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Abstract: As bacteriophages (phages) are viruses that infect and destroy bacterial cells,
they can be considered natural bactericides that can either directly or indirectly contribute
to the achievement of the United Nations Sustainable Development Goals (UN SDGs)
on health and well-being, food production and food security, as well as environmental
protection and climate change mitigation, thus contributing to the success of the European
“One Health” strategy to combat antimicrobial resistance in humans, animals, plants, and
the environment. The biological activity of lytic bacteriophages can operate in the fields
of microbiology and biotechnology for clinical, veterinary, agricultural, and industrial
applications, among others, to achieve the proposed goals, mainly because the phages
can help increase crop productivity by reducing bacterial diseases; constitute alternative
therapies against infections caused by multidrug-resistant bacteria; can reduce populations
of pathogenic bacteria that contaminate soil and water, therefore ensuring healthier and
safer food production; and they can help reduce environmental pollution caused by the
presence of agrochemicals and antibiotics. Phage-based therapies developed through
research and innovation have the potential to promote greater global food security and
health in a more environmentally friendly and eco-sustainable way.

Keywords: virus; phage; biological control; phage therapy; biotechnological application;
resistant bacteria; agrochemical; antibiotic; global health; SDGs

1. Introduction
To achieve a more sustainable future, it is essential to make optimal use of all natural

resources, including the microorganisms found in ecosystems, such as bacteriophages,
the viruses of bacteria [1,2], abbreviated as phages. These viruses are highly abundant
and possess valuable biological properties. Phages specifically target and replicate within
bacteria while leaving other living organisms unharmed. They were first discovered
in 1915 by Frederik William Twort and in 1917 by Felix d’Herelle, who noticed their
potential to kill bacteria [1]. Since then, phages have been extensively studied, mainly
due to their ability to treat bacterial infections, which can lead to numerous potential
biotechnological applications [3,4]. They are recognized as potent natural antimicrobials,
making them suitable for the sustainable and safe treatment of bacterial infections in
humans, animals and plants. In fact, phages can serve as an alternative or complement
to traditional antibiotics and other chemical antimicrobials [4–7]. This approach aligns
with the Sustainable Development Goals (SDGs) established by the United Nations (UN)
as part of the 2030 Agenda for Sustainable Development [8]. These goals represent a
global effort to address social, economic, and environmental challenges. Additionally,
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they correspond with the European “One Health” Action Plan, which aims to combat
antimicrobial resistance in humans, animals (2017/2254/INI) and, more recently, in plants
of agronomic interest [9].

Based on their life cycles, bacteriophages can be classified into two main types: lytic
and lysogenic [10,11]. Lytic, or virulent, phages act as natural antimicrobials with a bacteri-
cidal effect. After infecting their target bacterium, they utilize their metabolic machinery
to replicate themselves and ultimately destroy the host cell through lysis when numerous
new virions are released. On the other hand, temperate or lysogenic phages integrate their
genome into that of the host bacterium and replicate as a prophage without causing cell
lysis. Therefore, lytic phages are considered the most important for controlling or treating
pathogenic bacteria [7,12].

Bacteriophages and their lytic proteins are primarily used to treat multi-resistant
bacterial infections [4,13,14]. They also have other notable applications; for instance, bacte-
riophages and their enzymes can effectively disrupt the biofilms formed by their bacterial
hosts [14,15]. Biofilms pose a significant challenge in eradicating bacterial infections, even
when the bacteria are susceptible to antibiotics. This can lead to the re-establishment of
biofilms after treatment. Some bacteriophages produce depolymerases that can either
prevent biofilm formation or break down existing biofilms, thereby enhancing their ability
to lyse the target bacteria [16–18]. Additionally, bacteriophages can be employed in the
biodetection of pathogens [19]. This approach consists of identifying pathogens by detect-
ing their specific phages, and other applications are related to the synthesis of their lytic
proteins [20]. Phage-based biodetection is considered a very useful tool for monitoring
and ensuring the safety of various products, such as food and drugs, and identifying
pathogens in environmental samples [19,21]. Moreover, bacteriophages can be used for
the improvement and/or modification of the gut microbiota. Thus, the consumption of
phages as probiotics can contribute to the reduction in the use of antibiotics in humans
and animals, as well as other types of pollutants in the environment [22–25]. In relation to
that, bacteriophages have been proposed to decrease livestock-produced methane. Since
ruminal fermentation usually leads to methane generation, phage treatment would cause
perturbations of the microbial populations taking part in this process, resulting in decreased
production [26]. Other uses of bacteriophages include biogas production, which is a renew-
able energy source, since phage cocktails have been shown to act as efficient enhancers of
biogas production in the anaerobic digestion processes taking place in industrial bioreac-
tors [27]. In a similar way, phages have a beneficial role in the inhibition of contaminating
bacteria during industrial fermentation processes, which traditionally relied on chemicals
and/or antibiotics. Such is the case of fermentations by yeasts, where phages can improve
ethanol production by suppressing unwanted lactic and acetic acids through the inhibition
of the target undesirable bacteria [28].

One significant advantage of bacteriophages is their high specificity [12,20,29]. They
usually infect only one pathogenic bacterial species without harming the beneficial micro-
biome of the host or the surrounding environment, making them environmentally friendly.
Bacteriophages replicate solely within the target bacteria and do not infect animal or plant
cells, ensuring their safe use. Therefore, their utilization as antibacterial agents does not
cause an ecological impact, being much less detrimental to bacterial communities compared
to antibiotics [30]. In general, they are natural biological components of the ecosystems,
contributing to the maintenance of the bacterial population balance [31]. Phages can also
be involved in horizontal gene transfer events between bacteria, which can generate the
acquisition of genes related to antibiotic resistance or virulence factors [32]. For this reason,
prior to the selection of the phages for therapy, it is usually advisable to perform a suitable
genomic analysis that can rule out the presence of such genes. As bacterial predators,
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lytic phages are typically needed in low concentrations, since their natural replication in
the infected area increases the likelihood of contacting the target bacteria, and therefore
very few doses are required after the initial administration [6,33]. Bacteriophages can
be combined with other prevention or control strategies, both sustainable and chemical,
which adds to their versatility [34–37]. They can be administered through various routes,
depending on how the pathogenic bacteria enter the host, whether orally, intravenously,
subcutaneously or transcutaneously in humans and animals, or via irrigation, soil drench-
ing or the spraying of aerial parts in plants [33,38]. Significantly, they do not alter the
organoleptic properties of foods and are generally unaffected by standard preservation
methods [39]. In addition, their production costs are generally low, although large-scale
phage manufacturing either for phage therapy or the biocontrol of pathogenic bacteria is
frequently a specific and strongly controlled process, which makes it advisable to optimize
previous key operational parameters in order to increase the cost-effectiveness rate [33,40].
Issues such as the cost of updating phage-cocktails or combining them with other antimi-
crobials should be addressed. In some cases, such as phage therapy for human health, there
might be an increment in costs due to a lack of large-scale clinical trials, which might be
compensated by a shorter treatment period compared to that required by antibiotics and,
consequently, reduced healthcare costs. Thus, moving from a laboratory-scale validation
and a successful scale-up of phages in bioreactors to an industrial level would benefit
from optimized scalable methods or simulation models aimed at minimizing costs while
maximizing efficiency [40,41].

The use of bacteriophages, while promising, may be limited due to their narrow host
range [12]. This challenge can be addressed by employing phage cocktails, consisting
of formulations targeting multiple bacterial strains simultaneously, which, additionally,
help to overcome development of bacterial resistance [20,33,42]. Several mechanisms by
which bacteria can become resistant to phage infection are known, which could inhibit
successful treatment outcomes. These include mutation of the surface receptors involved in
phage recognition, interference in phage replication and bacterial suicide [43,44]. However,
some cases of phage therapy applied to animals indicate that these bacterial mutations
can result in fitness costs in the phage-resistant variants, which could eventually benefit
the host [43]. Additionally, it has been reported that bacterial cells experience altered
susceptibility to antibiotics after developing phage resistance [45]. Therefore, the use of
phage cocktails or their combination with other substances stands out as an appropriate
strategy to combat phage bacterial resistance [43,45]. Clinical studies have generally
demonstrated that bacteriophages are safe and tolerable for human and animal use [46],
presenting a lower risk of adverse side effects compared to certain antibiotics. Although
there is some evidence of mild immune responses to phages, these responses are usually
manageable [47]. Given the considerable potential that phage therapy demonstrates beyond
human and animal health, there is a need to establish a thorough international regulatory
framework. The legal handling of this therapy poses questions such as whether fixed-
ingredient phage cocktails belong to a particular type of medicinal bioproducts and how to
regulate the technical ways in which phages can be manufactured and administered [48].
Only by recognizing the importance of conducting more well-controlled clinical trials,
leading to the official licensure of phage therapy, and by forming international expert
committees where specialists can reach agreements, will countries across the world be able
to best overcome the current regulatory hurdles [48,49].

With increasing regulatory pressure on governments and organizations to meet the
Sustainable Development Goals of the 2030 Agenda, identifying a common framework
to address them has become an urgent priority [50]. Many countries have adopted the
“One Health” strategy and the SDGs as part of their national policies, including those in
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the European Union Green Pact. The overarching objective is transitioning to a greener,
healthier, and more sustainable economy. However, the rise in antimicrobial resistance
among bacterial pathogens seriously threatens global health and hinders efforts to achieve
the SDGs [51]. Antimicrobial resistance is one of the main global threats to health and
has significant implications for the world economy [33,51,52]. In response to this growing
concern, there is an increasing demand for novel, innovative, and effective antimicrobial
treatments that are able to reduce or eliminate the bacterial infections and/or limit the
spread of emerging diseases under the “One Health” framework [52]. In recent years,
research on bacteriophages has significantly increased, especially focusing on designing
optimal phage cocktails to combat bacterial infections successfully. The goal is to develop
new therapies based on phage activity that are more sustainable and environmentally
friendly for controlling bacterial infections in humans, animals, and plants, as well as
for managing pathogens and/or undesirable bacteria in food and the environment [5,6].
Some of these therapies have already been patented [53–56], and the commercialization
of phage-based bioproducts is progressively increasing in the fields of microbiology and
biotechnology [5,39,52].

2. Bacteriophages and Sustainable Development Goals
In terms of achieving the 17 internationally agreed UN SDGs [8], bacteriophages can

contribute to these goals, either directly or indirectly, as follows (Figure 1):
With respect to UN SDG 1 “No Poverty”, which aims to end global poverty and

privation, phages can be relevant through their applications in health, sanitation, food
production, and environmental sustainability [50,57,58]. Phage therapy offers a more
affordable alternative to antibiotics for treating multidrug-resistant bacterial infections, not
only in humans but also in crops and livestock, reducing losses from bacterial infections,
improving agricultural yields, and securing the livelihoods of rural households. In addition,
in food safety, by improving food preservation and controlling food-borne diseases [5,59],
as well as in the bioremediation of bacterial contaminated environments [60], promoting
health, food safety, and a healthier environment in areas with fewer economic resources.

In relation to UN SDG 2 “Zero Hunger”, bacteriophages can be employed for the
biological control of pathogens in food, helping to reduce food contamination and the
incidence of foodborne bacterial infections, thereby enhancing food security [5,6,20,61,62].
Phages serve as effective and specific natural predators of various bacterial species. They
can be utilized as therapeutic agents in aquaculture, crop farming, livestock farming,
and agriculture, and as biopreservatives in food production [5,42,59,62–64]. The use of
phages reduces the reliance on antibiotics in animal and crop production, thus promoting
more sustainable and safe food production while decreasing the application of chemical
antimicrobials [4].

UN SDG 2 “Zero Hunger” is closely related to UN SDG 3 “Global Health and Well-
Being”. The implementation of bacteriophage-based therapies is considered a promising
alternative or complement to antibiotics, especially given the current rise in antimicro-
bial resistance among significant pathogenic bacteria affecting humans, animals, and
plants [5,6]. Phages specifically target their host bacteria, eliminating pathogenic strains
without harming beneficial microbiota. Recent literature includes numerous successful
examples of phage therapy managing chronic and complex infections in humans, animals,
and plants [5–7,42,65]. Additionally, phage therapy allows for the reduction in the usage of
antibiotics and chemicals in medicine, veterinary practices, and agriculture, while keep-
ing under control the spread of multidrug-resistant bacteria, which is crucial for global
health [51].
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On the other hand, bacteriophages can have a role in the UN SDG 4 “Quality Ed-
ucation”, which aims for inclusive and equitable training for sustainable development.
Both, education and the dissemination of information are essential to promote social
acceptance for the widespread use of phages, and therefore favorable reception among
consumers [66,67]. Raising public awareness about the benefits of bacteriophages and
the necessity for regulatory changes to combat multidrug resistance is a significant chal-
lenge. There is a pressing need to inform the public about the safety and advantages
of phage therapy and other biotechnological applications to foster understanding and
acceptance [5,66,68]. Science projects that directly involve citizens can play a vital role
in this effort by promoting scientific literacy and community engagement, which can ac-
celerate the development of new therapies for treating resistant bacterial infections in
humans, animals, and plants [69,70]. Educational initiatives to collaborate with society to
raise awareness about phages as beneficial viruses that are potentially effective against
multidrug-resistant bacteria can contribute to inspiring pre-university students to pur-
sue careers in science [68,71,72], as well as to raising awareness among citizens about
antimicrobial resistance.
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UN SDG 4 “Quality Education” can be related to UN SDG 5 “Gender Equality”.
Although the relationship between phages and UN SDG 5, which aims to achieve parity
and equal opportunities for women, may not seem obvious, connections can be made when
placed in a broader societal context, such as the scientific research in bacteriophages and
their multiple applications, an emerging field in microbiology and biotechnology [4,61,73].
Supporting and encouraging the participation of women in phage research and STEM
(Science, Technology, Engineering, and Mathematics) careers can help to promote gender
equality and the inclusion of women into the professional world related to these scientific
matters [74].

UN SDG 2 “Zero Hunger” and UN SDG 3 “Global Health and Well-Being” are closely
related to UN SDG 6 “Clean Water and Sanitation”. Bacteriophages can enhance the
availability of clean water by playing a role in the remediation of water contaminated
with pathogenic bacteria. They can be used to treat urban sewage and other wastewater
effectively by reducing or eliminating bacterial pathogens [60], as well as agricultural
irrigation water contaminated with plant pathogenic bacteria [6,42]. This application
improves water quality, decreases the risk of transmission of waterborne disease to humans,
animals, and plants, mitigating the spread of bacterial resistance and revealing that phages
are valuable for addressing current health and environmental challenges.

Bacteriophages can contribute to UN SDG 7 “Affordable and Clean Energy” at least
indirectly, by improving the efficiency and sustainability of waste-to-energy technologies
for biofuel production [27,53]. Phages can help manage bacterial infections that can disrupt
fermentation processes, decreasing energy waste and enhancing biofuel and bioethanol out-
comes [28]. This supports the transition to cleaner and more sustainable energy generation,
reducing dependence on fossil fuels.

UN SDG 4 “Quality Education” and UN SDG 5 “Gender Equality” are, in most cases,
interconnected with UN SDG 8, “Decent Work and Economic Growth”. Bacteriophages
and their applications can assist in achieving UN SDG 8 through the creation of new jobs
in the fields of microbiology and biotechnology and/or the implementation of practices
favoring the development of sustainable agriculture, livestock, and fish farming while
reducing production costs [5,38,75]. The biotechnological applications of phages contribute
to opening new lines of work to implement innovative safe strategies for an environmentally
sustainable economic development [3,4,13,20].

The previous UN SDGs are also linked to UN SDG 9 “Industry, Innovation and
Infrastructure”, which emphasizes building resilient infrastructure, promoting sustainable
industrialization, and fostering innovation. Phages, either alone or in combination with
other biological or chemical strategies, can stimulate research and innovation, leading to
new biotechnological applications in the agri-food industry, environmental bioremediation,
and global health [20,24,28,57,61].

The use of bacteriophages can be relevant to UN SDG 10 “Reduced Inequalities”,
which focuses on addressing social disparities, mitigating differences and bridging gaps
among and within countries, being related to other UN SDGs. Phage applications can
reduce inequalities in health, facilitate access to clean water and sanitation, and contribute
to food security and the production of organic and sustainable food [21,42,62]. They can
contribute to the development of more accessible antimicrobial therapies against multi-
resistant bacterial infections in humans, animals, and agriculturally relevant plants and
improve food security for populations in countries with less developed health systems,
food safety services, and food production [76].

Phages have the potential to contribute to UN SDG 11 “Sustainable Cities and Commu-
nities” by promoting public health, food security, and environmental sustainability in the
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urban environment [52]. Their use supports urban resilience, manages bacterial infections,
reduces urban pollution, and promotes sustainable urban development.

The contribution of bacteriophages to the achievement of the UN SDGs includes UN
SDG 12 “Responsible Consumption and Production”. Thus, phages represent a sustainable
alternative to antibiotics in aquaculture, agriculture, and animal husbandry, which can help
reduce bacterial multiresistance and the environmental impact associated with the use of
antibiotics and agrochemicals [4–6,58].

Moreover, all of these UN SDGs relate to UN SDG 13, which is centered on “Climate
Action”. Using phages in bioremediation can sustainably reduce bacterial contamination
in natural environments such as water and soil, particularly from sanitary and agro-food
wastewater. This contributes to the remediation of these contaminated environments while
decreasing reliance on agrochemicals and antibiotics [6,51,58,60,77]. Furthermore, the
implementation of phage activity in agriculture can mitigate the adverse effects of climate
change, promote sustainability, and ensure food security in an evolving climate [58].

Phages also benefit UN SDGs 14 and 15, which focus on “Life below Water” and “Life
on Land,” respectively, due to their multiple applications in animal and plant produc-
tion [6,24,26,61,62,75,78].

In the same way, bacteriophages can contribute to UN SDG 16 “Peace, Justice and
strong Institutions” by providing more affordable, economical, safe, and environmentally
friendly alternatives in public health, food production systems, and the bioremediation of
contaminated environments, particularly in developing countries [76].

Phages support UN SDG 17 “Partnerships for the Goals” by promoting knowledge
sharing and cooperation in global research and technology transfer. This promotes equitable
access to phage-based solutions to achieve many of the Sustainable Development Goals in
health, agriculture, and environmental sustainability [50].

3. Conclusions
In the context of the bactericidal activity of phages, a number of synergies can be

identified that may help achieve multiple sustainability goals. Bacteriophage-based biotech-
nological innovations are crucial for attaining most of the UN SDGs and have the potential
to facilitate a rapid transition to a sustainable global economy. However, despite their
beneficial impacts on the UN SDGs, it is surprising that research and biotechnological devel-
opment related to bacteriophages are not included in government policies [49,50]. There are
still several challenges in implementing phage uses and applications across various sectors,
such as medicine, aquaculture, agriculture, livestock, and bioremediation. These challenges
often originate from the lack of clear regulations for each phage administration and/or
treatments, which are necessary to ensure their efficacy and safety [73]. Additionally,
funding limitations pose a significant barrier to the widespread adoption of phage-based
technologies. To successfully implement these innovations, financial and regulatory policies
must be created that acknowledge the unique potential of bacteriophages.

Research has shown that phage-based technologies could help combat antimicrobial
resistance, enhance global food security in an environmentally sustainable way, and con-
tribute to achieving most of the UN SDGs outlined in the 2030 Agenda. However, raising
public awareness about the benefits and safety of phages for global health and sustainability
is essential for their widespread acceptance and use in the society.

Phages have been identified as a potentially effective solution to the global threat posed
by multidrug-resistant bacteria. Taking into consideration the mounting challenges created
by antimicrobial resistance, there is an urgent need to explore phage-based interventions as
a means to enhance global health security and to facilitate the development of a safer and
healthier future.
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