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L-Form Bacteria

• L-form/L-phase/cell wall-deficient

• Discovered in 1935 by Emmy 
Klieneberger-Nobel at the Lister 
Institute

• 4 types:
• Spheroplasts: Unable to divide

• Stable and Unstable
• Protoplasts: Able to divide

• Stable and Unstable

(Allan et al., 2009, Adv Appl Microbiol.)
3



L-Forms as a novel Antimicrobial Resistance 
mechanism

• Cell-wall components recognized by immune system
• Target for immune effectors
• Target for antibiotics

• 1960s-80s 
• Charache, P : Cell wall-defective bacterial variants in human disease. Ann N Y 

Acad Sci 1970; 174: 903–911
• Dienes, L : The development of Proteus cultures in the presence of penicillin. J 

Bacteriol 1949; 57: 529–546
• Tulasne, R, Vendrely, R: Cytology of Staphylococci before and after treatment 

with penicillin. Nature 1948; 316–317
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Urinary tract infection (UTI)

• Infection in any part of urinary 
system
• Most common outpatient 

infection
• 11% prevalence
• 20% in >65 women

• 40-60% women will have a UTI in 
their lifetimes
• 25% have rUTI

• Annual cost of $1.6 billion 
in US

(Sihra et al., 2018, Nature Reviews Urology)
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Uropathogenic Escherichia coli (UPEC)

• Agents causing UTIs 
are commensal 
organisms 
• 50-80% UTIs cause 

by E. coli

(Flores-Mireles et al., 2015, Nat Rev Microbiol.)
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Re-streak for DNA 
isolation and
Strain 
identification

Urine sample

Filter samples with 
0.45 μm cut off filters

Semi-liquid 
osmoprotective

medium

Incubate at 30°C 
for up to a month 

MicroscopyL-Forms found in 
elderly rUTI patients

• 360 samples
• 30 rUTI patients donated urine 

every 2 weeks for 6 months
• 0.45 μm filters
• Filtered into osmoprotective 

media 
• Incubated for 1 month

• Controls
• W: 12 samples of BW25113 E. coli 

walled bacteria
• L: 12 samples of BW25113 E. coli L-

form bacteria
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L-Forms found in rUTI urine samples via 
phase contrast microscopy

• Fresh urine 
samples phase 
contrast 
microscopy

• How can we be 
certain these 
are L-form 
bacteria?
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L-Forms found in rUTI patients via 
fluorescence in situ hybridisation (FISH)

• fixed and stained 
DAPI and fluorescent 
DNA probe against 
bacterial 16S rRNA 
(BAC 16S)
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E. coli switches between L-form and walled 
states

• E. coli time-lapse 
microscopy in presence 
of phosphomycin, 
• with and without 

osmoprotection

• No osmoprotection
• Lysed within 2.5 hours 

• With osmoprotection
• survived and 

transitioned to L-form
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L-form E. coli reverts to walled states following 
phosphomycin removal

• 5 h time lapse 
• 40 min increments 

• L-form E. coli time-
lapse microscopy in 
removal of 
phosphomycin

• Urine supports the 
growth of L-form 
E. coli 
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L-form switching time-lapse
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E. coli time-lapse microscopy in 
presence of phosphomycin.

E. coli time-lapse microscopy in 
absence of phosphomycin 



Summary: L-form transition allows bacteria to 
evade antibiotic challenge in rUTIs

• L-form switching is a clinically relevant phenomenon that 
may contribute to the recurrence of infection in rUTI
patients
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Can other bacteria become L-forms?
Infectious agent Example on ability to switch to L-form

Klebsiella 
pneumoniae

Cross et al., Spheroplast-Mediated Carbapenem Tolerance in 
Gram-Negative Pathogens. Antimicrob Agents Chemother. 2019 
Aug 23;63(9):e00756-19. doi: 10.1128/AAC.00756-19. PMID: 
31285232; PMCID: PMC6709500.

Proteus mirabilis Tölg et al., Dependence of induction of enterobacterial AmpC
beta-lactamase on cell-wall peptidoglycan, as demonstrated in 
Proteus mirabilis and its wall-less protoplast L-form. J Gen 
Microbiol. 1993 Nov;139(11):2715-22. doi: 10.1099/00221287-139-
11-2715. PMID: 8277255.

Pseudomonas 
aeruginosa

White et al., Cell wall characteristics of Pseudomonas aeruginosa 
and its carbenicillin-induced L-form. Acta Biol Acad Sci Hung. 
1978;29(1):67-74. PMID: 112813.

Enterococcus spp. Kawai et al., Crucial role for central carbon metabolism in the 
bacterial L-form switch and killing by β-lactam antibiotics. Nat 
Microbiol. 2019 Oct;4(10):1716-1726. doi: 10.1038/s41564-019-
0497-3. Epub 2019 Jul 8. PMID: 31285586; PMCID: PMC6755032. 14



Can other bacteria become L-forms?

• Cross et al., 
Spheroplast-Mediated 
Carbapenem Tolerance 
in Gram-Negative 
Pathogens. 

• Overnight cultures of 
isolates were 
subcultured into 
prewarmed BHI+ liquid 
medium containing 
10 μg/ml meropenem

(Cross et al., 2019, Antimicrob Agents Chemother.)
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Antibiotics used for UTIs

• resistance of UPEC to 
antimicrobial agent ranges 
from 14.6% to 60%
• Antibiotic sensitive bacteria 

could L-form switch and 
persist
• Unable to be found by current 

routine testing

• Understanding the 
mechanism of L-form 
switching can inform clinician 
choice of treatment

Antibiotic 
treatment

Target

Nitrofurantoin Bacterial ribosomal proteins

Amoxicillin-
clavulanic acid

Cell wall synthesis

Phosphomycin Cell wall synthesis

Cefuroxime Cell wall synthesis

Levofloxacin DNA gyrase

Ciprofloxacin DNA gyrase

Sulfamethoxazole
-trimethoprim 

Folic acid pathway
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(chp.gov.hk, ”Guidance notes for uncomplicated cystitis”)
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Conclusions and future directions

L-forms provide a source of bacterial survivors during cell wall specific 
antibiotics

• Continue proliferating during treatment
• Revert to walled state

L-form switching may be an underappreciated mechanism of antibiotic 
tolerance in chronic infections

Further understanding of L-forms may inform clinicians on better choices of 
treatment

Further understanding of mechanisms of L-form switching may allow 
development of a rapid test
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Thank you for listening.
Any questions? 
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Supplementary slides
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Methods for identifying L-forms?

• Modified Gram 
stain
• Requires 

culturing with 
L-form media 
before fixing 
and staining
• L-forms are red 

due to 
counterstain

(Allan et al., 1992, Letters in Applied Microbiolo.)
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Methods for 
identifying L-forms?

• Glover et al., (2009) Insights into the 
Molecular Basis of L-Form Formation 
and Survival in Escherichia coli
• csB, ruvA, fur, and smpA that are 

essential in the formation or survival 
of L-form colonies
• Pathways involved: 

• Cell envelope stress
• DNA repair 
• Iron homeostasis
• Drug efflux/ABC transporters
• Outer membrane biogenesis

(Glover et al., 2009, PLOS one)
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Methods for 
identifying L-forms?

• L-form switching in B. subtilis 
• Two point mutations are needed for L-

form growth in B. subtilis 

1. rodA -> induces L-form, unable to grow
• Peptidoglycan glycosyltransferase RodA
• cell wall elongation and the maintenance of 

the rod cell shape

2. ispA -> prevent lysis of L-form during 
growth
• catalyzes the formation farnesyl 

pyrophosphate
• required for synthesis of the precursors for 

peptidoglycan (lipid II) and wall teichoic 
acid
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In vivo model
• Transparent zebrafish 

larvae

• A-D: L-form E. coli injected 
in vivo with/without antb
• L in antb
• L->N without antb

• E-G: Injected with 
walled/L-form E. coli 
without antb
o L->N switch in vivo

• Homogenise embryo L
and plated then counted 
colonies

24



Other ways in which L-forms can be 
generated naturally

• Bacterial Cells Evade 
Antibiotic Action of PenG
by Interacting with 
Macrophages 
• Interaction with lysozymes

can induce L-form 
switching

(Kawai et al., 2018, Cell)
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Other ways in which L-forms can be 
generated naturally

“L-form switching is a 
common response of 
pathogenic E. coli 
strains to cell wall 
targeting antibiotics 
and that the most 
commonly used lytic 
bacteriophages are 
ineffective against 
them in this state”

(Fabijan et al., 2021, bioRxiv preprint)
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Other ways in which L-forms can be 
generated naturally

• Microfluidic channels 
(constrictions)
• E. coli L-forms are 

derived after 
penetrating channels 
with a width that is 
smaller than their 
diameter
• L-form switching 

appears to be a stress 
response

(Männik et al., 2009, PNAS)
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Other strains of pathogenic E. coli isolated from 
other specimen types display L-form switching due 
to stress from meropenem and lytic phages

(Fabijan et al., 2021, bioRxiv preprint)
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Routine microbiological media is hypotonic 
and does not support L-form growth 

L-form

N-form
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L-forms provide a route for antibiotic evasion

• patient UTI343
• treated with 

phosphomycin
(donation 6)
• Significant viable 

bacterial >1 × 105

• UPEC strain ST144
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Parent (N-form)

Spheroplast Protoplast

Spheroplast L-forms:
1. Stable
2. Unstable

Protoplast L-forms:
1. Stable
2. Unstable

Lytic enzymes/other 
inhibitors of cell wall 
biosynthesis
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Re-streak for DNA 
isolation and
Strain identification

Urine sample

Filter samples with 
0.45 μm cut off filters

Semi-liquid 
osmoprotective

medium

Incubate at 30°C 
for up to a month 

Microscopy


