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Abstract

Advances in sequencing, bioinformatics and analytics now allow the structure, function and interrelations of whole micro-
bial communities to be studied in greater detail. Collaborative efforts and multidisciplinary studies, crossing the boundary
between environmental and medical microbiology, have allowed specific environmental, animal and human microbiomes to
be characterized. One of the main challenges for microbial ecology is to link the phylogenetic diversity of host-associated
microbes to their functional roles within the community. Much remains to be learned on the way microbes colonize the
skin of different living organisms and the way the skin microbiome reacts to the surrounding environment (air, water, etc.).
In this review, we discuss examples of recent studies that have used modern technology to provide insights into microbial
communities in water and on skin, such as those in natural resources (thermal spring water), large mammals (humpback
whales) and humans (the skin microbiome). The results of these studies demonstrate how a greater understanding of the
structure and functioning of microbiota, together with their interactions with the environment, may facilitate the discovery
of new probiotics or postbiotics, provide indicators for the quality of the environment, and show how changes in lifestyle
and living environment, such as urbanization, can impact on the skin microbiome and skin health and disease in humans.

1 Introduction on Microbial Communities
and Their Study

Multidisciplinary approaches and advances in sequenc-
ing, bioinformatics and analytics have allowed the diver-
sity of whole microbial communities to be investigated.

Microbes (bacteria, viruses and fungi) are everywhere:
among plants, animals and humans, and also in the environ-
ment (in the soil, water and air). They are often considered
as pathogenic as they can be responsible for infections that
may lead to severe health conditions or epidemics if they are
not controlled. However, microbes also perform many valu-
able functions such as transforming food waste into compost,
producing medicines, cleaning, and killing pests, and are
involved in manufacturing processes (production of cheese,
soy sauce, leather, etc.). They even play an important role in
maintaining a good health status. Only a very small fraction
of the global microbial population has been identified so
far. Microbe identification has historically relied on isola-
tion and culturing in laboratory conditions, which are not
universal and are not suitable for the growth of the majority
of microorganisms, thus limiting the identification of the
whole diversity of a given microbial community.

Studies of the microbiomes of natural resources, such as
spring water, have the potential to uncover targets for the
development of new probiotics or postbiotics.

Analyses of the microbiomes of animals can provide
vital information about the health status of the planet,
whereas studies of the human microbiome can help
determine the impact of living environments on human
health and disease.
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New advanced molecular and bioinformatics tools have
now allowed the identification and characterization of spe-
cific microbes on a larger scale, i.e. characterization of
microbial communities (the microbiota) present in a particu-
lar area [1] and genomic identification of all microbes pre-
sent in a specific environment (the microbiome). Metagen-
omic sequencing, allowing genome detection of all microbes
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present in a specific microbiome; metabolomic identifica-
tion, through mass spectrometry of metabolites, lipids and
peptides; bioinformatic softwares for analysis of phylogenet-
ics, metaproteomics and metabolomics; and artificial intelli-
gence-based data management and prediction of microbial
interactions (i.e. artificially created microbial ecosystems
[ACME:s]) are now being used in combination for the quan-
tification and profiling of microorganisms, and their genetic
material, environmental conditions, and interrelations [1-6].

The number of integrated studies on microorganisms
using these techniques, referred to as microbiome studies,
has been growing since the launch of the Human Micro-
biome Project (HMP) in 2007 [7]. The HMP is the largest
study of microbial communities ever initiated in a healthy
population. Another ongoing project is the Earth Microbi-
ome Project (EMP, founded in 2010), which is a wide col-
laborative effort aiming to characterize microbial life on
the planet and identify novel entities from a wide range of
habitats, including air, water, sediments, plants, animals and
humans [8] (http://www.earthmicrobiome.org). Such inter-
disciplinary and broad projects aim to provide a community-
wide catalog of various microbiomes, using standardized
protocols and analytical frameworks, to start answering
many key questions about our microbial environment: What
is the composition of a given microbiota (abundance, diver-
sity of microbes)? What are their individual functions within
the community? What are the interactions between them and
their environment? How do they change and evolve? What
is their role in health and disease?

In this review, we present a few examples of studies that
are at the interface between environmental (water) and medi-
cal (health) microbiology, such as the analysis of a specific
water microbiome, the skin microbiome of mammals liv-
ing in the water, and the skin microbiome of humans. We
address the influence of the urban environment on this spe-
cific ecosystem that protects our body from external threats.

2 A Specific Water Microbiome

Water is life and it is of crucial importance for all lifeforms
on Earth, ranging from very small microorganisms to very
large mammals, such as whales. Water helped to shape the
first life forms on Earth, microorganisms. Water contains
plethora of still unidentified species that are potential gold
mines for chemicals and metabolites with medicinal, bio-
technology, and energy applications.

Aveéne Thermal Spring Water (ATSW) from the Mon-
tagne Noire in France has been known for its therapeutic
effects since the middle of the eighteenth century [9]. It has
been extensively studied over several decades, using com-
prehensive clinical pharmacology approaches. ATSW from
the Val d’Orb water catchment is a mineral groundwater. It
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has a residence time of over 200 years and arises through
a dolomitic aquifer system. This thermal water, preserved
from anthropogenic impact and pollution, has a constant
temperature (21 °C) and a physicochemical composition
characterized by a low mineral content [10], and contains
around 1000 times less bacteria than surface water. The
biogeochemical specificities and physicochemical charac-
teristics of this deep aquifer system appear to have allowed
a unique microbial community to develop in this water
resource.

Metagenomic approaches have been used to analyze the
microbiota of ATSW and potentially identify novel bio-
synthetic pathways and unknown metabolic features of this
microbial consortium [11]. Over a 4-year sampling period,
ATSW was shown to have a stable bacterial community, with
a relatively constant richness of species and no major varia-
tions in diversity. Around 600 species were identified that were
distributed over 39 phyla. The core bacteria of this ecosys-
tem accounted for up to 76% of the total microbiota, in which
Nitrospirae and Proteobacteria were the most prevalent phyla,
accounting on average for 38% and 23% of the total core com-
munity, respectively (Fig. 1). The Nitrospirae phylum contains
original phylotypes that develop only in the low mineral load
(mainly composed of bicarbonate, magnesium, calcium and
silicates) present within the water resource. Their metabolic
pathways have not yet been characterized and need further
investigation. Moreover, a significant number of variants pre-
sent in this deep aquifer system (25-47% of all reads over
the studied period) could not be assigned to an existing class,
order, family or genus of bacteria, revealing the existence of
a unique bacterial community in ATSW that merits further
study. A novel microorganism, Aquaphilus dolomiae, has
already been isolated and identified in ATSW [12]. This strain
belongs to the family Neisseriaceae within the class Betapro-
teobacteria, and exhibits specific properties that are benefi-
cial for the skin. A postbiotic, containing a biotechnological
extract from this microorganism, was found to display immu-
nomodulatory, anti-inflammatory, antipruritic and tolerogenic
activities in pharmacological models of atopic dermatitis, and
thus has been incorporated into a skin care emollient [13—16].
These activities included the modulation of innate immunity
by agonizing toll-like receptor (TLR) 2, TLR4 and TLRS, the
induction of antimicrobial peptides, the inhibition of cytokine
production by T helper (Th) 1, Th2 and Th17 cells, and the
inhibition of protease-activated receptor (PAR) 2 and thymic
stromal lymphopoietin (TSLP). In addition, the extract was
capable of inducing interleukin (IL)-10 secretion to activate
regular T lymphocytes, and rendered human dendritic cells
tolerogenic [14].

Further studies of the microbiome of natural resources, such
as water, will likely uncover promising new targets for the
development of microorganism-derived therapeutics, offering
new approaches in medicine: in dermatology, for example, the
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design of new postbiotics could limit the need for topical and
systemic use of antibiotics.

3 Microbiomes in Whales

Whales are the largest mammals on Earth and they live in
and interact very closely with the aquatic, marine envi-
ronment. Climate change can heavily impact their health
and microbiome. The skin microbiome of whales can be
an important biomarker for temperature changes, loss of
diversity and changes in the marine environment. There
are few studies on the cetacean microbiome and even fewer
describing bacterial members on their skin [17].

Some recent microbiome studies explored the impact
of the environment on the microbial communities present
on these large marine mammals. For instance, aerial drone
technology was used to allow noninvasive collection of
the exhaled breath condensate from humpback whales
for analysis of their respiratory microbiome [18]. This
study identified a large core bacterial community from
the whale blowhole, made up of 22 members. This core
community was found to be shared by whales from two
different geographic regions in distinct ocean basins (the
North of Cape Cod and Vancouver Island coasts), and was
distinct from that of the surface seawater. Two members

were skin-associated bacteria, likely coming from the
whale blowhole epithelium. The major part of this blow
microbiome signature (20 bacterial members) was found
to be closely related to microbial sequences isolated from
other marine mammal microbiomes, in particular dolphins,
and may serve as a feature for monitoring the respiratory
health of whales and possibly other cetaceans worldwide.
Furthermore, exploration of the gut microbiome of baleen
whales—which prey on small fish and crustaceans with
chitin-rich exoskeletons—revealed functional similarities
with terrestrial herbivores, reflecting the shared role of
these microbial communities in the fermentative metab-
olism of polysaccharides [19]. In contrast, the protein
catabolism and essential amino acid synthesis pathways
in the baleen whale microbiomes more closely resembled
those of terrestrial carnivores. Thus, this study showed
that diet, gastrointestinal physiology and evolutionary
history shape the gut microbiota of whales. In particu-
lar, their multichambered foregut, serving as a preadapted
fermentation chamber such as that found in ruminants,
allows them to metabolize complex polysaccharides (such
as chitin) from the exoskeletons of their prey. In contrast
to the relative stability of large-whale blow microbiomes
[18], the skin microbiome of humpback whales was found
to differ temporally and regionally [20]. This was dem-
onstrated in a study of the skin microbiome of 89 healthy
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humpback whales: a conserved core microbiome of six
bacterial genera was identified but a shift in the relative
abundances of these core bacteria was observed over time,
along with the emergence of four additional core groups
of bacteria during the late foraging season, likely reflect-
ing seasonal changes in the Southern Ocean. Moreover,
the skin microbiome composition differed between whales
sampled at several regional locations along the Western
Antarctic Peninsula. These findings suggest that temporal
and environmental factors, in particular water temperature,
and also the whale population itself, may influence their
skin microbiome [20]. Skin diseases in cetaceans have
been reported since at least the 1950s and have steadily
increased since that time [21]. Species-specific assem-
blages on the whale’s skin can change seasonally, but these
changes can also be linked to the presence of epiphytic
diatoms and poor skin health [17]. These species have also
been shown to be distinct from those found in surround-
ing planktonic samples [22]. These finding suggest that
ecological and evolutionary forces, including the unique
features of an animal’s epidermis, have sculpted cetacean
skin microbiomes.

The microbiome of marine animals may therefore harbor
important information on animal-environment interactions
and on the ocean ecosystem. Whale-associated bacteria have
been found to be enriched with genes associated with cell
motility, enabling cells to move and colonize new skin sur-
faces, as well as with those associated with glycan biosyn-
thesis and metabolism, potentially used to metabolize the
whale-associated tissues or flocculating material that accu-
mulates on the whale’s epidermis [21, 23]. It is likely that
motility and chemotaxis are critical for microbial commu-
nities associated with skin surfaces, where strong chemical
gradients are present. In addition, cell signaling pathways
are important on skin surfaces, where bacteria may use sign-
aling processes, such as quorum sensing, to organize cellular
functions to colonize host organisms. Similar functions and
processes may also apply to the human skin microbiome and
its interaction with the air and water microbiomes.

4 The Human Skin Microbiome

As in whales, the skin microbiome of humans is of particu-
lar importance as it plays a major role in the homeostasis
and protective function of the skin. Water likewise plays an
important role in shaping the human skin microbiome, as it
is in constant interaction with the skin, for instance through
washing, hygiene habits, and clothes laundering. Identifying
commensal and pathogenic microbes, and determining their
relationship with the host, will help decipher their function
in healthy skin, as well as in dermatologic disorders [1, 3,
24].
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The topographical and temporal diversity of the human
healthy skin microbiome has been thoroughly investigated
[24-26], revealing that thousands of bacterial species are
present on a single individual [25]. Bacteria are present on
the skin surface and appendages, in deeper layers of the epi-
dermis, and even in the dermis and dermal adipose tissue
[27-29]. The total surface area of the skin in adult humans
is usually estimated at around 2 m?; however, when all the
skin appendages (hair follicles, and sweat and sebaceous
glands) are considered, the actual surface area is more than
10 times larger, providing at least 30 m” of epithelial surface
for interaction with a multitude of microbes [30]. This larger
estimated skin surface area suggests that microbial commu-
nities residing on the skin have the potential to greatly influ-
ence human health.

Most of the bacterial species on the skin are nonpatho-
genic and saprophytic, but some can become pathogenic
depending on the host context [4]. Fungi, viruses and mites
are also found on the skin, with fungi of the genus Malasse-
zia predominating in seborrheic regions [24, 26]. Each of
these microorganisms possesses distinct metabolic adapta-
tions for survival in the different skin microenvironments
[24].

The most abundant bacterial species found on human skin
belong to only four phyla: Actinobacteria, Firmicutes, Pro-
teobacteria and Bacteroidetes [25, 26]. The predominance of
these phylotypes on specific skin areas depends on multiple
factors, such as moisture levels, sebum content, temperature,
pH, and UV exposure. Sebaceous sites are mainly colonized
by Cutibacterium (formerly Propionibacterium [31]), and
their microbiomes are generally less diverse, less evenly dis-
tributed, and less rich than those from moist areas harbor-
ing mainly Corynebacterium and Staphylococcus species.
Dry sites additionally contain Micrococcus, Enhydrobacter
and Streptococcus species [3, 25-27]. Adult skin bacterial
composition remains relatively stable over a 2-year period
[32]. However, temporal variations of the skin microbiome
have been observed and appear to be site-dependent, with
the popliteal fossa, volar forearm, and buttocks exhibiting
the largest variations [25]. Sites that are at least partially
occluded, such as the external auditory canal, the nares and
the inguinal crease, are more stable over time in terms of
community membership and structure [26]. Compared with
other habitats (oral, gut or vagina), the skin microbiome dis-
plays the most between-subject variability [33] and shows
the greatest variability over time [26]. It is generally agreed
that more interpersonal and temporal variability is present
among the less abundant and transient bacterial inhabit-
ants than in the predominant and stable taxa [3]. Multiple
host-specific factors, such as age, ethnicity and sex, also
contribute to skin microbial variability. The effect of age is
discussed further elsewhere in this supplement [34].
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Altogether, environmental factors and intrinsic changes
impact the structure and function of the skin microbiota,
either preserving or impairing skin health.

5 Influence of the Urban Environment
on the Microbiota

The environment where we live has a major impact on the
skin microbiota, as the skin epithelial surface is in direct
contact with the external environment. In particular, great
variations in skin microbial communities might occur
between people living in rural environments and those liv-
ing in urban environments.

The study of Ying et al. on the skin bacterial commu-
nity of healthy subjects aged 12—60 years, confirmed that
body site is the major source of the variability in bacterial
community structure (i.e. the relative abundance of different
taxa), with the skin microenvironment (sebaceous, moist or
dry) being the most influential factor [35]. The composi-
tion of the skin bacterial microbiota is also predominantly
influenced by the place of residence, either urban or rural.
Although the richness of the skin microbiome appeared
similar between urban and rural populations, the intragroup
variation in microbial community structure has been found
to be significantly greater in rural subjects than in urban
subjects [35]. Furthermore, urban populations exhibit an
overall higher relative abundance of Trabulsiella, especially
on the back of the hands, volar forearm and forehead (gla-
bella). In addition, differences have been observed among
women, with a higher content of Cutibacterium on glabella
in urban residents than in rural residents, whereas the inverse
was found for Corynebacterium. The impact of the living
environment on the skin microbiota is also seen across age
groups [35, 36], with the size of this effect varying with age,
in particular among children [36]. The imprint of the land
environment is indeed more prominent in toddlers (14 years
of age) than in babies (< 1 year of age) and schoolchildren
[36]. In contrast, living environment has no effect in teenag-
ers [36]. Such variations in the skin microbial composition
between rural and urban residents could be explained by dif-
ferent levels of exposure to soil, aquatic and host-associated
microbial sources, stemming from urban inhabitants usu-
ally having more indoor occupations [35]. Different cultural
habits and lifestyle-related factors might also account for the
observed disparities in skin microbiomes [36].

A recent study investigated the effects of urbanization on
the house and human microbiomes [37]. A comprehensive
chemical and microbial survey, spanning several areas of the
same latitude in the Amazon rainforest, revealed a transition
in the profile of these ecosystems along an urbanization gra-
dient. Human, animal and household samples were collected
from five different geographical locations: a remote village

(Checherta), a rural village (Puerto Almendra), a large town
(Iquitos), and low- and middle-class areas of a metropolis
(Manaus). This study found that the number of chemicals
in houses increased substantially with urbanization. Liquid
chromatography with tandem mass spectrometry (LC-MS/
MS) analysis of samples from each location showed that
house surface chemicals, detergents, personal care and
cleaning products, and medication-derived chemicals were
more abundant in the more urbanized settings. Profiles of
house surface chemicals in the metropolitan city of Manaus
were similar regardless of the social level (lower or middle
class), but were distinct from those observed in the rural
populations. This trend was consistent with differences in
access to cosmetic and cleaning products, which differed
between Brazil and Peru. Furthermore, microbial profiles
varied significantly between sampling locations. Increased
urbanization was related to changes in the composition of
house bacterial, fungal and microeukaryotic communities.
Specifically, urbanization correlated with an increased rela-
tive abundance of human skin-associated fungi and bacte-
ria in homes, and increased house and skin fungal diversity
[37]. Among the fungi, potentially pathogenic strains, such
as Aspergillus, Malassezia, Candida, and Eurotiales, were
identified in urban skin and house samples. Meanwhile, the
richness of the bacterial community on human skin (hands,
arms and feet) decreased and its composition changed with
urbanization (Fig. 2). Hand and arm bacterial richness in
particular markedly decreased with urbanization. In addi-
tion, an increased relative abundance of Staphylococcus
species and pathogenic fungi on the feet were associated
with more frequent shoe use, whereas the microeukaryotic
diversity on this skin surface decreased. The well-known
skin bacteria, Corynebacterium, Micrococcus, Pseudomonas
and Enhydrobacter, became more enriched on skin surfaces
with urbanization, whereas the abundance of environmen-
tal bacteria (Dermabacteraceae and Intrasporangiaceae)
decreased or nearly disappeared, along with a wide diver-
sity of low-abundant bacteria and many other taxa that are
generally not associated with humans [37]. A negative cor-
relation between skin bacterial diversity and detergents was
observed, suggesting that these products might account, at
least in part, for the loss of diversity in the cutaneous bacte-
rial communities in urban settings. A higher proportion of
potentially pathogenic taxa, both bacterial and fungal, were
found with increasing urbanization. This might explain the
higher prevalence of typical Western diseases, such as acne,
atopic dermatitis or Staphylococcus aureus infections. As an
example, acne vulgaris is not found on the skin of indigenous
tribes or on that of individuals from non-industrialized soci-
eties [38], whereas 79-95% of Western people are affected
[39]. Only when indigenous people moved to Westernized
cities did acne reportedly become a problem [40], proving
the impact of environment and lifestyle on the skin disease.
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Overall, results from these studies indicate that urbanization
has large-scale effects on chemical and microbial exposures,
and hence on the human skin microbiota. Many factors are
involved in these changes, such as lifestyle, house architec-
ture, number of inhabitants per house, air pollution, deter-
gents and cosmetic use, among many others [37]. Changes
in skin microbiome composition between rural and urban
populations might also stem from differences in microbial
sources (soil, water, indoor versus outdoor occupations, etc.)
[35]. These findings are useful to gain further insights into
the health and disease states of the skin, especially in urban
populations, where the prevalence and risk of atopic derma-
titis have been reported to be higher than in rural populations
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[41-43]. As it is predicted that approximately two-thirds of
the human population is going to live in cities by 2050 [44],
we need to pursue maintenance of healthy human and home
microbiomes to counteract the worldwide emergence of
Western diseases.

6 Conclusion

Microbiota present in the environment and on living organ-
isms are very diverse with strong niche specialization.
Sequencing technologies and bioinformatics enable the
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comprehensive study of different microbial ecosystems,
allowing their complex structure and functioning to be
unraveled. Microbiomes can serve as sensors for the health
of the planet and its inhabitants. Understanding the inter-
play between our surrounding and intrinsic microbial com-
munities is essential for accurately predicting the impact of
perturbations or environmental changes on human health.
In particular, increasing urbanization might disturb the skin
ecosystem, and, as a consequence, human health, as the skin
is the first line of physical protection from external aggres-
sors. In addition, newly identified microbes could serve as
novel probiotics or postbiotics, and provide medicinal solu-
tions for combating human diseases such as dermatologic
conditions. Our knowledge of the various microbiomes is
constantly being updated, with substantial insights being
gained over the last decade.
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