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The microbiome encompasses the genomes of the microorganisms that inhabit specific environments. One Health
is an emerging concept, recognised as a cohesive, harmonising approach aimed at sustainably improving the well-
being of humans, animals, and the environment. The microbiome plays a crucial role in the One Health domain,
facilitating interactions among humans, animals, and the environment, along with co-evolution, co-development,

co-metabolism, and co-regulation with their associated humans and animals. In addition, the microbiome regu-
lates environmental health through interactions with plant microbiota, which actively participate in substance
cycling (particularly the carbon and nitrogen cycles) and influence the overall energy flow in the biosphere.
Moreover, antibiotic resistance genes present in microbiota can lead to widespread drug resistance in both
humans and animals. This review explores the impact of the microbiome on humans, animals, and the envi-
ronment, highlighting the significance of focusing on this field in One Health research.

1. Background

One Health is defined as an integrated, unifying approach that aims to
sustainably balance and optimise the health of people, animals, and
ecosystems according to a statement newly launched by the One Health
High Level Expert Panel in 2021 [1]. The One Health concept recognises
close links and interdependent relationships in the health of humans,
domestic and wild animals, plants, and the wider environment (including
ecosystems). To address the challenges at the intersection of human,
animal, and environmental health, the One Health approach relies on
collaboration across multiple sectors, disciplines, and communities [2,3].

The origins of the concept of a close relationship between humans and
nature can be linked to ancient China based on publication of the Yellow
Emperor's Canon of Internal Medicine, written between the 21st century
BC (the China pre-Qin period) and the Han Dynasty [4]. In modern times,
the One Health concept has evolved from One Medicine and EcoHealth
approach to gradually encompass concerns related to animal and envi-
ronmental health [5].

* Corresponding author.

The microbiota and microbiome are two significant topics in the field
of microbiology. The microbiota refers to all microorganisms present in a
specific habitat at a given time, whereas the microbiome represents the
collective set of gene sequences (including homologous sequences)
within a microbial community in a specific habitat and timeframe [6,7].
Microorganisms are widespread in humans, animals, and the environ-
ment. Therefore, studying the microbiota and microbiome offers poten-
tial solutions to address One Health issues, and conversely adopting a
One Health perspective can also address outstanding questions related to
the microbiota and microbiome. Some microorganisms lead to similar
diseases in humans, livestock, and pets, suggesting that microbiota act as
a connection between clinical human and veterinary medicine [8-10].

As the concept of the microbiome encompasses a broader scope than
that of the microbiota, this review mainly focuses on the former to
address the connection between microorganisms and One Health at the
genetic level. Specifically, we summarise the impact of the microbiome
on human, animal, and environmental health, highlighting how the
microbiome serves as a unifying factor for One Health.
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2. The microbiome and human health

The connection between microorganisms and human health can be
traced back to Koch's postulates, introduced in the late 19th century by
Robert Koch, the founder of the field of Medical Microbiology [11].
Koch's postulates consist of four key points: (I) a pathogen of certain
diseases can be isolated from patients; (II) this pathogen will not be
detected in patients with other diseases; (III) the pathogen can cause
similar diseases in experimental animals; and (IV) the pathogen can also
be isolated from infected experimental animals [12]. Koch's postulates
serve as a specific set of criteria for verifying the relationship between
pathogens and diseases, representing an advanced scientific approach
that guides the exploration of epidemic aetiologies [11]. However, from a
modern scientific perspective, Koch's postulates not only ignored the
pathogen community (i.e. different pathogens may work together to
cause certain diseases) and its relationship to humans, but also over-
looked the existence of probiotics and the beneficial role of microor-
ganisms in human health [13].

Some probiotics have functions in the intestines, oral cavity, and skin
and have a promoting effect on human, animal, and environmental
health. Commonly used probiotics include Lactobacillus spp., Bifido-
bacterium spp., and Saccharomyces cerevisiae. Additionally, bacteria with
beneficial effects on the human body, such as Roseburia spp., Akkermansia
spp., Propionibacterium spp., and faecal Bacillus spp., are continuously
being developed as probiotics. Bacillus spp. with probiotic effects secrete
various antibacterial substances such as organic acids, bacteriocins, and
antimicrobial peptides to directly kill harmful bacteria in the surround-
ings [14].

The significance of the microbiome has often been ignored in the
development of human medicine, despite recognition of the active roles
of microbiota in human and animal activities, resulting in co-evolution,
co-development, co-metabolism, and co-regulation (Fig. 1) [7].

Co-evolution between the microbiome and its host has been observed
from the perspectives of human and animal evolution. Bacteria have
existed for approximately 3.8 billion years, whereas eukaryotes such as
humans appeared between 2.2 billion and 2.4 billion years ago. Micro-
organisms insert genetic fragments into their hosts by interacting with
living organisms. Co-evolution of microorganisms with their hosts has
resulted in the formation of specific phenotypes within the lineage of
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eukaryotes [15]. In particular, the intestinal microbiota, which has
evolved over millions of years, is a prominent area of research in the field
of microbiology. Analysis of the intestinal microbiota of certain primates
can provide insights into the origins of human evolution [16].

From an individual standpoint, microbiomes also exert an influence
throughout the lifespan of the host. Microorganisms accompany the
development of physical functions, and infants are exposed to external
microorganisms from birth. The composition of an infant's intestinal
microbiota is influenced by vertical transmission from the mother, di-
etary habits, antibiotic use, and health status. Bifidobacteria, potentially
acquired through vertical transmission, play a beneficial role in the
growth and development of infants by exerting saccharolytic activity
towards glycans abundant in the infant intestine [17].

In addition, the microbiome influences development of the host im-
mune system. It is widely accepted that the initial encounter with mi-
crobes occurs at birth, which assists in the differentiation and maturation
of T and B cells as well as in the establishment of immune tolerance. The
diversity of the gut microbiome, characterised by different antigen types
and metabolic characteristics, affects the maturation of CD4" T cells,
leading to variations in the immune system and susceptibility to various
diseases among individuals [18].

Furthermore, the microbiome affects the development of the nervous
and endocrine systems. The gut microbiome plays a fundamental role in
neurogenerative processes such as blood-brain barrier formation, mye-
lination, neurogenesis, microglial maturation, and the regulation of an-
imal behaviours. Therefore, the gut bacteria are considered integral
contributors to the development and function of the nervous system [19,
20]. Additionally, the gut microbiome regulates ovarian dysfunction and
insulin resistance in polycystic ovary syndrome [21], as well as partici-
pates in the neuroendocrine regulation associated with depression and
obesity [22].

Microbiomes play crucial roles in the metabolism and functional
regulation of the body, influencing the nutritional state and lifestyle of
the host. The gut microbiota actively participate in the regulation of
multiple host metabolic pathways, influence signal transduction and in-
flammatory response mechanisms, and serve as a vital link between
important tissues and organs such as the intestine, liver, muscle, and
brain [23]. Microbes are involved in the onset, progression, and metas-
tasis of tumours in the epithelial tissues. Certain tumour therapies,

Fig. 1. Interactive models between the micro-
biome and human health. The microbiome ex-
periences co-evolution, co-development, co-
metabolism, and co-regulation with humans and
animals (including wild/domestic animals and
pets). Co-evolution depicts the evolution timeline
of both human/animals and bacteria. Co-
development, co-metabolism, and co-regulation
represent the interaction of bacteria and indi-
vidual humans/animals. Bacteria intervene with
the development of the immune, nervous, and
endocrine systems, as well as host metabolism
and regulation among these systems.

Co-regulation
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including chemotherapy, radiotherapy, and immunotherapy, are per-
formed with the assistance of microbiomes [24]. For instance, the rate of
absorption and bioavailability of many cancer treatments depend on
their exposure to host and bacterial enzymes in the gut before entering
the circulation. A diet-driven microbiome community plays a role in the
response to immune checkpoint inhibitor treatment for melanoma [24].
These findings inspired the application of the diet-microbiome-immune
system interaction axis to maximise clinical benefits. Furthermore, evi-
dence from human and animal studies suggests that the composition of
the intestinal microbiota may affect the severity of radiation-induced
mucosal toxicity [24]. Various studies have demonstrated that regula-
tion of the microbiome on the brain-gut and brain-lung axes plays a role
in conditions such as depression, obesity, autism, and other diseases [25].

Therefore, the interactive models between the microbiome and
human health can be summarised as co-evolution, co-development, co-
metabolism, and co-regulation, all of which have significant impacts on
human health. It is important to note that the microbiome not only affects
vertebrates, including humans, but also has similar effects on other eu-
karyotes, including livestock and domestic pets, which are closely asso-
ciated with humans, as well as various wild animals that come into
contact with human society [7]. Owing to the universal correlations
between different organisms, microbiome regulation exists in both
humans and animals, meaning that changes in human health can have
repercussions on animal health.

3. The microbiome and animal health

Microorganisms serve as sources of infection in many zoonotic dis-
eases. Microorganisms that cause infectious diseases typically originate
from wild animals. As cities and farms expand, humans encroach on the
territories of wild animals, resulting in increased encounters among
humans, animals in human societies (livestock and pets), and wild ani-
mals, leading to the emergence of infectious diseases. Research con-
ducted on severe acute respiratory syndrome coronavirus (SARS-CoV)
supports this view. In 2003, SARS-CoV originated in bats was transmitted
to humans through civets and other intermediate hosts [26]. Some
studies have also suggested that severe acute respiratory coronavirus-2
(SARS-CoV-2) may originate from bats [27,28]. Middle East respiratory
syndrome coronavirus (MERS-CoV) can be transmitted between humans
and camels [29]. It is estimated that approximately 61% of human
pathogens are zoonotic; therefore, research on microorganisms is valu-
able for addressing zoonotic issues [7,30].

In the comprehensive study of animal diseases, researchers have
gradually recognised the significance of animal medicine, and have
shifted their focus towards exploring the prevention and control of in-
fectious diseases from the perspective of animal health rather than
merely using animals as tools for clinical medicine. Rudolf Virchow's
support for veterinary pathology in the 19th century fostered the
connection between animal and human medicine, which introduced the
concept of ‘One Medicine’ [31]. Karl Friedrich Meyer further
acknowledged that human, animal, and ecosystem health are interde-
pendent, emphasising the need for collaboration among medical pro-
fessionals to promote the health and well-being of all species;
accordingly, he is regarded as a pioneer of the concept of ‘One Health
and One Medicine’ [32].

The development of animal vaccines is an exemplary application of
microorganisms to animal health. In the 18th century, Edward Jenner,
the so-called ‘father of immunology’, successfully prevented and ulti-
mately eradicated smallpox through vaccinia vaccination [33],
employing an approach that considered animal health. Louis Pasteur
began studying rabies in 1880. After successfully developing an
effective human rabies vaccine, a preventive vaccination for rabies in
dogs was subsequently established [34]. Pasteurella was innovatively
added to the cholera vaccine to effectively suppress the spread of
cholera in poultry [34]. Koch utilised quinine as a preventive measure
to inhibit protein synthesis in Plasmodium and introduced bed nets to
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prevent mosquito bites, which had an inhibitory effect on malaria
transmission [35].

4. The microbiome and environmental health

The role of environmental microbiomes in the context of the human-
animal-environment interface in the field of health should be emphasised
(Fig. 2). Traditionally, little was known about the correlation between
microorganisms and environmental changes. However, natural envi-
ronmental changes such as climate change, sea level rise, and greenhouse
effects have undeniable impacts on biodiversity and human health [36,
37]. In nature, the microbiome is influenced and adapted to environ-
mental changes, and an altered microbiome, in turn, has adverse effects
on environmental health [38].

Large-scale environmental changes have a widespread impact on the
microbiome of a region, or even the entire world. For example, consider
glacial melting. The carbon stored in frozen permafrost is largely pre-
served because of its low microbial activity. However, when the
permafrost thaws, the microbial activity increases, leading to the
decomposition of organic carbon. This process releases greenhouse gases
such as carbon dioxide and methane into the atmosphere. Additionally,
the unique marine environment exerts a distinct influence on the mi-
crobial community through nitrification and deoxidation (details are
discussed in the following sections) [36,39].

Previous research introduced the concept of the ‘disease triangle’
[37]. This highlights the significance of genetic sensitivity and toxicity to
plant health, in which the microbiome plays a critical role. Environ-
mental conditions are also of great importance to the disease triangle.
Pathogenesis and symbiosis occur between microorganisms and plants.
Research on the rhizosphere microbial community has revealed that the
microbial population directly surrounding plant roots is far more abun-
dant than that in the non-rhizosphere soil. This phenomenon is known as
the ‘rhizosphere effect’. Plants recruit beneficial bacteria from the soil to
assist in growth and self-protection by inhibiting fungi [40]. Moreover,
the microbiome influences the plant immune system. For instance, high
temperatures can affect the pathogen-related molecular mechanisms of
plant immune systems. The immune categories include
pathogen-associated molecular pattern-triggered immunity (PTI) and
effector-triggered immunity (ETI). PTI and ETI respond to pathogens by
activating the production of defence metabolites that orchestrate im-
mune responses [41]. The temperature and humidity of the natural
environment also affect the circadian rhythms of plants. For example,
humidity changes enhance ETI, as higher humidity levels cluster more
effectors in bacteria. High atmospheric humidity significantly influences
host-pathogen interactions in plants by creating an aqueous living space
that benefits pathogens [40,42].

The soil microbiome can be used to mitigate the negative impacts of
climate change. For instance, the soil microbiome helps to alleviate the
negative impacts of drought by improving water retention in the soil. Asa
plant carbon sink, the soil microbiome absorbs carbon output from plant
roots through microorganisms, which is stored as cell biomass or trans-
formed into stable metabolites. When a microorganism dies, the carbon
within is sealed during soil carbon sequestration. Plant growth-
promoting microorganisms can be employed to enhance plant growth
in the soil that is negatively affected by climate change [43]. For
example, Rhizobium spp. inoculants have been used for biological nitro-
gen fixation in association with legumes. Some soil bacteria produce
extracellular polymeric substances, leading to the formation of hydro-
phobic biofilms that protect plants from desiccation. Beneficial soil mi-
croorganisms can also be harnessed to increase crop tolerance to drought
stress by producing phytohormones that stimulate plant growth [43].

5. The microbiome and One Health

Research shows that the microbiome not only plays a role in human
health but also affects animal and environmental health. As a result,
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Fig. 2. The microbiome and environmental health. Changes from the environment such as climate changes, melting glaciers, and greenhouse gases have impacts on
the plant microbiome. These impacts include four key concepts in the plant-microbiome interaction (root immune suppression, rhizosphere effect, microbiome
recruitment, and soil fungi stasis). The soil microbiome mitigates the negative consequences of climate changes in four aspects (plant growth promotion, water

retention, plant carbon sink, and carbon sequestration) [40,43].

microbiomes have been included in human, animal, and environmental
research, particularly at the intersection of these three areas. Under-
standing the microbiome has promoted the development of the One
Health concept, which integrates human, animal, and environmental
health [7].

It is now recognised that microbial genes can be integrated into the
genomes of humans, animals, and plants, which has motivated further
exploration of the relationship between the microbiome and health from
the perspective of material, energy, and information cycles in nature.

5.1. The microbiome participates in the circulation of materials

Carbon and nitrogen cycles are the cornerstones of the One Health
framework. In addition, the microbiome is the main promoter of carbon
and nitrogen transformation [44], which is associated with many One
Health issues such as soil and air pollution. Studies on biological and
microbiome processes within the carbon and nitrogen cycles are crucial
for addressing climate change, maintaining ecological balance, and
promoting soil health.

5.1.1. The microbiome participates in the carbon cycle

The carbon cycle is one of the most important ecological processes.
The microbiome participates in several important metabolic steps of this
cycle, such as carbon fixation (converting CO into organic matter) and
degradation (decomposing organic matter) [7,45] (Fig. 3).

Microbial carbon fixation is of great significance for advocates of
halting the increase in carbon dioxide emissions and subsequently
reaching carbon neutrality. Therefore, the mechanism of carbon
sequestration into marine and terrestrial carbon sinks has been an area of
substantial research focus in recent years [46,47], which includes mi-
crobial carbon sequestration as a crucial pathway.

The total carbon storage capacity of the oceans is nearly 4 trillion tons
[46], making the oceans the largest active carbon sink on Earth's surface,

with marine biological carbon sequestration a critical factor. In addition
to the well-known photosynthesising surface microbiome including
prokaryotic cyanobacteria and some eukaryotes such as algae, the carbon
sequestration process extends deeper into the ocean. Carbon storage
mechanisms in the ocean include biological, carbonate, dissolution, and
miniature biological carbon pumps [46]. Microbiological pumps related
to the microbiome refer to the physiological and ecological processes that
transform organic carbon from biodegradable active carbon to inert
dissolved organic carbon that is not easily degraded, thus constituting a
form of marine carbon storage [48]. The carbon storage mechanism in-
cludes active and passive processes, in which the former includes cell
metabolism to produce inert compounds and the latter includes inert
dissolved organic carbon produced by viral cleavage products and
zooplankton feeding metabolism [49].

In the terrestrial carbon sequestration system, the total global carbon
storage of soil at a depth of 2 meters is 206 billion tons, which is far
greater than that of the combined atmospheric and vegetation carbon
sinks. A slight fluctuation in the soil carbon sink can cause significant
changes in the atmospheric carbon dioxide concentration [50]. The
microbiome plays an important role in carbon sequestration. Stable
organic carbon in the soil is composed of keratin, soft wood, waxy lipids,
lignin from plants [51], and cytosolic acids and glucosamine from mi-
croorganisms [47]. In addition, with the development of soil analysis
technology, accumulating evidence has shown that the remains of mi-
croorganisms after death are important sources of organic carbon in the
soil. For example, researchers found that the average contributions of
residual microbial carbon to organic carbon in the surface soils of
grasslands, farmlands, and forests were 47%, 51%, and 35%, respectively
[52]. Moreover, the carbon sequestration of microbial biomass and me-
tabolites has been described as a microbial carbon pump [53]. Liang et al.
[54] proposed this framework in 2017 with the core theory that the soil
microbial carbon pump mediates and participates in the formation of
organic carbon in the soil, emphasising that microbial decomposers play
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Fig. 3. The carbon cycle and the microbiome. Carbon dioxide from the atmosphere is sequestered as organic carbon by plants in the oceans and on land. The organic
carbon is returned to the atmosphere through biological respiration. Some organic carbon is taken up by the soil microbiome, which is then decomposed to form
carbon dioxide and inorganic carbon, providing a source of the soil carbon pool. The carbon cycle in marine ecosystems is similar to that in terrestrial ecosystems.

a role in the decomposition of plant-derived organic carbon. Soil min-
erals also play a protective role in the accumulation of organic carbon
from metabolites and dead residues.

The microbiome plays a pivotal role in the carbon cycle by curtailing
carbon dioxide emissions and attaining carbon neutrality. Owing to
continued developments in microbiology, our understanding of mi-
croorganisms is no longer limited to isolated systems, but instead to a
broader concept of the microbiome and its impact on the wider envi-
ronment [55]. When applied to One Health, climate change affects the
soil microbiota, supply of soil carbon, and physical and chemical
properties of the soil, subsequently affecting the activity and structure
of the microbiome [31], while engendering environmental threats to
humans and animals through global warming and the accompanying
extreme weather events and rising sea levels. With the deepening of
research on carbon sequestration in the environment, microbial carbon
sequestration can be used as a means to achieve the goals of carbon
dioxide emission peaks and carbon neutrality in the future to further
guarantee the survival of humans and animals. This enables considering
the impact of the microbiome on the carbon cycle from a macro
perspective.

5.1.2. The microbiome participates in the nitrogen cycle

Nitrogen-containing organic matter such as proteins and nucleic acids
constitutes an important component of biological organisms. The con-
version of organic and inorganic environmental nitrogen is inseparable
from the role of the microbiome. The nitrogen cycle refers to the indef-
inite natural conversion of gaseous, inorganic, and organic nitrogen
compounds [56] (Fig. 4).

The microbiome is involved in the majority of key nitrogen conver-
sion processes [57]. At present, there are six known types of nitrogen
transformations: nitrogen fixation, nitrification, denitrification, assimi-
lation, alienation, and ammonification. Among them, the soil micro-
biome participates in fixation, ammonification, nitrification, and
denitrification [58].

Nitrogen-fixing organisms are categorised into autogenic, symbiotic,
and combined nitrogen-fixing bacteria, according to the relationship be-
tween the microbiome and higher plants [58]. Most autogenous
nitrogen-fixing bacteria synthesise proteins from molecular nitrogen using
the ferromolybdenum nitrogenase system. However, symbiotic
nitrogen-fixing bacteria can only effectively fix nitrogen if they live in
symbiosis with plants. Nitrogen molecules in the atmosphere are fixed by
rhizobia and supplied to the legumes for use. Nitrogen molecules are
fixed by nitrogen-fixing bacteria into ammonia, which is then oxidised by
nitrifying bacteria into nitrate. Plants can absorb these substances, and
then inorganic nitrogen is transformed into proteins and other
nitrogen-containing organic matter. Finally, the combined nitrogen-fixing
bacteria are authigenic and symbiotic in nature. The recently discovered
species Azotobacter paspali belongs to this category [58].

Ammonisation is a process in which organic nitrogen compounds are
deaminated to form ammonia by ammoniating bacteria such as Clos-
tridium. Nitrification is a process in which nitrifying bacteria and nitro-
somes deammoniate amino acids into nitric acid under aerobic
conditions. Denitrification is a process in which facultative anaerobic
nitrate-reducing bacteria reduce nitrate to nitrogen.

Nitrogen plays contrasting roles in environmental health. Although
nitrogenous compounds are essential for plant life, they can cause
pollution. Agricultural fertilisers elevate soil nitrogen, which leeches
into other areas as pollution and changes the soil biome, leading to
many global health problems. In addition, the microbiome and nitrogen
cycle have other deleterious effects. For example, nitrous oxide pro-
duced by the microbiome accounts for 70% of the total nitrous oxide
emission flux [59], and atmospheric nitrous oxide causes global
warming. Although the nitrous oxide concentration is relatively low
compared to the concentration of other greenhouse gases, its warming
effect is 310 times that of carbon dioxide and nitrous oxide is a potent
ozone-depleting molecule [60].

The nitrogen cycle is involved in all aspects of One Health. As an
important part of the nitrogen cycle, the microbiome plays key roles in
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Fig. 4. The nitrogen cycle and the microbiome. Nitrogen in the air can be transformed into nitrogenous compounds by biological fixation, high-energy fixation, and
industrial fixation; these nitrogenous compounds are then utilized by plants and the microbiome. Nitrogenous compounds flow between humans and animals through
the food chain, and they can return to the atmosphere as nitrogen through ammonification, nitrification, and denitrification to complete the nitrogen cycle.

several processes. For some environmental issues such as the greenhouse
effect, the relationship between the microbiome and nitrogen cycle re-
quires further exploration, especially regarding how environmental fac-
tors such as temperature and humidity affect the different metabolic
processes of the nitrogen cycle.

5.2. The microbiome and energy flow

The microbiome is involved in the energy cycle. Solar energy is
mainly fixed by plants on land and by algae in water before being passed
on to consuming organisms for food. The microbiome is involved in these
processes within both the energy fixers and consumers along the energy
flow. For example, Huang et al. [61] and Hu [62] proposed that the
microbiome decomposes lignin to form humus. The humus is then
ingested by subterranean organisms, which are then ingested by other
animals to form an energy flow (Fig. 5).

The microbiome is also involved in the digestion of food and ab-
sorption of energy by animals and humans. The intestinal microbiome
regulates the transformation, absorption, and excretion of nutrients in
the digestive tract, and affects nutrient distribution [63]. Microbial
metabolism of both nutrients and non-nutrients can produce a variety of
metabolites with bioregulatory and nutritional effects in the host through
metabolic, immune, endocrine, and nerve signalling pathways [64].
Additionally, studies have demonstrated the co-evolution of mammalian
digestive flora with their hosts [65].

An example of symbiotic metabolism is Escherichia coli, which, among
other factors, uses undigested proteins and carbohydrates to produce
biogenic amines, short-chain fatty acids, and ammonia. These metabo-
lites constitute an energy source for host intestinal epithelial cells [66].
After amino acids are utilised by the microbiome, bioamines such as

histamine, tryptamine, and tyramine are produced through decarboxyl-
ation, and ammonia is produced through deamination [67], which reg-
ulates colon peristalsis and intestinal barrier function.

In a non-nutrient metabolic process, some plant components ingested
by humans and animals, such as soybean isoflavones, can be converted
into equol by the intestinal microbiome and therefore play a regulatory
role in the body [68].

Thus, the microbiome plays an important role in overall energy
pathways. In addition, in the environment, the microbiome can help to
advance research on the development of new energy sources aimed at
tackling atmospheric problems caused by the excessive burning of fossil
fuels [69-72].

Fossil fuel depletion and air and water pollution are some of the main
contemporary issues facing humanity. Due to the continued reliance on
fossil fuels, polluting gases are discharged into the atmosphere, causing
acid rain, ocean acidification, and global warming. Unsustainable
industrialisation pollutes water resources, resulting in severe ecological
problems. At present, the proportion of energy consumption in sewage
treatment approaches 3% [69]; therefore, microbial electrochemical
systems, as a new form of energy-conversion equipment that can be used
in both energy generation and wastewater treatment, have attracted
widespread attention [69].

A classical microbial electrochemical system consists of an anode, a
cathode, and an ion exchange membrane [70]. At the anode, the
microorganism oxidises and degrades organic matter in the sewage. At
the cathode, the microorganism catalyses the transfer of electrons to ions
through a reduction reaction to produce water, biofuels (Hy and CHy),
and other chemicals with high economic value. The intermediate
ion-exchange membrane separates and prevents interactions between the
two stages. In the past 20 years, microbial fuel cells have developed
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rapidly, and substantial research has been carried out in this field in
terms of optimising the electrode materials, electrode structure, reactor
structure, and system amplification [71,72].

Although there is still a long way to go before the practical application
of microbial electrochemical systems, humans have already taken the
steps towards realising biological power generation. In general, with
regards to environmental protection, microbial productivity has ach-
ieved gratifying results; however, there are still some key technical
problems to be solved by scientists on how to improve productivity. For
example, the available electricity generation power is too low and
appropriate power collection technology is lacking.

As part of the current goal of a shared future for humankind, it is
essential solve ecological and environmental problems caused by exces-
sive fossil fuel burning and emissions as soon as possible. Based on the
research summarised above, it is clear that microbiota promote energy
conversion between organisms; thus, microbial fuel cells have great po-
tential in the development of new energy sources and the utilisation of
waste resources.

5.3. The microbiome and genetic material

Antimicrobial resistance is a growing concern in the health domain
involving humans, animals, and the environment. Although antibiotics
are crucial tools in treating bacterial infections and in agriculture, their
overuse has led to the development of antibiotic-resistant bacteria (ARB)
and antibiotic resistance genes (ARGs) [73]. The increasing emergence of
ARB has created a grim picture of bacterial resistance. Particularly after
the ‘superbug’ with the blaypy,.; gene was reported in The Lancet in 2010
[74], researchers and professionals have been preparing for the
post-antibiotic era [75]. By 2050, an estimated 10 million people will
lose their lives due to ARB infections every year worldwide, resulting in
an economic loss of approximately 2%-3.5% [76]. Understanding and
controlling the spread of ARB to preserve the effectiveness of antibiotics
is one of the most urgent tasks in human health management of the 21st
century [77].

ARGs are mainly transmitted among ARB via horizontal gene transfer
by means of conjugation, transformation, and transduction through
mobile genetic elements [78]. Many studies have shown that ARGs can
circulate in hospitals, animal farms, sewage treatment plants, and other
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Fig. 5. The microbiome and energy flow. The
microbiome participates in the formation of
humus, which is then ingested by earthworms
and other soil-dwelling organisms. These animals
lower on the trophic chain are then ingested by
higher animals to form an energy flow. The
microbiome is also involved in energy flow when
animals and humans digest food. The intestinal
microbiome is involved in animal metabolism,
regulating the transformation, absorption, and
excretion of nutrients, and affecting the overall
nutrient distribution of animals.

Energy flow
in food chain
—

environments, and these genes can even transfer from symbiotic bacteria
to pathogenic bacteria or opportunistic pathogens [79]. Thus, ARGs pose
an urgent threat to be addressed from a One Health perspective.

When analysing the emergence of ARGs, the first factor is the method
of antibiotic production. In this process, the active intermediate products
or drugs can be discharged into the environment through wastewater
[80]. There have also been cases of antibiotics accidentally leaking into
the environment during transportation and sale [81]. However, the pri-
mary cause of antibiotic resistance is the use of antibiotics in hospitals
[82]. Untransformed antibiotics and their metabolites that form in vivo
can be excreted from the body. As sewage enters the natural environment,
it promotes the transfer of ARGs from humans into the environment [83].
Indeed, wastewater discharged from hospitals was found to contain high
levels of ARGs [84]. Additionally, medical waste is sent to landfills, which
increases the diversity and abundance of ARGs in the soil [85].

Domestic animals also contribute to antibiotic resistance, as many
countries add large varieties of antibiotics to their fodder [86]. Previous
studies have shown that the Chinese live poultry market is a major
reservoir of ARGs [87], which have also been detected in pigs [88].
Furthermore, antibiotics are excreted and transferred to the environment
through soil, surface runoff, and groundwater [89]. In China, the pro-
duction of livestock and poultry manure was estimated to reach 3.8
billion tons in 2021, and animal faeces have been shown to be an
important pathway for ARGs in the environment [90].

Antibiotics used in the treatment of humans and animals accumulate
in the environment and then return to humans and animals through
various pathways such as drinking water and the food chain, further
expanding the distribution of ARGs. Indeed, multiple ARGs have been
detected in drinking water [91]. In addition, ARGs can be adsorbed onto
urban dust and spread as aerosols [92]. Studies have found that lactic
acid bacteria in fermented milk contain ARGs [93]. In addition, seafood
products contain antibiotics, and the human intestinal flora can acquire
resistance through the ingestion of these foods [94] (Fig. 6).

6. Discussion
Our understanding of the microbiome has broadened over time, from

recognising the role of a single organism in acute infectious diseases to
the impacts of various microbiomes in polyinfections, and more recently
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Fig. 6. Antibiotic resistance genes (ARGs) in the microbiome. The medical waste from humans can increase the diversity of ARGs in the soil. Some antibiotic-resistant
bacteria that contains ARGs diffuse in the environment through surface runoff and groundwater, which can also return to humans and animals through drinking water,
plants, and other food chain pathways. In addition, humans can also be exposed to ARGs through the foods of animals, such as fermented milk and meat products.

understanding the broad roles of the microbiome in the health of
humans, animals, and the environment.

In the past, the understanding of pathogens in diseases was based on
Koch's postulates and the identification of a single microbe. However, the
microbiome is the part of the human body that interacts with other
microbiomes. Microbiomes in the human gut play many roles such as in
immunity and neural regulation. In humans, the characteristics and di-
versity of the microbiome can be used as indicators of disease. Similarly,
the environmental microbiome can be used as an indicator of pollution.
Finally, in the wider ecosystem, a large number of microbiomes and their
genes play regulatory roles together as a collective medium, affecting
environmental material and energy cycles and linking the health of
humans, animals, and the environment.

Historically, the microbiome has rarely been mentioned in the
concept of One Health despite increasing recognition of its important
role. However, research on the microbiome is ongoing, and many of its
functions, especially the interactions between different microbiomes in
soil, marine, and other environments, remain unclear. In addition,
although microbiome modulation strategies such as probiotics, faecal
microbiota transplantation, and phage interventions have been proven to
improve the environment and treat human and animal diseases effec-
tively, much research remains in this field, especially with respect to their
efficacy and safety.

The microbiome has become a key research priority in the One Health
system and provides an important intermediary link in the management
of One Health issues. With the development of science and technology,

humans have increased their impact on animals and plants, and have also
extended this impact to previously unaffected environments such as the
deep sea and polar permafrost. Many steady states in the environment
gradually break down, and the impact of some unknown viruses is
immeasurable. In addition, with increased exploration of the Universe,
humans may face the risks of physical, chemical, and biological research
outside Earth. These aspects must be considered in the context of One
Health and are significant for standardising research and promoting so-
cial development.
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