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“NOTHING IN BIOLOGY MAKES SENSE EXCEPT IN THE LIGHT  
OF EVOLUTION” (Dobzhansky, 1973) 

 
 

SUMMARY 
 

We are in the midst of a technology-driven revolution that has given us the 
tools to study nature. In the last 10 years, biology has made revolutionary 
advances from century-old debates about the relative importance of non-
pathogenic bacteria. New applications of sequencing technologies are trans-
forming our understanding of the biology of plants, animals and humans. 
All multicellular organisms are colonized by an assemblage of micro-
organisms which, for the most part, peacefully co-exist with their hosts. 
Alterations to microbial communities are associated with, and likely con-
tribute to, a number of disorders. Any organism, therefore, is considered a 
“metaorganism” or “holobiont”. 

This review examines how a growing knowledge of the animal-bacterial 
interactions in the phylogenetically ancient model system Hydra is uncover-
ing new mechanisms to old cell biological problems that provide a founda-
tion for understanding, preventing and in the long-term even treating dis-
eases. We demonstrate that the epithelium is an ecosystem hosting a com-
plex microbiome and that components of the innate immune system as well 
as transcriptional regulators of stem cells are involved in maintaining 
homeostasis between epithelia and their resident microbiota. We conclude 
that beneficial bacterial-host interactions should be considered an integral 
part of biology and that nontraditional model systems can provide a holistic 
understanding of the complexity of metaorganisms. 

 
 

INTRODUCTION:  
EPITHELIA ARE ECOSYSTEMS AND HOST TO  

COMPLEX MICROBIAL COMMUNITIES 
 
Our understanding of the biology of 
plants, animals and humans is in the 
midst of a major transition. Extraordi-
nary recent progress in molecular ge-
netics in a number of model systems, 
novel sequencing technologies and 
comparative bioinformatics is revealing 

details about that undermine prior con-
ceptions, and highlight the value of an 
evolutionary perspective. The naïve 
conception that the intestinal or cutane-
ous epithelium is an entity, with some 
ectodermal and mesodermal cell types 
interacting with each other, is fading as 
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Figure 1: (A) Dendrogram showing evolutionary relationships of selected metazoans. Taxa are 
arranged in descending order of phylogenetic emergence relative to vertebrates. Divergence times 
are not to scale and tree branches are intended only to depict general relationships. (B) The fresh-
water polyp Hydra vulgaris attached to substrate (picture by S. Franzenburg). The basal metazoan 
has been a useful model addressing fundamental questions in immunity and host-microbe interac-
tions in recent years. (C) Multicellular organisms are metaorganisms composed of the macroscopic 
host and synergistically interdependent bacteria, archaea, viruses and eukaryotic species including 
fungi and algal symbionts (modified from Bosch and McFall-Ngai, 2011).  
 
 
the complex and dynamic nature of or-
ganisms as metaorganisms is becoming 
better understood. All animals, ranging 
from simple invertebrates to humans, 
are host to complex microbial commu-
nities and, therefore, must be consid-
ered a meta-organism, i.e. the macro-
scopic host in synergistic interdepend-
ence with bacteria, archaea, viruses, 
fungi, and numerous other microbial 
and eukaryotic species (Figure 1) (Ley 
et al., 2008; Bosch and McFall-Ngai, 
2011; Bosch and Miller, 2016). These 

resident microbes influence fitness and 
thus ecologically important traits of 
their hosts (McFall-Ngai et al., 2013; 
Bosch, 2013). 

Since 150 years bacteriologists, mi-
crobiologists and immunologists have 
focused on bacteria as pathogens. This 
approach has led to enormous insights 
in the battle between the invading 
harmful microbes and the host and also 
opened up the opportunity to develop 
efficient strategies to fight infections. 
Today we know that most bacteria are 
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not harmful but beneficial and are play-
ing a key ecological role. In an updated 
literature survey, only about 200 of the 
millions of bacteria that interact with 
humans are regarded as emerging or 
reemerging pathogens (Taylor  et al., 
2001; Woolhouse and Gowtage-
Sequeria, 2005). Inexpensive, high 
throughput sequencing has uncovered a 
new world of relationships between 
skin cells and their colonizing microbes 
(Grice and Segre, 2011; Findley et al., 
2013; Belkaid and Segre, 2014; Oh et 
al., 2014). For example, using mass 
spectrometry and DNA sequencing, the 
bacteria and chemical compounds 
found on human skin have been sam-
pled and mapped across the body in a 
series of 3-D images (Bouslimani et al., 
2015). The chemical signature (secre-
tome) found on the skin is thought to 
be unique to an individual and is dis-
tinct for certain body parts. It harbours 

specific combinations of bacteria and a 
distinct mix of molecules from foods 
eaten and even medicines taken. This 
newfound awareness of the skin as an 
ecosystem colonized by a diverse mi-
lieu of microorganisms presents addi-
tional layers of complexity for derma-
tologists and raises many questions that 
are being addressed by new and inter-
disciplinary research programs. The 
field of ecological evolutionary devel-
opmental biology (Eco-Evo-Devo) at-
tempts to study and model this new 
view of nature by organizing concepts 
such as developmental symbiosis and 
developmental plasticity into evolu-
tionary theory (Gilbert et al., 2015). 
“Biology has entered a new era with 
the capacity to understand that an or-
ganism’s genetics and fitness are inclu-
sive of its microbiome” (Brucker and 
Bordenstein, 2014).  

 
 

BACTERIA MATTER: RECENT LESSONS FROM HAEMOPHILUS 
 
Symbiotic microorganisms occupy a 
wide range of skin niches (Grice and 
Segre, 2011; Findley et al., 2013; Bel-
kaid and Segre, 2014; Oh et al., 2014) 
and may even protect against invasion 
by more harmful or pathogenic organ-
isms. Recent evidence supporting this 
view comes from a study focused on 
Haemophilus ducreyi (van Rensburg et 
al., 2015). This bacterium causes chan-
croid, a relatively common form of 
sexually transmitted genital ulcers that 
is endemic in certain parts of Africa 
and Asia and facilitates the transmis-
sion of HIV-1. The bacterium has also 
been implicated in nonsexually trans-
mitted cutaneous ulcers in children in 
the tropics. Interestingly, infected indi-
viduals can either clear the infection or 
develop pustules that eventually form 
abscesses. What is the reason behind 
these differences? Taking advantage of 

a unique human skin infection model, 
researchers at Indiana University have 
found evidence to suggest that the 
make-up of the skin's microbiome 
plays a major role in whether an 
individual can clear the H. ducreyi 
bacterial infection without intervention 
(van Rensburg et al., 2015). The 
investigators compared the skin micro-
biome in patients who resolved their H. 
ducreyi infection to those who did not. 
Strikingly, pre-infection skin microbi-
omes of pustule formers and resolvers 
have distinct community structures that 
change in response to the progression 
of H. ducreyi infection. In people who 
progressed to an active infection, the 
microbiome was much more dispersed 
from the beginning of the experiment 
to the end than in those people who 
spontaneously resolved their infections. 
The results highlight an association be-
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tween the skin's microbial inhabitants 
and resolution of infection. But do the 
bacteria that normally colonize our skin 
directly help to clear the pathogenic 
bacteria or is the microbiome only an-
other indicator, but not the cause of 
bacterial infection? While we have to 
wait for answers to these questions, the 
Haemophilus study provides a convinc-
ing example of how the ecology of hu-
man skin can influence health and dis-
ease. Microbes therefore matter! Intri-
guingly, one of the abundant bacterial 
taxa among the infection-resolvers was 
Propionibacterium acnes, a microbe 
associated with skin acne. Thus it 

seems that under some circumstances 
bacterial species or strains, such as 
Propionibacterium acnes, may cause 
skin disease and under other conditions 
may guard the skin and keep it healthy. 
Principles of ecology appear to deter-
mine the homeostasis between skin-
dwelling bacteria and their host tissue. 
Recent studies highlight that in addi-
tion to chancroid, the pathological out-
come of many human and animal dis-
eases is influenced by the co-existence 
with the residing microbial communi-
ties (Manichanh et al., 2006; Oakley et 
al., 2008; Enck et al., 2009; Giongo et 
al., 2011; Huang et al., 2011.  

 
 

IN THE BEGINNING, NON-HOST DERIVED IMMUNITY APPEARED 
FOR THE FIRST TIME IN CNIDARIA … 

 
The origin of metaorganisms represents 
a major evolutionary step that sup-
ported multicellular life (Bosch and 
Miller, 2013). Phylogenetically, stable 
associated microbes providing non-host 
derived immunity appeared for the first 
time in Cnidaria (Figure 1A), eumeta-
zoan animals with a radially symmet-
rical, sac-like body plan. Can therefore 
early emerging metazoans help us to 
understand basic concepts that may be 
involved in mucosal immunity? Cni-
darians such as the freshwater polyp 
Hydra are diploblastic animals consist-
ing of an ectodermal and an endoder-
mal epithelium (Figure 1B). While both 
layers are separated by an extracellular 
matrix (mesoglea), a true mesoderm is 

missing. In both layers, epithelio-mus-
cular cells whose bodies form part of 
the epithelium but whose bases extend 
to form muscle fibres are multifunc-
tional having both secretory and phago-
cytic activity. Cnidarians not only are 
among the earliest known phyletic line-
ages to form natural symbiotic relation-
ships with bacteria and eukaryotes but 
also possess most of the gene families 
found in bilaterians and have retained 
many genes that have been lost in Dro-
sophila melanogaster and Caenorabdi-
tis elegans (Bosch and Miller, 2013). 
For this reason, “early emerging meta-
zoans” such as Hydra allow us to gain 
insights into the very early evolution of 
metaorganisms (Figure 1C). 

 
 

MICROBE-EPITHELIAL INTERACTIONS IN HYDRA 
 
Defining the individual microbe-host 
conversations in a given metaorganism 
(Figure 1C) is a challenging but neces-
sary step on the path to understanding 
the function of the associations as a 
whole. Untangling the complex interac-

tions requires simple animal models 
with only a few specific bacterial spe-
cies. Such models can function as liv-
ing test tubes and may be key to dis-
secting the fundamental principles that 
underlie all host-microbe interactions. 
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Figure 2 A) Life Hydra vulgaris AEP polyp (photo credit: S. Franzenburg). B) schematic 
representation of Hydra tissue including ectodermal and endodermal epithelial (with cilia) cells 
(orange) separated by extracellular matrix (mesoglea), gland cells (within endoderm, high vesicle 
content, orange), sensory and ganglion neurons (within ecto- and endoderm, red), cnidocytes 
(synapomorphic characteristic cell type, ectoderm, orange), glycocalyx (blue) and bacteria (yel-
low) (scheme credit: L. Lenk). C) Schematic representation of human skin including associated 
microbiota. Note structural similarities with the simple epithelium of Hydra. D) Hydra polyps are 
colonized by species-specific microbiota. Upper panel: Bacterial communities identified from four 
different Hydra species. Lower panel: Comparison of the phylogenetic tree from Hydra and the 
environmental cluster tree of the corresponding microbiota. E) Innate immune recognition in Hy-
dra by Toll-like receptor (TLR) signalling. Recognition of bacteria is mediated by an intermolecu-
lar interaction of HyLRR-2 as receptor and HyTRR-1 as signal transducer. The HyTRR-1 mole-
cule contains a Toll/interleukin-1 receptor (TIR) domain, a transmembrane domain, and an extra-
cellular domain lacking any specific domain structure. The HyLRR-2 gene encodes a transmem-
brane protein carrying up to eight TLR-related LRR domains in its N-terminal region in addition 
three EGF domains. Upon activation, the receptor recruits primary adaptor molecules such as 
MyD88 to engage downstream signalling pathways including NF-κB. Activation of this receptor 
complex then triggers the innate immune response, which involves the production of antimicrobial 
peptides. Abbreviations: MyD88, myeloid differentiation factor 88; TM, transmembrane; TFs, 
transcription factors; LRR, leucine-rich repeat; EGF, epidermal growth factor; NF-κB, nuclear 
factor kappa-light-chain-enhancer of activated B cells (taken from Bosch, 2013). 
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Here we introduce Hydra (Figure 1B; 
Figure 2A and B) as such a non-tradi-
tional model with one of the simplest 
epithelia in the animal kingdom, with 
only two cell layers, with few cell types 
derived from only three distinct stem 
cell lineages, and with the availability 
of a fully sequenced genome and nu-
merous genomic tools including trans-
genesis. For analytical purposes, Hydra 
is a premier model organism, which in 
the laboratory is propagated and mass-

cultured. The ectodermal epithelium 
provides a permanent protection barrier 
to the environment and resembles in 
several aspects the anatomy of the cuta-
neous epithelium in vertebrates (Figure 
2B and C). Since the genome content 
(Chapman et al., 2010) and the ectoder-
mal epithelial organization are remark-
ably similar to that of the human skin, 
these animals offer unique insights into 
the biology of a cutaneous epithelium.  

 
 

MICROBIAL COLONIZATION 
 
Bacteria are an important component of 
the Hydra metaorganism and colonize 
the mucus layer, which is coating the 
ectodermal epithelium (Figure 2B). 
The 36 identified bacterial phylotypes 
represent three different bacterial divi-
sions and are dominated by Proteobac-
teria and Bacteroidetes (Fraune and 
Bosch, 2007; Franzenburg et al., 
2013). Disturbances or shifts in any of 
these partners can compromise the 
health of the whole animal (Fraune et 
al., 2015). Because Hydra have been 
cultivated tens of years under standard 
conditions at constant temperature and 
identical food, it came as a surprise that 
examinations of the microbiota in 
different species kept in the laboratory 
for more than 20 years under controlled 
conditions revealed an epithelium colo-
nized by a complex community of mi-
crobes, and that individuals from dif-
ferent species but cultured under identi-
cal conditions differed greatly in their 
microbiota. Bacteria in Hydra, there-
fore, are specific for any given species 
(Franzenburg et al., 2013). In line with 
this, the composition of the microbi-
ome parallels the phylogenetic relation-
ships of the Hydra species (Figure 2D). 
The microbiome, therefore, reflects an 
ancestral footprint of evolution, a pat-
tern termed phylosymbiosis (Brucker 

and Bordenstein, 2013). This finding 
strongly indicates that distinct selective 
pressures are imposed on and within 
the Hydra epithelium and that the host 
cells actively shape the composition of 
its colonizing microbiota (Bevins and 
Salzman, 2011). Microbiota coloniza-
tion can depend on the genetics of the 
host, and there is an intensifying inter-
est today in resolving the relative con-
tributions of the environment and host 
genes on the assembly of host-associ-
ated microbial communities. In hu-
mans, along with evidence for the in-
fluence of environmental factors, there 
is clear support for a host genetic com-
ponent in structuring of microbial com-
munities (Spor et al., 2011). In addition 
to candidate gene approaches, research-
ers have used host genome-wide ge-
netic variation to find interactions with 
the microbiome. For example, in a 
recent genetic association study fo-
cused on psoriasis, a chronic autoim-
mune disease with complex genetic ar-
chitecture, evidence was provided that 
a number of susceptibility genes are 
involved in innate and adaptive im-
munity and skin barrier functions (Tsoi 
et al., 2015). The microbiota, therefore, 
is a complex trait that is under strong 
host genetic control. The host genome 
may filter environmental microbes into 
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host tissues as a form of symbiont do-
mestication, and reciprocally, environ-
mental microbes may prefer to occupy 

specific lineages of hosts (Brucker and 
Bordenstein, 2012).  

 
 

MICROBIAL RECOGNITION AND REGULATION 
 
For microbial recognition, Hydra uses 
the Toll-Like Receptors (TLRs) with 
MyD88 as signal transducer (Figure 
2E) and the nucleotide-binding and oli-
gomerization domain (NOD)-like re-
ceptors (NLRs). Engagement of these 
receptors leads to a fast induction of 
protective programs. Prominent effec-
tor molecules downstream of the con-
served TLR cascade are antimicrobial 
peptides (AMPs) (Figure 2E). AMPs in 
vertebrates and invertebrates act by dis-
rupting the structure or function of the 
microbial cell membranes. Our work 
has shown that in contrast to previous 
assumptions these peptides are not 
simply killing microbes but function as 
host-derived regulators of the symbi-
otic microbiota (Franzenburg et al., 
2013). In humans, there are three im-
portant groups of AMPs: the defensins 
as cationic non-glycosylated peptides 
containing six cysteine residues; the 
histatins, which are small, cationic, his-
tidine-rich peptides present in human 
saliva; and cathelicidin LL-37 which is 
derived proteolytically from the C-

terminal end of the human CAP18 pro-
tein (De Smet and Contreras, 2005). In 
the human genome there are at least 33 
β-defensin genes. In Hydra the situa-
tion is much more simple. Up to now 
three families of potent AMPs have 
been identified: the hydramacin, peri-
culin and arminin peptides. Constitu-
tive high level expression and species-
specific variability made particularly 
the arminin peptide family an excellent 
candidate for investigating the role of 
AMPs in shaping the host-specific 
microbiota. Arminin-deficient Hydra 
have a decreased ability to select suita-
ble bacterial partners from a pool of 
foreign potential colonizers as they are 
colonized differently than control 
polyps, which select for bacterial types 
partially resembling their native micro-
biota (Franzenburg et al., 2013). We 
conclude from these results that AMPs 
are shaping the stable associated micro-
biota and function as host-derived 
regulators of microbial diversity rather 
than being protecting agents against 
pathogenic infection only.  

 
 

MICROBIAL FUNCTION 
 
Recent studies in germfree animals 
have shown that shifts in the microbi-
ome can have a strong effect on host 
traits and could be causal in disease 
phenotypes (Turnbaugh et al., 2009). 
Similarly to studies in mice, we have 
used gnotobiotic Hydra to analyse the 
functional importance of commensal 
bacteria (Fraune et al., 2015). Bacterial 
colonizers in Hydra inhabit the outer 
layer of the glycocalyx and therefore, 

have no direct contact to the ectoder-
mal epithelium (Figure 2B). While con-
trol cultures very rarely show signs of 
fungal infection, germfree Hydra cul-
tures are regularly infected by fungi. 
Fungal hyphae are growing on the sur-
face of germfree polyps closely at-
tached to the ectodermal epithelium 
and can cause the death of the animals. 
Restoring the specific microbiota in 
gnotobiotic polyps prevents fungal 
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Figure 3: A) A scheme illustrating the current scenario of host gene environmental interactions. In 
response to changes in the microbiota FoxO activity is altered, which results in a change in expres-
sion of stem cell and immune genes, which has an impact on the maintenance of stem cell and 
immune system (secretome change, e.g. AMP’s) and thereby on the composition of the microbiota 
as well as on the aging process of an organism. Young, non-aged individuals, and potentially im-
mortal organisms such as Hydra, have high numbers of active stem cells and an effective immune 
system. Old, aged individuals, and FoxO-deficient Hydra are characterized by a decline in stem 
cell number and functionality as well as an increasingly ineffective and unspecific immune system. 
B) In the Hydra holobiont, beneficial microbes represent a major factor whose activities are linked 
to both tissue homeostasis, illustrated as stem cell factors, and immunity (modified from Bosch, 
2013). 
 
infection (Fraune et al., 2015). Bacteria 
found to significantly inhibit fungal 
outgrowth in vivo include Acidovorax 
sp., Curvibacter sp., Pelomonas sp. and 
Undibacterium sp.. Most importantly, 
none of the tested bacterial colonizers 
alone is able to provide full antifungal 
resistance. Mono-associations with dis-
tinct members of the microbiota are not 
efficient or fail completely to provide 

protection. Resistance is only achieved 
in polyps recolonized by a complex 
bacterial community. Multiple mem-
bers of the microbiota act synergisti-
cally to confer resistance against the 
pathogenic fungus indicating that func-
tional diversity within the commensal 
microbiota is central to pathogen clear-
ance from the epithelium.  
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STEM CELL PROLIFERATION IS LINKED TO INNATE IMMUNITY 
AND MICROBIOTA COMPOSITION 

 
As always, the unexpected is the most 
fascinating. In an effort to uncover the 
molecular logic behind Hydra´s unlim-
ited life span by an unbiased transcrip-
tome analysis, we found that the tran-
scription factor forkhead box O (FoxO) 
is strongly expressed by all three stem 
cell lineages, whereas it is absent in 
differentiated cells (Boehm et al., 
2012). By gain-of-function and loss-of-
function analysis we subsequently 
could show that FoxO indeed is a criti-
cal component of the mechanisms con-
trolling stem cell behaviour in immor-
tal Hydra. Interestingly, silencing of 
FoxO activity not only affects develop-
mental and differentiation genes but 
also causes changes in the expression 
patterns of antimicrobial peptides 
(AMP) which represent the immune 

status of Hydra (Figure 3A). FoxO 
knockdown polyps showed significant 
changes in expression of AMPs of the 
hydramacin, periculin and arminin 
family. In line with this, in silico analy-
sis revealed multiple FoxO-binding 
sites on the promoter sequences of the 
corresponding antimicrobial peptide 
genes. The unexpected link between 
FoxO and components of the innate 
immune system (Figure 3) has shed at 
least some light on the age-old problem 
of how developmental pathways are 
linked to components of innate immun-
ity. Taken together, it seems that bene-
ficial microbes represent a major factor 
whose activities are linked to both 
tissue homeostasis, illustrated as stem 
cell factors, and immunity (Figure 3B). 

 
 

THE IMMUNE SYSTEM AS HARDWARE FOR A FUNCTIONING 
INTERSPECIES NETWORK 

 
Numerous observations in Hydra indi-
cate that immune systems evolved as 
much to manage and exploit beneficial 
microbes as to fend off harmful ones 
(Bosch, 2015). Evidence for this view 
comes from the discovery that indi-
viduals from different species differ 
greatly in their microbiota and that in-
dividuals living in the wild are colo-
nized by microbiota similar to that in 
individuals grown in the lab, pointing 
to the maintenance of specific micro-
bial communities over long periods of 
time. As a result of the finding that 

interactions between animals and mi-
crobes are not specialized occurrences 
but rather are fundamentally important 
aspects of animal biology and that anti-
microbial peptides and other compo-
nents of the immune system are key 
factors for allowing the right microbes 
to settle and to kick the less desirable 
ones out, the view of the role of the im-
mune system has changed radically in 
the last decade and is seen now as 
door-opener for symbiotic interactions 
(Bosch, 2015).  

 
 

CONCLUSIONS 
 
The increasing awareness that animals 
including humans exist only within a 
partnership with symbionts has led to 

two important realizations. First, the 
health and fitness of the skin appears 
fundamentally multi-organismal; and 
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second, an in-depth understanding of 
the physiology, evolution and develop-
ment of organisms cannot be done on 
host cells only. Those unexpected in-
sights ask for new research initiatives 
to systematically evaluate the critical 
position that microbes have in the host 
body. However, in spite of all these in-
sights we have still not been able to 
coherently integrate the accumulated 
abundance of information into a truly 

mechanistic understanding of host-mi-
crobe interactions in a given organism. 
It is particularly striking that we do not 
even know yet what defines a healthy 
state of microbiota. Furthermore, how 
does the host control the symbiotic 
community composition? How stable 
are these host-associated species com-
munities and how robust are they to 
environmental perturbations? 

 
 

SIX IMPORTANT AREAS OF FUTURE RESEARCH 
 
• Important areas of future research 
include developing approaches to ex-
amine at a mechanistic level how a 
complex microbiota interacts as a spa-
tially and temporally dynamic network. 
Here, a key point is to understand to 
what extent the overall function of the 
microbiota is influenced by individual 
as well as synergistic contributions of 
community members.  
• More generally, current microbiota 
research crucially requires us to be able 
to manipulate particular microbes 
within the community (Bosch, 2014). 
Tools to modify the presence of partic-
ular microbes are rare. Novel tools are 
needed to tag particular species or 
strains and/or identify molecules that 
can impact a specific taxon.  
• Important areas of future research 
also include metagenomic screening of 
the associated virome, including both 
DNA and RNA mammalian viruses 
and bacteriophages, and its correlation 
with disease.  
• What is urgently needed is to inte-
grate information across numerous or-
ganisms and from multiple levels of 
organization, portraying the ecological 
and genetic interaction networks of en-

tire systems, moving away from a 
linear cause and effect perspective. 
Such integrative and multi-level re-
search approaches are required to sys-
tematically evaluate the critical role of 
the microbe-host assemblages as units 
of selection during evolution. 
• With a deeper understanding of the 
interdependent networks and interfaces 
that define host-microbiota interac-
tions, we will hopefully be able to de-
termine whether microbial community 
dynamics result from disease or are im-
plicit in instigating disease.  
• This will be a key future develop-
ment in guiding therapeutic strategies, 
including those based on engineering 
microbial genomes and synthetic com-
munities. Since functional studies are 
crucial both for elucidating the causal 
mechanisms whereby microbes affect 
host fitness and human genetic varia-
tion impacts the microbiome, and for 
identifying novel treatments for inflam-
matory skin diseases, such as atopic 
dermatitis and acne vulgaris, non-tradi-
tional model systems such as Hydra 
may serve as an informative experi-
mental tool in rethinking paradigms in 
medical research. 
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Figure 4: A model that summarize and illustrates how changes on environmental conditions 
influence the partner choice within the metaorganisms. The quick exchange of partners leads to a 
fast alteration of the functional abilities of the holobiont and allows, without immediate change of 
the host genome, an adaption to the changed environment. 

 
 

SEEKING A HOLISTIC UNDERSTANDING OF THE  
CUTANEOUS EPITHELIUM 

 
Epithelia are ecosystems carrying a 
myriad of microbes with them. Current 
efforts to understand the association 
between microbes and host cells treat 
the interacting partners as separate enti-
ties, rather than parts of one holistic 
system. The properties of a given sym-
biosis system, however, cannot be de-
termined or explained by the specific 
features of its separate constituents.  

We have seen above that the micro-
biota associated with a given cutaneous 
epithelium might change in response to 
changes in tissue homeostasis or envi-
ronmental conditions. That makes it 
exciting to ask whether the ability of 
the cutaneous epithelium to adapt to 
stresses, to function under different en-
vironmental conditions, and resist a 
pathogen infection, is dependent not 
only on the genome of the epithelial 
cells, but on the genomes of its symbi-
onts. In principle, the modularity and 
interoperability of the components of 

the metaorganism allows rapid adapta-
tion to changing environmental condi-
tions by altering the associated micro-
biota. This view was conceptualized by 
the “holobiont concept” (Zilber-Rosen-
berg and Rosenberg, 2008; Rosenberg 
et al, 2009; Rosenberg and Zilber-
Rosenberg, 2013) which predicts that 
changes in the microbiome – from a 
shift in the ratio of different microbes 
to the acquisition of new ones – can 
allow the holobiont to adapt quickly to 
changing circumstances and even ac-
quire new abilities during its lifetime. 
Depending on the variety of different 
niches provided by the host, which can 
change with developmental stage, diet 
or other environmental factors, a more 
or less diverse microbial community 
can be established within a given host 
species. The dynamic relationship be-
tween symbiotic microorganisms and 
environmental conditions results in the 
selection of the most advantageous 
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holobiont. A living system such as the 
cutaneous epithelium is nothing but a 
network of self-coordinating parts, 
which can bolster its resilience. It may 
be this kind of modular structure that 
provides the human skin with re-
sistance against certain pathogens (such 
as Haemophilus) enabling it to fast 
adapting to novel environmental condi-
tions (Figure 4).  

Accordingly, and in more general 
terms we see host-microbe interactions 
as significant drivers of animal evolu-
tion and diversification (Gilbert et al., 
2015). The forces that shaped and still 
are shaping the colonizing microbial 
composition are the focus of much cur-
rent investigation, and it is evident that 
there are pressures exerted both by the 

host and the external environment to 
mold these ecosystems. Understanding 
the diversity of such genome-microbi-
ome-environment interactions requires 
integrative, multidisciplinary, and mod-
elling-based approaches (Bosch, 2014; 
Gilbert et al., 2015).  

The newness of all of this microbi-
ome research and the implications of 
these discoveries revolutionizing many 
aspects of biology and medicine are 
truly exciting. And the lessons are 
clear: Over decades we have learnt 
about the toothed wheels (Figure 3B), 
but we still do not understand the 
clock. As we recently proposed (Bosch 
and Miller, 2016): “The time has come 
for a holistic understanding of complex 
life processes”. 
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