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How to combat bacteriophages that 
disrupt food fermentations



Moved 

in 1994

To Cork



Value: 55 billion dollars 

~23 million metric 
Tonnes (2025 projection )Dairy fermentations using 

Lactic Acid Bacteria or LAB
(Lactococcus lactis/cremoris)

Annual cheese production:

Milk-to-cheese conversion using (traditional) biotechnology

This milk conversion process involves approx. two 
quintillion (2,000,000,000,000,000,000) bacteria!

Murphy et al., 2016, Sc. Rep.

Ideal for phage infections, causing 
problems in the fermentation process



L. lactis plus 
bacteriophage

Courtesy:
James Murphy (UCC) 
&  Tâm Mignot (CNRS, 
Marseille)



What can we do to prevent/minimize damage 
caused by phage attack of starter cultures?

Lots of research has been done:
•  A given phage will only attack a few strains of L. lactis
•  Milk is not sterile and introduces phages into factory
•  Once in the factory, impossible to eradicate

• How does a phage recognize a lactococcal host?
• What does it recognize?
• Can we mobilize indigenous phage immunity? 

Three major questions:



TP901-1
➢ Infect distinct strains though highly homologous

Tuc2009 & TP901-1 as lactococcal model phages

Tuc2009

TP901-1

Dit Tal BppU
BppL
 or 
RBP

Tripods



Veesler et al., PNAS, 2012; Legrand et al., mBio, 2016; 
Hayes et al., Mol Microbiol, 2018; Hayes et al., Viruses, 2019

Heteromultimeric baseplate complex: 6 Dit, (6x3=)18 
BppU, (6x3x3=)54 BppL (RBP),  ([6x2=]12 BbbA) 



L. cremoris UC509.9 L. cremoris 3107

Casey et al., 2022, mBio

GFP-labelled
Tripods Tuc2009

GFP-labelled
Tripods TP901-1



Ainsworth et al., AEM 2013, mBio 2014

Mutations in the cwps cluster of L. lactis MG1363 cause a PSP-negative 
phenotype and phage insensitivity

Chapot-Chartier et al., JBC 2010; Mahony et al., AEM, 2013; Sadovskaya et al., Mbio, 2017

[-2-α-L-Rha-2-α-L-Rha-3-α-L-Rha-]

[-6-α-GlcNAc-3-α-Rha-3-β-GlcNAc-2-β-Galf-6-α-Glc-P-]

6׀

α-Glc

• Cell pellet

• Treat with SDS, 

prot/nucleases, and 

Hydrofluoric acid

• Purify by SEC-HPLC

What does the phage recognize on the host???
The lactococcal cell envelope contains a cell wall polysaccharide (CWPS):

which consists of a conserved rhamnan plus a variable pellicle or PSP

PSP



Genetic diversity among cwps cluster and PSP structure
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Ainsworth et al., mBio, 2014
Mahony et al., AEM, 2015

Gene swapping of the variable region leads to PSP inversion (NMR surface 
scanning) and to host range swapping of TP901-1

99%
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L. Lactis genome sequencing reveals four cwps genotypes

Mahony et al., Mol Microbiol, 2020; Parlindungan et al., Int J Food Microbiol. 2024

Structures of representatives 
of each cwps genotype have 
been determined

RBP variation is correlated to the 
CWPS type of corresponding host 

(rational starter culture design)



Bacterial immunity

• Multiple and diverse bacterial phage defence systems

• Abortive infection (Abi) - one of the most common system in Lactococcus

Adsorption DNA injection

Incoming nucleic 
acids

Abi



Identification of novel antiphage systems

Plasmid genes grouped into 1020 families



Antiphage activity spectrum

• All except two effective against most frequently 

encountered phages

• Many systems on conjugative plasmids

• 20 functional antiphage systems identified

7 
novel



http://apc.ucc.ie

Conclusions & perspectives

• We know how phage recognizes host
• We can predict phage sensitivity of a strain
• Rational starter culture design

• Many new anti-phage systems identified (also in S. thermophilus 
(Kelleher et al., NAR, 2024)

• Allows ‘construction’ of phage immunity into lactococcal strains
• Problem solved!?



http://apc.ucc.ie
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