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CONCLUSIONS
It is difficult to predict how relevant
phage-resistance will be in vivo, as many
factors are expected to play a role. What
is sure is the fact that we need to
anticipate the emergence of resistance as
it will likely happen. Still, it could also
provide us with unexpected advantages.
Future studies should focus on
characterizing phage combinations that
minimize resistance and rule out those
that favor it. Some resistance
mechanisms are stil understudied so
future research should focus on what they
could bring to the table. This also opens a
way for phage genetic engineering to
delay resistance. Further research
focusing on exploiting fitness reduction to
design new therapies is also adviced.
There is ground to think that phages hold
more potential that is yet to be
discovered. 
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DISCUSSION
Bacteria can develop a wide range of defense
mechanisms targeting almost all steps of a
phage life cycle, as seen in Fig. 1. The most
damaging mechanisms fitness-wise have been
shown to be inhibition of adsorption through
cell wall modifications, capsule loss -both of
which are constitutive defenses-, or activation
of inducible defenses like CRISPR-Cas. Other
mechanisms might be costly as well but the
addition of new pathways may be less likely to
generate trade‐offs than de novo mutations of
existing genes related to phage receptors.
Phages counteradapt but, in any case, the
"arms-race" becomes progressively weaker
due to widely generalist adaptations on both
sides. 
.

INTRODUCTION
New therapies such as bacteriophage therapy
are needed to fight life-threatening infections
as antibiotic therapy is progressively more
limited due to resistance emergence. Phages
and bacteria have co-evolved for ages so even
though we know bacteria naturally develop
resistance against phage infection, so do
phages through counteradaptation
mechanisms. Therefore, phage-resistance
does not always imply a dead-end, as a
growing body of literature shows that
developing these resistance mechanisms to
successfully avoid infection usually comes at a
cost to bacterial fitness, which could be
exploited in our favor.

As portrayed in Graph 1, the majority of the
experimental studies reviewed show that in most
cases resistance is achieved at the cost of impairing
fitness. 
Fitnes trade-offs observed throughout this review,
also displayed in Table 1, turn out to be
advantageous for multiple purposes, but they are
especially relevant regarding antibiotic
resensitation (thus reenabling antibiotic therapy)
and vaccine production, as avirulent bacteria
provide protection against the virulent parent
strains but lack infective capacity. Knowing specific
bacteria-phage interactions also helps design
better and more effective phage cocktails.

OBJECTIVES
To determine: 
-what specific phage-resistance
mechanisms bacteria may develop
against phages as antimicrobial agents
-Whether they really imply a fitness cost
-Which ones entail a higher fitness cost
-How science can take advantage of
these trade-offs

METHODOLOGY
Extensive search of scientific literature related
to the chosen topic was conducted in reliable
and well-established documentation sources
such as the Pubmed and Google Scholar
databases.
Word search: “phage therapy”, “phage
resistance”, “antibiotic AND phage
resistance”, “bacterial fitness trade-offs”,
“phage-resistance cost”.
All of the selected information was thoroughly
read and deeply analyzed once the objectives
were established in order to draft the main
body of work and draw pertinent conclusions.

BIBLIOGRAPHY
1.  Gordillo Altamirano F, Forsyth JH, Patwa R, Kostoulias X, Trim M, Subedi D, et al. Bacteriophage-
resistant Acinetobacter baumannii are resensitized to antimicrobials. Nat Microbiol. 2021 Feb;6(2):157. 
2. Sørensen PE, Baig S, Stegger M, Ingmer H, Garmyn A, Butaye P. Spontaneous Phage Resistance in
Avian Pathogenic Escherichia coli. Front Microbiol. 2021 Dec 13;12:782757. 
3. Majewska J, Beta W, Lecion D, Hodyra-Stefaniak K, Kłopot A, Kaźmierczak Z, et al. Oral Application
of T4 Phage Induces Weak Antibody Production in the Gut and in the Blood. Viruses. 2015 Aug
20;7(8):4783–99. 
4. Duerkop BA, Huo W, Bhardwaj P, Palmer KL, Hooper LV. Molecular Basis for Lytic Bacteriophage
Resistance in Enterococci. mBio. 2016 Aug 30;7(4):e01304-16. 
5.  Hesse S, Rajaure M, Wall E, Johnson J, Bliskovsky V, Gottesman S, et al. Phage Resistance in
Multidrug-Resistant Klebsiella pneumoniae ST258 Evolves via Diverse Mutations That Culminate in
Impaired Adsorption. mBio. 2020 Jan 28;11(1):e02530-19. 
6. Hung CH, Kuo CF, Wang CH, Wu CM, Tsao N. Experimental Phage Therapy in Treating Klebsiella
pneumoniae-Mediated Liver Abscesses and Bacteremia in Mice. 2011 Apr;55(4):1358–65. 
7. Denes T, den Bakker HC, Tokman JI, Guldimann C, Wiedmann M. Selection and Characterization of
Phage-Resistant Mutant Strains of Listeria monocytogenes Reveal Host Genes Linked to Phage
Adsorption. Applied and Environmental Microbiology. 2015 Jul;81(13):4295–305. 
8.  Sumrall ET, Shen Y, Keller AP, Rismondo J, Pavlou M, Eugster MR, et al. Phage resistance at the cost
of virulence: Listeria monocytogenes serovar 4b requires galactosylated teichoic acids for InlB-
mediated invasion. Kline KA, editor. PLoS Pathog. 2019 Oct 7;15(10):e1008032. 
9. Oechslin F, Piccardi P, Mancini S, Gabard J, Moreillon P, Entenza JM, et al. Synergistic Interaction
Between Phage Therapy and Antibiotics Clears Pseudomonas Aeruginosa Infection in Endocarditis
and Reduces Virulence. J Infect Dis. 2017 Mar 1;215(5):703–12. 
10.  Chan BK, Sistrom M, Wertz JE, Kortright KE, Narayan D, Turner PE. Phage selection restores
antibiotic sensitivity in MDR Pseudomonas aeruginosa. Sci Rep. 2016 Jul;6(1):26717. 
11.   Capparelli R, Nocerino N, Iannaccone M, Ercolini D, Parlato M, Chiara M, et al. Bacteriophage
Therapy of Salmonella enterica: A Fresh Appraisal of Bacteriophage Therapy. J INFECT DIS. 2010
Jan;201(1):52–61. 
12. Capparelli R, Cuomo P, Papaianni M, Pagano C, Montone AMI, Ricciardelli A, et al. Bacteriophage-
Resistant Salmonella rissen: An In Vitro Mitigated Inflammatory Response. Viruses. 2021 Dec
9;13(12):2468. 
13.  Yen M, Cairns LS, Camilli A. A cocktail of three virulent bacteriophages prevents Vibrio cholerae
infection in animal models. Nat Commun. 2017 Feb 1;8:14187. 
14. Azam AH, Tanji Y. Bacteriophage-host arm race: an update on the mechanism of phage resistance
in bacteria and revenge of the phage with the perspective for phage therapy. Appl Microbiol
Biotechnol. 2019 Mar 1;103(5):2121–31. 

Fig. 1. Main bacterial resistance mechanisms against phages 

Table 1. Reviewed experimental studies on the relationship between phage resistance/ impact on bacterial fitness 
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