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Population structure-guided profiling of antibiotic resistance patterns in clinical
Listeria monocytogenes isolates from Germany identifies pbpB3 alleles
associated with low levels of cephalosporin resistance
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ABSTRACT

Numbers of listeriosis illnesses have been increasing in Germany and the European Union during the last decade. In
addition, reports on the occurrence of antibiotic resistance in Listeria monocytogenes in clinical and environmental
isolates are accumulating. The susceptibility towards 14 antibiotics was tested in a selection of clinical
L. monocytogenes isolates to get a more precise picture of the development and manifestation of antibiotic resistance
in the L. monocytogenes population. Based on the population structure determined by core genome multi locus
sequence typing (cgMLST) 544 out of 1220 sequenced strains collected in Germany between 2009 and 2019 were
selected to cover the phylogenetic diversity observed in the clinical L. monocytogenes population. All isolates tested
were susceptible towards ampicillin, penicillin and co-trimoxazole - the most relevant antibiotics in the treatment of
listeriosis. Resistance to daptomycin and ciprofloxacin was observed in 493 (91%) and in 71 (13%) of 544 isolates,
respectively. While all tested strains showed resistance towards ceftriaxone, their resistance levels varied widely
between 4 mg/L and >128 mg/L. An allelic variation of the penicillin binding protein gene pbpB3 was identified as the
cause of this difference in ceftriaxone resistance levels. This study is the first population structure-guided analysis of
antimicrobial resistance in recent clinical isolates and confirms the importance of penicillin binding protein B3 (PBP

B3) for the high level of intrinsic cephalosporin resistance of L. monocytogenes on a population-wide scale.
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Introduction

Listeria monocytogenes is an important foodborne
pathogen and the causative agent of listeriosis, an ill-
ness with symptoms ranging from gastroenteritis to
septicemia, meningoencephalitis and miscarriage in
pregnant women. L. monocytogenes infections are
mostly associated with ready-to-eat foods, as well as
milk products, meat, fish and vegetables [1]. Case
numbers of listeriosis have been increasing during
the last years. While between 2001 and 2010, 372 +
101 listeriosis cases were reported per year in
Germany, the average listeriosis case number between
2011 and 2019 rose to 617+ 135 cases, with 699
notified cases in 2018 [2]. The incidence of listeriosis
is relatively low (0.3-0.6 per 100,000 persons in
Europe and North America) compared to other gas-
trointestinal infections [3]. However, fatality rates
range between 7% and 30% despite antibiotic treat-
ment [4,5]; even though L. monocytogenes is suscep-
tible to a variety of antibiotics in vitro, it is one of the

most fatal foodborne bacterial
pathogens.

The incubation period of listeriosis ranges from 1 to
67 days [6]. This rather long time frame complicates
back-tracing of food vehicles through patient inter-
views and thus often has hampered the identification
of outbreak sources. Whole genome sequencing
(WGS)-based subtyping techniques, such as core gen-
ome multi locus sequence typing (cgMLST), have
been implemented recently in many countries to
improve disease cluster recognition and compare clini-
cal and food isolates. This has enormously facilitated
the identification of infection sources of listeriosis out-
breaks [7-12].

The standard therapy for listeriosis is ampicillin
or penicillin, frequently combined with gentamicin.
While ampicillin or penicillin alone was reported
to be only bacteriostatic, a bactericidal synergism
of these antibiotics with gentamicin has been
observed against L. monocytogenes in vitro [13,14].
However, the effectivity of the combination therapy
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has been questioned in retrospective studies investi-
gating the outcome of listeriosis treated either with
the combination of both antibiotics versus penicillin
monotherapy, with no benefit of the combined treat-
ment on the patient’s outcome [15,16] as well as in
a recent study in a listeriosis mouse model [17]. As
an alternative, treatment with trimethoprim/sulfa-
methoxazole (hereinafter referred as co-trimoxazole)
has been applied successfully in patients allergic to
B-lactam antibiotics [18]. Meropenem is occasionally
applied in listeriosis treatment, but therapy failure
and mortality rate is higher under these conditions
[19,20].

As previously reported, resistance to the clinically
used antibiotics is rare in clinical isolates of
L. monocytogenes [21-23], however, recent studies
report increasing numbers of antibiotic-resistant
environmental isolates, including isolates from ani-
mals, food and food-processing plants [24-26]. This
observation is alarming since there is evidence that
the increase of minimal inhibitory concentrations
(MIC) observed in environmental strains also mani-
fested in clinical strains later on [27]. Therefore, moni-
toring the development of antibiotic resistance in
clinical isolates is of utmost importance to ensure
appropriate antibiotic therapy of listeriosis in the
future.

Beside the potential emergence of resistance to anti-
biotics used in standard therapy, L. monocytogenes is
intrinsically resistant to third-generation cephalospor-
ins such as ceftriaxone [14,28], often used to treat bac-
terial meningitis. Hence, as long as L. monocytogenes
cannot be ruled out as the causative agent, co-adminis-
tration of ceftriaxone or other cephalosporins with
ampicillin is required [29]. Several factors including
the penicillin binding protein PBP B3, encoded by
the Imo0441 gene, contribute to the intrinsic cephalos-
porin resistance of L. monocytogenes [30,31]. A
L. monocytogenes mutant lacking lmo0441 has strongly
reduced cephalosporin resistance but did not reveal
any other obvious phenotypes [30,32], suggesting that
PBP B3 has a function specifically required during
cephalosporin exposure.

Based on genome sequence data, we here designed
a selection of 544 clinical L. monocytogenes strains.
This strain selection covers the entire phylogenetic
biodiversity observed among strains isolated from
human infections in Germany between 2009 and
2019, as it includes representatives of listeriosis out-
break clusters as well as isolates obtained from all
sporadic cases. This selection was screened for anti-
biotic susceptibility against 14 clinically relevant anti-
biotics to describe the current antibiotic resistance
levels of clinical L. monocytogenes strains on a popu-
lation-wide scale, which led to the discovery of pbpB3
mutations associated with reduced levels of cephalos-
porin resistance.
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Materials and methods

L. monocytogenes strains and growth
conditions

All L. monocytogenes strains used within this study
were originally received from different senders of the
German health care system by the consultant labora-
tory for Listeria of the Robert Koch Institute. Identity
and molecular PCR serogroups were determined by
multiplex PCR as previously described [33-35] at arri-
val and the received strains were archived in an in-
house strain collection in 50% glycerol at —80°C. For
antibiotic susceptibility testing, individual strains
were grown on brain heart infusion (BHI) broth (#
211059, BD-BBL, Franklin Lakes, USA) or BHI agar
plates (# CMO0375, Oxoid, Basingstoke, UK) at 37°C.
The strains used in this study are summarized in the
supplementary Table S1.

Construction of plasmids and strains

For  expression of  pbpB3  variants in
L. monocytogenes, pbpB3 alleles of the strains 17-
04405 (allele type 49), 18-00287 (allele type 20), 18-
00792 (allele type 4), 18-02573 (allele type 56) and
18-04540 (allele type 13) were amplified by PCR
using the primers MF19 (5- CGCGCCATG-
GATGGCTAGTTATGGTGGGAAAAAG) and
MF20 (5- CGCGGTCGACTTATTTATACA-
TACTTTCAATAACTGGTTTTAGC). Fragments
were cloned into plasmid pIMK3 [36] using Ncol/
Sall (NEB, Ipswich, USA). The sequence of the
cloned inserts was confirmed by Sanger sequencing,
the corresponding plasmid was introduced into strain
LMJR41 (ApbpB3), which was constructed in a pre-
vious study [32], by electroporation [36] and trans-
formants selected on BHI agar plates
containing 50 mg/L kanamycin. Correct plasmid
insertion at the attB site of the tRNA®® was
confirmed by PCR. The sequences of the above men-
tioned pbpB3 alleles were submitted to NCBI Gen-
Bank (MT383155-MT383119).

were

Genome sequencing

For genome sequencing, chromosomal DNA was
extracted using the GenElute Bacterial Genomic
DNA Kit (Sigma-Aldrich, St. Louis, USA). One ng of
the chromosomal DNA obtained was used in a library
preparation using the Nextera XT library preparation
kit (Illumina, San Diego, USA) according to manufac-
turer’s instructions. Sequencing was performed on Illu-
mina MiSeq, NextSeq or HiSeq 1500 instruments,
using either the MiSeq Reagent Kit v3 (600-cycle kit)
or the HiSeq PE Rapid Cluster kit (version 2) in com-
bination with an HiSeq Rapid SBS (version 2) sequen-
cing kit (500-cycle PE or 150-cycle SE kit).
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Population structure analysis

Genome sequencing reads were assembled using the
velvet algorithm. MLST sequence types (ST) and
cgMLST complex types (CT) according to the seven
housekeeping gene MLST scheme [37] and the 1701
locus cgMLST scheme [7], respectively, were extracted
from the assembled contigs by automated allele sub-
mission to the L. monocytogenes cgMLST server
(http://www.cgmlst.org/ncs/schema/690488/). Clusters
were defined as groups of strains with <10 different
alleles between neighbouring strains. Generation of
the minimal spanning tree was performed in the “pair-
wise, ignore missing values” mode. All of the afore-
mentioned steps were performed using the built-in
functions of the Ridom® SeqSphere Software package
version 6.0.0 (2019/04, Ridom GmbH, Miinster,
Germany).

Antibiotic susceptibility testing

Antibiotic susceptibility testing was performed as a
microdilution assay in accordance with the EUCAST
guidelines in the January 2019 version [38]. Briefly,
selected L. monocytogenes strains were streaked out
on BHI agar plates and incubated at 37°C for 24 h.
Three to five colonies from each plate were picked,
joined and further incubated in 3 mL BHI broth for
6 h. This culture was used to adjust NaCl solution
(0.9%, w/w) to an ODggg of 0.005, representing a con-
centration of approximately 5-10° colony forming units
(CFU) per mL. Ten pl of this solution were used to
inoculate the individual wells of a 96-well microtiter
plate containing 90 ul Mueller-Hinton fastidious
(MH-F) broth with different concentrations of each
individual tested antibiotic; 1 mM IPTG was added
where necessary. The overall plate design was adopted
from a study by Noll and colleagues [26], produced in
house and included ampicillin (AMP; MIC < 2 mg/L),
benzylpenicillin (PEN; MIC <2 mg/L), ceftriaxone
(CRO; MIC <4 mg/L), meropenem (MEP; MIC <
0.5mg/L), daptomycin (DAP; MIC<2 mg/L),
ciprofloxacin (CIP; MIC <2 mg/L), erythromycin
(ERY; MIC<2mg/L), gentamicin (GEN; MIC<
2 mg/L), linezolid (LNZ; MIC <8 mg/L), rifampicin
(RAM; MIC<1mg/L), tetracycline (TET; MIC<
4 mg/L), tigecycline (TGC; MIC < 1 mg/L), vancomy-
cin (VAN; MIC <4 mg/L) and co-trimoxazole (SXT;
MIC < 0.125 mg/L). Antibiotics were purchased form
Sigma-Aldrich (St. Louis, USA), with the exception of
LIN and DAP, which were purchased from Molekula
GmbH (Munich, Germany). Their concentrations
were selected to cover the EUCAST-defined MIC
breakpoints [38]. In cases where no breakpoint was
defined for L. monocytogenes, the MIC breakpoints of
Streptococcus pneumoniae or Staphylococcus aureus
were used [38]. The plates were quickly mixed and

incubated in a sealed polyethylene bag at 37°C for 20
12 h. Results were determined using a mirror for pre-
cise optical detection of growth. MICs were reported as
the first concentration of the respective antibiotic
where no visible growth was detected after the
defined incubation period. Besides the Listeria monocy-
togenes reference strain EGD-e, a set of reference
strains recommended by EUCAST guidelines (Escheri-
chia coli ATCC 259226, Pseudomonas aeruginosa
ATCC 278538, Staphylococcus aureus ATCC 292139
and Enterococcus faecalis ATCC 29212) with known
antibiotic resistance profiles were used to assure effec-
tivity of the antibiotics under the chosen testing
conditions.

Statistical analysis

The Kruskal-Wallis rank sum test was performed to
determine if there were significant differences between
the determined MICs of the tested antibiotics between
samples in serogroups Ila, IIb and IVb as well as
between different sequence types (where >4 strains
were available). To further test which groups signifi-
cantly (p <0.05) differed from one another, the pair-
wise Mann-Whitney-U test was performed. Adjusted
p-values were obtained using a Bonferroni-Holm cor-
rection. All statistical analysis was performed using the
stats package in R version 3.6.1 [39].

Identification of alleles associated with reduced
ceftriaxone resistance

Group-specific single nucleotide variations (SNV) were
sought using the SNV tool implemented in SeqSphere
(Ridom GmbH, Minster, Germany). For this purpose,
isolates with reduced ceftriaxone resistance belonging
to a particular ST were defined as target and isolates
outside this phylogenetic group as non-target. More-
over, isolates belonging to one of the other low-cef-
triaxone resistance STs were excluded from the non-
target group to increase sensitivity. SNVs occurring
in 100% of the target group and which were different
to 99% of the non-target group were accepted and
only SNVs leading to non-synonymous amino acid
exchanges were considered for further analysis.

Results
Population structure-guided isolate selection

The collection of clinical L. monocytogenes strains from
the German consultant laboratory was used as the
source  of  genetic  diversity  within  the
L. monocytogenes population. At the time this project
was started, the collection contained 1220 genome
sequenced L. monocytogenes strains, isolated from
human infections in Germany between 2009 and
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2019. Of these strains 1004 had been isolated from
blood or cerebrospinal fluid and the remaining strains
from other sources. Therefore, the majority of the
strains (82%) were associated with invasive disease.
Most of the strains were collected in 2016 (n =266),
2017 (n=395) and 2018 (n =453) (Figure SI).

The population structure of this strain collection
was determined using MLST and c¢gMLST [7,12],
allowing identification of disease clusters and sporadic
cases. All strains belonged to phylogenetic lineage I
(57%, n=700) and lineage II (43%, n = 520); cgMLST
grouped the 1220 isolates into 122 cgMLST complexes
containing 798 isolates and 422 singletons. The 122
complexes varied in size from at least two up to 104
isolates, with a median size of 3 per complex (Figure
S2). In order to cover all L. monocytogenes subtypes
with current clinical relevance comprehensively, the
following selection strategy was applied: At least one
representative strain from each of the 122 identified
complexes was selected. In cases where more than
two genotypes belonged to a cluster, its most central
isolate was chosen. If strains with different CT's
formed a joined complex, a representative strain
belonging to the most abundant CT within this com-
plex was selected. An observation further justifying
the selection of cluster representatives was obtained
in a previous study, showing that isolates belonging
to an outbreak cluster possess highly similar antibiotic
resistance profiles [40]. In addition to the cluster
representatives, all sporadic isolates (422 of 1220)
were included to further increase the genetic diversity
within the selection of L. monocytogenes isolates. This
procedure led to a selection of 544 L. monocytogenes
strains from 2009 to 2019 with the majority of strains
from 2016 to 2019 including representatives of the
molecular serogroups Ila (39.7%), IIb (10.8%), Ilc
(1.3%), IVa (0.2%), IVb (46.7%), IVb-v1 (0.7%) and
IVc (0.2%, Figure S1). Representatives of all 62 STs
in the original strain collection were also present in
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this selection, with ST1, ST6 and ST2 representing
the three most abundant STs (Figure S3). Of the 587
CTs identified in the original strain collection, 539
(92%) were also included. Thus, the strain selection
for antibiotic profiling contained 544
L. monocytogenes isolates in total and represents a
miniaturized model collection of the clinical
L. monocytogenes population currently causing infec-
tions in Germany (Table S1, Figure S2).

Antibiotic profiling of the miniaturized model
population

Each strain of the model population was tested for
resistance against 14 clinically relevant antibiotics.
No resistance was observed against the antibiotics
currently recommended for the treatment of listerio-
sis; ampicillin, penicillin and co-trimoxazole
(Table 1, Figure 1(A)). Still, two of the tested strains
were susceptible to increased concentrations (for-
merly described as intermediate resistance) of ampi-
cillin and penicillin and three isolates were
susceptible to increased concentrations of co-trimox-
azole. Among all strains tested one showed resistance
to gentamicin. No resistance was observed to erythro-
mycin, linezolid, meropenem, rifampicin, tigecycline
and vancomycin. Furthermore, all isolates tested
(544/544, 100%) were resistant to ceftriaxone
(Table 1). This observation is in full agreement with
the intrinsic  cephalosporin  resistance  of
L. monocytogenes. Moreover, the majority of the
screened strains (493/544, 91%) also showed resist-
ance to daptomycin, a cyclic lipopeptide antibiotic.
Around 13% of the isolates (71/544) showed resist-
ance against the gyrase inhibitor ciprofloxacin. One
strain was found to be resistant against tetracycline,
an antibiotic to which most of the strains (518/544,
95%) showed intermediate resistance. Susceptibility
to increased concentrations was also observed for

Table 1. Antibiotic resistance profiles of the L. monocytogenes model population.

MIC (mg/L)

0.03 0.06 0.125 0.25 05 1 2 4 8 16 32 64 128 >128
AMP 17 132 265 128 2 0 0 0
PEN 0 135 250 157 2 0 0 0
CRO' 0 o | 1 0 16 32 61 141 293
Clp? 0 22 451 69 2 0
DAP? 6 45 302 183 8 0
ERY 544 0 0 0 0 0
GEN? 488 55 1 (] 0 0
LNZ' 2 27 253 262 | o 0
MEP 46 481 17 | o 0 0 0 0
RAM' 528 16 0 o | o 0 |
TET' 0 25 361 157 1 0
TGC2 9 212 321 2 o | o 0 0
SXT 541 3 1 o 0 0 0 0 0
VAN' 31 203 | o 0 0

544 clinical L. monocytogenes strains were tested against 14 antibiotics. Numbers of isolates with a certain MIC are given. Underlined values indicate no
observable growth at the lowest tested concentration. Vertical lines indicate resistance breakpoints as defined by EUCAST for Listeria monocytogenes, Strep-
tococcus pneumoniae” or Staphylococcus aureus®. Intermediate resistance is marked by a grey background. All values below the grey area are considered
fully susceptible, all values right of the vertical bar are considered fully resistant.
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Figure 1. Identification of phylogenetic groups with reduced ceftriaxone resistance. (A) Phylogeny of isolates shown as Neighbor-
hood-Joining tree based on the 1701 locus cgMLST scheme for the model population used for the antibiotic susceptibility testing.
Starting from the centre, the rings represent the serogroups and the antibiotics tested (CRO, DAP, CIP, RAM, TET, LNZ, VAN, GEN,
MEP, SXT, AMP, PEN, ERY, TGC). The colour code for the antibiotics represent resistant (red), intermediate susceptible (yellow) and
susceptible (blue) strains for the individual antibiotics. The two outer rings show MIC values determined for CRO from 4 mg/L
(green) to >128 mg/L (red), as well as the positions of the isolates belonging to the STs further investigated. Data was visualized
using iTOL v4 [41]. (B) Ceftriaxone resistance levels among 544 selected L. monocytogenes isolates according to MLST STs. Only STs
for which MICs of >4 isolates were available were considered in this analysis.

most isolates in case of linezolid (515/544, 95%) and
ciprofloxacin (451/544, 83%), while it was less com-
mon with vancomycin (203/544, 37%), gentamicin
(55/544, 10%), daptomycin (45/544, 8%) and merope-
nem (17/544, 3%, Table 1). Sixteen strains showed
growth in the presence of 0.6125 mg/L rifampicin,
the lowest tested concentration, and must thus be
considered as susceptible to increased doses.

The most common co-occurrence of antibiotic
resistance was observed with ceftriaxone in addition
to daptomycin (493/544, 91%). Out of these, 66 strains
(12%) showed additional resistance to ciprofloxacin.

Only two isolates were found to be resistant to ceftriax-
one and ciprofloxacin while being susceptible to dapto-
mycin. Forty-five isolates (8%) were only resistant to
ceftriaxone but none of the other antibiotics tested.
Thus, they only showed intrinsic resistance against
cephalosporins.

Identification of phylogenetic groups with
different antibiotic resistance profiles

The majority of isolates within the model population
belonged to the molecular serogroups Ila, IIb and



IVD (529 of 544, 97%). On the binary observation level
of resistant versus sensitive, resistances were equally
distributed between these three main molecular ser-
ogroups. To increase the resolution, the MIC values
for each antibiotic were compared between isolates
belonging to the different molecular serogroups. The
average MICs for ampicillin (IVb=0.36 mg/L, Ila =
0.18 mg/L), penicillin ~ (IVb=0.38 mg/L, Ila=
0.19 mg/L), daptomycin (IVb=2.94mg/L, Ila=
2.46 mg/L), linezolid (IVb =3.78 mg/L, Ila=2.13 mg/
L), tetracycline (IVb=1.49 mg/L, Ila=1.11 mg/L),
tigecycline (IVb=0.12 mg/L, Ila=0.08 mg/L) were
significantly higher (Mann-Whitney U Test, n, = 216,
n, =254, P < 0.05) for serogroup IVb isolates compared
to isolates of serogroup Ila (Figure S4).

Despite this observation, we also found that the
MICs for ceftriaxone varied between 4 mg/L up to
>128 mg/L, with a median MIC of >128 mg/L consid-
ering all tested isolates (Table 1). While this classifies
all strains as ceftriaxone-resistant, reduced median
MIC values for ceftriaxone of <32 mg/L were found
for certain STs (Figure 1(B)). The largest phylogenetic
group with lowered ceftriaxone resistance was ST4 (n
=24 isolates), showing a reduced median MIC of
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32 mg/L in contrast to >128 mg/L for the remaining
population. Likewise, lowered ceftriaxone MICs were
observed for ST29 (median MIC =24 mg/L, n=7),
ST388 (median MIC =24 mg/L, n =4) and ST403 iso-
lates (median MIC = 16 mg/L, n = 8, Figure 1(B)).

Reduced ceftriaxone resistance levels were also
observed in ST7 (median MIC =64 mg/L), ST9
(median MIC =64 mg/L), ST101 (median MIC=
128 mg/L) and ST204 isolates (median MIC = 64 mg/
L, Figure 1(B)).

Identifying pbpB3 alleles linked to reduced
ceftriaxone resistance

Single nucleotide variant analysis revealed that ST4,
ST29, ST388 and ST403 isolates associated with low-
ered levels of ceftriaxone resistance carried group-
specific non-synonymous mutations in various coding
regions. However, the only gene carrying one mutation
common to all isolates belonging to the STs with
reduced ceftriaxone resistance was lmo0441, encoding
PBP B3, which showed a mutation within the allelic
version found in ST4 and ST388 (pbpB3 allele type 4,
Alal72Val) and ST403 and ST29 (pbpB3 allele type

A 250 - - - -
= 20
o))
£
2 s A
o
X
'g 1 CRO resistance
& 1007 : : : P : ;
S a i | P high
o - & o o é o & o
= 509 medium
R4 @ E o E=3 j
0 ° low
I T T T T T T T T T T T T T T T T T T T T T 1
R T T N B N N I I S A TR SR CIPA A SR RPN N S )
pbpB3 allele number
B Thr53Ser  Ala172Val
= NTD AD transpeptidase
50 %0 170 180 allele type
! | |
ETFTSNIAKEK DEVERGQIVDR pbpB3-4
ETFSSNIAKEK DDAERGQIVDR pPbpB3-20
ETFTSNIAKEK DDAERGQIVDR pbpB3-1
ETFTSNIAKEK DEAERGQIVDR pbpB3-13
ETFTSNIAKEK DEAERGQIVDR pbpB3-49
ETFTSNIAKEK DEAERGQIVDR pbpB3-56
ETFTSNIAKEK DXAERGQIVDR pbpB3-consensus

Figure 2. Identification of pbpB3 alleles associated with reduced ceftriaxone resistance. (A) Ceftriaxone resistance levels among 544
selected L. monocytogenes isolates according to their pbpB3 allele in the Ruppitsch cgMLST scheme. Only those pbpB3 alleles for
which MICs of >4 isolates were available were considered in this analysis. (B) Scheme illustrating PBP B3 domains and position of
the amino acid exchanges found in the pbpB3 alleles no. 4 (Ala172Val) and 20 (Thr53Ser), which are associated with reduced cef-
triaxone resistance. Abbreviations: TM — transmembrane helix, NTD — N-terminal domain; AD - allosteric domain.
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20, Thr53Ser, Figure 2(A,B)). This suggests that certain
pbpB3 alleles are associated with reduced resistance
against ceftriaxone. Remarkably, all ST4 and ST388
isolates carried the pbpB3 Alal72Val substitution
characteristic for pbpB3 allele no. 4 in the Ruppitsch
cgMLST scheme and this pbpB3 allele was not found
in any other strain. Likewise, all our ST403 isolates car-
ried the pbpB3 Thr53Ser variant (allele no. 20), also
found in four out of six ST29 isolates tested with low-
ered ceftriaxone resistance levels. The two ST29 isolates
tested with a ceftriaxone resistance above the median
value observed in this group had a different pbpB3
allele. Despite its presence in these two subgroups,
pbpB3 allele no. 20 was not found in any other of the
1220 strains of the original strain collection. We thus
conclude that pbpB3 alleles 4 and 20 are associated
with reduced ceftriaxone resistance.

Effect of novel pbpB3 mutations on ceftriaxone
resistance

Even though the sequence alterations in the two
pbpB3 alleles were rather conservative at the protein
level, their contribution to ceftriaxone resistance
was tested in a complementation assay. For this pur-
pose, a ApbpB3 deletion mutant constructed in the
background of L. monocytogenes EGD-e (strain
LMJR41) [32] was complemented with different
pbpB3 alleles and ceftriaxone resistance of the result-
ing strains was determined. Ceftriaxone resistance
was greatly reduced in the Almo0441 mutant (2 mg/
L) compared to wild type strain EGD-e (64 mg/L,
Table 2). Reintroduction of the wild type pbpB3 allele
(allele type 1) from EGD-e restored this phenotype
almost completely (32 mg/L). In contrast, expression
of pbpB3 allele type 4 associated with reduced cef-
triaxone resistance in the ApbpB3 background led to
a lower ceftriaxone resistance level of only 16 mg/L
(Table 2). When pbpB3 allele type 49, originating
from a closely related but fully ceftriaxone-resistant
ST217 isolate (MIC >128 mg/L, n = 6), was expressed
in the ApbpB3 background, ceftriaxone resistance

Table 2. Effect of pbpB3 on ceftriaxone resistance.

increased to 32 mg/L. This level of ceftriaxone resist-
ance further increased to 64 mg/L, when pbpB3 allele
type 13 from ST6 strain 18-04540, showing the high-
est observed level of ceftriaxone resistance in this
study, was used for complementation (Table 2). The
complementation of the deletion mutant with pbpB3
allele type 56 increased the ceftriaxone MIC to
32 mg/L (Table 2). This allele type is identical to
pbpB3 allele type 4 except for a single mutation at
the aforementioned position 172, where it still carries
the original alanine. These results further underline
the apparent importance of this single amino acid
for the resistance against ceftriaxone. As for the
pbpB3 allele type 4, complementation mutants carry-
ing pbpB3 allele type 20 showed higher ceftriaxone
compared to the deletion mutant but lower ceftriax-
one resistance compared to the complementation
mutants carrying pbpB3 alleles of the wild type strain
or from the high level resistance strain (Table 2). In
conclusion, pbpB3 alleles from strains with low and
high levels of ceftriaxone resistance confer low and
high levels of ceftriaxone resistance upon their heter-
ologous expression in the ApbpB3 mutant, respect-
ively. This confirms the association of certain pbpB3
alleles with ceftriaxone resistance and demonstrates
the population-wide validity of the concept that
PBP B3 is an important determinant for ceftriaxone
resistance in L. monocytogenes.

To estimate the overall relevance of this obser-
vation for the entire L. monocytogenes population,
the frequency of pbpB3 allele types 4 and 20 was cal-
culated for the model population of 544 strains (55
unique pbpB3 allele types), for the initially used clini-
cal strain collection of 1220 strains (58 unique pbpB3
allele types) as well as for 27,118 L. monocytogenes
genomes available on the National Center for Biotech-
nology Information (NCBI) pathogen detection pipe-
line at the time of this study (1033 unique pbpB3 allele
types). Allele type 4 was detected in 28 strains of the
model collection (expected: 10), in 39 strains of the
clinical strain collection (expected: 21) and 340
times in the NCBI dataset (expected: 26). Allele type

Strain genotype ST pbpB3 allele ceftriaxone MIC [mg/L]
EGD-e wt 35 1 64 (64,64,64)
LMJR41 ApbpB3 35 - 2(222)

LMMF1 ApbpB3 + pbpB3-1 35 1 32 (32,32,32)
LMMF2 ApbpB3 + pbpB3-4 35 4 16 (16,16,16)
LMMF5 ApbpB3 + pbpB3-49 35 49 32 (32,32,32)
LMMF3 ApbpB3 + pbpB3-13 35 13 64 (64,64,64)
LMMF6 ApbpB3 + pbpB3-20 35 20 16 (16,16,16)
LMMF7 ApbpB3 + pbpB3-56 35 56 32 (32,32,32)
18-00792 wt 4 4 16 (16,16,16)
17-04405 wt 217 49 128 (128,128,128)
18-04540 wt 6 13 >128 (>128, >128, >128)
18-00287 wt 403 20 16 (16, 16, 16)
18-02573 wt 296 56 >128(>128, >128, >128)

MIC of ceftriaxone for L. monocytogenes ApbpB3 strains complemented with pbpB3 alleles from clinical L. monocytogenes strains with different levels of cef-
triaxone resistance. All measurements were performed in triplicates and average values are shown with the individual values given in parentheses.



20 was detected in 12 strains of the model collection,
62 strains of the clinical strain collection and 156
strains of the NCBI dataset. Therefore, the abundance
of both allele types was above the theoretically
expected values and hence the presence of theses
pbpB3 allele types does not seem to provide an evol-
utionary disadvantage.

Discussion

Our results represent the first comprehensive determi-
nation of antibiotic resistance patterns of clinical
L. monocytogenes strains isolated in Germany. The
complexity of this strain collection was reduced by
the generation of a non-redundant model population
using cgMLST subtyping data. This model population
contains less than half of the original isolates but still
maintains the large biodiversity observed in the orig-
inal L. monocytogenes clinical strain collection; deter-
mination of antibiotic resistance patterns in this
model population greatly facilitated experimental
determination of antibiotic resistance patterns without
losing phylogenetic resolution.

An important finding of this study is the sustained
effectivity of the standard antibiotics recommended
for the treatment of listeriosis. None of the
L. monocytogenes strains tested here showed full resist-
ance against ampicillin and penicillin and only one was
resistant towards gentamicin. However, gentamicin is
not used as a stand-alone antibiotic in listeriosis
therapy and only administered in combination with
ampicillin or penicillin. Moreover, none of the isolates
tested showed full resistance against co-trimoxazole,
which is used as an alternative in patients with B-lac-
tam allergy. However, susceptibility only to increased
concentrations of penicillin (2/544), ampicillin (2/
544) and co-trimoxazole (3/544) was observed in few
cases. Therefore our results are in accordance with
observations made with other clinical strain collections
from Europe where intermediate resistance levels
against these three antibiotics were also reported to
occur with low frequency [23,27].

The highest level of resistance within our model
population was observed for ceftriaxone (100%), to
which L. monocytogenes is intrinsically resistant
[14,28], daptomycin (91%) and ciprofloxacin (13%).
However, breakpoints have not been established for
daptomycin and ciprofloxacin in L. monocytogenes
(as none of them is recommended to treat listeriosis)
and applications of cephalosporins and ciprofloxacin
have caused therapy failure in the past [42-44].

A large variation of ceftriaxone MICs ranging from
4 mg/L up to >128 mg/L was observed between isolates
belonging to different STs and could be traced back to
amino acid exchanges in pbpB3. Interestingly, an almost
similar degree of variation in ceftriaxone resistance was
observed within the ST1, ST155, ST451 strains included

Emerging Microbes & Infections 1811

here (Figure 1(B)), even though no association between
ceftriaxone resistance and pbpB3 allele variation was
found in these STs. Cephalosporin resistance is a multi-
factorial process in L. monocytogenes [31], and genetic
variations in other cephalosporin resistance determi-
nants, such as other PBPs, certain transporters or regu-
lators [31,45], may account for the variability of
ceftriaxone resistance in these phylogenetic groups.
PBP B3 of L. monocytogenes belongs to the same sub-
class of class B PBPs as Bacillus subtilis PBP3, Staphylo-
coccus aureus PBP2a (encoded by mecA) and
Enterococcus faecalis PBP5, which all are low-affinity
penicillin binding proteins and as such critical determi-
nants of cephalosporin or methicillin resistance in these
bacteria [46-49]. The two pbpB3 mutations lowering
cephalosporin resistance described here affect the N-
terminal domain and the allosteric domain (non-peni-
cillin binding domain) of PBP B3 (Figure 2(B)). The
function of these non-catalytic domains is not entirely
clear, but amino acid exchanges in the allosteric domain
of S. aureus PBP2a (such as N146 K and E150 K) are
associated with increased resistance of S. aureus to cef-
taroline, a fifth-generation cephalosporin [50-53]. Cef-
taroline non-covalently interacts with this allosteric
domain inducing a conformational change that makes
the active site in the transpeptidase domain accessible
for acylation and thus for inhibition by a second ceftaro-
line molecule [54]. The N146 K and E150 K mutations
of S. aureus PBP2a map to the same stretch in the begin-
ning of the allosteric domain as the A172 V exchange in
PBP B3 of L. monocytogenes. Apparently, amino acid
exchanges in this region of the allosteric domain
improve or impair cephalosporin binding in low
affinity PBPs and thus resistance of different Gram-posi-
tive pathogens to this important group of antibiotics.
While the low level of resistance towards currently
clinically applied antibiotics is a relief, the situation in
environmental and food isolates is more alarming.
L. monocytogenes strains with multidrug resistance or
resistance to ampicillin, penicillin or co-trimoxazole
have repeatedly been isolated from the environment
and from different food types [24,26,55-60]. It can be
expected that the antibiotic resistances observed in
environmental and food strains today will later manifest
in clinical strains. Therefore, surveillance of antimicrobial
resistance development in clinical L. monocytogenes
strains in the future is of great importance, especially
since average resistance levels against several p-lactams
have been continuously increasing since the 1920s in
clinical L. monocytogenes isolates from France [27].
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