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Abstract

Listeria monocytogenes, a bacterium responsible for listeriosis, is an environmental and
food-borne pathogen that poses a particular risk to pregnant women and the elderly. While
traditionally associated with animal products, ready-to-eat salads are increasingly recog-
nised as a source of Listeria outbreaks. However, little is known about the potential virulence
of Listeria isolates from the fresh produce environment. This study assessed the virulence
potential of nine L. monocytogenes strains from the fresh produce chain using the Galleria
mellonella invertebrate infection model. Larvae were infected with 10° CFU of each strain
via their circulatory system and compared to a reference strain L. monocytogenes (EGD-e)
and Listeria ivanovii. Virulence was evaluated by measuring mortality rates, health index
score of larvae, viable bacterial counts in the larvae, and the larvae’s immune. Significant
differences in larval mortality were observed among strains. Strains NLmo4 and NLmo5
caused the highest mortality rates (98.8% and 96.7%, respectively at 7 days post-infection),
while strain NLmo20 had a significantly lower mortality rate of 65% at the same time point
(p<0.05). Six isolates that caused varied mortality rates were then selected and tested for
their ability to replicate both in vitro and in vivo and their impact on larval haemocyte density.
In vitro growth rates were not significantly different among L. monocytogenes strains or
compared to Listeria ivanovii. However, L. monocytogenes strains persisted and replicated
in larvae up to 7d days post-infection, whereas Listeria ivanoviiwas reduced by 5 logs CFU
by day 7. The presence of these L. monocytogenes strains caused organ damage in larvae,
indicated by increased melanisation and subsequent larval death. Haemocyte density
showed insignificant fluctuations following infection. In conclusion, the results of this study
suggest L. monocytogenes strains from fresh produce food chain have varying pathogenic-
ity levels and can pose potential risk to human health.
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Introduction

Listeria monocytogenes (L. monocytogenes) is a Gram-positive, rod-shaped, facultative intracel-
lular anaerobic bacteria. The organism is the causative agent of listeriosis, with the elderly,
immunosuppressed, pregnant women and new-born infants particularly at risk [1, 2].
Although incidence of the disease is low compared to other foodborne pathogens [3], the clini-
cal outcome is often more serious. In mild cases the illness will lead to febrile gastroenteritis,
however, can result in septicaemia, meningitis, and prenatal complications in expectant moth-
ers (preterm birth, miscarriage, stillbirth) [4]. Survivors often end up with lasting neurological
conditions (cognitive impairment, hearing loss, focal neurological deficits, and epilepsy) [5].

In the European Union and European Economic Area (EU/EEA) L. monocytogenes infec-
tions are relatively rare with an incidence rate of 0.62 per 100,000 [6]. Nevertheless, the num-
ber of reported listeriosis cases is steadily rising as 2,772 cases were reported in 2022, a 58.04%
rise from total reported cases in 2012 [7]. Fatality rates from L. monocytogenes infections are
also tremendously high (20-30%) relative to other bacterial and fungal infections (<1%) mak-
ing the bacterium an increasing public health concern [6]. In the USA, for instance, though L.
monocytogenes is estimated to cause 1,591 foodborne ill health cases annually (0.02% of total
cases) it accounts for 18.9% of all foodborne related deaths. By comparison, Salmonella
accounts for 646 times as many cases but only causes 123 more deaths (0.5% mortality rate),
and although E. coli causes 40 times as many cases it causes 92.2% less deaths annually as com-
pared to L. monocytogenes [8]. These make listeriosis a notifiable disease of great concern and
reporting it as mandatory in all EU member states, including the United Kingdom (EU Direc-
tive 2003/99/EC).

The bacterium can contaminate fresh produce, processed ready-to-eat (RTE) meats, and
dairy products [9-11]. Currently, all L. monocytogenes strains are treated the same for regula-
tory purposes, thus the presence of L. monocytogenes on foodstuffs is sufficient to result in
product recall and this costs the UK economy an estimated £245M annually [12]. However, L.
monocytogenes is genetically diverse and in silico predictions suggest there are significant dif-
ferences in the disease-causing potential of different strains of the bacterium. Therefore, it is
important to determine the virulence potential of isolates of the bacterium in order to evaluate
the human health risks they pose.

In a previous study we characterised, using molecular typing, a number of genetically
diverse L. monocytogenes strains derived from RTE produce and its processing environment
which differed in their carriage of virulence factors and in vitro biofilm forming potential [13].
This current study was carried out to determine the virulence of a number of those previously
characterised strains using the Galleria mellonella (G. mellonella) invertebrate infection model.

Materials & methods
Bacterial isolates used in this study

The virulence of ten L. monocytogenes strains were evaluated in this investigation. All strains,
except the EGD-e (reference strain, NCTC7973), were obtained from a commercial food test-
ing laboratory. These strains were isolated from various stages of the fresh produce supply
chain (FPSC) around the UK between May 2016 and April 2017. Strains were isolated using
ISO11290-2: 2017, species identification carried out using biochemical tests (API Listeria, bio-
Merieux/Microbact Listeria, Thermo Scientific) and strain identification by whole genome
sequencing in an earlier publication [13].

L. monocytogenes is a model organism for investigating host-pathogen interactions, result-
ing in significant advancements across various disciplines [14], and EGD-e is the most
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characterised L. monocytogenes strain [15], which has resulted in its inclusion in this study as a
reference strain. Also, to ensure that potential differences in virulence observed are not species
dependent a non-L. monocytogenes strain, Listeria ivanovii INCTC12701), known for its rarity
in causing human infections, was used as a second reference strain. This strain was also iso-
lated from a final product spinach sample and identified by whole genome sequencing in the
same aforementioned study.

The strains were processed for long-term storage at Edinburgh Napier University (ENU) as
described by Smith et al. [13], suspended in BHI broth and 50% glycerol, and frozen at -80°C
until required for virulence testing.

Bacterial growth rate and inoculum size determination

The L. monocytogenes strain EGD-e (reference strain, NCTC7973) was grown overnight in a
shaken incubator (200rpm, 37°C) in broth culture of BHI (BHI, Oxoid) media. The optical
density (ODggonm) Was recorded and the cultures diluted to a starting ODggonm 0f 0.05, incu-
bated under the same experimental conditions for 7 h and ODgggnm recorded at hourly inter-
vals. At hourly intervals viable bacterial colony forming units (CFU) counts were also
enumerated by serially diluting and plating out cultures on Oxford agar base (Oxoid Ltd) sup-
plemented with Listeria selective antibiotics amphotericin B (10pug/ml), colistin sulphate (20ul/
ml), acriflavin (5ul/ml), ceotetan (2pl/ml), and fosfomycin (10ul/ml). Spread plates were incu-
bated at 37°C for 24 h and CFU were counted to generate a calibration curve of ODgpgpnm, and
Log CFU.

Preparation of bacterial cultures for G. mellonella infections

To prepare bacterial inoculum for G. mellonella larvae infection, 10ml BHI broth was inocu-
lated with a single CFU from a pure subculture and incubated overnight (37°C, 200rpm, aero-
bic conditions). Cultures were diluted in BHI broth to an ODggoqm 0.42, which equated to 10°
CFU ml™". Cells were harvested by washing twice in PBS (4200 rpm, 10 min, 22°C), and diluted
to a required dose for larvae infection.

Infection of G. mellonella larvae and monitoring

G. mellonella larvae were purchased from UK Waxworms Ltd (Sheffield, UK). Larvae were
stored at 20°C and used for bacterial challenge within 24 h of delivery to the lab. Only healthy-
looking larvae weighing between 0.25-0.35g with no signs of melanisation were used, and a
new batch of larvae was used in each experimental replicate. G. mellonella larvae (n = 30) were
injected with 10° CFU/larva delivered in 20pl PBS through the last right proleg using an insulin
syringe, as described previously [16]. As control, larvae (n = 30) were inoculated with 20ul
PBS. Bacterial inoculum dose for each set of experiments was confirmed by serially diluting
and platting out inoculum dose on Oxford agar base (Oxoid Ltd).

Galleria mellonella larvae monitoring post infection and health index
scoring system (HISS)

G. mellonella larvae were examined individually on daily basis post infection. Larvae mortality
was assessed by turning larvae on their backs and checking for leg movement; healthy larvae
upright themselves while the dead showed no movement. To measure more subtle differences
in larvae health status the health index scoring system (HISS), earlier described by Loh et al.
[17] was adapted. The HISS is useful in determining subtle and otherwise unnoticeable differ-
ences in virulence if using only the binary assessments of dead or alive [18, 19]. It enables
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A
Category | score | Description
0 No movement
Activity 1 Minimal movement on stimulation

Move when stimulated
No cocoon formed
Partially formed cocoon
Fully formed cocoon
Black larvae

Brown larvae

23 spots on beige larvae
<3 spots on beige larvae
No melaniSation

Dead alrvae

Alive

w

Cocoon formation

Melanisation

Survival

N Oo|ls wn = ol o o|n

Fig 1. G. mellonella health index scoring system (HISS). (A) Scores ascribed to different larvae attributes post-
inoculation. (B) Larvae melanisation: uninfected larva showing no melanisation (1), infected larva with <3
melanisation spots (2), larva with >3 melanisation spots (3), brown larva (4), black and typically dead larva (5). (C)
Pupae (fully formed cocoon) with arrow indicating silk formation. Table (A) is as adapted from [17].

https://doi.org/10.1371/journal.pone.0311839.g001

greater reproducibility and comparison of data between laboratories, and as a result is gaining
wider usability [20-22]. We therefore applied the HISS by examining each larvae for the fol-
lowing attributes: larvae activity, cocoon formation, cuticle melanisation, and survival (Fig 1).
Individual larva scores were then aggregated to give a final score for each inoculum dose.

In vitro growth rate of L. monocytogenes strains

Three L. monocytogenes strains (NLmo4, NLmo14, and NLmo20) were selected as representa-
tive strains based on their pathogenicity in larvae for further investigation. NLmo4 induced
the highest larvae mortality and NLmo14 induced intermediate mortality relative to other
strains tested whilst NLmo20 caused least larvae deaths at 7 d post infection. Growth rate of
these strains in vitro was assessed and compared to the L. monocytogenes reference strain
EGD-e, and L. ivanovii.

Overnight planktonic cultures were diluted to a starting ODgpgnm 0f 0.05 in 50ml BHI
broth. At hourly intervals ODggonm Was determined and CFU counts enumerated at bi-hourly
intervals over a 12 h time course. Calibration curves of Absorbance and Log CFU were gener-
ated to determine bacterial growth over time.

Determination of Listeria load in G. mellonella larvae

L. monocytogenes bacterial burden was evaluated as previously described [23]. Briefly, larvae
(75 larvae per treatment) were inoculated with 10° CFU/larva. At fixed time points, over a 7d
period, three live larvae were homogenised using a Stomacher (Stomacher™ 80 Biomaster,
Seward, UK) in 3ml of sterile PBS. Homogenate was serially diluted in PBS and aliquots of
100yl plated on Oxford Listeria plates containing amphotericin B (10pug/ml), colistin sulphate
(20ul/ml), acriflavin (5pl/ml), ceotetan (2ul/ml), and fosfomycin (10pl/ml) to inhibit growth of
native larval flora and allow Listeria selection. Plates were incubated at 37°C for 48 h and Lis-
teria CFU per larvae enumerated. Experiments were performed independently three times
using different larvae batch each time and means + SD determined.

Determination of Larval haemocyte density post Listeria inoculation

Larvae were inoculated with 10° CFU and the haemocyte density was assessed daily for 7 d. At
each time point post-infection three alive larvae were pierced at the side of the head with a

PLOS ONE | https://doi.org/10.1371/journal.pone.0311839 December 12, 2024 4/16


https://doi.org/10.1371/journal.pone.0311839.g001
https://doi.org/10.1371/journal.pone.0311839

PLOS ONE

Virulence of fresh produce Listeria monocytogenes isolates in Galleria mellonella

sterile needle and the haemolymph pooled together into a pre-chilled Eppendorf containing
phenylthiourea granules to prevent melanisation, as carried out previously [24]. Haemolymph
was diluted in PBS containing 0.37% (v/v) 2-Mercaptoethanol and cell density assessed using a
haemocytometer. Three independent experiments were performed and the means + SEM
were expressed as haemocytes per ml of haemolymph.

Data analysis

We used GraphPad Prism v 10.0.2 (GraphPad Software, San Diego, CA, USA) for statistical
analysis. Survival data were plotted using the Kaplan-Meier method or survival heat-map, and
comparisons between treatment groups were made using the log-rank Mantel-Cox test. Statis-
tical tests for significance on Health Index Scores, and Larvae haemocytes density were per-
formed using Two-Way ANOVA with p < 0.05 considered significant. All experiments were
performed a minimum of three times.

Results
Larvae health and survival with EGD-e

The overall health index of larvae (Fig 2(A)) was found to be dose-dependent. As early as 24 h
post-infection 107 CFU induced significant differences in larval health in comparison with the
non-infected control and lowest dose (10> CFU; p < 0.01). The health scores declined rapidly
post this time-point to a score of zero at 4 days post-infection for the dose of 10" CFU. There
were no significant differences in health scores observed between PBS-inoculated larvae (con-
trol) as compared with the lowest bacterial, 10> CFU, throughout the course of the experiment
(p = 0.642). No significant melanisation was observed in PBS-inoculated control larvae, whilst
all significant melanisation observed within the 10> CFU dose resulted in larval death. The 10°
CFU treatment showed a steady decline in larval health correlating with that observed for lar-
val survival for the same dose. Using Kaplan-Meier survival curves (Fig 2(B)) a dose-depen-
dent survival was observed, similar to that obtained using the health index score data. The
dose of 107 CFU had an LD, of under 3 d, and 4 d for the dose of 10° CFU. Larval survival
using 10° CFU (sub-lethal dose) was also similar to that observed in PBS-inoculated control
larvae during the 7 d course of experimentation.

e PBS-injected 100

e
6
= o 1"10%fullarva 804
- = = PBS-injected
4 \ : -0 1*10° cfurlarva 108
| 504 107 cfu/larva
.S\ + 1"107 cfullarva = 10°ctullarva

Health Index
% survival

2+ Neass \0'\\-<‘l) 404 —- 107 cfuflarva
[0 I s s G
T T T T T T T 0 T T T T T T T
1 2 3 4 5 6 7 0 1 2 3 4 5 6 T
Tme post-infection (days) Time post Infection (days)

Fig 2. L. monocytogenes strain EGD-e infection of G. mellonella induces dose-dependent reduction in health
scores and survival. (A) Larvae health were scored base on activity, cocoon formation, melanisation, and survival (B)
Kaplan-Meier survival curves of G. mellonella larvae post-inoculation with EGD-e. Bacterial cultures were grown in
BHI to stationary phase, washed twice and re-suspended in PBS. Larvae were inoculated with one of three doses,
controls with 20ul PBS and subsequently incubated at 37°C. All three doses caused time-dependent mortality of larvae
with 107 CFU inducing the highest mortality. 10> CFU caused insignificant larval mortality and 10® CFU induced
gradual larval death. Results are Mean of three independent tests. Statistical comparisons are survival rates at day 7
post-infection (* p < 0.05; *** P<0.001; **** P<0.0001; ns, no significant differences).

https://doi.org/10.1371/journal.pone.0311839.g002
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Listeria monocytogenes virulence in G. mellonella is strain and time
dependent

PBS-inoculated larvae remained alive during the 7 d course of this investigation with similar
observations also made for L. ivanovii inoculated larvae (96 + 4.4%) survival at 7 d post-infec-
tion (Fig 3(A)). L. monocytogenes inoculated larvae showed increasing mortality rates over
time indicating cumulative bacterial pathogenesis, which was analogous to earlier reports
using clinical and mutant isolates of L. monocytogenes in G. mellonella [25]. Inter-strain com-
parisons revealed strain specific variations in virulence based on the mortality rates and overall
larvae survival at the end of the 7 d time course. Inoculation with different Listeria strains
caused significant differences in G. mellonella larval mortality (F = 23.69, df = 11, 66,

p < 0.0001). Notably, NLmo4, NLmo5 & NLmo7 induced >90% mortality at 7 d post-infec-
tion while a 4.4 + 4.4% mortality was observed in L. ivanovii inoculated larvae at the same time
point.

All L. monocytogenes strains induced significantly higher larvae mortality than L. ivanovii
(p < 0.05), and all, except NLmo20, were also found to be more virulent in G. mellonella than
the reference strain (EGD-e). Amongst the investigated L. monocytogenes strains NLmo4 and
NLmo5 induced the highest mortality rates (98.8 £ 1.1% and 96.7 + 1.9%, respectively) and
NLmo20 caused the least larval deaths (65+2.9%), an over 30 percentage points variation indi-
cating significant differences in strains virulence. Additionally, varied mortality rates were
observed among L. monocytogenes lineage I strains, albeit were statistically insignificant
(p > 0.05). When compared to lineage II isolates statistical significance was only observed
between NLmoé6 (lineage I) and NLmo4 and NLmo5 (both lineage II).

As a collective, L. monocytogenes lineage types did not correlate with virulence (Fig 4). Line-
age II strains (three strains) induced higher mortality in larvae as compared with lineage I
strains (six strains), however, mean differences between the two lineages were not significant
(p = 0.567, Log-rant test). Similar observations were made for the mean health index scores for

the two groups.
A(Day 4) B (Day5)
o pa
x 6 g 6
rEE 4
A £ ]
3 3
z,] z,]
o 0-

T strains | Days postinoculation ] FLIPISSISS DR SLELLEPE RSP
+ L. ivanovii 7 7 3 2 5 5 7 & CELR s’i“}&fi- & LA SO
5 Listeria strains Ly Listeria strains

PBS-inoculated (control)
L. ivanovii
NLmo20 82461 66240 | 47219 | 36222 34229 C (Day 6) D (Day7)
EGD-e (Reference strain) 84222 | 70458 | 5367 | 41162 8- 8
NLmo18 67400 |47433 | 34273
NLmo2 76459 | 60£11 30£19
NLmo3 63188 | 39:11 30212
NLmo6 86211 51248 | 31222
NLmo14 71212 49212 31187
NLmo7 77438 | 48291
NLmoS 72480 | 39180
NLmod 69129 | 39162 i
) P TN P IR S PP AP IS
Larval survival (%) i SESAAAAEAES SEESSSS LS
90 8070 60] s0] 40[30]20] L4 Listeria strains ¢ Listeria strains

Fig 3. Bacterial strain, and time-dependent, effect of infection on G. mellonella larvae survival and health status.
Larvae were inoculated with a stationary phase dose of 10° CFU for each of the tested strains, and controls with 20yl of
PBS and subsequently incubated at 37°C. (A) Larval mortality was monitored daily and was assessed by turning larvae
on their backs and checking for leg movement. (B) Larvae health were scored base on activity, cocoon formation,
melanisation, and survival. Results are Mean + SD of three independent tests. (A-D) overall larvae health status at 4-, 5-
,6-, and 7 d post infection, respectively. Statistical differences are as compared to PBS-inoculated larvae (control) *p<
0.05; **p< 0.01; *** P<0.001; **** P<0.0001; ns, no significant differences (Two-Way ANOVA).

https://doi.org/10.1371/journal.pone.0311839.g003
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Fig 4. Virulence of L. monocytogenes lineages in G. mellonella. Virulence of six L. monocytogenes lineage I and four
lineage II strains were assessed. Larvae were inoculated with a dose of 10° CFU/larvae of stationary phase cultures and
monitored daily for 10d. (A) Kaplan-Meier survival curves. ****p < 0.0001, ns, not significant (Log-rank test). (B)
Mean + SEM health index scores of larvae. **** p< 0.001, ns not significant (Two-Way ANOVA). Results represent
three independent experiments.

https://doi.org/10.1371/journal.pone.0311839.9004

Listeria isolates have similar growth kinetics in vitro

Given the earlier determined inter strain differences in virulence in G. mellonella larvae, iso-
lates representative of the least to the potentially most virulent strains were selected for further
assessment. Bacterial growth rate in vitro can be used as a predictor of strain virulence in
hosts. To establish whether L. monocytogenes strains used in this study have different growth
capabilities in laboratory media, mean growth rates in BHI broth was determined over a 12 h
time course as described.

Starter cultures, at ODggonm 0f 0.01, contained mean CFU of 107 per ml (S1 Fig). Rapid
growth was observed amongst all L. monocytogenes strains within the first 6 h (exponential
growth), consistent with reported growth rates for L. monocytogenes EGD-e in BHI media at
37°C [26] Over the same time points L. ivanovii exhibited slower growth relative to L. monocyto-
genes strains, as compared to EGD-e a difference of 3.08 x10° CFU ml™ was observed. Intra
strain comparisons showed no statistical significance in growth rates amongst the L. monocyto-
genes strains within the first 6h (p > 0.05), except between EGD-e and NLmo14 at 6h
(p =0.0311). In contrast, significant differences in viable CFU counts were observed when L.
monocytogenes strains were compared to L. ivanovii at both 4 h and 6 h with differences been
more significant at 6h especially between EGD-e and NLmo14 when compared to L. ivanovii (S1
Fig, p < 0.0001, Two-Way ANOVA). At ~7 h all isolates, except L. ivanovii, reached stationary
growth as observed in both CFU ml ! and ODggpy,,, measurements. Though L. ivanovii had a
slower growth rate, after 9 h incubation it was observed to have CFU counts comparable to that
observed in the other isolates (p >0.05, Two-Way ANOVA). During the 12 h time course bacte-
rial growth increased by ~2 Logs for all isolates plateauing at 10° CFU ml ™. Though NLmo14
and NLmo20 attained the highest mean CFU ml™ no significant differences were observed
amongst all the strains investigated at the stationary phase as all isolates reached the same CFU
ml™ and final ODggonm by 12 h. Therefore, the bacterial replication in vitro did not correlate with
the prior observed differences in virulence by number of larval mortalities caused.

L. monocytogenes infection of G. mellonella larvae was accompanied by
bacterial growth

Viable CFU counts decreased for the first 6 h post-infection for all isolates with replication
rates varying thereafter (Fig 5). However, recovered bacterial counts from larvae in the first 6 h
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Fig 5. Recovery of L. monocytogenes strains EGD-e, NLmo4, NLmo14, and NLmo20, and L. ivanovii (absorbance
and CFU counts) as a function of time. BHI broth was seeded with bacterial cultures in stationary phase to a starting
absorbance (600 nm) of 0.01 and incubated at 37°C (200 rpm, aerobic conditions). Absorbance was measured hourly
and CFU ml™ at bi-hourly intervals. Results represent individual replicates (CFU ml™") and mean + SEM values of
three independent determinations.

https://doi.org/10.1371/journal.pone.0311839.9005

post-infection did not significantly differ from the dose used to initiate infection for all strains,
except L. ivanovii (p = 0.001 and p < 0.0001, at 1 h and 6 h post-infection, respectively). After
24h bacterial burden was observed to increase rapidly in all L. monocytogenes infected larvae
and plateaued after 72 h. This corresponded to ~2 Logs increase in bacterial burden from the
infecting bacterial dose. Though NLmo14 consistently exhibited higher replication rates in
vitro final bacterial burden in G. mellonella did not significantly differ amongst L. monocyto-
genes strains at the end of the 7 d time course (p = 0.488, one-Way ANOVA). In contrast, bac-
terial burden significantly differed between L. monocytogenes and L. ivanovii inoculated larvae.
Viable L. ivanovii CFU counts gradually declined during the 7 d time course decreasing by a
total of 5 Logs at 7 d post-infection. This strain was unable to establish an infection indicating
it is relatively avirulent at a dose of 10° CFU in G. mellonella larvae, and these results corre-
sponded with its relatively low mortality rates. G. mellonella was therefore effective at clearing
the L. ivanovii infection, which was demonstrated by a lack of recoverable CFU even in neat
samples at specific time points in the investigated strains, except L. ivanovii.

Inoculation of G. mellonella larvae with Listeria leads to alterations in
haemocyte density

Haemocytes are the main cellular component in G. mellonella immunity and they mediate the
larvae immune response to infections [27]. Fluctuations in G. mellonella haemocyte densities
following exposure to a range of microorganisms have been demonstrated [24, 28, 29]. These
fluctuations, in addition to microbial load, have been suggested as indicators of microbial
pathogenicity in G. mellonella larvae [30]. Hence, having determined mortality rates and Lis-
terial burden how these could correlate with haemocyte density was assayed. The objective was
to understand larval immunological response to L. monocytogenes infections and also deter-
mine relative pathogenicity of the isolates. G. mellonella infection and haemocyte
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quantification was as described above using 75 larvae per bacterial treatment, 30 for controls,
and extracting haemolymph from 3 live larvae at each time point for a duration of 7 d. Experi-
ments were carried out three times using different batches of larvae.

Before larval inoculation haemocyte density was quantified, and this represented 0 h for
each tested isolate. The results (Fig 6) indicate at 0 h larvae haemocyte density was 3.15 + 0.96
x 107 per ml of haemolymph. In Listeria inoculated larvae a gradual decline in haemocyte den-
sity was observed within the first 24 h post-infection and thereafter increased to pre-inocula-
tion levels, except in EGD-e and L. ivanovii. However, in EGD-e and L. ivanovii inoculated
larvae the rapid decline continued until 48 h post-infection before stabilising. In contrast, a
decline in haemocyte density in PBS-inoculated larvae was only observed in the first 1 h post-
infection which gradually increased to pre-inoculation levels within 24 h. Though haemocyte
density levels increased in L. monocytogenes inoculated larvae after 48 h post-infection this was
mostly followed by a gradual decrease and was more apparent in NLmo14 and NLmo20
towards the conclusion of the time course. Nonetheless, mean haemocyte density comparisons
amongst treatment groups showed PBS inoculated larvae had higher haemocyte densities than
Listeria inoculated larvae throughout the course of the investigation, albeit differences were
insignificant at most time points. Notwithstanding, though differences in haemocyte density
was observed between all strains these were largely between PBS and L. ivanovii inoculated lar-
vae at most time points and were more apparent at 24-72 h post-infection. After 7 d incuba-
tion however, haemocyte densities amongst treatment groups did not significantly differ from
pre-inoculation levels nor were there any significant inter-strain differences at this time point
(p < > 0.05, Two-way ANOVA). Interestingly, while L. ivanovii had the least recoverable CFU
and exhibited slower growth rates in vitro relative to L. monocytogenes strains it induced the
most sustained decrease in haemocyte density.

PBS-Injected (Control) Reference (EGD-e) NLmo4
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Fig 6. Fluctuations in haemocyte density in larvae inoculated with Listeria strains. Bacterial cultures were grown to
stationary phase, washed (2x) and resuspended in PBS. Larvae were inoculated with a dose 10° CFU/larvae, and
Controls with 20ul of PBS, thereafter, incubated at 37°C. At each time-point haemolymph was collected from 3 alive
larvae, and haemocytes quantified on a haemocytometer chamber. Statistical significance was tested by comparing
haemocyte density of Listeria inoculated larvae to PBS inoculated larvae at each time point (* p < 0.05, Two-Way
ANOVA). Results represent mean + SEM of three independent determinations.

https://doi.org/10.1371/journal.pone.0311839.g006
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Discussion

Differences in pathogenic potential of Listeria spp. is an area of ongoing research and still of
limited understanding. More so is our understanding of virulence differences of L. monocyto-
genes strains which, as a consequence, means all L. monocytogenes strains are still treated as the
same for regulatory purposes. Of the characterised L. monocytogenes strains, whose deter-
mined virulence have been used to predict the pathogenic potential of other L. monocytogenes
isolates and disease pathology, nearly all are from clinical sources, whilst isolates from environ-
mental and food sources that could be avirulent or of different virulence profiles to clinical iso-
lates are poorly characterised. This study thus compared the pathogenic potential of L.
monocytogenes strains (representing lineages I and II) isolated from different stages of the
fresh produce supply chain (FPSC) including an isolate from a drainage area in a food process-
ing environment [13] using the G. mellonella infection model. Numerous methods have previ-
ously been used to determine the virulence potential of L. monocytogenes strains, including the
chicken embryo test [31-33], Anton’s test [34, 35], cell lines based assays [36, 37], laboratory
animals [15, 16, 38, 39], and in recent times invertebrate models such as G. mellonella [16, 40].
G. mellonella is now routinely used as an infection model to assess virulence due to the com-
monalities it shares with mammalian models, ethical acceptance of its use, ease of handling,
cheap to acquire, and low rearing costs [30, 41-43].

Studies using G. mellonella as a model host commonly induce infections by inoculating lar-
vae through the haemocoel with viable bacterial strains. Microbial virulence in the model has
mostly been evaluated by either comparing the total mortality rates or 50% lethal dose, deter-
mining the microbial burden in larvae, larval HISS, or by quantifying haemocyte density and
other immunological responses such as expression of AMPs following microbial infections. As
each of these variables can be used to determine the pathogenic potential of microorganisms,
we recognised that a combination of these assays may enable consistent determination and
better discrimination between strains of different virulence profiles. This is also as has been
carried out in earlier studies that determined differences in virulence of other bacterial and
fungal pathogens, as well as in correlation studies that demonstrated that virulence observed in
the model parallels those seen in mammalian infection models [44-47].

Key to our investigation was to test whether the L. monocytogenes strains exhibit different
virulence potentials in G. mellonella. As depicted in Fig 3(A), significant differences in viru-
lence were observed between L. monocytogenes strains (p<0.05) based on the rates of larvae
mortality induced. L. monocytogenes strains induced mortality rates in the range of 65 + 2.9%
to 98.8 £ 1.1% by the end of the 7d time course. All L. monocytogenes strains, except NLmo20,
were found to cause higher mortality rates in G. mellonella larvae than the reference strain
used in this study, EGD-e. Also, mortality rates observed for EGD-e corresponded to those
reported in other studies at the same time point [25, 48]. A correlation with the L. ivanovii
strain used in this study as a second reference strain was also found in these studies. These
demonstrated the reproducibility and consistency of the G. mellonella model but also con-
firmed that observed differences in virulence between L. monocytogenes strains are strain-
dependent.

L. ivanovii was found to be the least virulent isolate relative to the investigated L. monocyto-
genes strains in this study, causing mean mortality rates of 4.4 + 4.4% at 7 d post-infection. L.
ivanovii is known to be of low pathogenic potential relative to L. monocytogenes in animal
models [48]. This spp. of Listeria rarely causes clinical cases as of the nine reported clinical
cases involving the bacterium since 1970 only one fatality was detailed [49]. The low pathoge-
nicity of L. ivanovii is mainly predicated on the low number of virulence factors found in
strains of this bacterium relative to L. monocytogenes [49]. L. ivanovii strains contain only two
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of the identified four Listeria pathogenic islands (LIPI) with far less virulence factors present
in its core genomes as compared to L. monocytogenes. Thus, this study in addition to prior in
vivo studies [25, 48] supported the postulate that virulence of Listeria strains is dependent on
number of virulence factors found in their genomes. However, the in silico predicted virulence
of the L. monocytogenes strains did not correlate with in vivo virulence in our investigation.
The number of identified virulence factors from whole genome sequencing (WGS) and other
genetic based analysis tools such as PFGE have routinely been used to predict pathogenic
potential of L. monocytogenes isolates [13, 50, 51]. L. monocytogenes isolates used in this study
were of different in silico predicted virulence stratifications [13]. Of the 42 virulence factors
(genes) tested for, NLmo6, NLmo7, NLmo14 and NLmo20 carried the highest number of cop-
ies of those [41] whilst NLmo4, NLmo5, and EGD-e (ref strain) possessed the least [31]. Con-
trary to what we expected, NLmo4 and NLmo5 were the most virulent in G. mellonella and the
strains of highest predicted virulence mostly exhibited medium (NLmo6 and NLmo14) and
low (NLmo20) virulence relative to NLmo4 and NLmo5. Relative to NLmo4 & 5, EGD-e
exhibited low virulence similar to that observed with NLmo20. In a literature search no prior
studies testing for correlation between in silico predictions and in vivo virulence for such a
wide range of determined virulence factors of L. monocytogenes were found. However, clinical
strains of different virulence profile for eight L. monocytogenes virulence associated genes
(inlA, inIB, and the six genes of LIPI-1) have been evaluated. Click or tap here to enter text. All
27 isolates in that study were equally pathogenic in mice, more so, no correlation was found
between in silico predictions and strains’ virulence in a mouse model [52]. Similar findings
have also been reported for Coxiella burnetii strains in a mouse model [53]. A C. burnetti strain
(Guiana Cb175) that had 77 times less virulent genes compared to two other strains, C. bur-
netti German (Z3055) and C. burnetti Nine Mile (RSA 493), was found to be the most virulent
causing 100% mortality at 4 weeks post-infection whilst at the same time point, a 0% and 75%
mortality was reported for the two other strains, respectively. These correlated with the find-
ings of this study, suggesting that the total number of virulence factors is an inaccurate predic-
tor of in vivo virulence, at least in L. monocytogenes.

Listeria strains were investigated for their growth rates in vitro and in vivo as a means to
explain the differences in mortality rates they induce. However, similar growth rates in vitro
were observed for all strains (S1 Fig) and viable CFU recovered from larvae were only signifi-
cantly different when L. ivanovii was compared to the L. monocytogenes strains (Fig 5). Though
bacterial burden was not significantly different in larvae inoculated with the most and least vir-
ulent L. monocytogenes isolates, relative to the mortality rates they induced, the most virulent
isolate, NLmo4, had the least recoverable in vivo bacterial CFU at 7 d post-infection when
compared to the least virulent NLmo20 strain. This indicated that increased numbers of viable
bacterial CFU do not correlate with increased mortality rates in the larvae. In addition, G. mel-
lonella response to infection and bacterial burden in larvae can also be quantitatively inferred
from the rate of larval melanisation [54]. After infection haemocytes are recruited which bind
to and limit bacterial growth and dissemination [16, 55]. This opsonisation process that initi-
ates bacterial killing causes nodulations, and an increase in nodule formation is visualised by
the increase in larvae melanisation [56, 57]. High bacterial load thus correlates with increased
melanisation, which was observed on the dose-dependent assays carried out in this study as
well as in reports by other research groups [54, 58]. In the HISS analysis conducted in this
study, however, significant differences in larval melanisation between NLmo4 and NLmo20
inoculated larvae was not observed. This further indicates that though mortality rates are
dependent on bacterial burden reaching a lethal threshold, mortality rates beyond such a limit
are independent of the bacterial replication rates; thus, suggesting an intrinsic expression of
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virulence factors by bacterial strains to drive the differences in mortality rates seen between
strains of similar growth characteristics.

A correlation between strain virulence and haemocyte density was not observed in G. mello-
nella larvae for the investigated L. monocytogenes isolates in this study. It was also recently
reported that Streptococcal strains of different virulence potentials that included a heat-killed
bacterial dose exhibited no significant differences in haemocyte densities [59]. Also, a study
using a wild type (WT) Legionella pneumophila serogroup I strain (130b) and a mutant
(ADotA) lacking a type IV secretion system (T4SS) that induced 70% differences in G. mello-
nella mortality rates at 18 h post-infection reported these strains had no significant differences
in haemocyte density at the same time point [60]. In contrast, other studies [16, 30, 54] have
reported a seemly linear relationship exist between strain virulence and haemocyte density.
These suggest mortality rates do not correlate with decreased haemocyte density in all micro-
bial spp. The observed differences in this study in relation to the findings by the latter research
groups could also be as a result of the methodology used. Whilst we determined total haemo-
cyte counts in this study, live (viable) haemocyte counts were assessed in one of the latter stud-
ies [16].

Given the lack of correlation between the high presence of virulence factors and increased
larval mortality rates, observed in this study, strains were also evaluated for the presence of
non-chromosomal factors from WGS data [13]. The two most virulent strains in this study
(NLmo4 and NLmo5) were also the only strains reported to carry plasmid-derived QAC resis-
tant genes [13]. However, these plasmids were not characterised in the study. Nonetheless,
plasmids are known reservoirs of bacterial virulence factors and their role in enhancing strain
virulence in in vivo models, including G. mellonella, have been reported in other human patho-
gens including Salmonella [61], Staphylococcus aureus [62], Escherichia coli [63], and Pseudo-
monas aeruginosa [64]. It was thus theorised that plasmid derived virulence in L.
monocytogenes strains NLmo4 and NLmo5 could have caused the virulence phenomena
observed in this study.

We cannot however rule out that the route chosen to establish L. monocytogenes infection
could also be an underlying factor to the lack correlation of in silico prediction to in vivo viru-
lence observed in this study. L. monocytogenes is a foodborne pathogen thus infections by the
bacterium is primarily via the oral route. In listeriosis when the bacterium is ingested through
contaminated food it traverses the intestines into the blood stream, subsequently infecting the
liver, cerebrospinal fluid, meninges, and spleen. Failure to clear the infection by immune cells
(macrophages, neutrophils, etc.) in the liver following this process could lead to severe listerio-
sis as the bacterium gets released into circulation. However, in this study infections were estab-
lished by injecting bacterial inoculums directly into the haemocoel which bypasses the
required intestinal barrier breach vital for the bacterium to successfully establish an infection.
The differences in virulence of L. monocytogenes strains could thus be significantly dependent
on their ability to traverse the intestinal walls. As such, inoculating bacteria directly into the
haemocoel would eliminate a key first-line virulence determiner and minimise the potential of
identifying significant differences in virulence that are dependent on the variable virulence fac-
tors found in L. monocytogenes strains.

However, despite the highlighted limitations the results of the study demonstrate the clear
virulence potential of all the L. monocytogenes strains tested within the G. mellonella model.
This supports the current practise of treating all strains of L. monocytogenes as a priority patho-
gen for the food industry which poses significant health risks. The findings also suggest the
current United Kingdom public health legislation for food business operators (FBO) of no L.
monocytogenes in any ready-to-eat foods assessed as able to support the growth of L.
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monocytogenes before the food has left the immediate control of the FBO [65] as appropriate to
reduce potential health risks.

Supporting information

S1 Fig. Growth of L. monocytogenes strains and L. ivanovii (absorbance and CFU counts)
as a function of time. BHI broth was seeded with bacterial cultures in stationary phase to a
starting absorbance (ODggpn,) 0f 0.01 and incubated at 37°C (200 rpm, aerobic conditions).
Absorbance was measured hourly and CFU ml™ at bi-hourly intervals. Results represent indi-
vidual replicates (CFU ml™") and mean + SEM values of three independent determinations.
(TIF)

Acknowledgments

We would like to express our sincere gratitude to Edwin R. Moorhouse for providing the bac-
terial isolates used for this study. The views expressed in this report are those of the authors
only.

Author Contributions

Conceptualization: Rosa de Llanos Frutos, Ian Singleton.

Formal analysis: Nick Wheelhouse.

Investigation: Umaru Bah, Alva Smith, Allen Flockhart.

Methodology: Umaru Bah, Alva Smith, Allen Flockhart, Nick Wheelhouse.

Project administration: Umaru Bah, Ian Singleton, Nick Wheelhouse.

Supervision: Rosa de Llanos Frutos, Samantha Donnellan, Ian Singleton, Nick Wheelhouse.
Writing - original draft: Umaru Bah.

Writing - review & editing: Umaru Bah, Rosa de Llanos Frutos, Samantha Donnellan, Alva
Smith, Allen Flockhart, Ian Singleton, Nick Wheelhouse.

References

1. Barocci S, Mancini A, Canovari B, Petrelli E, Sbriscia-Fioretti E, Licci A, et al. Listeria monocytogenes
meningitis in an immunocompromised patient. An Pediatr (Engl Ed). 2015; 38(1):113-8.

2. Okike 10, Lamont RF, Heath PT. Do we really need to worry about listeria in newborn infants? Pediatric
Infectious Disease Journal. 2013; 32(4):405-6. https://doi.org/10.1097/INF.0b013e3182867fa0 PMID:
23552677

3. Hernandez-Milian A, Payeras-Cifre A. What Is New in Listeriosis? Biomed Res Int [Internet]. 2014;
2014:7. Available from: http://www.hindawi.com/journals/bmri/2014/358051/ https://doi.org/10.1155/
2014/358051 PMID: 24822197

4. Vazquez-boland JA, Kuhn M, Berche P, Chakraborty T, Domi G, Gonzalez-zorn B, et al. Listeria Patho-
genesis and Molecular Virulence Determinants Listeria Pathogenesis and Molecular Virulence Determi-
nants. Clin Microbiol Rev. 2001; 14(3):584-640.

5. Lucas MJ, Brouwer MC, Beek D Van De. Neurological sequelae of bacterial meningitis. Journal of Infec-
tion [Internet]. 2016; 73(1):18-27. Available from: https://doi.org/10.1016/}.jinf.2016.04.009 PMID:
27105658

6. EFSA; ECDC. The European Union One Health 2022 Zoonoses Report. EFSA Journal [Internet]. 2023
Dec 1; 21(12). Available from: http://doi.wiley.com/10.2903/j.efsa.2023.8442

7. ECDC. Listeriosis Annual Epidemiological Report 2022 [Internet]. 2022 [cited 2024 Mar 19]. Available
from: https://www.ecdc.europa.eu/sites/default/files/documents/LIST_AER_2022_Report.pdf

PLOS ONE | https://doi.org/10.1371/journal.pone.0311839 December 12, 2024 13/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0311839.s001
https://doi.org/10.1097/INF.0b013e3182867fa0
http://www.ncbi.nlm.nih.gov/pubmed/23552677
http://www.hindawi.com/journals/bmri/2014/358051/
https://doi.org/10.1155/2014/358051
https://doi.org/10.1155/2014/358051
http://www.ncbi.nlm.nih.gov/pubmed/24822197
https://doi.org/10.1016/j.jinf.2016.04.009
http://www.ncbi.nlm.nih.gov/pubmed/27105658
http://doi.wiley.com/10.2903/j.efsa.2023.8442
https://www.ecdc.europa.eu/sites/default/files/documents/LIST_AER_2022_Report.pdf
https://doi.org/10.1371/journal.pone.0311839

PLOS ONE

Virulence of fresh produce Listeria monocytogenes isolates in Galleria mellonella

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

Scallan E, Hoekstra RM, Angulo FJ, Tauxe R V., Widdowson MA, Roy SL, et al. Foodborne illness
acquired in the United States-Major pathogens. Emerg Infect Dis. 2011; 17(1):7-15. https://doi.org/10.
3201/eid1701.p11101 PMID: 21192848

Amato E, Filipello V, Gori M, Lomonaco S, Losio MN, Parisi A, et al. Identification of a major Listeria
monocytogenes outbreak clone linked to soft cheese in Northern Italy—2009-2011. BMC Infect Dis.
2017;17(1):1-7.

Ponniah J, Robin T, Paie MS, Radu S, Ghazali FM, Kqueen CY, et al. Listeria monocytogenes in raw
salad vegetables sold at retail level in Malaysia. Food Control. 2010; 21(5):774-8.

Ruiz-Cruz S, Acedo-Félix E, Diaz-Cinco M, Islas-Osuna MA, Gonzalez-Aguilar GA. Efficacy of saniti-
zers in reducing Escherichia coliO157:H7, Salmonella spp. and Listeria monocytogenes populations
on fresh-cut carrots. Food Control. 2007; 18(11):1383-90.

Rayner M, Scarborough P. The burden of food related ill health in the UK. J Epidemiol Community
Health (1978). 2005; 59(12):1054—7. https://doi.org/10.1136/jech.2005.036491 PMID: 16286493

Smith A, Hearn J, Taylor C, Wheelhouse N, Kaczmarek M, Moorhouse E, et al. Listeria monocytogenes
isolates from ready to eat plant produce are diverse and have virulence potential. Int J Food Microbiol
[Internet]. 2019 Jun; 299(January):23-32. Available from: https://linkinghub.elsevier.com/retrieve/pii/
S0168160519300790

Hamon M, Bierne H, and Cossart P. Listeria monocytogenes: a multifaceted model. Nat Rev Microbiol
[Internet]. 2006; 4:423-34. Available from: https://doi.org/10.1016/j.mimet.2013.03.017

Bécavin C, Bouchier C, Lechat P, Archambaud C, Creno S, Gouin E, et al. Comparison of Widely Used
Listeria monocytogenes Strains EGD, 10403S, and EGD-e Highlights Genomic Differences Underlying
Variations in Pathogenicity. mBio. 2014; 5(2):e00969.

Joyce SA, Gahan CGM. Molecular pathogenesis of Listeria monocytogenes in the alternative model
host Galleria mellonella. Microbiology (N Y). 2010; 156(11):3456—68.

Loh JMS, Adenwalla N, Wiles S, Proft T. Galleria mellonellalarvae as an infection model for group A
streptococcus. Virulence. 2013; 4(5):419-28.

Dijokaite A, Humbert MV, Borkowski E, La Ragione RM, Christodoulides M. Establishing an inverte-
brate Galleria mellonella greater wax moth larval model of Neisseria gonorrhoeae infection. Virulence.
2021; 12(1):1900-20.

Prakoso D, Zhu X, Rajeev S. Galleria mellonella infection model to evaluate pathogenic and nonpatho-
genic Leptospira strains. Vet Microbiol. 2022; 264:109295.

Durieux MF, Melloul E, Jemel S, Roisin L, Dardé ML, Guillot J, et al. Galleria mellonella as a screening
tool to study virulence factors of Aspergillus fumigatus. Virulence. 2021 Dec 31; 12(1):818-34.

Tsai CJY, Loh JMS, Proft T. Galleria mellonella infection models for the study of bacterial diseases and
for antimicrobial drug testing. Virulence [Internet]. 2016; 7(3):214-29. Available from: http://www.
tandfonline.com/doi/full/10.1080/21505594.2015.1135289

Champion O, Titball R, Bates S. Standardization of G. mellonella Larvae to Provide Reliable and Repro-
ducible Results in the Study of Fungal Pathogens. Journal of Fungi. 2018; 4(3):108.

Sheehan G, Kavanagh K. Analysis of the early cellular and humoral responses of Galleria mellonella lar-
vae to infection by Candida albicans. Virulence [Internet]. 2018; 9(1):163—72. Available from: https://doi.
org/10.1080/21505594.2017.1370174 PMID: 28872999

Mowlds P, Coates C, Renwick J, Kavanagh K. Dose-dependent cellular and humoral responses in Gal-
leria mellonella larvae following B-glucan inoculation. Microbes Infect [Internet]. 2010 [cited 2024 Apr
15]; 12(2):146-53. Available from: https://doi.org/10.1016/j.micinf.2009.11.004 PMID: 19925881

Martinez MR, Wiedmann M, Ferguson M, Datta AR. Assessment of Listeria monocytogenes virulence
in the Galleria mellonellainsect larvae model. PLoS One. 2017; 12(9):1-17.

Rea RB, Gahan CGM, Hill C. Disruption of Putative Regulatory Loci in Listeria monocytogenes Demon-
strates a Significant Role for Fur and PerR in Virulence. Infect Immun. 2004; 72(2):717-27.

Fallon JP, Troy N, Kavanagh K. Pre-exposure of Galleria mellonella larvae to different doses of Asper-
gillus fumigatus conidia causes differential activation of cellular and humoral immune responses. Viru-
lence. 2011; 2(5):413-21.

Matha V, Aéek Z. Changes in haemocyte counts in Galleria mellonella (Lepidoptera: Galleriidae) larvae
infected with Stein- ernema Sp. (Nematoda: Steinernematidae). Nematologica. 1984; 30(1):86-9.

Morton DB, Dunphy GB, Chadwick JS. Reactions of haemocytes of immune and non-immune Galleria
mellonellalarvae to Proteus mirabilis. Dev Comp Immunol. 1987; 11(1):47-55.

Bergin D, Brennan M, Kavanagh K. Fluctuations in haemocyte density and microbial load may be used
as indicators of fungal pathogenicity in larvae of Galleria mellonella. Microbes Infect [Internet]. 2003

PLOS ONE | https://doi.org/10.1371/journal.pone.0311839 December 12, 2024 14/16


https://doi.org/10.3201/eid1701.p11101
https://doi.org/10.3201/eid1701.p11101
http://www.ncbi.nlm.nih.gov/pubmed/21192848
https://doi.org/10.1136/jech.2005.036491
http://www.ncbi.nlm.nih.gov/pubmed/16286493
https://linkinghub.elsevier.com/retrieve/pii/S0168160519300790
https://linkinghub.elsevier.com/retrieve/pii/S0168160519300790
https://doi.org/10.1016/j.mimet.2013.03.017
http://www.tandfonline.com/doi/full/10.1080/21505594.2015.1135289
http://www.tandfonline.com/doi/full/10.1080/21505594.2015.1135289
https://doi.org/10.1080/21505594.2017.1370174
https://doi.org/10.1080/21505594.2017.1370174
http://www.ncbi.nlm.nih.gov/pubmed/28872999
https://doi.org/10.1016/j.micinf.2009.11.004
http://www.ncbi.nlm.nih.gov/pubmed/19925881
https://doi.org/10.1371/journal.pone.0311839

PLOS ONE

Virulence of fresh produce Listeria monocytogenes isolates in Galleria mellonella

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4,

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

Dec 1 [cited 2018 Sep 20]; 5(15):1389-95. Available from: https://www.sciencedirect.com/science/
article/pii/S1286457903002612?via%3Dihub

Gripenland J, Andersson C, Johansson J. Exploring the chicken embryo as a possible model for study-
ing Listeria monocytogenes pathogenicity. Front Cell Infect Microbiol. 2014; 4(December):1-5.

Lattmann C, Schwarzkopf A, Seeliger HPR. Pathogenicity testing of listeria strains isolated from food in
fertilized hen’s eggs. Zentralblatt fur Bakteriologie Mikrobiologie und Hygiene—Abt 1 Orig A [Internet].
1989; 270(3):400-5. Available from: https://doi.org/10.1016/s0176-6724(89)80009-4 PMID: 2494812

Quereda JJ, Andersson C, Cossart P, Johansson J, Pizarro-Cerda J. Role in virulence of phospholi-
pases, listeriolysin O and listeriolysin S from epidemic Listeria monocytogenes using the chicken
embryo infection model. Vet Res [Internet]. 2018; 49(1):1-9. Available from: https://doi.org/10.1186/
$13567-017-0496-4 PMID: 29409521

Abd El Tawab AA, Maarouf AAA, Mahdy ZAM. Bacteriological and Molecular studies of Listeria species
in milk and milk products at El-Kaliobia Governorate. Benha Vet Med J. 2015; 2(2):170-81.

Bhat SA, Willayat MM, Roy SS, Qureshi S, Sharief J. Isolation and Molecular Characterization of Lis-
teria monocytogenes from Mutton and Paneer. 2011; 9(1):19-24.

Rupp S, Bartschi M, Frey J, Oevermann A. Hyperinvasiveness and increased intercellular spread of Lis-
teria monocytogenes sequence type 1 are independent of listeriolysin s, internalin f and internalin J1. J
Med Microbiol. 2017; 66(7):1053-62.

Van Langendonck N, Bottreau E, Bailly S, Tabouret M, Marly J, Pardon P, et al. Tissue culture assays
using Caco-2 cell line differentiate virulent from non-virulent Listeria monocytogenes strains. J Appl
Microbiol. 1998; 85(2):337—-46.

Brosch R, Chen J, Luchansky JB. Pulsed-field fingerprinting of listeriae: identification of genomic divi-
sions for Listeria monocytogenes and their correlation with serovar. Appl Environ Microbiol. 1993; 60
(7):2584-92.

Maury MM, Tsai Y huan, Charlier C, Touchon M. Uncovering Listeria monocytogenes hypervirulence
by harnessing its biodiversity. Nat Genet. 2016; 48(3):308—13.

Mukherjee K, Hain T, Fischer R, Chakraborty T, Vilcinskas A. Brain infection and activation of neuronal
repair mechanisms by the human pathogen Listeria monocytogenes in the lepidopteran model host Gal-
leria mellonella. Virulence. 2013; 4(4):324-32.

Browne N, Heelan M, Kavanagh K. An analysis of the structural and functional similarities of insect
hemocytes and mammalian phagocytes. Virulence. 2013; 4(7):597-603. https://doi.org/10.4161/viru.
25906 PMID: 23921374

Mukherjee K, Twyman RM, Vilcinskas A. Insects as models to study the epigenetic basis of disease.
Vol. 118, Progress in Biophysics and Molecular Biology. Elsevier Ltd; 2015. p. 69-78.

Scully LR, Bidochka MJ. Developing insect models for the study of current and emerging human patho-
gens. Vol. 263, FEMS Microbiology Letters. 2006. p. 1-9. https://doi.org/10.1111/j.1574-6968.2006.
00388.x PMID: 16958844

Brennan M, Thomas DY, Whiteway M, Kavanagh K. Correlation between virulence of Candida albicans
mutants in mice and Galleria mellonellalarvae. FEMS Immunol Med Microbiol. 2002; 34(2):153-7.

Seed KD, Dennis JJ. Development of Galleria mellonella as an alternative infection model for the Bur-
kholderia cepacia complex. Infect Immun. 2008; 76(3):1267—75.

Slater JL, Gregson L, Denning DW, Warn PA. Pathogenicity of Aspergillus fumigatus mutants assessed
in Galleria mellonella matches that in mice. Med Mycol. 2011; 49(SUPPL. 1):S107-13.

Wand ME, Muller CM, Titball RW, Michell SL. Macrophage and Galleria mellonella infection models
reflect the virulence of naturally occurring isolates of B. pseudomallei, B. thailandensis and B. oklaho-
mensis. BMC Microbiol. 2011; 11(1):11.

Mukherjee K, Altincicek B, Hain T, Domann E, Vilcinskas A, Chakraborty T. Galleria mellonella as a
model system for studying Listeria pathogenesis. Appl Environ Microbiol. 2010; 76(1):310-7.

Beye M, Gouriet F, Michelle C, Casalta JP, Habib G, Raoult D, et al. Genome analysis of Listeria ivano-
vii strain G770 that caused a deadly aortic prosthesis infection. New Microbes New Infect [Internet].
2016; 10:87-92. Available from: https://doi.org/10.1016/j.nmni.2016.01.005 PMID: 26933501

Klaeboe H, Rosef O, Fortes E, Wiedmann M. Ribotype diversity of Listeria monocytogenes isolates
from two salmon processing plants in Norway. Int J Environ Health Res. 2006; 16(5):375-83.

Wiedmann M, Bruce JL, Keating C, Johnson AE, McDonough PL, Batt CA. Ribotypes and virulence
gene polymorphisms suggest three distinct Listeria monocytogenes lineages with differences in patho-
genic potential. Infect Immun. 1997; 65(7):2707—-16.

PLOS ONE | https://doi.org/10.1371/journal.pone.0311839 December 12, 2024 15/16


https://www.sciencedirect.com/science/article/pii/S1286457903002612?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1286457903002612?via%3Dihub
https://doi.org/10.1016/s0176-6724%2889%2980009-4
http://www.ncbi.nlm.nih.gov/pubmed/2494812
https://doi.org/10.1186/s13567-017-0496-4
https://doi.org/10.1186/s13567-017-0496-4
http://www.ncbi.nlm.nih.gov/pubmed/29409521
https://doi.org/10.4161/viru.25906
https://doi.org/10.4161/viru.25906
http://www.ncbi.nlm.nih.gov/pubmed/23921374
https://doi.org/10.1111/j.1574-6968.2006.00388.x
https://doi.org/10.1111/j.1574-6968.2006.00388.x
http://www.ncbi.nlm.nih.gov/pubmed/16958844
https://doi.org/10.1016/j.nmni.2016.01.005
http://www.ncbi.nlm.nih.gov/pubmed/26933501
https://doi.org/10.1371/journal.pone.0311839

PLOS ONE

Virulence of fresh produce Listeria monocytogenes isolates in Galleria mellonella

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Franciosa G, Maugliani A, Floridi F, Aureli P. Molecular and experimental virulence of Listeria monocy-
togenes strains isolated from cases with invasive listeriosis and febrile gastroenteritis. FEMS Immunol
Med Microbiol. 2005; 43(3):431-9.

Melenotte C, Caputo A, Bechah Y, Lepidi H, Terras J, Kowalczewska M, et al. The hypervirulent Cox-
iella burnetii Guiana strain compared in silico, in vitro and in vivo to the Nine Mile and the German strain.
Clinical Microbiology and Infection. 2019; 25(9):1155.e1-1155.e8.

Pereira MF, Rossi CC, Vieira de Queiroz M, Martins GF, Isaac C, Bossé JT, et al. Galleria mellonella is
an effective model to study Actinobacillus pleuropneumoniae infection. Microbiology (N Y) [Internet].
2015 Feb 1; 161(2):387—400. Available from: https://doi.org/10.1099/mic.0.083923-0 PMID: 25414045

Bidla G, Hauling T, Dushay MS, Theopold U. Activation of insect phenoloxidase after injury: Endoge-
nous versus foreign elicitors. J Innate Immun. 2009; 1(4):301-8. https://doi.org/10.1159/000168009
PMID: 20375588

Bergin D, Reeves EP, Renwick J, Wientjes FB, Kavanagh K. Superoxide production in Galleria mello-
nella hemocytes: Identification of proteins homologous to the NADPH oxidase complex of human neu-
trophils. Infect Immun. 2005; 73(7):4161-70. https://doi.org/10.1128/IAl.73.7.4161-4170.2005 PMID:

15972506

Pereira T, de Barros P, Fugisaki L, Rossoni R, Ribeiro F, de Menezes R, et al. Recent Advances in the
Use of Galleria mellonella Model to Study Immune Responses against Human Pathogens. Journal of
Fungi. 2018; 4(4):128.

Wand ME, Bock LJ, Turton JF, Nugent PG, Mark Sutton J. Acinetobacter baumanniivirulence is
enhanced in Galleria mellonella following biofilm adaptation. J Med Microbiol. 2012; 61:470-7.

Cools F, Torfs E, Aizawa J, Vanhoutte B, Maes L, Caljon G, et al. Optimization and characterization of a
Galleria mellonella |larval infection model for virulence studies and the evaluation of therapeutics against
Streptococcus pneumoniae. Front Microbiol. 2019; 10(Article 311):1-11.

Harding CR, Schroeder GN, Reynolds S, Kosta A, Collins JW, Mousnier A, et al. Legionella pneumo-
phila Pathogenesis in the Galleria mellonella Infection Model. Infect Immun. 2012; 80(8):2780-90.

Barnoy S, Gancz H, Zhu Y, Honnold CL, Zurawski D V., Venkatesan MM. The Galleria mellonella larvae
as an in vivo model for evaluation of Shigella virulence. Gut Microbes. 2017; 8(4):335-50. https://doi.
org/10.1080/19490976.2017.1293225 PMID: 28277944

McCarthy AJ, Lindsay JA. The distribution of plasmids that carry virulence and resistance genes in
Staphylococcus aureus is lineage associated. BMC Microbiol. 2012;12.

Wijetunge DSS, Karunathilake KHEM, Chaudhari A, Katani R, Dudley EG, Kapur V, et al. Complete
nucleotide sequence of pRS218, a large virulence plasmid, that augments pathogenic potential of men-
ingitis-associated Escherichia coli strain RS218. BMC Microbiol. 2014; 14(1):1-16. https://doi.org/10.
1186/512866-014-0203-9 PMID: 25164788

Rodriguez-Andrade E, Hernandez-Ramirez KC, Diaz-Peréz SP, Diaz-Magaria A, Chavez-Moctezuma
MP, Meza-Carmen V, et al. Genes from pUM505 plasmid contribute to Pseudomonas aeruginosa viru-
lence. Antonie van Leeuwenhoek, International Journal of General and Molecular Microbiology. 2016;
109(3):389-96. https://doi.org/10.1007/s10482-015-0642-9 PMID: 26739475

European Commission. Commission regulation (EC) N° 1441/2007 of 5 December 2007 amending
Regulation (EC) N° 2073/2005 on microbiological criteria for foodstuffs. Official Journal of the European
Union [Internet]. 2007; L 1322:12—-29. Available from: http://data.europa.eu/eli/reg/2007/1441/0j.

PLOS ONE | https://doi.org/10.1371/journal.pone.0311839 December 12, 2024 16/16


https://doi.org/10.1099/mic.0.083923-0
http://www.ncbi.nlm.nih.gov/pubmed/25414045
https://doi.org/10.1159/000168009
http://www.ncbi.nlm.nih.gov/pubmed/20375588
https://doi.org/10.1128/IAI.73.7.4161-4170.2005
http://www.ncbi.nlm.nih.gov/pubmed/15972506
https://doi.org/10.1080/19490976.2017.1293225
https://doi.org/10.1080/19490976.2017.1293225
http://www.ncbi.nlm.nih.gov/pubmed/28277944
https://doi.org/10.1186/s12866-014-0203-9
https://doi.org/10.1186/s12866-014-0203-9
http://www.ncbi.nlm.nih.gov/pubmed/25164788
https://doi.org/10.1007/s10482-015-0642-9
http://www.ncbi.nlm.nih.gov/pubmed/26739475
http://data.europa.eu/eli/reg/2007/1441/oj
https://doi.org/10.1371/journal.pone.0311839

