
in blood via the portal vein (65), and a large number of bacteria in
the blood is required to cause meningitis (11, 66). Therefore, ex-
posure to blood is likely to occur during human listeriosis, where
L. monocytogenes causes meningitis, abortion in pregnant women,
and sepsis (11). The results of this and other studies suggest that
the role of lysozyme in vivo is multifactorial (9, 10, 12, 50, 67) but
that serum lysozyme is the major factor that protects against ly-
sozyme-sensitive L. monocytogenes during i.v. infection. The ro-
bust killing of lysozyme-sensitive bacteria in vivo illustrates why
pathogens have evolved multiple and novel regulatory strategies
to rewire the expression of essential cell wall processes to become
lysozyme resistant.
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