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Spirochetes do it differently



The phylum of Spirochaetes



Spirochaetes, an ancestral phylum

Treponema pallidum

Borrelia burgdorferi

Leptospira interrogans



Spirochaetes are causing major animal and human diseases

Treponema pallidum

Borrelia burgdorferi

Leptospira interrogans

Lyme disease
300,000 cases/year in the US 
90,000 cases/year in Europe 
(>30,000 in France)
Fatality rate <1%

Syphilis
6 million cases /year 
(1000 cases/year in France)
Fatality rate <1%

Leptospirosis 
1 million cases/year 
(700 cases in France)
Fatality rate >10%



Before/after blood meal

Lyme disease 
• First described in the 1970s (Old Lyme, Connecticut, USA)
• Causative agent described in 1982 (W. Burgdorfer)
• Vector-borne disease: arthropods
• Transmission by hard tick genus Ixodes
• Risk of human infections depends :

• Prevalence of infected ticks : 3-30% in Europe
• Tick life stage (nymph) and seasonality of tick activity
• Duration of tick attachement (>24h)

Reservoirs: small (mice, chipmunks, and shrews) and larger mammals 
(deers, squirrels, cattle, etc), birds, etc



Lyme Disease, A Prehistoric Illness?

Sequences corresponding to ~60% of the genome of 
Borrelia burgdorferi in a 5,300-year-old age individual 
are indicative of the earliest human case of infection 
with the pathogen for Lyme borreliosis



Cycle of Lyme disease 

Barbour et al. Nature 1997

Erythema migrans



Steere, A. C. et al. (2016) Lyme borreliosis
Nat. Rev. Dis. Primers doi:10.1038/nrdp.2016.90

Distribution of ticks that transmit 
Borrelia burgdorferi s.l. to humans



Estimation du taux d’incidence annuel moyen de la borréliose de Lyme 
par région, France métropolitaine, 2015 – 2019, Réseau Sentinelles



Steere, A. C. et al. (2016) Lyme borreliosis
Nat. Rev. Dis. Primers doi:10.1038/nrdp.2016.90

Morphology and cellular architecture of Borrelia burgdorferi



Fraser et al, Nature, 1997 - Casjens et al, Molecular Microbiology, 2000

Genome of Borrelia burgdorferi
Multiple replicons
Linear replicons with covalently closed hairpin ends



Today: 
• 6-10 millions of cases /year
• Re-emergence of syphilis in 

MSM in developed countries

1494 - 1495
First epidemics in Europe

Imported from the New 
world (C. Columbus) ?

1905
Identification of the 

causative agent
(Schaudinn & Hoffman)

Treponema pallidum and syphilis

Per 100,000

United States
(CDC surveillance report)



Peeling, R. W. et al. (2017) Syphilis. Nat. Rev. Dis. Primers doi:10.1038/nrdp.2017.73

Treponema pallidum



• Not cultivable in vitro until recently
• Degenerated biosynthetic pathways 
• Multiple transporters (Acquisition of nutrients)
• 1 circular chromosome of 1138 kb (Fraser et al., 1998)

Treponema pallidum



Long-term logarithmic multiplication of T. pallidum was attained through subculture every 
6 to 7 days and periodic feeding using a modified medium with a previously described 
microaerobic, rabbit epithelial cell coincubation system

MBio. 2018 Jun 26;9(3). pii: e01153-18. doi: 10.1128/mBio.01153-18.





Delgado et al. 2024



A brief history of leptospirosis





The cycle of leptospirosis -Influenza

-Hepatitis

-Meningitis

-Yellow fever

-Viral haemorrhagic fever

-Dengue fever

-Malaria

-Hanta virus

-Lyme disease

-Rift valley fever

-Legionellosis

-Nipah and Hendra virus

-Plague

-Typhoid fever

-Brucellosis

-Q fever

-Toxic shock syndrome

-COVID 19
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Global burden of leptospirosis

Estimated annual morbidity of leptospirosis by country or territory

Costa et al. 2015

>1 million severe cases and 60,000 deaths due to leptospirosis / year
An under-recognized cause of acute fever

?
Annual disease 
incidence is 
represented as an 
exponential colour 
gradient from white 
(0–3), yellow (7–10), 
orange (20–25) to 
red (over 100), in 
cases per 100,000 
population. 



Burden of leptospirosis: only the tip of the iceberg

Most severe cases

Mild cases

Undiagnosed cases

Misdiagnosed cases

• Severe cases account for a small fraction 
(5–15%) of infections

• Not described in human or animals in half 
of the African countries (Allan et al. 2015)

• An under-recognized cause of acute fever 
or non-malarial fever cases

• Improved access to diagnosis and 
increased awareness have led to a 3- to 4-
fold rise in incidence (Cassadou et al. 2016)

>1 million cases and 60,000 
deaths due to leptospirosis / year
Costa et al. 2015



Leptospirosis, a neglected and emerging disease
Neglected disease
• Limited information on disease burden 
• Affects the most neglected and marginalized populations
• Lack of adequate diagnostics
• No effective control measures
• Universal vaccines are not available
• Limited understanding of the epidemiology and pathogenesis

Emerging disease
• Demographic / ecologic changes
• One billion individuals live in slums (rat-borne transmission)
• The urban slum population will double in the next 25 years

• Climatic changes
• Global warming
• Extreme climatic events (heavy rainfalls, etc)



• >1 billion people around the world are affected

• Common in tropical countries

• Lack Public health attention at global and national level

• Mainly affect people living in poverty with inadequate access to 

clean water, basic sanitation and heath care 

Neglected Tropical diseases



Leptospirosis: flying under the bibliometrics radar increases neglect
C. Goarant, M. Picardeau, S. Morand, K.M. McIntyre



Leptospirosis: flying under the bibliometrics radar increases neglect
C. Goarant, M. Picardeau, S. Morand, K.M. McIntyre



Notification system and diagnostic 
capacity missing

Vicious circle

Little funding

No political advocate 
(WHO)

Cases unrecognized and 
misdiagnosed

Missing evidence of burden

Poor performance of 
diagnostic tests

Adapted from Anou Dreyfus

Leptospirosis not listed in the priority
neglected tropical diseases

The vicious circle of a neglected disease
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Why not Leptospirosis ?

List of priority neglected tropical diseases (WHO)



Diseases DALYs per 100,000 Reference
Malaria 897.6 (728.1-1094.8) Murray et al. 2015 
Melioidosis 84 (57-120) Birnie et al. 2019 
Cholera 65 (49–84) Murray et al. 1990
Leishmaniasis 58.6 (48.2-69.7) Murray et al. 2015 
Schistosomiasis 42.1 (23.3-77.8) Murray et al. 2015 
Leptospirosis 42 (18.1-66) Torgerson et al. 201
Lymphatic filariasis 28.9 (15.7-47.1) Murray et al. 2015 [65]
Rabies 17.3 (12.7-21.2) Murray et al. 2015 [65]
Dengue 15.8 (10.1-27.4) Murray et al. 2015 [65]

The burden of malaria and neglected tropical diseases expressed in
disability-adjusted life years (DALYs)



Pau da Lima community, Salvador, Brazil (Albert Ko, Yale School of Public Health)

Prevalence for three age groups of rats 
(Costa et al. 2014)

0

100

200

300

400

500

600

0

10

20

30

40

50

60

70

80

90

1996

1997

1998

1999

2000

2001

2002

2003

2004

2005

2006

2007

2008

2009

M
on

th
ly

 ra
in

fa
ll 

(m
m

)

N
o.

 o
f m

on
th

ly
 c

as
es

No. cases
Monthly rainfall (mm)

Annual rainfall-associated epidemics of severe 
leptospirosis, 1996-2009 (n=2,607) 



• Pathogenic Leptospira are in a resting state in the soil and are able to proliferate
with increased water content (Yanagihara et al. 2022)

• Leptospirosis is a waterborne disease
• Pathogenic Leptospira can survive (but not multiply) in water for months 

Leptospirosis and the environment

Bierque et al. 2020

Preservation of Leptospira interrogans virulence in vivo
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•Pathogens were absent in the 
river before the flood, but high 
concentrations were detected 
during the rainfall event

•Several samples remained 
positive for pathogens even 
after water levels decreased 

Thibeaux et al. 2024

Does heavy rainfalls cause a concentration or dilution of 
Leptospira in freshwater?



Indirect contamination from the environment

Excretion of 
pathogenic 
Leptospira from the 
urine of animal 
reservoirs

During heavy rainfall : 
- Resuspension of 

soil particles
- Contamination of 

rivers, etc

Survival of pathogenic 
Leptospira 
Exposure to 
contaminated water

Emilie Bierque, Institut Pasteur de Nouvelle-Calédonie



Jones et al. 2024

Weekly rainfall estimates* (A) and number of probable and confirmed leptospirosis cases (B) 
before and after Hurricane Fiona landfall — Puerto Rico, January 3, 2021–September 30, 2023

https://pmc.ncbi.nlm.nih.gov/articles/PMC11376507/


• 1886: Adolf Weil (Austria)
• 1915: R. Inada and Y. Ido (Japan)
• 1915: H. Ubener and H. Reiter  & P. Uhlenhuth and W. Fromme (Germany)
• 1916: L. Martin and A. Pettit (France)

Beaute et al. 2024 In France, approx. 600-700 cases / year
Occupational (people who work outdoors or 
with animals) and recreational exposures

Leptospirosis is not exclusively a tropical disease

Average annual 
rate of confirmed 
leptospirosis 
cases per 
100,000 
population, 
2010–2021

Leptospirosis among triathlon 
participants in Springfield, IL

Morgan et al. 2002



Monthly number of confirmed leptospirosis cases by month used for
statistics with interrupted time series trend line, European Union/European
Economic Area, 2010–2021 (12 180). 23 countries

Julien Beaute et al. Eurosurveillance. 2024



Leptospirosis incidence in Mainland France, 1920-2022
 (data from the NRC for Leptospirosis, Institut Pasteur) 
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Disribution of cases by month of the year

Leptospirosis in mainland France



Guadeloupe

French Polynesia

New Caledonia

La Reunion

Mayotte

French Guiana

Martinique

31 cases /100,000 inhabitants

37 cases /100,000 inhabitants

43 cases /100,000 inhabitants

70 cases /100,000 inhabitants

16 cases /100,000 inhabitants

59 cases /100,000 inhabitants

85 cases /100,000 inhabitants

1 case /100,000 inhabitants

The incidence is much higher in french overseas territories in 
comparison to mainland France

(2021 data from the NRC for Leptospirosis)



Diagnosis of leptospirosis

Before the onset
of symptoms

Week 2 Week 3 Week 4Week -1

IgM

Bl
oo

d
U

rin
e

IgG

Week 1

PCR positive

After the onset of symptoms

PCR positive (plasma) 

Microscopic Agglutination Test or ELISA positive (serum)

Consigny et al. 2022



≤10 days post onset 
symptoms

≥10 days post onset 
symptoms

PCR plasma yes
PCR urine yes yes
IgM ELISA serum yes yes
MAT serum yes

Which assay and which sample to use according 
to the kinetics of infection ?

• Leptospirosis has varied clinical presentations
• Misdiagnosis common (malaria, dengue, etc)
• Culture isolation : no diagnostic value (slow-growing bacteria) but epidemiological 

value (identification of circulating species / serovars)
• Early diagnosis can be challenging



Controlled studies 
comparing fever duration 
+/- antibiotic therapy for 
leptospirosis. 
David Haake et al. 2025

Early antibiotherapy is effective
• Cochrane database of systematic reviews (Win et al. 2024) : « Antibiotics may have no effect

on mortality (death) and side effects associated with leptospirosis infection. However, due to 
the limited evidence, these findings may change if more trials of high quality are conducted »

• No reported cases of antibiotic-resistance strains
• Early antibiotherapy is effective (doxycycline, ampicillin, amoxicillin, azithromycin, 

penicillin, ceftriaxone)



• Protection using killed spirochetes / immune sera (Inada et al. 1916)

• Natural infection does not confer immunity to a subsequent infection 
with a homologous serovar (Felzemburgh et al. 2014)

• Protective immunity is mediated by antibodies directed against LPS 

• Bacterins confer little or no cross-protection between serovars

• 12/31 (39%) of Leptospira-positive cultures in cattle with recent 
vaccination (<12 months) (Zarantonelli et al. 2018)

• 30/60 (50%) of Leptospira-positive PCRs in vaccinated dogs (Garcia-
Lopez et al. 2023)

• A live motility-deficient mutant can induce cross-protective immunity 
(Wunder et al. 2021)

Vaccines against leptospirosis

L. interrogans coated 
with gold-labeled 
anti-LPS monoclonal 
antibodies 
(Haake et al. 2015)



1. Primary vaccination
2 injections of 1 mL at 15-day intervals
2. First booster
4 to 6 months after primary vaccination
3. Subsequent boosters
Every 2 years

• High-risk occupations:
People with close contacts with contaminated environment and/or animals (sewer 
workers, fish farmers, veterinarians, etc)

• Countries:
France (mainland and oversea-territories), Belgium, Luxembourg, Switzerland

Spirolept, a formalin-inactivated Icterohaemorrhagiae vaccine



Rats are the main reservoirs

Global distribution of black rats (R.rattus)

Global distribution of brown rats (R.norvegicus)

• Worldwide distribution
• Carriers of the most virulent strains (L. interrogans sg Icterohaemorrhagiae)



Rattus norvegicus

• Prevalence in rats > 20% in Lyon (2011-2013), Paris (2021-2023) and 
Strasbourg (2023)

• 100% of L. interrogans serogroup Icterohaemorrhagiae
Ayral et al. 2015. PLoS ONE. 
Bourhy et al. unpublished

Leptospirosis and reservoirs



Mountain beaver Chipmunk

Flying squirrel Ground squirrel

Suslik Marmot

Ground hog Prairie dog Tree squirrel

Plate 11.5 Rodent diversity

11 Rodents 487

glossy fur, and the fur colour varies. Jumping mice are generally terrestrial but are
agile climbers and swimmers. They feed on seeds, fruits, fungi, invertebrates and
sometimes molluscs and small fishes, also.

African spiny 
mouse Jumping mouse Bandicoot rat

Cloud rat Gerbil Sand rat

Shrew rat House mouse Old World 
harvest mouse

Wood mouse Pouched mouse Asian tree  mouse

Blind rat Zokor Dormouse

Plate 11.4 Rodent diversity
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Grasshopper mouse (genus Onychomys) is a terrestrial, nocturnal, insectivorous
and carnivorous rodent (Plate 11.3) adapted to semiarid and arid habitats; they are
endemic to North America. Grasshopper mice mostly eat grasshoppers, other insects
and arthropods like scorpions; they are also known for stalk and kill small rodents

Deer mouse Grasshopper 
mouse

Hamster

Lemmings Manned rat Muskrat

Rice rat Vole Water rat

Wood rat Birch mouse

Jerboa

Plate 11.3 Rodent diversity

478 M. Chellappan

Chinchilla Chinchilla rat Viscacha

Dassie rat Degu rat Gundi

Hu!a New World 
porcupine

Nutria

Old World 
porcupine

Paca Pacarana

Tuco tuco American 
harvest mouse Co"on rat

Plate 11.2 Rodent diversity

474 M. Chellappan

legs and feet. The tail has a characteristic tuft at the tip. Kangaroo rats can jump up to
2 metres (6.6 feet) using their hind legs. Like the kangaroo mice, kangaroo rats
seldom drink water and get the same from their food. Kangaroo rats are night
foragers and carry the food in their cheek pouches to the nest.

Anomalure Spring hare Beaver

Kangaroo mouse Kangaroo rat Pocket mouse

Pocket  gopher Acouchy Agou!

American spiny rat Blesmol Cane rat

Capybara Guinea pig Mara

Plate 11.1 Rodent diversity

11 Rodents 471

Chellapan 2021

gerbils, guinea-pigs, hamsters 
(highly susceptibles)

vs
rats, mice 
(resistants)

Bedford et al. 2015

Leptospirosis and rodents

needs to be confirmed

needs to be confirmed



Leptospira infect a wide array of hosts



The biomass distribution on Earth. Bar-On YM, Phillips R, Milo R. Proc Natl Acad Sci U S A. 2018 Jun 19;115(25):6506-6511. 

• Leptospirosis in cattle: abortion, fetal death, loss 
in milk production, etc

• Beef and dairy exports rank among the most 
important national income sources in South 
American countries 

• In Uruguay : 4 times more cattle than inhabitants

• Approximately 20% of cattle were found to be 
shedding pathogenic Leptospira in their urine 
(Zarantonelli et al. 2018)

What is the economic impact of leptospirosis in livestock ?

https://pubmed.ncbi.nlm.nih.gov/29784790/


Data from Florence Ayral, VetAgro Sup

Leptospirosis and reservoirs in France
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Davignon et al. 2023

Leptospirosis susceptibility in incidental hosts



Reservoir  host Host-adapted serovars
Pig Pomona, Tarassovi
Cattle Hardjo, Pomona
Horse Bratislava
Dog Canicola
Rat Icterohaemorrhagiae, Copenhageni
Mouse Ballum, Arborea, Bim
Bat Cynopteri, Wolffi

Typical reservoir hosts of common serovars
• Animal reservoirs represent the natural source of infection and of environmental 

contamination



Effluent control (livestock farms)
Closing open sewers
Flood prevention

Early diagnosis
Increase awareness

Control of rodent population
Vaccination

Leptospirosis as a One Health model



What does the agent of leptospirosis look like ?

Picardeau 2017



Biofilm on a glass surface

Kidney from Rattus norvegicus Liver from an infected guinea pig

Sub-surface colonies



• Guinea-pigs, hamsters, or gerbils :  
Systemic infection with severe 
manifestations (hepatic and renal 
insufficiencies and hemorrhages)

Animal models of leptospirosis

• Rats and mice :  Chronic 
asymptomatic disease, with 
persistent carriage in the 
renal tubules

Leptospira interrogans

susceptible hostsreservoirs



Saprophytes
(L. biflexa)

Pathogens
(L. 

interrogans)
Doubling time (liquid medium) 5 hours 20 hours

Colonies (solid medium) 1 week 4 weeks

Targeted mutagenesis ++ -/+

Gene silencing + +

Random Tn mutagenesis +++ +

Replicative vector(s) yes yes

Genetic toolbox for Leptospira spp.

Conjugation between E. coli and L. biflexa

Allelic exchange, Cas9+NHEJ, Cas9-PE

pGKLep, pMaORI

Himar1

TALE, dCas9



Whole-genome sequencing of Leptospira

• Gene content and genome organization

• Comparative genomics:

• Phylogenetic tree (diversity)

• Pangenome analysis

• Global mapping of circulating strains

• Virulence evolution



What are the agent of leptospirosis circulating worldwide?

• A great biodiversity in the genus, probably still under-estimated 
• 69 species, including 8 pathogenic species (L. interrogans, etc)
• >300 serovars (Icterohaemorrhagiae, etc)

• Distribution of species and serovars varies at the region / country level 

• Refine current molecular /serological diagnostic tools according to the local 
epidemiology

• Use of local strains for MAT
• For ELISA tests, evaluation of the recommended cutoff
• Use of PCR assays that allows the detection of locally circulating strains



Geographic origins of the most frequent pathogenic Leptospira 
species in our genome database (n = 914)

Chinchilla et al. PLoS Negl Trop Dis. 2023



Genetic diversity in Leptospira
• Accurate description of microbial diversity is the first step towards: 
i) improving diagnostic tools
ii) identifying animal reservoirs
iii) tracking emergence of clones
iv) generating control strategies (eradication of reservoirs, vaccines, etc)
• Culture isolation is challenging
• Leptospira are slow-growing bacteria

species sub-species

16S rRNA MLST
(6-7genes)

cgMLST
(545 genes)

secY
lfb1

+     < level of discrimination >  ++++
Pathogen-specific
Genus-specific

Amp-Seq



Figure 2• 77 species and >250 serovars (150 with data on animal hosts)

Leptospira: a highly heterogeneous genus

Hagedoorn et al. 2024 

S1

S2

P1

P2



Only P1+ species are responsible for severe infections in both human and animals

Pathogens (mild to severe infections)

Non pathogens

Potentially pathogens 
(mild infections)

Phylogenetic tree based on the core genome Responsible for the most severe infections

P1 high-virulence (P1+)

P1 low-virulence (P1-) and P2

S1 and S2

P1

P2

S1

S2

pathogens

interm
ediates

saprophyte
s

node 1

node of 
evolution

L. interrogans

L. weilii

L. noguchii
L. santarosai

L. mayottensis

L. kirschneri

L. borgpetersenii
L. alexanderi

P1+

P1-



• Are the P1lv (P1-) potentially pathogens ?

• What are the key genetic and phenotypic changes 
undergone by P1hv (P1+) ? 

• Known virulence factors are present in 
both P1+ and P1

• P1+ are isolated from mammals and 
responsible for the most severe 
infections

Isolated from mammals

Virulence-associated genes



P1- are not virulent in the hamster model 

L. interrogans
L. noguchii

L. santarosai
L. mayottensis

L. weilii

L. dzianensis

L. adleri
L. gomenensis

L. licerasiae

L. biflexa

P1hv

P1lv

P2

S

1

L. fluminis

L. tipperaryensis

S (saprophytic)

P2 (intermediate)

infection in hamsters



Only P1+ species share virulence properties

L. interrogans
L. noguchii

L. santarosai
L. mayottensis

L. weilii

L. dzianensis

L. adleri
L. gomenensis

L. licerasiae

L. biflexa

P1hv

P1lv

P2

S

1

L. fluminis

L. tipperaryensis

S (saprophytic)

P2 (intermediate)

P1+

P1-

• Are certain virulence traits specific to groups of 
species, individual species, serovars, or even strains?

Giraud-Gatineau et al. 2023 



• Helical-shaped bacteria
• 2 chromosomes and plasmids
• Diderms
• Endoflagellar system
• Surface-exposed LPS

Pathogenic Leptospira :
• Extracellular bacteria
• Stealth pathogens (escape complement killing and recognition by innate immune cells) 
• No type III to type X secretions systems
• No pathogenicity islands or virulence plasmids
• Over-representation of genes of unknown function

3800 kb

300 kb
chrom. I

chrom. II
40-110 kb

Spirochetes make it differently



O-antigen
• Variable between serovars
• Encoded by the rfb locus

Core
Lipid A
• Conserved at the species level

L. interrogans coated with 
gold-labeled anti-LPS 
monoclonal antibodies 
(Haake et al. 2015)

The Leptospira lipopolysaccharide (LPS)
• A major surface-exposed antigen 
• Not a human TLR4 agonist (Werts et al. 2001) but is recognized by mouse TLR4 

(Nahori et al. 2005)
• Essential for virulence (Eshghi et al. 2009, Murray et al. 2010)
• Lipid A : low-toxicity, the atypical structure varies depending on the species and group 

of species (Que-Gewirth et al. 2004, Pětrošová et al. 2023)
• O-antigen: encoded by the the rfb locus, whose gene composition determines the 

serovar (Chinchilla et al. 2024, Nieves et al. 2022)



Basics of flagellar motility

Grognot et al. 2021



Minamimo et al. 2023

The model of the Salmonella flagellum



Chemotactic signaling pathway and flagellar motility

Colin et al . 2021



Chang et al. 2019

Bacteria flagella



Armitage 2024

Flagella patterns and associated swimming behaviour





Translational motilityNon translational motility

Anticlockwise rotation of 
the endoflagellum (spiral 
shaped-ends)

Clockwise rotation of 
the endoflagellum 
(hook shaped-ends)

Direction of the 
translational 
movement

A bacteria with corskrew motility



Translational motility
Direction of the 
translational 
movement

A bacteria with corskrew motility



What does the agent of leptospirosis look like ?

Picardeau 2017



Comparison of the cell structure, the periplasmic flagella, motility modes 
and adhesins associated with motility among spirochete species

Why are the flagella hidden and wrapped around the cell body?
The flagellum is arguably the most common motility organ in the world of microbes [8]. Most
bacteria generate movement through flagellar rotation, operating the flagella motor in a clock-
wise or counterclockwise direction. The flagellum is comprised of the filament, the hook, and
the basal body. The basal body is a system of rings that spans the bacterial cell envelope. It
works as a rotary nanomachine called a flagellar motor in which a rotor ring is surrounded by
a dozen stator units that function as torque generators and ion channels. The flagellar motor
converts ion flow through the stator units into torque, rotating the helical propeller filament via a
flexible universal joint hook. The basal body also houses a type III secretion system and governs
the synthesis of flagellar axial parts by exporting proteins of the rod (a drive shaft), hook, and
filament [9,10].

Bacteria exhibit species-specific flagellation patterns, differing in number and location of their
flagella. In exoflagellated organisms, one or multiple flagellar filaments can be found at one or both
cell poles, a flagellum can be located subpolarly, or the filaments can be scattered along the cell
at lateral positions [11]. Spirochetes have multiple subpolar flagella (Table 1), with flagellar motors
embedded in the inner membrane cylinder, and their flagellar filaments extend into the periplasmic
space, and are therefore called periplasmic flagella (PF) [12,13]. The morphology and number
of PF differ among spirochete species. Borrelia spp. have ~20 PF (7–11 PF at each cell pole)

Semi-solid substrate  Solid surface

Leptospira

Borrelia

Treponema
Liquid(A)

(B) (C)

TrendsTrends inin ParasitologyParasitology

Table 1. Comparison of the cell structure, the periplasmic flagella, motility modes and adhesins associated
with invasion, dissemination and translational motility among different spirochete species
Spirochete Number

of flagella
Morphology Motility mode Adhesion molecules associated

with invasion and motility

Borrelia ~20 Flat-wave, planar Swimming DbpA/B, BBK32, P66, VlsE,
OspC

Brachyspira ~20 Helical Swimming –

Treponema ~4–6 Flat-wave (T. pallidum),
helical (T. denticola)

Swimming and
crawling (T. denticola)

Msp

Leptospira 2 Helical Swimming crawling LigA, LenA

Figure 1. Spirochetes exhibit
different movement efficiency
across various environments.
Albeit with vigorous rotation of their
periplasmic flagella, without the
external flow, the spirochetes barely
translocate in a low-viscosity liquid
environment (A). On the contrary,
the locomotion is very fast in semi-
solid structures (B) and over surfaces
(C). This figure was created using
BioRender.

Trends in Parasitology

Trends in Parasitology, May 2024, Vol. 40, No. 5 379

Glossary
Crawling motility: refers to a type of
movement in which bacteria move
along surfaces, often resembling
crawling. It is commonly observed in
bacteria that can interact with, andmove
across, solid surfaces, such as those
found in biofilms or during surface
colonization.
Directed motility: in bacteria, refers to
the ability of bacteria to move in
response to specific environmental
cues. Unlike random or undirected
movement, in which bacteria exhibit
non-purposeful motion, directed motility
involves a more targeted response to
external stimuli.
Flagellar sheath: a membranous
covering that surrounds the flagellum. It
aids in the stability and protection of the
flagellum as the bacterium moves
through the host environment.
Gram-negative bacteria: those
bacteria which are surrounded by a thin
peptidoglycan cell wall that is, itself,
surrounded by an outer membrane
typically containing lipopolysaccharides.
Helix pitch: a parameter describing the
spatial arrangement of the helical
structure. It is the distance traveled along
the axis of a helix for one complete turn.
Screw thread motility: the movement
forward when a bacterium rolls about its
long axes, following a spiral trajectory.
Surface tension: the physical property
of liquids that arises from the cohesive
forces between molecules at the liquid–
air interface. Changes in surface tension
may affect the ability of bacteria to swim,
navigate, and explore their
surroundings.
Swine dysentery: a bacterial disease
that affects pigs; it is also known as
bloody scours or infectious
mucohemorrhagic diarrhea.
Viscosity: the magnitude of the force
required to shear a fluid. The higher the
viscosity of a liquid, the greater the
resistance to flow.

Strnad et al. 2024

a

b

Borrelia spp. Leptospira spp.

Long and thin 

diderm bacteria

Flat wave

8-11 endoflagella/cell end

Helical-shaped

1 endoflagellum/ cell end Steere et al, 2016



Kaiser et al. Nature 1975Shigematsu et al. J Med Microbiol1988

Effect of viscosity on velocity of exoflagellated and endoflagellated bacteria

©          Nature Publishing Group1975

6S6 

vorticity (assumed to be uniform) of the 
core. When aw and aF are of the same 
order, viscous damping of the wobble is 
possible, as shown. It is generally argued 
that aF is equal to the angle between IDm 
and Lm (L is angular momentum) which 
is of the order of aw/400. This would 
indeed be the case if the Chandler wobble 
were excited by earthquake-related dis-
placements that shift the axis of the figure 
of the mantle by an angle aw while leaving 
IDe, Lm, and Le undisturbed and aligned 
along L, the total angular momentum of 
the Earth. 

But do we know what IDe is doing? Has 
it been completely ruled out that the 
Chandler wobble may be excited1 by 
electromagnetic impulsive torques? Such 
torques would shift IDm, IDe, Lm, and Le. 
with only the sum Lm + Le remaining 
invariant; the angle aF between IDm and 
IDe could be much larger than the angle 
between IDm and Lm. Alternatively, if 
earthquake-related displacements at the 
core-mantle boundary shift the axis of 
figure ofthe core cavity, wouldn't inertial 
coupling make IDe tend towards the new 
container axis, thus departing from the 
invariant direction of L? 

At present it is not known what excites 
the Chandler wobble nor what dampens 
it, so the assertion that aF is necessarily 
much smaller than aw seems unwarranted; 
thus viscous damping remains possible. 

University of California, Berkeley 

t Runcorn, S. K .. in Earthquake Displacement Fields 
and the Rotation of the Earth (edit. by Mansinha, 
L., Smylie, D. E., and Beck, A. E.), 181-187 
(Reidel, Dordrecht, 1970). 

Enhanced translational 
motion of Leptospira in 
viscous environments 
Cox and Twigg1 theorised that the spin-
ning motion frequently observed during 
non-translatory movement of Leptospira 
icterohemorrhagiae (strain 3H) is an 
illusion created by a rapid circular motion 
of the two ends of the organism while 
the body itself remains stationary. 

Our studies also indicate that the rota-
tion reported for free-floating L. interro-
gans (bif!exa) B-16 is indeed an optical 
illusion arising from a rapid bipolar 
'wobbling' movement. Thus, we confirm 
their results and extend observations on 
this interesting form of unicellular move-
ment. Note, however, that this non-
translatory motion predominates, and is 
often described in textbooks as 'typical' 
for leptospires observed in laboratory-
produced culture media. One might 
conclude that movement for these organ-
isms serves little purpose save stirring 
up the immediate surrounding environ-
ment, but advantages gained would seem 
hardly w balance the energy expenditures 
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Fig. 1 Left ordinate: percentage of leptospires showing translational movement in 
SM-4 medium supplemented with methyl cellulose (I). Leptospiral culture (300 1!0 
was mixed with 1.0 ml viscosity test solution. Two hundred motile organisms were 
counted per observation and eight observations made for each viscosity indicated. 
The range of the eight observations is indicated on the graph. Right ordinate: average 
velocity in SM-4 medium supplemented with methyl cellulose (0). Velocity was 
determined by the method of Schneider and Doetsch•. Twenty velocity determinations 
were made at each viscosity indicated, with the ten greatest velocities used to deter-

mine average velocity. 

likely to be required for such a motion. 
As Schneider and Doetsch2 reported 

that many kinds of flagellated bacteria 
increase their translational velocity (l!m 
s-1 ) in a more viscous milieu, we deter-
mined whether more efficient leptospiral 
movement would result from an increase 
in the viscosity of the environment. 

Translational movement was notably 
enhanced in viscous solutions. In SM-4 
medium supplemented with methyl cel-
lulose, there was a marked increase both 
in the number of individual organisms 
exhibiting translational movement, and 
in the velocity they attained (Fig. 1). 
Maximum percentage translation and 
velocity were not achieved until viscosity 
exceeded 300 centipoise (cP). Leptospires 
suspended in semi-solid Ionagar (0.35-
0.50%, w/v) behaved similarly. The 
enhanced translatory movement observed 
in such highly viscous solutions contrasts 
markedly with flagellated bacteria which 
show an increase in velocity as viscosity 
is elevated to around 2-5 cP (depending 
on the organism and its flagellar arrange-
ment), but then exhibit a rapid decrease 
in velocity beyond this range 2 • This 
difference in translational ability in 
highly viscous solutions is doubtless 
related to the fact that eubacteria propel 
themselves by means of exoflagella, 
whereas leptospires possess endoflagella 
which are, most probably, their organelles 
of locomotion3• 

Jahn and Landman4 stated that hydro-
dynamic efficiency of spirochetes can be 

calculated from the ratio of the area 
pushing forward (end cross-sectional 
area) to the total area pushing forward 
and backward (the area of the front end 
plus the area of the posterior exposures 
of the coils). 

The overall structure of leptospires is 
amenable to a viscous environment, 
namely, a minimum area pushing forward 
resulting from a small cross-sectional 
area, a maximum area pushing backward 
as a consequence of their spiral shape, 
and the ability to produce travelling 
waves as a result of their flexibility. 

Extremely viscous environments would, 
on the other hand, have an antagonistic 
effect on flagellated bacteria since they have 
a greater diameter than leptospires, and 
because increased viscosity would have a 
damping action on their flagella. 

It is evident that Leptospira exhibits 
more efficient translational movement 
in viscous or semi-solid media than in 
normal laboratory formulations. It is 
suggested that if efficiency of translational 
motion confers a selective advantage to 
leptospires, then their behaviour in semi-
solid or viscous environments may typify 
natural movements rather than those 
observed in ordinary laboratory cultures. 

These observations are important in 
that they provide insights into how 
pathogenic leptospires may negotiate 
the viscous fluids, mucosal surfaces, and 
intracellular spaces in the host's body, 
and conceivably into how free-living 
ones solve problems such as traversing 

SPIROCHAETE-LIKE MOVEMENT OF C. JEJUNI 523 

Fig. 1 .  Video tracking image of C. jejuni wild type in PBS. The swimming path was recorded for 15 s. Bar = 100 pm. 

shown in Fig. 1. Zigzag movements which represent 
frequent changes of swimming direction were evident 
(Fig. 1). The change in direction in the swimming 
pattern was supposed to be a phenomenon resembling 
the tumbling motion reported among peritrichously 
flagellate bacteria [ 10- 121. 

Movement in media of high viscosity 

As an in-vitro model system of the intestinal mucous 
layer, the high viscosity media were prepared by 
dissolving methylcellulose in RF buffer [ lS,  19, 261. 
The experiments were repeated in triplicate and the 
swimming patterns of >30 cells were examined in each 
experiment. 

The average swimming velocities of several flagellate 
bacteria in the viscous media were plotted against the 
change in viscosity (Fig. 2). The graphs revealed that 
as the concentration of methylcellulose increased, the 
swimming velocity of the bacteria gradually decreased. 
However, the highest swimming velocity was recorded 
at a slightly higher viscosity than 1.0 CP (1.5-3 cP) in 
all the bacterial species examined in this experiment. 
The graphs of I? cholerae, P aeruginosa and S. 
Typhimurium had only one peak of highest velocity 
in the viscous media and this type of graph was 
designated as the ‘single peak pattern’. On the other 
hand, in contrast to the other bacteria, C. jejuni showed 
a second increase in velocity at a higher viscosity of c. 
40cP and thus formed a second peak. Thus it was 
confirmed that C. jejuni had a ‘double peak pattern’ of 
swimming velocity as has been reported in campylo- 
bacters by other researchers with a different measuring 
system [18, 211. 
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Fig. 2. The relationship between swimming velocity and 
the viscosity of the medium. (a) C. jejuni FUM158432; 
(b) A, I? cholerae, a, I? aeruginosa and 0, S.  
Typhimurium. 
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Velocity of Leptospira increases in viscous environments
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Leptospira rapidly disseminate hematogenously to all tissues

L. interrogans

• Intraperitoneal infection
• Animals were euthanized at 

different time points
• Each hamster was perfused with a 

saline solution
• Organs collected
• DNA extraction
• Determination of burden by qPCR

Wunder et al. 2016



Leptospira escape early host detection during the infection

Holzapfel … Werts. 2020. Front Immunol

Exoflagellated bacteria                                                Leptospira

• Live Leptospira do not signal through TLR5 

Lu and Swartz 2016 Sci Rep 
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Blood vessel

Epidermis

Dermis

Fibroblast

Breach in
the skin

proteins adhere to molecules of the host serum and 
extracellular fluids, such as plasminogen and comple-
ment regulators. The leptospiral proteins that interact 
with the ECM, plasma proteins and soluble mediators 
of complement resistance were recently reviewed (see 
REFS 53,54); 17 and 34 leptospiral proteins are reported 
to bind to plasminogen and fibronectin, respectively. In 
addition, these proteins may be multifunctional and  
able to bind to several host components.

Pathogenic leptospires express surface-exposed  
leptospiral immunoglobulin-like (Lig) proteins, 
including LigA, LigB and LigC, which contain bacte-
rial immunoglobulin-like (Big) domains55. Although 
the sequence identity between leptospiral Big domains 
and enterobacterial Big domains, including those in 
the intimin and invasin adhesins, is low, they share a 
similar fold, which suggests that Lig proteins mediate 
cell adhesion56. Many studies indicate that LigB, which 
is present in all pathogenic Leptospira spp., binds to 

plasminogen, fibronectin, fibrinogen, tropoelastin, col-
lagen, heparin and complement regulators in vitro57–60; 
however, a ligB mutant retained its virulence61. Most 
recently, gain-of-function experiments that used the 
saprophyte Leptospira biflexa as a surrogate host for 
LigA and/or LigB have shown that L. biflexa strains 
that express LigA and/or LigB adhere more strongly 
to eukaryotic cells, fibronectin and complement 
proteins58,62,63.

The multiplicity and redundancy of adhesins in 
pathogenic leptospires are intriguing, as binding 
strongly to host tissues can hinder the ability of these 
bacteria to disseminate throughout the host; this puts 
the biological relevance of these interactions in doubt. 
A recent study was carried out to replicate the results 
from several different laboratories that showed that 
LipL32, Loa22, OmpL1, LipL45 and LenA adhered to 
components of the ECM. Using several substrates and 
the appropriate controls, only OmpL1 was found to 

REV IEWS

NATURE REVIEWS | MICROBIOLOGY   VOLUME 15  | MAY 2017  | 303

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Motility is essential in host infection

Pathogen entry and dissemination
• Chemotaxis
• Motility
• Tissue penetration
• Adhesion
• Inhibition of wound repair and blood clotting
Pathogen adhesion
• Adhesion to extracellular matrix
• Adhesion to host cells
Persistance
• Nutrient acquisition
• Immune evasion
• Resistance to stress conditions
Damage host tissues
• Inflammation
• Vascular damage
• Lung haemorrhage
• Renal failure
• Jaundice
• Autoimmunity-uveitis
Renal colonisation
• Traverse tissue barriers
• Adhesion
• Transmission to new host

Stages of the infection process :



Exoflagellated vs endoflagellated bacteria

Purified flagella (supercoiled)

Purified flagella

E. coli

Leptospira spp.



The endoflagellum, a complex nanomachine

Filament:
• Gram positive and negative bacteria: a single flagellin protein
• Spirochetes : multi-protein complex

Basal body:
• Larger and more complex in 

spirochetes as compared with 
other bacteria

In situ flagellar motor structures determined by cryo-ET and subtomogram 
averaging (adapted from Zhao et al. 2014)

E. coli                     L. interrogans

Hook:
• Heavily cross-linked in 

spirochetes

≈ 40nm ≈ 54nm

≈ 79nm



Distribution of flagellar protein-encoding genes in spirochetes

San Martin et al. 2023



The endoflagellum, a complex nanomachine

Leptospira interrogans Borrelia burgdorferi

San Martin, Fule et al, 2022

Escherichia coli



The endoflagellum, a complex nanomachine

Leptospira interrogans Borrelia burgdorferi

San Martin, Fule et al, 2022



Visualization of the modular collar structure and its capacity to accommodate 
diverse membrane curvatures in B. burgdorferi cell

Chang et al. 2021



L. interrogans WT L. interrogans fcpA-

L. interrogans flaA2-L. interrogans fliM-

Wunder et al. 2016

Lambert et al. 2012

Non-motile mutants in L. interrogans

o Screening of libraries of 
random mutants for growth 
deficiency

o Target mutagenesis

o Isolation of spontaneous 
non-motile variants

Ø Identification of novel flagellar proteins FcpA and FcpB (Wunder et al. 2016, 2018)



• Anti-FcpA antibodies specifically labelled the surface of PFs

• Diameters of PFs from fcpA- strains (mean 16.27 ± 2.88 nm) were significantly 
smaller than those from wt strains (mean 22.8 ± 2.01nm). 

FcpA is necessary for the formation of the flagellar sheath 
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Wunder et al. 2016



Virulence and translocation of the fcpA mutant

TEER average
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Translocation across polarized 
MDCK cell monolayers

Virulence assays by IP injection of 
106 bacteria in hamsters

L. interrogans fcpA -
/+

L. interrogans wt
L. interrogans fcpA -

Wunder et al. 2016

• the fcpA- mutant is attenuated in motility and virulence



Asymmetric architecture of the flagellar filament 

Cryo-ET (C. Sindelar, Yale university)
Gibson et al. 2020

Molecular model of the flagellar filament enabled by new cryo-ET averaging 
methods and two new X-ray structures of sheath proteins with novel folds

C

(A. Buschiazzo,
IP Montevideo)

X-ray 
structures 
of sheath 
proteins 
FcpA and 
FcpB with 
novel folds 

Gibson et al. 2020



Yonekura et al, 2003; San Martin, Fule et al, 2022

Salmonella enterica Leptospira biflexa

Cross-section of the flagellar filament

11 protofilaments of 
FliC (D0, D1, D2, D3)

core: 11 protofilaments of FlaBs (D0, D1)



Yonekura et al, 2003; San Martin, Fule et al, 2022

Unidentified
densities

Salmonella enterica Leptospira biflexa

Cross-section of the flagellar filament

11 protofilaments of 
FliC (D0, D1, D2, D3)

core: 11 protofilaments of FlaBs (D0, D1)
sheath: FlaA, FcpA, FcpB, flaAP, etc

FlaAP
FlaA2

FcpA
FcpB



Sheath proteins
(FlaAs)

FcpA

FcpB
FlaBs

FlaAs ?

3D model of the flagellar filament

Core proteins (FlaBs)

« simple » model more complex model



flaA2-

wt

Brady et al., 2022 (bioRxiv)

1
2

345
6
7
8

9 11
10

seam

What are the determinants of the flagellar-sheath curvature ?

Asymmetry in the core assembly (i.e. preferential positioning of FlaB isoforms) could contribute 
to curvature selection by recruiting specific sheath proteins 



Model for sheath-dependent flagellar motility in Leptospira 
spp

A B • Symmetric architecture of 
the filament

• Relaxed filaments
• Filament rotation does 

not induce body 
deformations

• Non-motile 

• Filament curvature is due to asymetrical binding of sheath proteins 
• Filament curvature is essential for intimate interaction between the flagella and 

cell body in the periplasmic space

• Asymmetric 
architecture of the 
filament

• Supercoiled filaments
• Hook- and spiral-

shaped ends
• Translational motility

on the accepted ‘bistable switch’ model from Salmonella 52,53, which 
posits that individual protofilaments exchange between ‘short’ and 
‘long’ conformations to control filament curvature. According to our 
hypothesis, FlaA would allosterically select for a shortened 
protofilament conformation (‘R’-type) and bind on one side of the 
filament to induce curvature (Fig. 8B), while FcpA and FcpB would 
serve to reinforce the selected curvature by stabilizing the 
remaining protofilaments in the longer ‘L’-type conformation (Fig. 
8C). In the absence of FlaA the model predicts that a straight form 
of the filament may be stabilized (Fig. 8D). Asymmetry in the core 
assembly (i.e. preferential positioning of FlaB1 on the outer 
curvature as indicated in Fig. 8E) could contribute to curvature 
selection by recruiting specific sheath proteins or some other 
mechanism. This model forms the basis for specific experiments 
we propose in Aim 2. 
Rationale for study hypotheses: 
Our preliminary data are sufficient to form detailed hypotheses 
regarding how Leptospira stabilize the functional, coiled state of 
their flagella. We demonstrated that the architecture of the 
endoflagellum in the Leptospira spirochete substantialy diverges 
from the canonical structure established for 
exoflagellates such as Salmonella. Moreover, the 
Leptospira flagellum possesses a complex protein 
composition organized into a highly asymmetric 
architecture, which enforces a marked curvature in the 
native state of this periplasmic assembly. In support of 
the hypothesis in Aim 1, we identified novel protein 
components in Leptospira (FcpA and FcpB), which are 
not currently known to exist in other bacteria, localize 
to the outer side of the curved flagellum and play 
important roles in setting the curvature of these 
filaments (particularly FcpA). We solved a 3D map of a 
spirochete flagellum at up to 10Å resolution (where X-
ray structures can start to be fitted) and produced 
ground-breaking X-ray structures of FcpA and FcpB, 
which in turn supports the feasibility of the proposed 
approach. We will pursue these approaches further, in 
order to solve the structure of this novel 
supramolecular assembly with atomic detail. 
Additional benefits: We found that subcutaneous 
inoculation of hamsters and mice with 107 fcpA- mutant 
strains of L. interrogans serovar Copenhageni caused 
a transient bacteremia but did not cause clinical disease or mortality. The single inoculation conferred complete 
protection of hamsters and mice when a lethal injection (108 bacteria) was given 21 days afterwards of wild-
type homologous serovar as well as five heterologous serovars. Immunization with attenuated motility-deficient 
strains therefore elicited cross protective immunity among the broad spectrum of serovars of human and 
veterinary public health importance, which has been the “holy grail” for leptospirosis vaccine development. 
Delineation of the molecular interactions in the flagellar complex that influence the generation of torque, motility 
and subsequently virulence may potentially identify improved “attenuated vaccine-optimized” mutants with 
downstream public health importance. 
III.3 Study sites and coordination plan (Table 2): 
The proposed study aims will be implemented as an 
integrated approach between laboratories at Yale and 
Institut Pasteur (Table 2). Dr. Sindelar (M-PI) at Yale, 
who has significant expertise in the use of cryo-EM in 
elucidating the structure and function of kinesins and 
other biological systems, has access to a recently 
acquired Titan Krios instrument and will coordinate the 
proposed cryo-EM and cryo-ET studies of Leptospira 
flagella and cells in Aims 1 and 2. He will rely on the 
collaboration of Dr. Liu (Co-I) who brings significant 
expertise in in situ cryoET analysis of spirochetes. Dr. 
Buschiazzo and his laboratory at Institut Pasteur in Table 2. Study timeline, performance sites and project 

coordination. 

Figure 8. Model for sheath-dependent curvature 
determination in the Leptospira flagellum.  

Figure 7. High-resolution subtomogram 
averaging of wild-type and FcpB- 
Leptospira flagella reveal the detailed 
sheath architecture. A. Axial projection of our 
wild-type map indicating the presence of a 
central pore, two concentric ‘core’ layers and a 
radially asymmetric outer ‘sheath’ later 
(dashed outlines). B, corresponding view of a 
reconstruction from a FcpB– deletion mutant, 
revealing four missing densities on the outer 
curvature that we assign as FcpB monomers 
(blue asterisks).  
 

on the accepted ‘bistable switch’ model from Salmonella 52,53, which 
posits that individual protofilaments exchange between ‘short’ and 
‘long’ conformations to control filament curvature. According to our 
hypothesis, FlaA would allosterically select for a shortened 
protofilament conformation (‘R’-type) and bind on one side of the 
filament to induce curvature (Fig. 8B), while FcpA and FcpB would 
serve to reinforce the selected curvature by stabilizing the 
remaining protofilaments in the longer ‘L’-type conformation (Fig. 
8C). In the absence of FlaA the model predicts that a straight form 
of the filament may be stabilized (Fig. 8D). Asymmetry in the core 
assembly (i.e. preferential positioning of FlaB1 on the outer 
curvature as indicated in Fig. 8E) could contribute to curvature 
selection by recruiting specific sheath proteins or some other 
mechanism. This model forms the basis for specific experiments 
we propose in Aim 2. 
Rationale for study hypotheses: 
Our preliminary data are sufficient to form detailed hypotheses 
regarding how Leptospira stabilize the functional, coiled state of 
their flagella. We demonstrated that the architecture of the 
endoflagellum in the Leptospira spirochete substantialy diverges 
from the canonical structure established for 
exoflagellates such as Salmonella. Moreover, the 
Leptospira flagellum possesses a complex protein 
composition organized into a highly asymmetric 
architecture, which enforces a marked curvature in the 
native state of this periplasmic assembly. In support of 
the hypothesis in Aim 1, we identified novel protein 
components in Leptospira (FcpA and FcpB), which are 
not currently known to exist in other bacteria, localize 
to the outer side of the curved flagellum and play 
important roles in setting the curvature of these 
filaments (particularly FcpA). We solved a 3D map of a 
spirochete flagellum at up to 10Å resolution (where X-
ray structures can start to be fitted) and produced 
ground-breaking X-ray structures of FcpA and FcpB, 
which in turn supports the feasibility of the proposed 
approach. We will pursue these approaches further, in 
order to solve the structure of this novel 
supramolecular assembly with atomic detail. 
Additional benefits: We found that subcutaneous 
inoculation of hamsters and mice with 107 fcpA- mutant 
strains of L. interrogans serovar Copenhageni caused 
a transient bacteremia but did not cause clinical disease or mortality. The single inoculation conferred complete 
protection of hamsters and mice when a lethal injection (108 bacteria) was given 21 days afterwards of wild-
type homologous serovar as well as five heterologous serovars. Immunization with attenuated motility-deficient 
strains therefore elicited cross protective immunity among the broad spectrum of serovars of human and 
veterinary public health importance, which has been the “holy grail” for leptospirosis vaccine development. 
Delineation of the molecular interactions in the flagellar complex that influence the generation of torque, motility 
and subsequently virulence may potentially identify improved “attenuated vaccine-optimized” mutants with 
downstream public health importance. 
III.3 Study sites and coordination plan (Table 2): 
The proposed study aims will be implemented as an 
integrated approach between laboratories at Yale and 
Institut Pasteur (Table 2). Dr. Sindelar (M-PI) at Yale, 
who has significant expertise in the use of cryo-EM in 
elucidating the structure and function of kinesins and 
other biological systems, has access to a recently 
acquired Titan Krios instrument and will coordinate the 
proposed cryo-EM and cryo-ET studies of Leptospira 
flagella and cells in Aims 1 and 2. He will rely on the 
collaboration of Dr. Liu (Co-I) who brings significant 
expertise in in situ cryoET analysis of spirochetes. Dr. 
Buschiazzo and his laboratory at Institut Pasteur in Table 2. Study timeline, performance sites and project 

coordination. 

Figure 8. Model for sheath-dependent curvature 
determination in the Leptospira flagellum.  

Figure 7. High-resolution subtomogram 
averaging of wild-type and FcpB- 
Leptospira flagella reveal the detailed 
sheath architecture. A. Axial projection of our 
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curvature that we assign as FcpB monomers 
(blue asterisks).  
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The endoflagellum in Leptospira

Ø A simple model of Spirochetes (T. pallidum is not cultivable, B. burgdorferi possess 
9-11 endoflagella)

Ø A more complex organization than expected : there is more than just FlaA and FlaB
Ø The filament is highly asymmetric (determinants of asymmetry ?) 
Ø Filament/cell body interactions to be studied
Ø Enable the spirochetes to rapidly cross connective tissues and barriers  (and to 

escape the recognition by the innate immune system)
Ø A novel mechanism of bacterial motility
Ø Use of non-motile mutant as live vaccines

• How do filament properties affect translational motility ?
• What are the evolutionary mechanisms that enable the flagellum to be located in the 

periplasm ?
• How the direction of flagella rotation is controlled and coordinated ?



Knowledge gaps

What is the true burden ? Cost in livestock ?

What are the drivers for the re-emergence ?

What is the relevance of environmental P1-/P2 
in Public health ? host reservoirs  ?

What could be the effective control measures ?

Early detection of disease

Bacterial ecology poorly understood

What are the mechanisms of host adaptation?

What are the key genetic and phenotypic 
changes undergone by P1+ ?

Limitations

Misdiagnosis common

Low sensitivity of diagnostic tests

Limited epidemiological informations

Culture isolation is fastidious

Neglected disease (not in the WHO list, limited funding)

No robust and cross-protective vaccines

Complex prevention (environment, reservoir, humans, etc)

Genetic manipulations in pathogens is challenging

Mechanisms different from those found in model 
bacteria

Leptospirosis : knowlegde gaps and limitations
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