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ABSTRACT 
 
Although all isolates of the foodborne pathogen Listeria monocytogenes are considered to be 

pathogenic, epidemiological evidence indicates that certain serovar 4b lineages are more 

likely to cause severe invasive (neuromeningeal, maternal-fetal) listeriosis. Recently 

described as L. monocytogenes “hypervirulent” clones, no distinctive bacterial trait has been 

identified so far that could account for the differential pathogenicity of these strains. Here we 

discuss some preliminary observations in experimentally infected mice suggesting that 

serovar 4b hypervirulent strains may have a hitherto unrecognized capacity for prolonged in 

vivo survival. We propose the hypothesis that protracted survivability in primary infection 

foci in liver and spleen –first target organs after intestinal translocation– may cause L. 

monocytogenes serovar 4b hypervirulent clones to have a higher probability of secondary 

dissemination to brain and placenta.  
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Listeria monocytogenes is the causative agent of listeriosis, a foodborne infection with severe 1	

manifestations in people with weakened immunity, pregnant women and newborn infants. 2	

Clinically, listeriosis ranges from mild disease with flu-like symptoms and diarrhea to life-3	

threatening conditions such as bacteremia and infections of the brain or placenta (1-3). The latter 4	

two are characteristic of the invasive form of the disease and are respectively known as central 5	

nervous system (CNS) or neuromeningeal listeriosis, typically in the form of 6	

meningoencephalitis, and maternofetal/neonatal (MFN) listeriosis, presenting as miscarriage, 7	

stillbirth or neonatal sepsis (4). Listeriosis is of great concern to the food industry due to the 8	

frequent occurrence of outbreaks and the cost of product recalls and food-safety measures (5). 9	

An important issue is that regulatory authorities consider all L. monocytogenes strains as 10	

pathogenic, whereas only a few genotypes cause most listeriosis cases (6-8). There is therefore a 11	

pressing need to better understand L. monocytogenes diversity and its relationship with 12	

pathogenicity in order to target food safety interventions only to products contaminated by 13	

hazardous strains. Recent findings from integrated analysis of L. monocytogenes population 14	

genetics and epidemiological/clinical data (9) (see below) make the time ripe to discuss some 15	

unpublished observations from our laboratory that may help guiding further research into this 16	

topic.  17	

L. monocytogenes diversity and virulence heterogeneity. L. monocytogenes is a slow 18	

evolving yet diverse species that can be grouped into four major evolutionary lineages (I to IV), 19	

13 lineage-related serovars (sv), and >100 clonal complexes (CC) defined by multilocus 20	

sequence typing (MLST) and whole-genome phylogenetic analysis (6, 10-14). While all strains 21	

of the species are potentially pathogenic, a wealth of epidemiological evidence indicates that it is 22	

pathogenically heterogeneous. Thus, only three of the 13 L. monocytogenes serovars, i.e. 4b and 23	

1/2b within lineage I, and 1/2a within lineage II, are implicated in over 95% of human listeriosis 24	

cases (1, 2, 15). Comparative analyses of isolates from food surveys and clinical specimens 25	

(human or animal) also demonstrate an uneven distribution, with lineage II strains predominating 26	



 

in the former (chiefly sv 1/2a and sv 1/2c) and lineage I sv 4b strains in the latter (8, 16). 27	

Moreover, specific sv 4b clones, namely CC1, CC2, CC4 and CC6, are overrepresented among 28	

clinical isolates and epidemic strains (9, 16), and tend to be isolated from patients with fewer or 29	

no immuno-compromising co-morbidities (9). At the other side of the spectrum, certain lineage 30	

II clones, such as CC9 and CC121, are strongly associated with a non-clinical (food) origin or, if 31	

causing infection, with highly immunocompromised patients (9). Consequently, the sv 4b CC1, 32	

CC2, CC4 and CC6 clones have been considered as “hypervirulent”, the “food-associated” CC9 33	

and CC121 as “hypovirulent”, and the rest of prevalent L. monocytogenes CCs as “intermediate” 34	

(9). Interestingly, both CNS and MFN listeriosis are statistically associated with the 35	

hypervirulent L. monocytogenes clones, particularly CC1 and CC4, in contrast to the 36	

hypovirulent clones CC9 or CC121, which are associated with bacteremia with no CNS or MFN 37	

involvement (9). Collectively, these observations support the notion that the L. monocytogenes 38	

hypervirulent clones may possess specific attribute(s) that facilitate brain or placental infection.  39	

Basis of L. monocytogenes “hypervirulence”: an elusive question. L. monocytogenes 40	

hypovirulence has been linked to virulence gene polymorphisms leading to attenuation (17, 18), 41	

notably mutations in the inlA gene which result in a truncated form of the invasion-associated 42	

protein InlA (9, 19). These inlA mutations are observed in 25-50% of lineage II food isolates and 43	

correlate experimentally with impaired entry into non-phagocytic cells (e.g. epithelial cells), 44	

offering a plausible explanation to the hypovirulent phenotype. On the other hand, pangenome 45	

studies have identified a number of accessory virulence-associated genes as specific to the 46	

hypervirulent (CC1, CC2, CC4 and CC6) clones (7, 9). Examples include the listeriolysin S gene 47	

cluster (LIPI-3) (20), sv 4b-specific teichoic acid biosynthetic genes (21), or a cellobiose family 48	

phosphotransferase system (PTS). Deletion of the latter has been reported to result in decreased 49	

CNS and fetal infection in mice (9), but it is only present in CC4 isolates, not in the other 50	

hypervirulent CCs. Other studies found two members of the internalin multigene family, InlF 51	

and Lmo2470 (InlP), to be involved in brain invasion (22) and placental tropism (23), 52	



 

respectively. However, both InlF and InlP are conserved across different L. monocytogenes 53	

lineages and therefore are unlikely to play a significant role in the differential pathogenicity 54	

exhibited by some sv 4b CCs. Whether any of the above genetic determinants are actually 55	

mechanistically involved in L. monocytogenes tropism for brain and/or placenta requires 56	

additional investigation. To date, a clear differential functional marker that could be linked to L. 57	

monocytogenes “hypervirulence” (understood as an increased ability to cause invasive infection) 58	

has not been identified. 59	

Prolonged in vivo survival of hypervirulent serovar 4b strains. Preliminary data from 60	

mouse experiments in which we monitored listerial survival in organs beyond the typical 61	

standard 5 to 7 day time-course, i.e. up to 20/21 days post infection, may offer some clues (Fig. 62	

1). In these experiments, BALB/c mice were infected intravenously (i.v.) with four different L. 63	

monocytogenes isolates (Table 1). (i) PF49, the epidemic strain of a cheese-associated outbreak 64	

in Switzerland where 79% of cases were CNS infections (24). (ii) P14 isolated from an adult 65	

patient with CNS manifestations during a listeriosis outbreak in Spain (25). Both P14 and PF49 66	

belong to the sv 4b hypervirulent clonal complex CC1. (iii) G6006 of sv 1/2b, responsible for an 67	

outbreak of febrile gastroenteritis due to chocolate milk in USA where none of the 45 affected 68	

people developed invasive listeriosis (26). This same strain was recovered from additional cases 69	

in the community most of which were also non-invasive infections (febrile gastroenteritis n = 5, 70	

bacteremia n = 2; only one CNS infection in a 72-year-old with several co-morbidities) (26). 71	

G6006 belongs to clonal complex CC3, which comparatively is much less frequently found 72	

among clinical isolates, is not statistically associated with invasive listeriosis, and is classified in 73	

the “intermediate virulence” category (9). And (iv) the reference genome strain EGDe (27), of sv 74	

1/2a, widely used as experimental model in L. monocytogenes pathogenicity studies (28). EGDe 75	

was supposedly a derivative of the sv 1/2a EGD strain used by Mackaness in his pioneering 76	

studies on cell-mediated immunity (29), in turn assumed to be one of the original isolates of 77	

E.G.D. Murray et al. who first identified L. monocytogenes in 1924 (30); however, EGDe has 78	



 

been later shown to be genomically unrelated to EGD (28) and its origin is uncertain. EGDe 79	

belongs to the food-associated hypovirulent clone CC9, very rarely associated with clinical 80	

listeriosis (9). While EGDe exhibits the normal virulence features of L. monocytogenes in 81	

standard in vitro and in vivo experiments, it has been found to be poorly neuroinvasive in a 82	

mouse infection model (9). All four strains were confirmed to be wild type, including a wild-83	

type prfA genotype with the usual virulence-related functional characteristics (31).  84	

EGDe and G6006 displayed the expected behavior of L. monocytogenes in the organs of 85	

i.v. infected naïve wild-type mice (Fig. 1). After a systemic infection, a progressive decrease in 86	

bacterial numbers is typically observed between days 3 to 7 until complete clearance by day 10 87	

p.i. (32-35) as a consequence of effective macrophage activation and protective Th1 and CD8+ 88	

T-cell responses (36, 37). A similar pattern was exhibited by the sv 4b strains up to day 10 p.i., 89	

albeit with generally higher bacterial numbers, particularly in the liver. Strikingly, however, after 90	

virtual disappearance by day 14/17 p.i., the sv 4b bacteria were again recovered in significant 91	

numbers at day 20 or 21 for both PF49 and P14 in the liver, and P14 in the spleen (Fig. 1). 92	

The fact that both neurolisteriosis-associated isolates, PF49 and P14, exhibited the same 93	

behavior suggests that a capacity for prolonged in vivo survival might be a distinctive feature of 94	

the hypervirulent sv 4b strains compared to other L. monocytogenes genotypes. This ability has 95	

so far remained unnoticed because L. monocytogenes virulence studies have been historically 96	

(and currently still are) based on model strains of sv 1/2a like EGDe or 10403S (28). Based on 97	

the abundant historical data with sv 1/2a model strains, listerial full clearance from liver and 98	

spleen 7-10 days p.i. is the accepted dogma in systemically (i.v.) infected mice. Accordingly, 99	

most in vivo mouse studies with L. monocytogenes are generally limited to short infection time-100	

courses below five to seven days (see e.g. for recent examples [9, 38]).  101	

Implications for pathogenesis. In the framework of our understanding of listeriosis 102	

pathophysiology (1) (Fig. 2), a prolonged in vivo survivability affords a reasonable explanation 103	

of why certain L. monocytogenes strains are more often associated with invasive infection. 104	



 

Listeria infection begins with bacterial crossing of the intestinal barrier and translocation to the 105	

primary target organs, i.e. the liver and spleen (1). In immunocompetent individuals, these initial 106	

stages are generally subclinical and self-limiting (unless a high L. monocytogenes dose is 107	

ingested, in which case febrile gastroenteritis may develop a few hours after ingestion of the 108	

contaminated food [39]). However, inadequate containment of the primary infection foci results 109	

in bacterial release into the bloodstream (bacteremia is indeed often observed in the course of 110	

listeriosis [4]) and dissemination of L. monocytogenes to the secondary target organs, i.e. the 111	

brain in immunocompromised adults or elderly people and the placenta in pregnant women (1, 112	

40) (Fig. 2). Except for the ascending intra-axonal invasion of the rhombencephalon from 113	

oropharyngeal cranial nerve terminals, evoked in ruminants and occasionally in people (1, 41), 114	

neurolisteriosis generally results from hematogenous invasion of the brain (42, 43). In 115	

systemically infected mice, listerial brain invasion has been shown to critically depend on the 116	

level and duration of bacteremia (35). Studies in systemically infected pregnant guinea pigs also 117	

concluded that MFN listeriosis results from small numbers of L. monocytogenes bacteria 118	

trafficking from the maternal organs to the placenta (44). It can therefore be safely assumed that 119	

an ability for sustained survival at the primary infection sites in liver and spleen can directly 120	

translate into an increased likelihood of successful secondary dissemination of L. monocytogenes 121	

to the CNS or placenta (Fig. 2). This notion is consistent with the relatively long incubation 122	

period of CNS and MFN listeriosis, of up to 14 to 67 days (45), showing that the development of 123	

invasive listeriosis clearly depends on a previous protracted host-pathogen interaction process 124	

which implies prolonged bacterial survival. 125	

 Concluding remarks. We provide here an initial insight into a previously 126	

unrecognized virulence phenotype that offers a working hypothesis about why L. monocytogenes 127	

hypervirulent CCs may be more commonly associated with invasive listeriosis (Fig. 2). Further 128	

investigations should aim at systematically comparing the in vivo behavior of hypervirulent, 129	

hypovirulent and intermediate CC strains (9), and to ascertain whether prolonged survival in 130	



 

primary infection foci in the liver and spleen results in increased hematogenous spread to brain 131	

and placenta. Our experiments were limited to a time-course of 20/21 days and it would be 132	

important to determine the duration of the in vivo survivability of L. monocytogenes and its 133	

relationship with bacteremia. During listeriosis, bacteremia occurs with or without invasive 134	

infection; indeed it is the clinical manifestation most commonly seen with hypovirulent CCs (9). 135	

Since hypovirulent CCs are typically found in highly immunocompromised patients or with 136	

significant co-morbidities (9), the association of these CCs with bacteremia may simply be a 137	

reflection of the early application of diagnostic blood cultures (systematically performed 138	

whenever a febrile process is detected in this vulnerable patient cohort) before invasive (brain) 139	

infection can develop. Alternatively, hypervirulent strains could possess specific attributes, in 140	

addition to a prolonged in vivo survivability, that would promote brain and/or placental invasion. 141	

Further research should determine whether the hypervirulence of sv 4b CCs involves the 142	

presence/absence (or differential expression) of specific bacterial genetic determinants, as well 143	

as potential mechanism of immune evasion or manipulation of host responses.  144	

 145	

ACKNOWLEDGMENTS 146	

This work received support from the Spanish Ministry for Science and Technology (grant 147	

BMC2000-0553) and the Welcome Trust (WT074020MA). M.W. was supported by a 148	

Schrödinger visiting fellowship from the Austrian Research Fund (J-1694).  149	

 150	

REFERENCES 151	

1. Vazquez-Boland JA, Kuhn M, Berche P, Chakraborty T, Dominguez-Bernal G, Goebel W, 152	
Gonzalez-Zorn B, Wehland J, Kreft J. 2001. Listeria pathogenesis and molecular virulence 153	
determinants. Clin Microbiol Rev 14:584-640. 154	

2. Swaminathan B, Gerner-Smidt P. 2007. The epidemiology of human listeriosis. Microbes Infect 155	
9:1236-43. 156	

3. Allerberger F, Wagner M. 2010. Listeriosis: a resurgent foodborne infection. Clin Microbiol Infect 157	
16:16-23. 158	

4. Charlier C, Perrodeau E, Leclercq A, Cazenave B, Pilmis B, Henry B, Lopes A, Maury MM, Moura 159	
A, Goffinet F, Dieye HB, Thouvenot P, Ungeheuer MN, Tourdjman M, Goulet V, de Valk H, 160	
Lortholary O, Ravaud P, Lecuit M. 2017. Clinical features and prognostic factors of listeriosis: the 161	
MONALISA national prospective cohort study. Lancet Infect Dis 17:510-519. 162	



 

5. Buchanan RL, Gorris LGM, Hayman MM, Jackson TC, Whiting RC. 2017. A review of Listeria 163	
monocytogenes: An update on outbreaks, virulence, dose-response, ecology, and risk assessments. 164	
Food Control 75:1-13. 165	

6. Haase JK, Didelot X, Lecuit M, Korkeala H, Group LmMS, Achtman M. 2014. The ubiquitous 166	
nature of Listeria monocytogenes clones: a large-scale Multilocus Sequence Typing study. Environ 167	
Microbiol 16:405-16. 168	

7. Kathariou S, Evans P, Dutta V. 2017. Strain-specific virulence differences in Listeria monocytogenes 169	
- current perspectives in addressing an old and vexing issue., p 61-92. In J.B. Gurtler MPD, J.L. 170	
Kornacki (ed), Foodborne Pathogens: Virulence Factors and Host Susceptibility. Springer 171	
International Publishing AG. 172	

8. Gray MJ, Zadoks RN, Fortes ED, Dogan B, Cai S, Chen Y, Scott VN, Gombas DE, Boor KJ, 173	
Wiedmann M. 2004. Listeria monocytogenes isolates from foods and humans form distinct but 174	
overlapping populations. Appl Environ Microbiol 70:5833-41. 175	

9. Maury MM, Tsai YH, Charlier C, Touchon M, Chenal-Francisque V, Leclercq A, Criscuolo A, 176	
Gaultier C, Roussel S, Brisabois A, Disson O, Rocha EP, Brisse S, Lecuit M. 2016. Uncovering 177	
Listeria monocytogenes hypervirulence by harnessing its biodiversity. Nat Genet 48:308-13. 178	

10. Doumith M, Cazalet C, Simoes N, Frangeul L, Jacquet C, Kunst F, Martin P, Cossart P, Glaser P, 179	
Buchrieser C. 2004. New aspects regarding evolution and virulence of Listeria monocytogenes 180	
revealed by comparative genomics and DNA arrays. Infect Immun 72:1072-83. 181	

11. Orsi RH, den Bakker HC, Wiedmann M. 2011. Listeria monocytogenes lineages: Genomics, 182	
evolution, ecology, and phenotypic characteristics. Int J Med Microbiol 301:79-96. 183	

12. Doijad S, Weigel M, Barbuddhe S, Blom J, Goesmann A, Hain T, Chakraborty T. 2015. 184	
Phylogenomic grouping of Listeria monocytogenes. Can J Microbiol 61:637-46. 185	

13. Moura A, Criscuolo A, Pouseele H, Maury MM, Leclercq A, Tarr C, Bjorkman JT, Dallman T, 186	
Reimer A, Enouf V, Larsonneur E, Carleton H, Bracq-Dieye H, Katz LS, Jones L, Touchon M, 187	
Tourdjman M, Walker M, Stroika S, Cantinelli T, Chenal-Francisque V, Kucerova Z, Rocha EP, 188	
Nadon C, Grant K, Nielsen EM, Pot B, Gerner-Smidt P, Lecuit M, Brisse S. 2016. Whole genome-189	
based population biology and epidemiological surveillance of Listeria monocytogenes. Nat 190	
Microbiol 2:16185.  191	

14. Bergholz TM, Shah MK, Burall LS, Rakic-Martinez M, Datta AR. 2018. Genomic and phenotypic 192	
diversity of Listeria monocytogenes clonal complexes associated with human listeriosis. Appl 193	
Microbiol Biotechnol 102:3475-3485. 194	

15. den Bakker HC, Fortes ED, Wiedmann M. 2010. Multilocus sequence typing of outbreak-associated 195	
Listeria monocytogenes isolates to identify epidemic clones. Foodborne Pathog Dis 7:257-65. 196	

16. Lee S, Chen, Y., Gorski, L., Ward, T.J., Osborne, J., Kathariou, S. 2018. Listeria monocytogenes 197	
source distribution analysis indicates regional heterogeneity and ecological niche preference among 198	
serotype 4b clones. mBio 9. 199	

17. Roche SM, Grepinet O, Kerouanton A, Ragon M, Leclercq A, Temoin S, Schaeffer B, Skorski G, 200	
Mereghetti L, Le Monnier A, Velge P. 2012. Polyphasic characterization and genetic relatedness of 201	
low-virulence and virulent Listeria monocytogenes isolates. BMC Microbiol 12:304. 202	

18. Maury MM, Chenal-Francisque V, Bracq-Dieye H, Han L, Leclercq A, Vales G, Moura A, Gouin E, 203	
Scortti M, Disson O, Vazquez-Boland JA, Lecuit M. 2017. Spontaneous loss of virulence in natural 204	
populations of Listeria monocytogenes. Infect Immun 85:e00541-17 205	

19. Nightingale KK, Windham K, Martin KE, Yeung M, Wiedmann M. 2005. Select Listeria 206	
monocytogenes subtypes commonly found in foods carry distinct nonsense mutations in inlA, leading 207	
to expression of truncated and secreted internalin A, and are associated with a reduced invasion 208	
phenotype for human intestinal epithelial cells. Appl Environ Microbiol 71:8764-72. 209	



 

20. Cotter PD, Draper LA, Lawton EM, Daly KM, Groeger DS, Casey PG, Ross RP, Hill C. 2008. 210	
Listeriolysin S, a novel peptide haemolysin associated with a subset of lineage I Listeria 211	
monocytogenes. PLoS Pathog 4:e1000144. 212	

21. Lei XH, Fiedler F, Lan Z, Kathariou S. 2001. A novel serotype-specific gene cassette (gltA-gltB) is 213	
required for expression of teichoic acid-associated surface antigens in Listeria monocytogenes of 214	
serotype 4b. J Bacteriol 183:1133-9. 215	

22. Ghosh P, Halvorsen EM, Ammendolia DA, Mor-Vaknin N, O'Riordan MXD, Brumell JH, 216	
Markovitz DM, Higgins DE. 2018. Invasion of the brain by Listeria monocytogenes is mediated by 217	
InlF and host cell vimentin. Mbio 9: e00160-18 218	

23. Faralla C, Rizzuto GA, Lowe DE, Kim B, Cooke C, Shiow LR, Bakardjiev AI. 2016. InlP, a new 219	
virulence factor with strong placental tropism. Infect Immun 84:3584-3596. 220	

24. Bula CJ, Bille J, Glauser MP. 1995. An epidemic of food-borne listeriosis in western Switzerland: 221	
description of 57 cases involving adults. Clin Infect Dis 20:66-72. 222	

25. Vazquez-Boland JA, Ferrer D, Rocourt J. 1991. [Heterogeneity of strains of Listeria monocytogenes 223	
isolated during an outbreak of listeriosis among adults in Valencia in 1989]. Enferm Infecc 224	
Microbiol Clin 9:442-4. 225	

26. Dalton CB, Austin CC, Sobel J, Hayes PS, Bibb WF, Graves LM, Swaminathan B, Proctor ME, 226	
Griffin PM. 1997. An outbreak of gastroenteritis and fever due to Listeria monocytogenes in milk. N 227	
Engl J Med 336:100-5. 228	

27. Glaser P, Frangeul L, Buchrieser C, Rusniok C, Amend A, Baquero F, Berche P, Bloecker H, Brandt 229	
P, Chakraborty T, Charbit A, Chetouani F, Couve E, de Daruvar A, Dehoux P, Domann E, 230	
Dominguez-Bernal G, Duchaud E, Durant L, Dussurget O, Entian KD, Fsihi H, Garcia-del Portillo F, 231	
Garrido P, Gautier L, Goebel W, Gomez-Lopez N, Hain T, Hauf J, Jackson D, Jones LM, Kaerst U, 232	
Kreft J, Kuhn M, Kunst F, Kurapkat G, Madueno E, Maitournam A, Vicente JM, Ng E, Nedjari H, 233	
Nordsiek G, Novella S, de Pablos B, Perez-Diaz JC, Purcell R, Remmel B, Rose M, Schlueter T, 234	
Simoes N, Tierrez A, Vázquez-Boland JA, Voss H, Wehland J, Cossart P. 2001. Comparative 235	
genomics of Listeria species. Science 294:849-52. 236	

28. Becavin C, Bouchier C, Lechat P, Archambaud C, Creno S, Gouin E, Wu Z, Kuhbacher A, Brisse S, 237	
Pucciarelli MG, Garcia-del Portillo F, Hain T, Portnoy DA, Chakraborty T, Lecuit M, Pizarro-Cerda 238	
J, Moszer I, Bierne H, Cossart P. 2014. Comparison of widely used Listeria monocytogenes strains 239	
EGD, 10403S, and EGD-e highlights genomic variations underlying differences in pathogenicity. 240	
mBio 5:e00969-14. 241	

29. Mackaness GB. 1962. Cellular resistance to infection. J Exp Med 116:381-406. 242	
30. Murray EGD, Webb RA, Swann MBR. 1926. A disease of rabbits characterised by a large 243	

mononuclear leukocytosis, caused by a hitherto undescribed bacillus Bacterium monocytogenes (n. 244	
sp.). J Pathol Bacteriol 29:407-439. 245	

31. Krypotou E, Scortti M, Grundstrom C, Oelker M, Luisi BF, Sauer-Eriksson AE, Vazquez-Boland J. 246	
2019. Control of bacterial virulence through the peptide aignature of the habitat. Cell Rep 26:1815-247	
1827. 248	

32. Wilkinson TR, Hall ER. 1971. Survival of Listeria monocytogenes in experimentally infected mice. 249	
Appl Microbiol 21:108-11. 250	

33. Mitsuyama M, Takeya K, Nomoto K, Shimotori S. 1978. Three phases of phagocyte contribution to 251	
resistance against Listeria monocytogenes. J Gen Microbiol 106:165-71. 252	

34. von Koenig CH, Heymer B, Hof H, Finger H. 1983. Course of infection and development of 253	
immunity in experimental infection of mice with Listeria serotypes. Infect Immun 40:1170-7. 254	

35. Berche P. 1995. Bacteremia is required for invasion of the murine central nervous system by Listeria 255	
monocytogenes. Microb Pathog 18:323-36. 256	

36. Pamer EG. 2004. Immune responses to Listeria monocytogenes. Nat Rev Immunol 4:812-23. 257	



 

37. D'Orazio SEF. 2019. Innate and adaptive immune responses during Listeria monocytogenes infection. 258	
Microbiol Spectr 7:10.1128/microbiolspec.GPP3-0065-2019 259	

38. Hain T, Ghai R, Billion A, Kuenne CT, Steinweg C, Izar B, Mohamed W, Mraheil MA, Domann E, 260	
Schaffrath S, Karst U, Goesmann A, Oehm S, Puhler A, Merkl R, Vorwerk S, Glaser P, Garrido P, 261	
Rusniok C, Buchrieser C, Goebel W, Chakraborty T. 2012. Comparative genomics and 262	
transcriptomics of lineages I, II, and III strains of Listeria monocytogenes. BMC Genomics 13:144. 263	

39. Ooi ST, Lorber B. 2005. Gastroenteritis due to Listeria monocytogenes. Clin Infect Dis 40:1327-264	
1332. 265	

40. Vazquez-Boland JA, Krypotou E, Scortti M. 2017. Listeria placental infection. mBio 8: e00949-17. 266	
41. Karlsson WK, Harboe ZB, Roed C, Monrad JB, Lindelof M, Larsen VA, Kondziella D. 2017. Early 267	

trigeminal nerve involvement in Listeria monocytogenes rhombencephalitis: case series and 268	
systematic review. J Neurol 264:1875-1884. 269	

42. Drevets DA, Leenen PJ, Greenfield RA. 2004. Invasion of the central nervous system by 270	
intracellular bacteria. Clin Microbiol Rev 17:323-47. 271	

43. Engelen-Lee JY, Koopmans MM, Brouwer MC, Aronica E, van de Beek D. 2018. Histopathology of 272	
Listeria meningitis. J Neuropathol Exp Neurol 77:950-957. 273	

44. Bakardjiev AI, Theriot JA, Portnoy DA. 2006. Listeria monocytogenes traffics from maternal organs 274	
to the placenta and back. PLoS Pathog 2:e66. 275	

45. Goulet V, King LA, Vaillant V, de Valk H. 2013. What is the incubation period for listeriosis? BMC 276	
Infect Dis 13:11. 277	

46. Wagner M, Allerberger F. 2003. Characterization of Listeria monocytogenes recovered from 41 278	
cases of sporadic listeriosis in Austria by serotyping and pulsed-field gel electrophoresis. FEMS 279	
Immunol Med Microbiol 35:227-34. 280	

47. Ripio MT, Dominguez-Bernal G, Suarez M, Brehm K, Berche P, Vazquez-Boland JA. 1996. 281	
Transcriptional activation of virulence genes in wild-type strains of Listeria monocytogenes in 282	
response to a change in the extracellular medium composition. Res Microbiol 147:371-84. 283	



 

 

TABLE 1. L. monocytogenes strains. 

Strain a Serovar CC b Source / description Clinical 
manifestation Reference 

PF49 4b CC1 

Epidemic strain of 
cheese-associated 
outbreak, Vaud 
(Switzerland) 1983-1987 

Neuromeningeal 
 (24, 46) 

P14  
(PAM 14)  4b CC1 Listeriosis outbreak, 

Valencia (Spain) 1989 Neuromeningeal (25, 31, 47) 

G6006 
(FSL-R2-0597) 1/2b CC3 

Epidemic strain of 
chocolate milk-associated 
outbreak, Illinois (USA) 
1994 

Non-invasive 
(febrile 

gastroenteritis) 

(26, 46) 
 

EGDe 1/2a CC9 
L. monocytogenes 
reference genome 
(T. Chakraborty) 

Unknown (9, 27, 28) 

 
a Other designations in brackets. 
b Clonal complex. 
 
  



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG 1. Prolonged in vivo survival of L. monocytogenes sv 4b (CC1) strains. Groups of 6- to 8-
week-old BALB/c female mice (three per group) were infected via the tail vein with 3 to 5 × 103 
CFU per animal. At the indicated time points, mice were euthanized, spleens and livers 
recovered and homogenized, and bacterial numbers determined by serial dilution and plate 
counting in BHI agar. Experiments were performed at Universidad Complutense de Madrid (two 
series with strains PF49, G6006 and EGDe) and University of Edinburgh (additional series with 
strains P14 and EGDe). Each symbol represents a mouse. Data for mice infected with the sv 
4b/CC1 (neuromeningeal infection) strains PF49 and P14 are shown in red symbols, in blue 
symbols those for strains G6006 and EGDe. Line diagrams in corresponding color represent the 
combined mean ± SEM for each of these two categories, with statistically significant differences 
indicated on top (two-way ANOVA and Fisher´s Least Significant Difference test; P values: *  ≤ 
0.05, ** ≤ 0.01, *** ≤ 0.001, **** ≤ 0.0001). Experiments were conduced according to 
applicable regulations and guidelines in animal experimentation (Complutense University: 
animal facility registration no. 28079-I5ABC-M, Real Decreto 223/1988, Orden 13/10/1989, EU 
Directive 86/609/CEE; Edinburgh University: UK Home Office project licence under the 1986 
Animals [Scientific Procedures] and approval by local Ethical Review Committee).  



 

 
 
 

 
 
FIG 2. Model illustrating the hypothesis that prolonged survivability in primary infection foci in 
liver and spleen may explain the increased likelihood L. monocytogenes serovar 4b hypervirulent 
strains to cause brain and placental infection. Schematic of the pathophysiology of invasive 
listeriosis modified from original diagram in ref. (40); see explanations therein and in ref. (1) for 
details.  
 


