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26. Evolution – a wider view
• life – a dense hierarchy
• parasites – a fundamental dual strategy
• what’s in an individual – holobiont
• what’s in a culture – eusocial species

As a human being, one has been 

endowed with just enough intelligence 

to be able to see clear
ly how utterly 

inadequate that intelligence is when 

confronted with what exists. 

Albert Einstein 1932
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life – a dense hierarchy
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prokaryotic cell E. coli
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Goodsell, 1999 [doi: 10.2210/rcsb_pdb/goodsell-gallery-001]

cell wall 
• two membranes with transmembrane proteins 
• a flagellar motor crossing the entire wall

protection/communication

cytoplasmic region 
• ribosomes (large purple molecules) 
• tRNA (small, L-shaped maroon) 
• mRNA (white strands) 
• enzymes (blue)

operation

nucleoid region 
• the long DNA circle (yellow twisted string) 

wrapped around HU protein (bacterial 
nucleosomes) 

• a replication fork, with DNA polymerase (red-
orange) in the process of replicating DNA

information
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prokaryotic vs eukaryotic cell
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Goodsell, 2011: Eukaryotic cell panorama

prokaryote

0.1…5 µm
eukaryote

10…100 µm

nucleus cell membrane

protection 
communicationoperationinformation
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• lays layers upon layers 
• turns innovations into modules 
• reuses them, possibly modified, to 
build higher levels of life 

•yielding ever deeper hierarchies for 
ever higher forms of life
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• large fractions of genome are homologous 
throughout large domains of life: 
‣ 37% with bacteria & archaea 
‣ 28% with single-cell eukaryotes 
‣ 35% with other higher animals 
‣ 6% of which with primate lineage

[https://isbscience.org/wp-content/uploads/network-medicine.jpg]

human being – one of the layers

all life can “talk” to each other 
and even non-life (viruses,…) 
can readily interact

evolution

unfolding life create
s 

new ecospaces

•humans are operated by 
same biomolecular machinery as all life
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parasites
a complementary

evolutionary strategy



extremes 
5’000 times more bacteria in a human body than humans on planet Earth 
reproduce about 1’000’000 times faster than a human
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background

8

drivers of evolution → “aims” for evolutionary units 
• gain resources from environment (non-living & living) 
•protect against being a resource (consumer-producer dynamics) 

complementary strategies 
• grow big and complicated (evolution’s unfolding front) 
‣ sophisticated organisms with complex hierarchy of levels 
‣ functions: cognitive & operational capabilities, multilayered protection 
‣ price: 

– high demand for diverse essential resources → low population densities 
– high cost of reproduction → low reproduction rate

•become small and simple 
‣ minimize demand for resources 
‣ vastly larger populations, higher densities, 

shorter reproduction times

no intention here, it is all about net growth & share of limited resources (space, energy, building blocks,…)

not equivalent: small & simple could not evolve photosynthesis, hence on its own would be severely limited energetically
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origin of viruses

9

Biology Direct 2006, 1:29 http://www.biology-direct.com/content/1/1/29
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Evolution of the virus world: origin of the main lineages from the primordial gene poolFigure 2
Evolution of the virus world: origin of the main lineages from the primordial gene pool. Characteristic images of 
RNA and protein structures are shown for each postulated stage of evolution, and characteristic virion images are shown for 
the emerging classes of viruses. Thin arrows show the postulated movement of genetic pools between inorganic compart-
ments. Block arrows show the origin of different classes of viruses at different stages of pre-cellular evolution.
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Harris and Hill Placing Viruses on the ToL

FIGURE 6 | A simple tree diagram showing the chimeric origin of viruses from pre-LUCA replication genes and post-LUCA structural genes. Ancient MGE ancestors

replace ancient cells (from Figure 4), reflecting the origin of virus replication genes from MGEs. The evolution of modern plasmids and transposons from ancient

MGEs is also depicted.

and the structural module has an escape origin (Figure 6).
What about the origin of DNA viruses? Do they tell a similar
story of conflicting evolutionary histories? Nowhere is this more
revealing than for the multiple, chimeric origins of ssDNA
viruses. The RCRE enzyme hypothesized to be part of the
RNA world existed as a bacterial plasmid before it existed as
ssDNA viruses. Three lineages of ssDNA viruses—inoviruses,
pleolipoviruses, and microviruses—evolved independently from
RCRE plasmids by co-opting a filamentous, polymorphic, and
SJR capsid protein, respectively. The eukaryotic Rep-encoding
ssDNA viruses (CRESS-DNA) evolved when a superfamily 3
helicase (S3H) was incorporated into an RCRE plasmid, followed
by several co-options of non-homologous SJR. Amazingly, these
capsids come from diverse +ssRNA viruses infecting animals
and plants, recombining on multiple, independent occasions
with RCRE-S3H plasmids in a remarkable display of convergent
evolution (Kazlauskas et al., 2019). A virus with plasmid origins,
coupled with the co-option of existing viral capsids from a
di�erent type of replicator is a fascinating scenario. A plasmid
ancestor begs an obvious question: if there is a place for viruses
on the ToL, why not plasmids too? We can logically ask the
same question about other selfish replicators such as DNA
transposases, which, after all, show distant homology to viral
sequences (Iranzo et al., 2016).

Single-stranded DNA viruses have recently been given a realm
of their own: Monodnaviria. This taxonomy is sensible because
ssDNA viruses all evolved from the same type of RCRE plasmid.
The origin of dsDNA viruses is far less certain than that of ssDNA,
but there are twomajor divisions defined by the presence of either
a DJR or a HK97-like major capsid protein. Despite a highly
variable number of genes, and evidence of HGT between the two
supergroups, they have been split into two realms, Varidnaviria
and Duplodnaviria, suggesting an ancient and independent
origin for both realms (Koonin et al., 2020a). RNA replication
and reverse transcription are unique to viruses and MGEs,
except for cases of co-option and subsequent adaptation into
cellular processes (Koonin et al., 2020a). It is therefore likely
that these types of replication existed before LUCA, back in the

primordial world. While ssDNA viruses arose more recently,
dsDNAmay also have existed alongside RNA replicators, perhaps
competing as an alternative replication strategy on a young
Earth. It is interesting to note that two dsDNA virus groups,
papillomaviruses and polyomaviruses, originated from a ssDNA
ancestor (Kazlauskas et al., 2019).

It appears that the viral strategy of genome propagation
is an ongoing experiment among biological entities. Forterre
states that “the tree of life is infected by viruses from the root
to the leaves” (Forterre et al., 2014). This metaphor captures
the numerous, independent origins of viruses from early RNA
parasites pre-dating LUCA to more recent viral lineages such as
the ssDNA viruses that evolved from plasmids combined with
RNA capsid proteins. It is obvious that there is no single branch
into which viruses can be placed. It is likely that many viruses are
a hybrid of genes from divergent lineages, existing both before
and after the emergence of LUCA (Koonin et al., 2020a). Viruses
also played major roles in the origin and evolution of numerous
cellular lineages, perhaps even driving the emergence of the three
cellular domains of life (Forterre, 2006). Where does this leave us
with viruses and their place on the ToL? Accepting the ToL as a
dynamic model of the evolution of biological entities on Earth,
viruses should rightly be included in these models. The question
then becomes not if viruses have a place on the ToL, but how and
where should they be placed? It is a di�cult task, however, to put
these principles into practice.

Koonin et al. (2020a) state that it is likely “a comprehensive
account of virus evolution can be achieved only through the
combination of phylogenetic and network approaches.” It is also
clear that virus evolution is inseparable from evolution of cellular
lineages. There is an inherent tree-like nature to replicating
sequences and Puigbò et al. (2013) have described a forest of
gene trees as a more natural representation of the biological
evolution of replicators. This view is also supported by Forterre
(2012) who reinforces this concept by writing that “[a]s soon
as an object divides by duplication, the history of that object has
a tree-like structure.” Gene-sharing networks describe sequence
homology in cases where clear tree-like patterns of evolution are

Frontiers in Microbiology | www.frontiersin.org 12 January 2021 | Volume 11 | Article 604048

Harris & Hill 2021: A Place for Viruses on the Tree of Life

Koonin et al. 2006: The ancient Virus 
World and evolution of cells

Krupovic et al. 2019: Origin of viruses: primordial replicators recruiting 
capsids from hosts 
all cellular organisms116, suggesting that 
integration into the host genome is an 
ancient strategy of genetic parasites. 
There!is no evidence that the key replication 
proteins of small selfish replicators, such 
as RNA- dependent RNA polymerases, 
reverse transcriptases or rolling- circle 
replication endonucleases, were ever 
encoded by bona fide cellular genes, and 
the same seems to apply to transposases. 
Thus, the replication modules of viruses 
seem to originate from the primordial 
genetic pool although the long course of 
their subsequent evolution involved many 
displacements by replicative genes from 
their cellular hosts.

This evidence in support of the 
primordial origins of the key components 
of the virus replication machinery 
contrasts with the findings regarding the 
provenance of the components of the 
translation system (along with numerous 
other proteins of diverse functions) 
encoded by giant viruses19,24. Although the 
cell regression scenario for the origin of 
viruses has been boosted by the discovery 
of these genes, detailed phylogenetic 
analyses suggest incremental, convergent 
capture of the translation- related genes 
from different eukaryotic hosts during 
the evolution of different giant viruses 
from smaller virus ancestors20,117. This 
scenario is further supported by the recent 
discovery of multiple ribosomal protein 
genes in several bacterial viruses with 
moderately sized genomes118. Thus, the 
evolution of giant viruses, irrespective of 

the numerous interesting and puzzling 
aspects of their genome layout and biology, 
can be accommodated in the evolutionary 
scenario proposed here. Also, no evidence 
exists for the possible origin of viruses 
from intracellular parasitic bacteria. 
As intracellular bacterial parasites and 
symbionts have evolved on numerous 
occasions and have independently 
given rise to extremely reduced forms, 
including organelles119,120, the absence of 
bacteria- derived viruses suggests that the 
evolutionary path from a cell to a virus 
is!impracticable.

The first capsid proteins – and hence 
the first true viruses – most likely evolved 
as a result of recruitment of carbohydrate- 
binding or nucleic acid- binding proteins 
from cells that were advanced enough 
to encode multiple proteins with these 
functions. As the most common viral 
capsids have simple, symmetrical, 
thermodynamically favourable shapes, 
such as icosahedra or helices, the structural 
transitions involved in the recruitment of 
cellular proteins as capsid proteins could 
have been relatively minor. The multiple 
recruitments of unrelated proteins as capsid 
proteins forming icosahedral capsids are 
compatible with this view. Another argument 
for easy formation of capsid- like structures 
is the recruitment of two distinct proteins as 
structural units for capsid- like intracellular 
microcompartments83. Recent results from 
experimental evolution of virus- like particles 
through relatively small modification of 
cellular enzymes, primarily by introduction 

of positively charged residues interacting 
with nucleic acids, further reinforce this line 
of argument114.

As emphasized above, genetic parasites 
are an integral feature of replicator systems 
and, accordingly, of all cellular life forms. 
These parasites are fundamentally diverse, 
spanning a wide range of relationships with 
the host, ranging from symbiotic, such as 
many plasmids and moderate, integrating 
viruses, to extremely aggressive, such as 
numerous lytic viruses121,122. Our current 
model posits that genetic parasites started 
out as relatively cooperative commensals 
or symbionts but subsequently, on multiple 
occasions, recruited cellular structural 
proteins to evolve into elaborate selfish 
agents using diverse but, generally, highly 
efficient reproduction strategies. The 
tight evolutionary link between viruses 
and capsidless MGEs is the core of our 
model of!the origin of viruses and is 
amply supported by comparative analysis 
of contemporary genetic parasites in all 
domains of cellular!life77,123,124.
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Fig. 4 | The chimeric scenario for the origin of viruses. In our model, the origin of viruses involves a two- stage process in which selfish replicators emerge 
before the first cellular life forms and then capture capsid protein genes from cellular organisms, which enables them to form virions. Continuing evolution 
and adoption of cellular genes contributes to further diversification of the virosphere. AEP, archaeo- eukaryotic primase; PolB, family B DNA polymerase; 
RCRE, rolling- circle replication endonuclease; RdRp, RNA- dependent RNA polymerase; RRM, RNA recognition motif; RT, reverse transcriptase.
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Koonin and Wolf General implications of microbial evolution
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dsD

+R

A

B

E

FIGURE 7 | The viral and cellular “empires” of life forms and domains
within them. The cellular empire domains: A, Archaea; B, Bacteria; E,
Eukaryota. The Virus empire domains: +R, positive-strand RNA viruses;

!R, negative-strand RNA viruses; dsR, double-stranded RNA viruses; dsD,
double-stranded DNA viruses; ssD, single-stranded DNA viruses; RT,
retro-transcribing elements/viruses; VR, viroids.

The phylogenomic study of microbes and viruses uncovered new
biological realms which Darwin and even the authors of the
Modern Synthesis could not possibly fathom. The modes of evo-
lution of these relatively simple organisms that, as we now realize,
have dominated the biosphere since its beginning about 4 bil-
lion years ago to this day (and into any conceivable future) are
different from the evolutionary regimes of animals and plants,
the traditional objects of (evolutionary) biology. The study of
microbial evolution has shattered the classic idea of a single, all-
encompassing tree of life by demonstrating that the evolutionary
histories of individual genes are generally different. Remarkably,
however, these developments have not rendered trees irrelevant
as a key metaphor of evolution (O’Malley and Koonin, 2011).
Rather, they have shown that the bona fide unit of tree-like evo-
lution is an individual gene not a genome, and a “tree of life” can
only be conceived as a statistical trend in the “forest” of gene trees
(Koonin and Wolf, 2009b). Tree-like evolution is a fundamental
implication of the binary replication of the genetic material, so
it served Darwin well to use a tree as the single illustration of
his book. Without, obviously, knowing anything of DNA repli-
cation, Darwin grasped the central principle of the evolution
of life, descent with modification, and the tree pattern followed
naturally.

Microbiology yielded the first clear-cut case of Lamarckian
evolution, the CRISPR-Cas system, and subsequent
re-examination of other evolutionary phenomena (in both
prokaryotes and eukaryotes) has strongly suggested that the
(quasi)Lamarckian modality is common and important in
all evolving organisms, completing the range of evolutionary

phenomena from purely stochastic (drift, Wrightean evolution)
to deterministic (Lamarckian evolution). Again, these findings
not so much overturned but rather expanded the vision of
Darwin who seriously considered Lamarckian mechanisms as
being ancillary to natural selection (only the Modern synthesis
banished Lamarck).

Crucially, the study of microbial evolution presented appar-
ently undeniable cases of evolution of evolvability such as the
GTAs and the DGRs. Moreover, the discovery of bet-hedging
strategies and altruistic suicide in bacteria shows that kin selection
(a subject of considerable controversy in evolutionary biology) is
evolvable as well. Again, as in the case of Lamarckian mechanisms,
these discoveries force one to re-examine many more phenom-
ena and realize that evolution is not limited to fixation of random
variation and survival of the fittest but rather is an active process
with multiple feedback loops, and that dedicated mechanisms of
evolution exist and themselves evolve. This is a major generaliza-
tion that substantially adds to the overall structure of evolutionary
biology but one has to realize that the principle of descent with
modification remains at the core of all these complex evolutionary
phenomena.

We now realize that evolution of life is to a large extent shaped
by the interaction (arms race but also cooperation) between
genetic parasites (viruses and other selfish elements) and their
cellular hosts. Viruses and related elements, with their distinctive
life strategy, informational parasitism, actually dominate the bio-
sphere both physically and genetically, and represent one of the
two principal forms of life that as intrinsic to the history of the
biosphere as cells are. This new dimension of evolution simply

Frontiers in Cellular and Infection Microbiology www.frontiersin.org September 2012 | Volume 2 | Article 119 | 10

Koonin and Wolf 2012: Evolution of microbes and 
viruses: a paradigm shift in evolutionary biology? 

viruses & MGEs 
• most common biological entities on Earth 
• environment (ocean, soil): outnumber cells by 

factor 10…100 
• genomes: 50% in mammals, up to 90% in plants 

derived from viruses 
• genetic diversity of viruses (#distinct genes) 

substantially exceeds that of cellular life forms

biological entities belong to one of two empires 
• cells: archaea (A), bacteria (B), eukaryota (E) 
• viruses and mobile genetic elements (MGE)

viruses as drivers of biological evolution 
• arms race of attack- & defense-mechanisms 
→ coevolution 
→ …major evolutionary transitions 

• provide parts for integration into cells

…and of cultural evolution 
• formation of Asian societies by epidemics 

[Peckham 2016: Epidemics in Modern Asia] 
• different fitness of Western & Eastern 

societies in COVID-19
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• outbreak in Wuhan, China; lookdown there: 76 days; disease under control after 5 months

selected cases [cumulative data for Feb 26, 2021]
<latexit sha1_base64="l8emZJ+V5jeF6AYBH7x8yE17sr8=">AAAfdXicpVltc9vGEVbivqTqW9LO9Eum9bWSabsjKwTfJE2+xGNb00TORJHtxDOirDkCR/JM4A65O1CiEPyk/pp+6kz7O/q1uweQB4Cgo7TymAQOu3t7+/LsLjiKQ65Nu/3P996/85Of/uznH/xi+5e/+vVvfvvhR7/7RstE+eyVL0OpXo+oZiEX7JXhJmSvY8VoNArZt6PZE3z+7ZwpzaV4aRYxu4joRPAx96mBpcuP7hwPR2 </latexit>

population cases deaths cases deaths cases deaths
[million] [1000] [1000] per 1000 per 1000 relative relative

China 1’400. 101 4.8 0.072 0.0034 1 1
Singapore 5.7 60 0.03 10.5 0.005 146 1
USA 332. 28’411 508. 85.6 1.53 1’189 450
EU 695. 21’852 535. 31.4 0.77 436 226
Switzerland 8.5 553 9.9 65.1 1.16 904 341

COVID-19 Dashboard by the Center for Systems Science and Engineering (CSSE) at Johns Hopkins University (JHU)

https://coronavirus.jhu.edu/map.html

some more thoughts at: 
cultures – illuminated by COVID-19 (https://arolla.net/cultures-illuminated-by-covid-19)

• compare small & rich countries East-West (Singapore vs Switzerland)

• compare large countries East-West (China vs USA/EU)

• compare priority-nonpriority (USA/EU)
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Figure 1 | A current view of the tree of life, encompassing the total diversity represented by sequenced genomes. The tree includes 92 named bacterial
phyla, 26 archaeal phyla and all !ve of the Eukaryotic supergroups. Major lineages are assigned arbitrary colours and named, with well-characterized lineage
names, in italics. Lineages lacking an isolated representative are highlighted with non-italicized names and red dots. For details on taxon sampling and tree
inference, see Methods. The names Tenericutes and Thermodesulfobacteria are bracketed to indicate that these lineages branch within the Firmicutes and
the Deltaproteobacteria, respectively. Eukaryotic supergroups are noted, but not otherwise delineated due to the low resolution of these lineages. The CPR
phyla are assigned a single colour as they are composed entirely of organisms without isolated representatives, and are still in the process of de!nition at
lower taxonomic levels. The complete ribosomal protein tree is available in rectangular format with full bootstrap values as Supplementary Fig. 1 and in
Newick format in Supplementary Dataset 2.

LETTERS NATURE MICROBIOLOGY DOI: 10.1038/NMICROBIOL.2016.48

NATURE MICROBIOLOGY | www.nature.com/naturemicrobiology2

© 2016 Macmillan Publishers Limited. All rights reserved
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Animal, plant, and fungal life exist as a patina on 
this microscopic landscape and represent a very 
minor portion of the biosphere’s diversity. Human 
beings live in a microbial world, and this has 
shaped all aspects of our biology. 
[Rook et al. 2017, The Lancet, 390, 521–530]

Since the evolution of cellular life (about 3.8 billion 
years ago) the biosphere has been dominated by 
the Bacteria, Archaea, and eukaryotic microbes.

Hug et al., 2016: A new 
view of the tree of life
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the formulation of testable hypotheses or provides a specific

question that can then be followed up with additional experi-

ment. Spatial correlations b
etween all detected molecules (from

LC-MS data) and microbes were computed by calculating the

Pearson correlation (Colocalization Analysis of Microbial and

Molecular Communities). Spatially colocaliz
ed microbial taxa and

molecular species were found in both volunteers. Discovered

colocalizations were represented with a network and examined.

Cross-correlations (correlation > 0.5, P value < 0.05) between

the genus Propionibacterium (Fig. 5A) and 491 molecular fea-

tures enabled the discovery of molecular features that have

similar distributions to the bacterial taxa (Fig. 5B). Approxi-

mately 73% of these molecular features belonged to the lipid

molecular families as judged by their RTs (between 300 and 500 s,

consistent with the hydrophobic nature of
lipids) (Fig. 5 C and D).

These lipids were not detected among naturally produced prod-

ucts of cultured Propionibacteria. Lipids such as oleic acid

(Fig. S3F), palmitic acid (Fig. S4A), and monoacylated glycer-

ols monoolein and monopalmitin (Fig. S7 A and B) were found

in larger amounts on the head, face, han
ds, chest, and back (Fig. 5D

).

These are all components of acyl glycerols
that make up mem-

branes of human cells. These observations highlight molecular

interrelations among the microbiota, human skin, and environ-

ment and reveal molecular microenvironments on the epidermis.

Except for the hands of pe
rson 2, the localization of oleic acid,

palmitic acid, mono-oleic, and palmitic acylated glycerols mirrors

the localization of the genus Propionibacterium (Fig. 5 A and D).

These correlations provided the hypothesis that some of these

are products of processing of human acylated glycerols resulting

from hydrolysis of triacylglycer
ides or diacylglycerides m

ediated

by Propionibacterium (40). To determine whether this organism

could hydrolyze acylglycerides, Propioni
bacterium acnes was

cultured in a medium supplemented with the triglyceride tri-

olein, and the resulting metabolic products were analyzed using

UPLC-QTOF MS/MS. Products of hydrolysis
to oleic acid were

detected in the P. acnes cultures containing triolein but not in

controls (Fig. 5E). Furthe
rmore, an oxidized oleic acid was ob-

served in the same cultures. Although the exact location of the

oxidation is unknown, the metabolite has the same parent mass,

MS/MS, and RT as the oxidized oleic acid that was detected on

the skin and had a similar localization in the topographical map

to the hydrolytic products su
ch as oleic acid, palmitic acid, mono-

oleoyl, and monopalmitoyl glycerol molecular families (Fig. 5

and Fig. S7C). These results strongly support th
e hypothesis that

skin microbiota, especially Propionibacterium, not only contrib-

ute molecules to the chemical composition of the SC but also

alter the chemical environment on which they live. It is antici-

pated that not just human skin cell molecules but also molecules

produced by other microbes and from environmental origin, in-

cluding diet, are altered as well.

Similarly, the automatic colocalization analysis (Colocalization

Analysis of Microbial and Molecular Communities) correlated

8,122 LC-MS molecular features colocali
zed with seven bacteria

genera (Prevotella, Butyricimonas, Clostridium, Peptoniphilus,

Peptostreptococcus, Bilop
hila, and Rathayibacter), all locali

zed

mainly in the groin area of person 1 (Fig. 6). Among the mole-

cules that colocalize with the groin bacterial community are the

human neutrophil peptides (HNPs) (Fig. S8 A and B). Similarly,

the vaginal area of person 2 contained a microbial community of

six bacterial genera, includin
g Anaerococcus, Peptoniphil

us, Pre-

votella, Sutterella, Negativic
occus, and Peptostreptococcus, which are

commonly found in oral and vaginal communities. This bacterial

community is colocalized with more than 1,800 unique molecular

features only detected in the groin of the female (Fig. S9A). Heme

and lysophosphatidylcholine (LysoPC 16:1) were found to be

localized (correlation > 0.6, P value < 0.05) in this region (Fig.

S9 B–D). HNPs and LysoPC 16:1 are usually associated with

inflammation (41–45). As more skin chemical maps become

available in the future, they will help to gain insight into the

diversity of chemistries of the skin surface and their relationship

to the colocalization of microbial communities, especially how

the chemistry changes over time upon environmental changes or

changes of skin health such as influence of infectious agents,

medications, environmental exposure, dietary, o
r even changes

in climate. These observations de
monstrate the exciting poten

tial
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Fig. 4. Representation of the microbial and molecular diversity using
the Shannon index, comparing samples based on their microbial (16S rRNA amplicon) or

molecular (UPLC-QTOF-MS) profiles. The Shannon diversity maps showing values of the Shannon index calculated for each sample separately from microbial

(16S) and molecular (UPLC-QTOF) collections. Both molecular and microbial diversity is displayed for each volunteer, separately,
highlighting regions of high

and low diversity on the skin surface. For the color scale, blue corresponds to the minimum value of the Shannon index for the individual and red corresponds

to the maximum value.
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Representation of the microbial and molecular 

diversity using the Shannon index, comparing 

samples based on their microbial (16S rRNA 

amplicon) or molecular (UPLC-QTOF-MS) 

profiles. The Shannon diversity maps showing 

values of the Shannon index calculated for each 

sample separately from microbial (16S) and 

molecular (UPLC-QTOF) collections. Both 

molecular and microbial diversity is displayed for 

each volunteer, separately, highlighting regions of 

high and low diversity on the skin surface. For the 

color scale, blue corresponds to the minimum value 

of the Shannon index for the individual and red 

corresponds to the maximum value.  [Fig. 4 from 

Bouslimani et al., 2015]

recall from intro unit 19

Theis et al. 2016: Getting the hologenome concept right: an eco-evolutionary

framework for hosts and their microbiomes

Heidelberg University
Institute of Environmental Physics14

individual – holobiont

holobiont
…a large, diverse, and 
highly dynamic ecosystem, 
coupled to its neighboring 
and embedding ecosystems

…an entity composed of a 
multi-cellular host and all of 
its symbiotic microbes

a holobiont is



bacterial mutualism from 
other types of bacterial life

Heidelberg University
Institute of Environmental Physics

evolving holobiont

15

host–bacteria association
environmental bacteria form 
close associations with host 

Sachs et al. 2011: Evolutionary transitions in bacterial symbiosis

example of 
group formation…transformation

transmission modes 
• horizontal bacteria acquired 

from environmental pools  
•vertical 
‣ direct symbiont transfer 

within host germ lines 
‣ transfer in birth channel 
‣ host behavior transfers 

symbionts to offspring

stable maintenance of 
bacterial mutualism

capture of bacterial mutualists
via evolution of strict vertical 

transmission within host lineages

rare evolutionary breakdown 
of bacterial mutualism

associations of multicellular 
organisms also with other organisms 
and along more difficult paths 
e.g., Matsuura et al. 2018: Recurrent symbiont 
recruitment from fungal parasites in cicadas



Heidelberg University
Institute of Environmental Physics

the human holobiont

16

the microbiome 
•contains 90% of cells and 99% of DNA 
• largely endogenous, cannot live outside of 
human body 

•transmitted vertically & horizontally 
‣ during passage through birth channel 
‣ close contact with kins & environment

many native peoples actively maintain a 
highly diverse microbiome by 
•eating uncooked animal stomachs 
•bathing hands in intestines of killed animals

Relman 2012: Learning about who we are

(data from Human Genome Project)

#species

#genes

industrialized societies suppress it, replace its functionality through medicine

•>20% of small molecules in human blood 
are microbial products

Gilbert et al. 2012: A symbiotic view of life: We have never been individuals 
McFall-Ngai et al. 2013: Animals in a bacterial world, a new imperative for the life sciences



Heidelberg University
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Foster et al. 2017: The evolution of the host microbiome as an ecosystem on a leash 
Rook et al. 2017: Evolution, human-microbe interactions, and life history plasticity
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more transient species such as Salmonella enterica25. However, these 
pathogens appear to be exceptions—the microbiota comprises mostly 
helpful, or at least neutral, microbial species. We are left again with the 
fundamental question: why do so many members of the microbiota  
benefit the host? To understand this, we next turn to the host.

Host to microbe: the importance of host control
An answer to why microbes help their hosts is suggested by general 
evolutionary theory. Here, the question of what drives between-species 
cooperation—a trait that evolves because of a beneficial effect on another 
species—has received a lot of attention18,20,21,26,27. A recurring theme 
throughout the evolutionary literature is the importance of control of 
one species by the other20. Applying this finding, we predict that hosts are 
under strong natural selection to control their microbiota22, an idea also 
raised by some applications of the holobiont metaphor24. Host control 
over the microbes (as opposed to microbial control of the host) can be 
predicted, because there is only one host in the interaction, in contrast to 
the myriad microbes. Thus, unlike individual microbes, a host can easily 
influence the entire microbiome, and benefit from doing so.

Evolutionary theory then predicts that host-to-microbe effects—
rather than the much-studied impacts of microbe on host—are critical 
for microbiome form and function. Here we discuss evidence for four key 
aspects of host control: immigration, compartmentalization, monitoring 
and targeting.

Immigration and compartmentalization
Ecosystems are often shaped by which species happen to arrive from a 
global pool of species. The order of species arrivals is particularly important 

when there are priority effects, such that early arriving species resist inva-
sion by later ones28. Microbial dispersal is thus expected to be an impor-
tant shaper of host microbiomes. Nevertheless, a host can exert control by 
influencing which microbial strains and species it encounters, and which 
species make it to each epithelial surface. This can occur at the cognitive 
and behavioural level, such as by conditioned avoidance of rancid foods 
containing harmful microbes29. Once eaten, stomach acid can further 
reduce microbial diversity and abundance, and protect against pathogens30, 
although the primary biological function of acidity may be digestion.

Vertical transmission from parents to offspring will promote immigra-
tion of particular species, and active transmission has evolved in species 
including leafcutter ants31 and the beewolf32. The importance of parent–
offspring transmission remains unclear for the mammalian  microbiome33. 
However, the infant microbiome is similar to that of the mother’s vagina 
after natural birth, but not after Caesarean section,  suggesting a role for 
parent–offspring transmission in early colonizers of infants. Similarly, 
breast milk contains large amounts of oligosaccharides that the baby 
 cannot metabolize, but the microbiota can, which might cement trans-
mission of specific symbionts34. Picking up a beneficial microbe from a 
parent, however, does not guarantee it will remain  beneficial throughout a 
host’s life, because the microbiota can rapidly evolve (Box 2, Box 2 Figure). 
A host needs additional mechanisms of control.

Hosts also exert control over their microbiota by compartmentaliza-
tion, which keeps some regions largely microbe free3,4. In many species, 
the epithelial barrier greatly limits tissue invasion by microbes (although 
less so in plants than animals3). In animals, mucus also plays a key part 
at this barrier by permitting access to host tissue for many diffusive 
 molecules, while limiting both the access and colonization of microbes35. 
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Figure 1 | Convergent evolution of the host epithelial interface with 
the microbiota. a–c, The study of the mammalian microbiota is most 
developed but it is becoming clear that diverse animals (a, b) and  
plants (c) possess epithelial surfaces where a complex microbiota can grow.  
In these systems, the host releases nutrients, antimicrobials, and a slimy 
matrix of mucus or mucilage, which are all thought to help control the 
microbiota (host control). In return, the symbionts may provide nutrients 
and protection from pathogens through antimicrobial (Antimicro.) 
release and other mechanisms3,6,36,47,92. Notably, the common ancestor 
of plants and animals is a single-cell organism93, which means that these 
adaptations have evolved convergently after multicellularity evolved in the 
two lineages. This convergence is an indicator of common evolutionary 
principles across diverse systems. a, Human large intestine. The host 
secretes glycoproteins (Glyco.), such as mucins, which certain microbes 
attach to and feed on. Large amounts of IgA are released4, which may 

both help and harm symbionts by affecting adhesion56. Defensins 
(antimicrobial peptides), acids and oxygen release also shape the symbiotic 
community. b, Coral epidermis. Corals have many of the same features as 
the mammalian intestine, including mucins that contain microbes54,  
acids and oxygen53. Whether antimicrobial peptides (AMPs) are released 
from the epidermis is not yet clear but the innate immune system shapes 
the epithelial microbiota in the coral-relative Hydra41. c, Plant-root 
epidermis. Plants release mucilage that contains arabinogalactan  
(AG) proteins55, which appear to be functionally similar to mucins,  
and sugars and other carbon sources in large quantities, which all  
provide nutrients for the root microbiota36,37 The release of oxygen, 
antimicrobials, and particularly organic acids, also shapes the microbiota 
of the rhizosphere3,36. Icons made by Freepick from http://www.flaticon.
com/ (a) and https://www.vecteezy.com/ (b, c).

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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more transient species such as Salmonella enterica25. However, these 
pathogens appear to be exceptions—the microbiota comprises mostly 
helpful, or at least neutral, microbial species. We are left again with the 
fundamental question: why do so many members of the microbiota  
benefit the host? To understand this, we next turn to the host.

Host to microbe: the importance of host control
An answer to why microbes help their hosts is suggested by general 
evolutionary theory. Here, the question of what drives between-species 
cooperation—a trait that evolves because of a beneficial effect on another 
species—has received a lot of attention18,20,21,26,27. A recurring theme 
throughout the evolutionary literature is the importance of control of 
one species by the other20. Applying this finding, we predict that hosts are 
under strong natural selection to control their microbiota22, an idea also 
raised by some applications of the holobiont metaphor24. Host control 
over the microbes (as opposed to microbial control of the host) can be 
predicted, because there is only one host in the interaction, in contrast to 
the myriad microbes. Thus, unlike individual microbes, a host can easily 
influence the entire microbiome, and benefit from doing so.

Evolutionary theory then predicts that host-to-microbe effects—
rather than the much-studied impacts of microbe on host—are critical 
for microbiome form and function. Here we discuss evidence for four key 
aspects of host control: immigration, compartmentalization, monitoring 
and targeting.

Immigration and compartmentalization
Ecosystems are often shaped by which species happen to arrive from a 
global pool of species. The order of species arrivals is particularly important 

when there are priority effects, such that early arriving species resist inva-
sion by later ones28. Microbial dispersal is thus expected to be an impor-
tant shaper of host microbiomes. Nevertheless, a host can exert control by 
influencing which microbial strains and species it encounters, and which 
species make it to each epithelial surface. This can occur at the cognitive 
and behavioural level, such as by conditioned avoidance of rancid foods 
containing harmful microbes29. Once eaten, stomach acid can further 
reduce microbial diversity and abundance, and protect against pathogens30, 
although the primary biological function of acidity may be digestion.

Vertical transmission from parents to offspring will promote immigra-
tion of particular species, and active transmission has evolved in species 
including leafcutter ants31 and the beewolf32. The importance of parent–
offspring transmission remains unclear for the mammalian  microbiome33. 
However, the infant microbiome is similar to that of the mother’s vagina 
after natural birth, but not after Caesarean section,  suggesting a role for 
parent–offspring transmission in early colonizers of infants. Similarly, 
breast milk contains large amounts of oligosaccharides that the baby 
 cannot metabolize, but the microbiota can, which might cement trans-
mission of specific symbionts34. Picking up a beneficial microbe from a 
parent, however, does not guarantee it will remain  beneficial throughout a 
host’s life, because the microbiota can rapidly evolve (Box 2, Box 2 Figure). 
A host needs additional mechanisms of control.

Hosts also exert control over their microbiota by compartmentaliza-
tion, which keeps some regions largely microbe free3,4. In many species, 
the epithelial barrier greatly limits tissue invasion by microbes (although 
less so in plants than animals3). In animals, mucus also plays a key part 
at this barrier by permitting access to host tissue for many diffusive 
 molecules, while limiting both the access and colonization of microbes35. 
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Figure 1 | Convergent evolution of the host epithelial interface with 
the microbiota. a–c, The study of the mammalian microbiota is most 
developed but it is becoming clear that diverse animals (a, b) and  
plants (c) possess epithelial surfaces where a complex microbiota can grow.  
In these systems, the host releases nutrients, antimicrobials, and a slimy 
matrix of mucus or mucilage, which are all thought to help control the 
microbiota (host control). In return, the symbionts may provide nutrients 
and protection from pathogens through antimicrobial (Antimicro.) 
release and other mechanisms3,6,36,47,92. Notably, the common ancestor 
of plants and animals is a single-cell organism93, which means that these 
adaptations have evolved convergently after multicellularity evolved in the 
two lineages. This convergence is an indicator of common evolutionary 
principles across diverse systems. a, Human large intestine. The host 
secretes glycoproteins (Glyco.), such as mucins, which certain microbes 
attach to and feed on. Large amounts of IgA are released4, which may 

both help and harm symbionts by affecting adhesion56. Defensins 
(antimicrobial peptides), acids and oxygen release also shape the symbiotic 
community. b, Coral epidermis. Corals have many of the same features as 
the mammalian intestine, including mucins that contain microbes54,  
acids and oxygen53. Whether antimicrobial peptides (AMPs) are released 
from the epidermis is not yet clear but the innate immune system shapes 
the epithelial microbiota in the coral-relative Hydra41. c, Plant-root 
epidermis. Plants release mucilage that contains arabinogalactan  
(AG) proteins55, which appear to be functionally similar to mucins,  
and sugars and other carbon sources in large quantities, which all  
provide nutrients for the root microbiota36,37 The release of oxygen, 
antimicrobials, and particularly organic acids, also shapes the microbiota 
of the rhizosphere3,36. Icons made by Freepick from http://www.flaticon.
com/ (a) and https://www.vecteezy.com/ (b, c).

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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more transient species such as Salmonella enterica25. However, these 
pathogens appear to be exceptions—the microbiota comprises mostly 
helpful, or at least neutral, microbial species. We are left again with the 
fundamental question: why do so many members of the microbiota  
benefit the host? To understand this, we next turn to the host.

Host to microbe: the importance of host control
An answer to why microbes help their hosts is suggested by general 
evolutionary theory. Here, the question of what drives between-species 
cooperation—a trait that evolves because of a beneficial effect on another 
species—has received a lot of attention18,20,21,26,27. A recurring theme 
throughout the evolutionary literature is the importance of control of 
one species by the other20. Applying this finding, we predict that hosts are 
under strong natural selection to control their microbiota22, an idea also 
raised by some applications of the holobiont metaphor24. Host control 
over the microbes (as opposed to microbial control of the host) can be 
predicted, because there is only one host in the interaction, in contrast to 
the myriad microbes. Thus, unlike individual microbes, a host can easily 
influence the entire microbiome, and benefit from doing so.

Evolutionary theory then predicts that host-to-microbe effects—
rather than the much-studied impacts of microbe on host—are critical 
for microbiome form and function. Here we discuss evidence for four key 
aspects of host control: immigration, compartmentalization, monitoring 
and targeting.

Immigration and compartmentalization
Ecosystems are often shaped by which species happen to arrive from a 
global pool of species. The order of species arrivals is particularly important 

when there are priority effects, such that early arriving species resist inva-
sion by later ones28. Microbial dispersal is thus expected to be an impor-
tant shaper of host microbiomes. Nevertheless, a host can exert control by 
influencing which microbial strains and species it encounters, and which 
species make it to each epithelial surface. This can occur at the cognitive 
and behavioural level, such as by conditioned avoidance of rancid foods 
containing harmful microbes29. Once eaten, stomach acid can further 
reduce microbial diversity and abundance, and protect against pathogens30, 
although the primary biological function of acidity may be digestion.

Vertical transmission from parents to offspring will promote immigra-
tion of particular species, and active transmission has evolved in species 
including leafcutter ants31 and the beewolf32. The importance of parent–
offspring transmission remains unclear for the mammalian  microbiome33. 
However, the infant microbiome is similar to that of the mother’s vagina 
after natural birth, but not after Caesarean section,  suggesting a role for 
parent–offspring transmission in early colonizers of infants. Similarly, 
breast milk contains large amounts of oligosaccharides that the baby 
 cannot metabolize, but the microbiota can, which might cement trans-
mission of specific symbionts34. Picking up a beneficial microbe from a 
parent, however, does not guarantee it will remain  beneficial throughout a 
host’s life, because the microbiota can rapidly evolve (Box 2, Box 2 Figure). 
A host needs additional mechanisms of control.

Hosts also exert control over their microbiota by compartmentaliza-
tion, which keeps some regions largely microbe free3,4. In many species, 
the epithelial barrier greatly limits tissue invasion by microbes (although 
less so in plants than animals3). In animals, mucus also plays a key part 
at this barrier by permitting access to host tissue for many diffusive 
 molecules, while limiting both the access and colonization of microbes35. 
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Figure 1 | Convergent evolution of the host epithelial interface with 
the microbiota. a–c, The study of the mammalian microbiota is most 
developed but it is becoming clear that diverse animals (a, b) and  
plants (c) possess epithelial surfaces where a complex microbiota can grow.  
In these systems, the host releases nutrients, antimicrobials, and a slimy 
matrix of mucus or mucilage, which are all thought to help control the 
microbiota (host control). In return, the symbionts may provide nutrients 
and protection from pathogens through antimicrobial (Antimicro.) 
release and other mechanisms3,6,36,47,92. Notably, the common ancestor 
of plants and animals is a single-cell organism93, which means that these 
adaptations have evolved convergently after multicellularity evolved in the 
two lineages. This convergence is an indicator of common evolutionary 
principles across diverse systems. a, Human large intestine. The host 
secretes glycoproteins (Glyco.), such as mucins, which certain microbes 
attach to and feed on. Large amounts of IgA are released4, which may 

both help and harm symbionts by affecting adhesion56. Defensins 
(antimicrobial peptides), acids and oxygen release also shape the symbiotic 
community. b, Coral epidermis. Corals have many of the same features as 
the mammalian intestine, including mucins that contain microbes54,  
acids and oxygen53. Whether antimicrobial peptides (AMPs) are released 
from the epidermis is not yet clear but the innate immune system shapes 
the epithelial microbiota in the coral-relative Hydra41. c, Plant-root 
epidermis. Plants release mucilage that contains arabinogalactan  
(AG) proteins55, which appear to be functionally similar to mucins,  
and sugars and other carbon sources in large quantities, which all  
provide nutrients for the root microbiota36,37 The release of oxygen, 
antimicrobials, and particularly organic acids, also shapes the microbiota 
of the rhizosphere3,36. Icons made by Freepick from http://www.flaticon.
com/ (a) and https://www.vecteezy.com/ (b, c).

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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more transient species such as Salmonella enterica25. However, these 
pathogens appear to be exceptions—the microbiota comprises mostly 
helpful, or at least neutral, microbial species. We are left again with the 
fundamental question: why do so many members of the microbiota  
benefit the host? To understand this, we next turn to the host.

Host to microbe: the importance of host control
An answer to why microbes help their hosts is suggested by general 
evolutionary theory. Here, the question of what drives between-species 
cooperation—a trait that evolves because of a beneficial effect on another 
species—has received a lot of attention18,20,21,26,27. A recurring theme 
throughout the evolutionary literature is the importance of control of 
one species by the other20. Applying this finding, we predict that hosts are 
under strong natural selection to control their microbiota22, an idea also 
raised by some applications of the holobiont metaphor24. Host control 
over the microbes (as opposed to microbial control of the host) can be 
predicted, because there is only one host in the interaction, in contrast to 
the myriad microbes. Thus, unlike individual microbes, a host can easily 
influence the entire microbiome, and benefit from doing so.

Evolutionary theory then predicts that host-to-microbe effects—
rather than the much-studied impacts of microbe on host—are critical 
for microbiome form and function. Here we discuss evidence for four key 
aspects of host control: immigration, compartmentalization, monitoring 
and targeting.

Immigration and compartmentalization
Ecosystems are often shaped by which species happen to arrive from a 
global pool of species. The order of species arrivals is particularly important 

when there are priority effects, such that early arriving species resist inva-
sion by later ones28. Microbial dispersal is thus expected to be an impor-
tant shaper of host microbiomes. Nevertheless, a host can exert control by 
influencing which microbial strains and species it encounters, and which 
species make it to each epithelial surface. This can occur at the cognitive 
and behavioural level, such as by conditioned avoidance of rancid foods 
containing harmful microbes29. Once eaten, stomach acid can further 
reduce microbial diversity and abundance, and protect against pathogens30, 
although the primary biological function of acidity may be digestion.

Vertical transmission from parents to offspring will promote immigra-
tion of particular species, and active transmission has evolved in species 
including leafcutter ants31 and the beewolf32. The importance of parent–
offspring transmission remains unclear for the mammalian  microbiome33. 
However, the infant microbiome is similar to that of the mother’s vagina 
after natural birth, but not after Caesarean section,  suggesting a role for 
parent–offspring transmission in early colonizers of infants. Similarly, 
breast milk contains large amounts of oligosaccharides that the baby 
 cannot metabolize, but the microbiota can, which might cement trans-
mission of specific symbionts34. Picking up a beneficial microbe from a 
parent, however, does not guarantee it will remain  beneficial throughout a 
host’s life, because the microbiota can rapidly evolve (Box 2, Box 2 Figure). 
A host needs additional mechanisms of control.

Hosts also exert control over their microbiota by compartmentaliza-
tion, which keeps some regions largely microbe free3,4. In many species, 
the epithelial barrier greatly limits tissue invasion by microbes (although 
less so in plants than animals3). In animals, mucus also plays a key part 
at this barrier by permitting access to host tissue for many diffusive 
 molecules, while limiting both the access and colonization of microbes35. 
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Figure 1 | Convergent evolution of the host epithelial interface with 
the microbiota. a–c, The study of the mammalian microbiota is most 
developed but it is becoming clear that diverse animals (a, b) and  
plants (c) possess epithelial surfaces where a complex microbiota can grow.  
In these systems, the host releases nutrients, antimicrobials, and a slimy 
matrix of mucus or mucilage, which are all thought to help control the 
microbiota (host control). In return, the symbionts may provide nutrients 
and protection from pathogens through antimicrobial (Antimicro.) 
release and other mechanisms3,6,36,47,92. Notably, the common ancestor 
of plants and animals is a single-cell organism93, which means that these 
adaptations have evolved convergently after multicellularity evolved in the 
two lineages. This convergence is an indicator of common evolutionary 
principles across diverse systems. a, Human large intestine. The host 
secretes glycoproteins (Glyco.), such as mucins, which certain microbes 
attach to and feed on. Large amounts of IgA are released4, which may 

both help and harm symbionts by affecting adhesion56. Defensins 
(antimicrobial peptides), acids and oxygen release also shape the symbiotic 
community. b, Coral epidermis. Corals have many of the same features as 
the mammalian intestine, including mucins that contain microbes54,  
acids and oxygen53. Whether antimicrobial peptides (AMPs) are released 
from the epidermis is not yet clear but the innate immune system shapes 
the epithelial microbiota in the coral-relative Hydra41. c, Plant-root 
epidermis. Plants release mucilage that contains arabinogalactan  
(AG) proteins55, which appear to be functionally similar to mucins,  
and sugars and other carbon sources in large quantities, which all  
provide nutrients for the root microbiota36,37 The release of oxygen, 
antimicrobials, and particularly organic acids, also shapes the microbiota 
of the rhizosphere3,36. Icons made by Freepick from http://www.flaticon.
com/ (a) and https://www.vecteezy.com/ (b, c).

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

plant

•host releases a matrix of mucus with nutrients and 
antimicrobials for microbiome to attach and feed 

•microbiome provides nutrients, vitamins, and 
antimicrobials for host, makes hard-to-digest food 
accessible and protects against chemical and 
biological pathogens (as part of immune system)

a holobiont’s operation

•host develops and adapts slowly and its 
genome remains same throughout life 

•microbiome adapts rapidly through 
‣ population dynamics 
‣ evolution (HGT)

•who controls? 
‣ host, through nutrients,…: obviously & with direct benefit 
‣ microbiome?

Foster et al. 2017
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helps to maintain the biodiversity of the gut microbiota, 
which decreases in institutionalised individuals.81 Plant 
polyphenols such as flavonoids and resveratrol also help 
to maintain biodiversity.82 In an animal model, a diet 
without fibre (polysaccharides that are fermented by 
microbiota rather than by the human host) leads to 
progressive loss of biodiversity of the microbiota, and 
over several generations, to irreversible extinctions of 
important species.83 These findings generally support the 
results of studies indicating the health benefits of the 
Mediterranean diet.84 However, the complex interactions 
between the gut microbiota and diet are only just 
beginning to be unravelled and it is clear that microbiota 
contribute to metabolic diseases such as obesity, diabetes, 
and cardiovascular disease,85,86 and to inflammatory 
diseases and behavioural e!ects. It is still unknown 

whether studying the microbiota can also help predict 
who will develop disease. Nor is it known whether 
modulating the gut microbiota can provide novel 
treatments. Gastric bypass surgery can lead to rapid 
metabolic improvement and weight loss, accompanied 
by changes to the microbiota that might be mediating 
these e!ects.87 Faecal transplantation can be used to treat 
Clostridium di!cile-associated colitis and there are 
indications that such transplantation could also improve 
metabolic parameters.88,89 These findings open up 
possibilities for therapeutically targeting the microbiota. 
We know that the micro biota influences development 
and life history plasticity, but we do not yet know what is 
optimal, or how this needs to accommodate di!ering 
diets and genetic back grounds.90 Much regulatory and 
clinical work remains to be done.

Panel !: Microorganisms, immunoregulation, and psychiatric disorders

Microorganisms, immunoregulation, and psychiatric 
disorders*
Animal models!"–!!

Germ-free animals
Ǧ� ���������ƽ������������ǂ���������ǂ������������ƽ������������

responses are all abnormal in germ-free animals. The 
abnormality is permanent if microbiota is not restored in the 
early weeks of life.

�ʲ���������������������������������������
Ǧ� ��������������������������������������������������

��������������������������������ʲ��������������������������
behaviour and expression of neurochemicals in the brain.

Stress and microbiota interact
Ǧ� ��������������������������������������������������ƽ����������

diminished if microbiota are depleted.
Ǧ� �������������������������������������������������������������

long-term changes in the microbiota, and maternal prenatal 
stress does so in human beings.

Ǧ� ������������������������������������������������ʲ������ƽ�������
�����������������������������������ǂ����������ʲ������������ǀ

Inflammation
Ǧ� ������������������������ʭ���������������������������������

abnormal brain development in the fetus, and behavioural 
changes reminiscent of autism and schizophrenia.

Ǧ� ������������������������ʭ���������������������������������
synergise to cause behavioural and developmental 
abnormality.

Probiotics
Ǧ� �����������������������������������������������

modification by probiotics.

Human epidemiology!",!#,!$–$%

Raised background inflammation (CRP or interleukin-6) 
and psychiatric disorders
Ǧ� ���������������������������������������������������������

raised background CRP.

Ǧ� ������������������������������������������������������������
examined 12 years after assay of CRP.

Ǧ� ������������������ǂȡ������������������Ȥ����������������
psychiatric problems 9 years after assay.

Ǧ� ������������������������������������������������������
susceptibility to post-traumatic stress disorder when 
subsequently exposed to war zones.

Ǧ� ������������������������������������������������������
veterans with post-traumatic stress disorder, implying an 
immunoregulatory disorder.

Ǧ� ������������������ƽ��������������������������������������������
in early life correlates with lower background CRP and no rise 
in CRP in response to stressors.

Inflammation during pregnancy
Ǧ� ���������������ʭ���������ǩ��������������������Ǫ��������

pregnancy increases the risk of autism.
Ǧ� ������������������������ʭ�����������������������������������

the families of autistic individuals.
Ǧ� ������������������������������������������������������������

autism in the infant.

Human interventions!",!#

Inflammatory cytokines
Ǧ� ����������������������������������������ǂ˄������������������ǂ

like symptoms.
Ǧ� ��������������������������������������������������������

�������������ʲ�������������������������������������������������
with raised background CRP and markers of inflammation.

Probiotics
Ǧ� �ʵ�����������������������������������ƽ����������������

psychological distress.
Ǧ� ����������������������������������������������������������������

control central processing of emotion (assessed with 
functional MRI).

CRP=C-reactive protein. *An expanded, fully referenced version of this table is available as 
an online supplement. 
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plays an essential role in disposal of cholesterol from the 
body by a!ecting host bile-acid metabolism. Cholesterol is 
oxidised in the liver to primary conjugated bile acids, 
which are released into the small intestine. The primary 
bile acids are metabolised by microbiota into more 
hydrophobic secondary bile acids, such as deoxycholic acid 
and lithocholoic acid, which can be secreted in the faeces.38 
Both primary and secondary bile acids are agonists for 
host receptors, including both GPCRs such as G-protein-

coupled bile acid receptor 1 (TGR5), and nuclear hormone 
receptors such as farnesoid X receptor (FXR)-", which are 
both important regulators of host metabolism. Gut 
microbiota could therefore contribute to host metabolism 
and physiology by modulating cell signalling through FXR 
and other receptors.39

The gut microbiota also contributes to the synthesis of 
trimethylamines generated from choline and carnitine, 
which are further oxidised to trimethylamine oxide by 

Panel !: Microorganisms, organ development, metabolism, and the immune system*

Microbial signals and organ development3,16

Ǧ� �����ǂ�����������������ƽ���������������ƽ�����������ƽ�
polysaccharide antigen from Bacteroides fragilis, tryptophan 
metabolites, and other neurochemicals (noradrenaline, 
dopamine, and acetylcholine), and unknown components of 
the microbial metabolome constitute signals that are 
involved in development of the gut and lymphoid system, 
testis, neuroendocrine system, skeleton, kidneys, 
cardiovascular system, and brain.

Microbiota, sex hormones, and life history plasticity!"

Ǧ� ���������������������������������������������������ǂ�����
female mice causes an increase in testosterone concentrations.

Ǧ� ����������������������������������������������������ƽ�
pregnancy, and the menopause.

Ǧ� �����������������������������������������������������
metabolites because these are secreted into the gut 
conjugated to glucuronide or sulphate, and are lost in the 
faeces unless deconjugated by microbial enzymes, which 
also change the ratios of metabolites.

Ǧ� ����������������������������������������������
correlates with levels of sex steroid metabolites relevant to 
breast cancer risk.

Lifestyle and diet in high-income countries9,18,19

Ǧ� ���������������������������������������������������������������ǀ
Ǧ� �������ʲ����������������������������������������������ǂ

income countries.
Ǧ� ���������������������������������������������������������

the infant.
Ǧ� ����������������������������������������������������������

harvest.
Ǧ� �������������������������������������������������������ǀ
Ǧ� �������������ʭ����������������������������������������������

in activity of metabolic pathways.
Ǧ� ����������������������������������������������������������

correctly setting up metabolic homoeostasis.

Malnutrition#$

Ǧ� ��������������������������������������������������������
delay in the maturation of microbiota towards the adult 
pattern.

Ǧ� ��������������ƽ����������������������������������������
causes weight loss in recipient mice. This abnormal 
microbiota probably explains why infants with kwashiorkor 
are resistant to treatment by dietary supplements.

Burden of infection
Ǧ� ��������������ʵ����������������������������������������������

for and energy-intensive activity of the immune system. Thus 
a reduced burden of infections increases resources available 
for growth.

Immune system development
Microbiota%,#!–#&

Ǧ� ��������������������ƽ����������������������ƽ�������������������
hygiene limit transmission of microbiota to baby.

Ǧ� �������������������ƽ�����������������������������
biodiversity, is associated with increased risk of chronic 
inflammatory disorders, including allergies, autoimmunity, 
and inflammatory bowel disease.

Ǧ� ����������������������������������������������������������
disturb the microbiota and is associated with chronic 
inflammatory conditions, obesity, and metabolic disorders.

Old infections.#',#(

Ǧ� ���������ƽ�Helicobacter pylori, and Mycobacterium tuberculosis 
are examples of old infections with which human beings 
co-evolved.

Ǧ� ������������������������������������������������ǂ���������
groups by modulating the immune system

Ǧ� ������������������������������������������������ƽ�
including increased levels of regulatory dendritic cells and 
regulatory T cells, and act as regulatory T-cell adjuvants.

Ǧ� �������������������������������������ʭ������������������ƽ�
including allergies, autoimmunity, and inflammatory bowel 
disease.

Environmental organisms#)–#*

Ǧ� �����������������������������������������������������
correlate with reduced risk of allergic disorders and 
inflammatory bowel disease.

Ǧ� �������������������������������������������������������������
and accelerate maturation of neonatal type 1 T-helper cell 
response in animals and human beings.

Ǧ� ���������������������������������������������������ƾ������
might also act as data input to the developing immune 
system of the gut and airways.

Ǧ� ������������������������������������������������������
benefits of exposure to green space, and to house dust rich 
in microbial biodiversity.

*An expanded, fully referenced version of this panel is available in the appendix

Microorganisms, organ development, 
metabolism, and the immune system
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Cryan et al. 2019: The Microbiota-Gut-Brain Axis

Bidirectional signaling between the 
brain and the gut microbiome, 
involving multiple neurocrine and 
endocrine signaling mechanisms.

Experimental changes to the gut 
microbiome can affect emotional 
behavior and related brain systems.

Psychological and physical stressors 
can affect the composition and 
metabolic activity of the gut 
microbiota.
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 example, light-producing V. fischeri outcompete non- luminescent 
mutants in the light organ of the squid, which is also incompatible with 
symbiont control. Moreover, the advantage to the luminescent bacteria 
is hypothesized to be driven by host-produced enzymes, which argues 
against the open-ecosystem model (Fig. 2b). However, as no other bac-
terial species are found in the light organ, the leash model (where both 
ecosystem and species interactions are important) is also rejected. Host 
control, therefore, appears to be the best model for the squid symbiosis.

In contrast to the squid system, species interactions are known to 
affect the mammalian microbiota10,13. How is it possible to hold such a 
diverse, dynamic community on a leash? Unlike the host-control model, 
the leash model does not predict near-faultless control. Rather, hosts 
might focus on certain hub species87 that are important for community 
 function. Hosts will also benefit from influencing the global properties 
of the microbiota. We, therefore, expect natural selection to favour hosts 
that act as ecosystem engineers that influence not only individual species 
but also community-level properties, such as stability and  productivity14. 
Possible mechanisms of this control include the immune system49 and 
 epithelial mucus secretion, which can weaken ecological interactions by 
 regulating species density and increasing spatial structure14. Interrupting 
the immune system or mucus secretion22,52, therefore, may lead to a less 
 stable, and thus less diverse, microbiota. Any mechanism of control also 
has to be protected against easy escape, which is why we predict that 
microbes who mutate to pull against the leash will typically sustain a  
fitness cost within the dynamic ecosystem (see ‘Monitoring and 
targeting’).

The importance of host control does not imply that community com-
position will remain static. Omnivorous hosts, in particular, may  benefit 

from a flexible microbiota that can respond to changing metabolic 
demands. The fact that microbiome communities can shift strongly with 
host diet59, therefore, is not in itself evidence that a host is powerless to 
influence communities. Indeed, humans display a remarkable ability to 
keep major microbial lineages within our microbiota75,76, to the extent 
that several bacterial lineages appear to have co-speciated with us88. As 
for many other hosts, this suggests that humans have evolved to create 
an environment that selects for specific bacterial lineages. Strong pertur-
bations, however, may force a host to deal with extinctions, followed by 
stochastic recolonization as new species arrive at random. This potential 
for recolonization is expected to promote trait-based discrimination in a 
host (see ‘Monitoring and targeting’), which applies general selection for 
microbes based on their benefits rather than targeting specific genotypes. 
As a corollary, hosts may be sometimes blind to an immigrating strain 
outcompeting a resident, so long as the new strain has the equivalent 
effect on a host.

Coevolution
Our conceptual model includes the possibility of coevolution, which 
is distinct from the potentially related process of co-speciation88. 
Coevolution describes reciprocal evolutionary adaptations in different 
species in response to one another89. A classic example is the bullhorn 
acacia that gets its name from the horns it evolved to house ants. The ants 
fiercely defend the plant, both from insects and other plants that contact 
the acacia27. This defence is so effective that the plant appears to have lost 
the normal defences against herbivory: without ants, the plant suffers 
severe defoliation and death. To our knowledge, there is no  comparable 
evidence yet of such reciprocal adaptation between  mammalian hosts 
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Mammalian gut Squid light organ Ant and ‘Zombie’ fungus Plant’s pitcher

Figure 2 | Models of host–microbiome interaction. Black arrows 
represent ecological interactions within the microbiota, red arrows 
indicate mechanisms of control. a, Ecosystem on a leash. When host 
species interact with a diverse but beneficial microbiota, as occurs in 
mammals, evolutionary theory predicts that the microbial functions will 
centre on persistence in the microbiome ecosystem, while the host will 
attempt to control the microbiota, hence the ‘leash’ (Boxes 1 and 2). Image 
courtesy of A. D. Wilson. b, Host control. For interactions involving few 
microbial strains, ecological complexity is reduced and microbes are 
primarily shaped by the host environment. Natural selection on the host, 
therefore, can result in strong shaping and control of the phenotypes 
of beneficial microbes. The bobtail squid has a specialized light organ, 
which controls both the access and light production of the symbiotic 
bacteria that grow inside79,80. One hypothesis is that host enzymes 
generate bacteriocidal compounds from substrates that become available 
if the bacteria do not perform the light-producing reaction80. Photo of 
Euprymna scolopes, the Hawaiian bobtailed squid, by M. McFall-Ngai, 
PBRC, University of Hawaii-Manoa, published with permission.  

c, Symbiont control. Low microbial diversity also increases the potential 
for microbes to affect global host traits—including survival, reproduction 
and behaviour—and receive a fitness benefit from doing so (Box 2). This 
may select for adaptations that function to increase host fitness, such as 
enzymes that feed the host, but slow microbial growth. However, this  
can also enable symbiont manipulation of the host, such as for ‘zombie’ 
fungi, infection with which causes ants to move to a position ideal for 
fungal development84. Photo of Ophiocordyceps unilateralis and ant by  
D. Hughes, Penn. State, published with permission. d, Open ecosystem. 
A host carries a complex ecosystem without evolved control mechanisms 
beyond compartmentalization. This is most likely to occur if the 
microbiota are rarely either a threat or a benefit. Pitcher plants use pools 
of water to kill and digest prey. Although these plants regulate the pool 
by releasing enzymes and acids to promote digestion, there is currently 
little evidence that the plants have dedicated mechanisms to regulate the 
pool microbiota86. Image adapted from P. J. Ding used under Creative 
Commons Licence.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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microbial 
ecosystem

•microbial ecosystem: components aim to 
survive in their environment, given by 
‣ the microbial system’s own dynamics 
‣ the embedding environment, the host

ecological 
interaction

control

•host: aims to control microbial ecosystem by 
setting its environment, differently as required 
for the different places (organs) of host’s body

•emergence: capability to control such a 
complex and diverse dynamical system whose 
components invade, emerge, evolve, and vanish 
emerged over hundreds of millions of years of 
converging coevolution

• “gene-only” evolution?  no, environment is 
the complementary root of life, and of evolution
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 example, light-producing V. fischeri outcompete non- luminescent 
mutants in the light organ of the squid, which is also incompatible with 
symbiont control. Moreover, the advantage to the luminescent bacteria 
is hypothesized to be driven by host-produced enzymes, which argues 
against the open-ecosystem model (Fig. 2b). However, as no other bac-
terial species are found in the light organ, the leash model (where both 
ecosystem and species interactions are important) is also rejected. Host 
control, therefore, appears to be the best model for the squid symbiosis.

In contrast to the squid system, species interactions are known to 
affect the mammalian microbiota10,13. How is it possible to hold such a 
diverse, dynamic community on a leash? Unlike the host-control model, 
the leash model does not predict near-faultless control. Rather, hosts 
might focus on certain hub species87 that are important for community 
 function. Hosts will also benefit from influencing the global properties 
of the microbiota. We, therefore, expect natural selection to favour hosts 
that act as ecosystem engineers that influence not only individual species 
but also community-level properties, such as stability and  productivity14. 
Possible mechanisms of this control include the immune system49 and 
 epithelial mucus secretion, which can weaken ecological interactions by 
 regulating species density and increasing spatial structure14. Interrupting 
the immune system or mucus secretion22,52, therefore, may lead to a less 
 stable, and thus less diverse, microbiota. Any mechanism of control also 
has to be protected against easy escape, which is why we predict that 
microbes who mutate to pull against the leash will typically sustain a  
fitness cost within the dynamic ecosystem (see ‘Monitoring and 
targeting’).

The importance of host control does not imply that community com-
position will remain static. Omnivorous hosts, in particular, may  benefit 

from a flexible microbiota that can respond to changing metabolic 
demands. The fact that microbiome communities can shift strongly with 
host diet59, therefore, is not in itself evidence that a host is powerless to 
influence communities. Indeed, humans display a remarkable ability to 
keep major microbial lineages within our microbiota75,76, to the extent 
that several bacterial lineages appear to have co-speciated with us88. As 
for many other hosts, this suggests that humans have evolved to create 
an environment that selects for specific bacterial lineages. Strong pertur-
bations, however, may force a host to deal with extinctions, followed by 
stochastic recolonization as new species arrive at random. This potential 
for recolonization is expected to promote trait-based discrimination in a 
host (see ‘Monitoring and targeting’), which applies general selection for 
microbes based on their benefits rather than targeting specific genotypes. 
As a corollary, hosts may be sometimes blind to an immigrating strain 
outcompeting a resident, so long as the new strain has the equivalent 
effect on a host.

Coevolution
Our conceptual model includes the possibility of coevolution, which 
is distinct from the potentially related process of co-speciation88. 
Coevolution describes reciprocal evolutionary adaptations in different 
species in response to one another89. A classic example is the bullhorn 
acacia that gets its name from the horns it evolved to house ants. The ants 
fiercely defend the plant, both from insects and other plants that contact 
the acacia27. This defence is so effective that the plant appears to have lost 
the normal defences against herbivory: without ants, the plant suffers 
severe defoliation and death. To our knowledge, there is no  comparable 
evidence yet of such reciprocal adaptation between  mammalian hosts 
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Figure 2 | Models of host–microbiome interaction. Black arrows 
represent ecological interactions within the microbiota, red arrows 
indicate mechanisms of control. a, Ecosystem on a leash. When host 
species interact with a diverse but beneficial microbiota, as occurs in 
mammals, evolutionary theory predicts that the microbial functions will 
centre on persistence in the microbiome ecosystem, while the host will 
attempt to control the microbiota, hence the ‘leash’ (Boxes 1 and 2). Image 
courtesy of A. D. Wilson. b, Host control. For interactions involving few 
microbial strains, ecological complexity is reduced and microbes are 
primarily shaped by the host environment. Natural selection on the host, 
therefore, can result in strong shaping and control of the phenotypes 
of beneficial microbes. The bobtail squid has a specialized light organ, 
which controls both the access and light production of the symbiotic 
bacteria that grow inside79,80. One hypothesis is that host enzymes 
generate bacteriocidal compounds from substrates that become available 
if the bacteria do not perform the light-producing reaction80. Photo of 
Euprymna scolopes, the Hawaiian bobtailed squid, by M. McFall-Ngai, 
PBRC, University of Hawaii-Manoa, published with permission.  

c, Symbiont control. Low microbial diversity also increases the potential 
for microbes to affect global host traits—including survival, reproduction 
and behaviour—and receive a fitness benefit from doing so (Box 2). This 
may select for adaptations that function to increase host fitness, such as 
enzymes that feed the host, but slow microbial growth. However, this  
can also enable symbiont manipulation of the host, such as for ‘zombie’ 
fungi, infection with which causes ants to move to a position ideal for 
fungal development84. Photo of Ophiocordyceps unilateralis and ant by  
D. Hughes, Penn. State, published with permission. d, Open ecosystem. 
A host carries a complex ecosystem without evolved control mechanisms 
beyond compartmentalization. This is most likely to occur if the 
microbiota are rarely either a threat or a benefit. Pitcher plants use pools 
of water to kill and digest prey. Although these plants regulate the pool 
by releasing enzymes and acids to promote digestion, there is currently 
little evidence that the plants have dedicated mechanisms to regulate the 
pool microbiota86. Image adapted from P. J. Ding used under Creative 
Commons Licence.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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 example, light-producing V. fischeri outcompete non- luminescent 
mutants in the light organ of the squid, which is also incompatible with 
symbiont control. Moreover, the advantage to the luminescent bacteria 
is hypothesized to be driven by host-produced enzymes, which argues 
against the open-ecosystem model (Fig. 2b). However, as no other bac-
terial species are found in the light organ, the leash model (where both 
ecosystem and species interactions are important) is also rejected. Host 
control, therefore, appears to be the best model for the squid symbiosis.

In contrast to the squid system, species interactions are known to 
affect the mammalian microbiota10,13. How is it possible to hold such a 
diverse, dynamic community on a leash? Unlike the host-control model, 
the leash model does not predict near-faultless control. Rather, hosts 
might focus on certain hub species87 that are important for community 
 function. Hosts will also benefit from influencing the global properties 
of the microbiota. We, therefore, expect natural selection to favour hosts 
that act as ecosystem engineers that influence not only individual species 
but also community-level properties, such as stability and  productivity14. 
Possible mechanisms of this control include the immune system49 and 
 epithelial mucus secretion, which can weaken ecological interactions by 
 regulating species density and increasing spatial structure14. Interrupting 
the immune system or mucus secretion22,52, therefore, may lead to a less 
 stable, and thus less diverse, microbiota. Any mechanism of control also 
has to be protected against easy escape, which is why we predict that 
microbes who mutate to pull against the leash will typically sustain a  
fitness cost within the dynamic ecosystem (see ‘Monitoring and 
targeting’).

The importance of host control does not imply that community com-
position will remain static. Omnivorous hosts, in particular, may  benefit 

from a flexible microbiota that can respond to changing metabolic 
demands. The fact that microbiome communities can shift strongly with 
host diet59, therefore, is not in itself evidence that a host is powerless to 
influence communities. Indeed, humans display a remarkable ability to 
keep major microbial lineages within our microbiota75,76, to the extent 
that several bacterial lineages appear to have co-speciated with us88. As 
for many other hosts, this suggests that humans have evolved to create 
an environment that selects for specific bacterial lineages. Strong pertur-
bations, however, may force a host to deal with extinctions, followed by 
stochastic recolonization as new species arrive at random. This potential 
for recolonization is expected to promote trait-based discrimination in a 
host (see ‘Monitoring and targeting’), which applies general selection for 
microbes based on their benefits rather than targeting specific genotypes. 
As a corollary, hosts may be sometimes blind to an immigrating strain 
outcompeting a resident, so long as the new strain has the equivalent 
effect on a host.

Coevolution
Our conceptual model includes the possibility of coevolution, which 
is distinct from the potentially related process of co-speciation88. 
Coevolution describes reciprocal evolutionary adaptations in different 
species in response to one another89. A classic example is the bullhorn 
acacia that gets its name from the horns it evolved to house ants. The ants 
fiercely defend the plant, both from insects and other plants that contact 
the acacia27. This defence is so effective that the plant appears to have lost 
the normal defences against herbivory: without ants, the plant suffers 
severe defoliation and death. To our knowledge, there is no  comparable 
evidence yet of such reciprocal adaptation between  mammalian hosts 
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Figure 2 | Models of host–microbiome interaction. Black arrows 
represent ecological interactions within the microbiota, red arrows 
indicate mechanisms of control. a, Ecosystem on a leash. When host 
species interact with a diverse but beneficial microbiota, as occurs in 
mammals, evolutionary theory predicts that the microbial functions will 
centre on persistence in the microbiome ecosystem, while the host will 
attempt to control the microbiota, hence the ‘leash’ (Boxes 1 and 2). Image 
courtesy of A. D. Wilson. b, Host control. For interactions involving few 
microbial strains, ecological complexity is reduced and microbes are 
primarily shaped by the host environment. Natural selection on the host, 
therefore, can result in strong shaping and control of the phenotypes 
of beneficial microbes. The bobtail squid has a specialized light organ, 
which controls both the access and light production of the symbiotic 
bacteria that grow inside79,80. One hypothesis is that host enzymes 
generate bacteriocidal compounds from substrates that become available 
if the bacteria do not perform the light-producing reaction80. Photo of 
Euprymna scolopes, the Hawaiian bobtailed squid, by M. McFall-Ngai, 
PBRC, University of Hawaii-Manoa, published with permission.  

c, Symbiont control. Low microbial diversity also increases the potential 
for microbes to affect global host traits—including survival, reproduction 
and behaviour—and receive a fitness benefit from doing so (Box 2). This 
may select for adaptations that function to increase host fitness, such as 
enzymes that feed the host, but slow microbial growth. However, this  
can also enable symbiont manipulation of the host, such as for ‘zombie’ 
fungi, infection with which causes ants to move to a position ideal for 
fungal development84. Photo of Ophiocordyceps unilateralis and ant by  
D. Hughes, Penn. State, published with permission. d, Open ecosystem. 
A host carries a complex ecosystem without evolved control mechanisms 
beyond compartmentalization. This is most likely to occur if the 
microbiota are rarely either a threat or a benefit. Pitcher plants use pools 
of water to kill and digest prey. Although these plants regulate the pool 
by releasing enzymes and acids to promote digestion, there is currently 
little evidence that the plants have dedicated mechanisms to regulate the 
pool microbiota86. Image adapted from P. J. Ding used under Creative 
Commons Licence.
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 example, light-producing V. fischeri outcompete non- luminescent 
mutants in the light organ of the squid, which is also incompatible with 
symbiont control. Moreover, the advantage to the luminescent bacteria 
is hypothesized to be driven by host-produced enzymes, which argues 
against the open-ecosystem model (Fig. 2b). However, as no other bac-
terial species are found in the light organ, the leash model (where both 
ecosystem and species interactions are important) is also rejected. Host 
control, therefore, appears to be the best model for the squid symbiosis.

In contrast to the squid system, species interactions are known to 
affect the mammalian microbiota10,13. How is it possible to hold such a 
diverse, dynamic community on a leash? Unlike the host-control model, 
the leash model does not predict near-faultless control. Rather, hosts 
might focus on certain hub species87 that are important for community 
 function. Hosts will also benefit from influencing the global properties 
of the microbiota. We, therefore, expect natural selection to favour hosts 
that act as ecosystem engineers that influence not only individual species 
but also community-level properties, such as stability and  productivity14. 
Possible mechanisms of this control include the immune system49 and 
 epithelial mucus secretion, which can weaken ecological interactions by 
 regulating species density and increasing spatial structure14. Interrupting 
the immune system or mucus secretion22,52, therefore, may lead to a less 
 stable, and thus less diverse, microbiota. Any mechanism of control also 
has to be protected against easy escape, which is why we predict that 
microbes who mutate to pull against the leash will typically sustain a  
fitness cost within the dynamic ecosystem (see ‘Monitoring and 
targeting’).

The importance of host control does not imply that community com-
position will remain static. Omnivorous hosts, in particular, may  benefit 

from a flexible microbiota that can respond to changing metabolic 
demands. The fact that microbiome communities can shift strongly with 
host diet59, therefore, is not in itself evidence that a host is powerless to 
influence communities. Indeed, humans display a remarkable ability to 
keep major microbial lineages within our microbiota75,76, to the extent 
that several bacterial lineages appear to have co-speciated with us88. As 
for many other hosts, this suggests that humans have evolved to create 
an environment that selects for specific bacterial lineages. Strong pertur-
bations, however, may force a host to deal with extinctions, followed by 
stochastic recolonization as new species arrive at random. This potential 
for recolonization is expected to promote trait-based discrimination in a 
host (see ‘Monitoring and targeting’), which applies general selection for 
microbes based on their benefits rather than targeting specific genotypes. 
As a corollary, hosts may be sometimes blind to an immigrating strain 
outcompeting a resident, so long as the new strain has the equivalent 
effect on a host.

Coevolution
Our conceptual model includes the possibility of coevolution, which 
is distinct from the potentially related process of co-speciation88. 
Coevolution describes reciprocal evolutionary adaptations in different 
species in response to one another89. A classic example is the bullhorn 
acacia that gets its name from the horns it evolved to house ants. The ants 
fiercely defend the plant, both from insects and other plants that contact 
the acacia27. This defence is so effective that the plant appears to have lost 
the normal defences against herbivory: without ants, the plant suffers 
severe defoliation and death. To our knowledge, there is no  comparable 
evidence yet of such reciprocal adaptation between  mammalian hosts 
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Figure 2 | Models of host–microbiome interaction. Black arrows 
represent ecological interactions within the microbiota, red arrows 
indicate mechanisms of control. a, Ecosystem on a leash. When host 
species interact with a diverse but beneficial microbiota, as occurs in 
mammals, evolutionary theory predicts that the microbial functions will 
centre on persistence in the microbiome ecosystem, while the host will 
attempt to control the microbiota, hence the ‘leash’ (Boxes 1 and 2). Image 
courtesy of A. D. Wilson. b, Host control. For interactions involving few 
microbial strains, ecological complexity is reduced and microbes are 
primarily shaped by the host environment. Natural selection on the host, 
therefore, can result in strong shaping and control of the phenotypes 
of beneficial microbes. The bobtail squid has a specialized light organ, 
which controls both the access and light production of the symbiotic 
bacteria that grow inside79,80. One hypothesis is that host enzymes 
generate bacteriocidal compounds from substrates that become available 
if the bacteria do not perform the light-producing reaction80. Photo of 
Euprymna scolopes, the Hawaiian bobtailed squid, by M. McFall-Ngai, 
PBRC, University of Hawaii-Manoa, published with permission.  

c, Symbiont control. Low microbial diversity also increases the potential 
for microbes to affect global host traits—including survival, reproduction 
and behaviour—and receive a fitness benefit from doing so (Box 2). This 
may select for adaptations that function to increase host fitness, such as 
enzymes that feed the host, but slow microbial growth. However, this  
can also enable symbiont manipulation of the host, such as for ‘zombie’ 
fungi, infection with which causes ants to move to a position ideal for 
fungal development84. Photo of Ophiocordyceps unilateralis and ant by  
D. Hughes, Penn. State, published with permission. d, Open ecosystem. 
A host carries a complex ecosystem without evolved control mechanisms 
beyond compartmentalization. This is most likely to occur if the 
microbiota are rarely either a threat or a benefit. Pitcher plants use pools 
of water to kill and digest prey. Although these plants regulate the pool 
by releasing enzymes and acids to promote digestion, there is currently 
little evidence that the plants have dedicated mechanisms to regulate the 
pool microbiota86. Image adapted from P. J. Ding used under Creative 
Commons Licence.
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 example, light-producing V. fischeri outcompete non- luminescent 
mutants in the light organ of the squid, which is also incompatible with 
symbiont control. Moreover, the advantage to the luminescent bacteria 
is hypothesized to be driven by host-produced enzymes, which argues 
against the open-ecosystem model (Fig. 2b). However, as no other bac-
terial species are found in the light organ, the leash model (where both 
ecosystem and species interactions are important) is also rejected. Host 
control, therefore, appears to be the best model for the squid symbiosis.

In contrast to the squid system, species interactions are known to 
affect the mammalian microbiota10,13. How is it possible to hold such a 
diverse, dynamic community on a leash? Unlike the host-control model, 
the leash model does not predict near-faultless control. Rather, hosts 
might focus on certain hub species87 that are important for community 
 function. Hosts will also benefit from influencing the global properties 
of the microbiota. We, therefore, expect natural selection to favour hosts 
that act as ecosystem engineers that influence not only individual species 
but also community-level properties, such as stability and  productivity14. 
Possible mechanisms of this control include the immune system49 and 
 epithelial mucus secretion, which can weaken ecological interactions by 
 regulating species density and increasing spatial structure14. Interrupting 
the immune system or mucus secretion22,52, therefore, may lead to a less 
 stable, and thus less diverse, microbiota. Any mechanism of control also 
has to be protected against easy escape, which is why we predict that 
microbes who mutate to pull against the leash will typically sustain a  
fitness cost within the dynamic ecosystem (see ‘Monitoring and 
targeting’).

The importance of host control does not imply that community com-
position will remain static. Omnivorous hosts, in particular, may  benefit 

from a flexible microbiota that can respond to changing metabolic 
demands. The fact that microbiome communities can shift strongly with 
host diet59, therefore, is not in itself evidence that a host is powerless to 
influence communities. Indeed, humans display a remarkable ability to 
keep major microbial lineages within our microbiota75,76, to the extent 
that several bacterial lineages appear to have co-speciated with us88. As 
for many other hosts, this suggests that humans have evolved to create 
an environment that selects for specific bacterial lineages. Strong pertur-
bations, however, may force a host to deal with extinctions, followed by 
stochastic recolonization as new species arrive at random. This potential 
for recolonization is expected to promote trait-based discrimination in a 
host (see ‘Monitoring and targeting’), which applies general selection for 
microbes based on their benefits rather than targeting specific genotypes. 
As a corollary, hosts may be sometimes blind to an immigrating strain 
outcompeting a resident, so long as the new strain has the equivalent 
effect on a host.

Coevolution
Our conceptual model includes the possibility of coevolution, which 
is distinct from the potentially related process of co-speciation88. 
Coevolution describes reciprocal evolutionary adaptations in different 
species in response to one another89. A classic example is the bullhorn 
acacia that gets its name from the horns it evolved to house ants. The ants 
fiercely defend the plant, both from insects and other plants that contact 
the acacia27. This defence is so effective that the plant appears to have lost 
the normal defences against herbivory: without ants, the plant suffers 
severe defoliation and death. To our knowledge, there is no  comparable 
evidence yet of such reciprocal adaptation between  mammalian hosts 
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Figure 2 | Models of host–microbiome interaction. Black arrows 
represent ecological interactions within the microbiota, red arrows 
indicate mechanisms of control. a, Ecosystem on a leash. When host 
species interact with a diverse but beneficial microbiota, as occurs in 
mammals, evolutionary theory predicts that the microbial functions will 
centre on persistence in the microbiome ecosystem, while the host will 
attempt to control the microbiota, hence the ‘leash’ (Boxes 1 and 2). Image 
courtesy of A. D. Wilson. b, Host control. For interactions involving few 
microbial strains, ecological complexity is reduced and microbes are 
primarily shaped by the host environment. Natural selection on the host, 
therefore, can result in strong shaping and control of the phenotypes 
of beneficial microbes. The bobtail squid has a specialized light organ, 
which controls both the access and light production of the symbiotic 
bacteria that grow inside79,80. One hypothesis is that host enzymes 
generate bacteriocidal compounds from substrates that become available 
if the bacteria do not perform the light-producing reaction80. Photo of 
Euprymna scolopes, the Hawaiian bobtailed squid, by M. McFall-Ngai, 
PBRC, University of Hawaii-Manoa, published with permission.  

c, Symbiont control. Low microbial diversity also increases the potential 
for microbes to affect global host traits—including survival, reproduction 
and behaviour—and receive a fitness benefit from doing so (Box 2). This 
may select for adaptations that function to increase host fitness, such as 
enzymes that feed the host, but slow microbial growth. However, this  
can also enable symbiont manipulation of the host, such as for ‘zombie’ 
fungi, infection with which causes ants to move to a position ideal for 
fungal development84. Photo of Ophiocordyceps unilateralis and ant by  
D. Hughes, Penn. State, published with permission. d, Open ecosystem. 
A host carries a complex ecosystem without evolved control mechanisms 
beyond compartmentalization. This is most likely to occur if the 
microbiota are rarely either a threat or a benefit. Pitcher plants use pools 
of water to kill and digest prey. Although these plants regulate the pool 
by releasing enzymes and acids to promote digestion, there is currently 
little evidence that the plants have dedicated mechanisms to regulate the 
pool microbiota86. Image adapted from P. J. Ding used under Creative 
Commons Licence.
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social behavior and norms 
found in human societies

(Wikipedia)

culture

aspects
languages
translating between disparate domains

• “natural” (english,…)

• formal (mathematics, music, dance…)

• other (meditation,…)

sciencesknowledge, “truths”• prerequisite for operation in nature• demand cognitive capabilities & languages
• “true” because their value results from their 

power to do

norms, believes, religions,…social organization• subjective but not arbitrary: some are more effective than others and the respective groups will prevail

operational procedures

• production & preparation of food

• building of houses, iPhones,…

• rituals

from perspective of unfolding life, 
this definition is way too limiting, and

hides the significance of the concept

accepting huge differences between 
species suffices
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major evolutionary transition to superorganism

24

aggregations 
(egalitarian)

clonal multicellular 
(fraternal)

unicellular

organism
al

semi/parasocial

sub- 
social

eu- 
social

solitary

superorganism
al

major 
evolutionary 
transition in 
individuality

transition to superorganisms 
(solitary → social → superorganism)

evolutionary spiral

transition to metazoa 
(single- → multicellular organism)

modified from 
Boomsma and Gawne 2018



eusocial – group
• care cooperatively for their offspring 
•overlapping adult generations in 
colony 

• total labor performed by different 
subgroups (castes)
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aggregations 
(egalitarian)

clonal multicellular 
(fraternal)

unicellular

organism
al

semi/parasocial

sub- 
social

eu- 
social

solitary

superorganism
al

major evolutionary transition to superorganism
evolutionary unfolding (time line)

superorganism – individual
• eusocial 
• entire colony from same parent pair 
→ single-zygote in multicellular organisms 

• result of irreversible evolutionary 
transition

modified from Boomsma and Gawne 2018
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major evolutionary transition to superorganism
examples

42 Jacobus J. Boomsma and Richard Gawne

Fig. 2. The superorganismal social insects and a representative selection of non-superorganismal social insects and (in)vertebrate
cooperative breeders, separated by the evolutionarily convergent point of no return barrier (orange bar) representing the
morphologically differentiated queen–worker caste transitions in the social Hymenoptera and the termites. The three key criteria
of caste phenotype, caste (un)matedness, and breeder dominance/domestication are given in the upper section of the diagram and
animal lineages are ranked from left to right in the middle section using approximate weighted averages of reproductive skew and
social coherence/longevity of colonies across the cooperative breeding–eusociality range (left of the orange bar) and of the degree
of distinct morphological caste differentiation and superorganismal ‘germ-line’ longevity (right of the orange bar). Superorganismal
entries are broadly representative of most recent ancestral states, and do not take into account that secondary reductions may
sometimes have lost or modified castes, because none of these ever represent reversals to an ancestral state of matedness totipotency,
which is universally present in either some or many colony members at the other side of the orange bar (Boomsma, 2013). At the
bottom left we have listed polyembryonic wasps (Giron et al., 2004) and trematodes (Hechinger, Wood & Kuris, 2011) with altruistic
soldier castes that have been called ‘eusocial’, but are not fully comparable with the animals in the middle section because they live
within compartmentalized hosts rather than in their own nests or burrows; their parasitism has also induced complexity reductions
analogous to those in parasitic myxozoan Cnidaria which are reduced multicellular eukaryotes (Chang et al., 2015), not reversals
to protist unicellular life (cf . Table 2, qE7). At the bottom right, we have listed the ambrosia beetle Austroplatypus incompertus, whose
status as an incipient superorganism remains to be confirmed. We did not include marine hydrozoans such as Physalia (Portugese
man o’ war) and Nonomia cnidarians (Bourke, 2011a) because they have modular growth, and thus no early sequestered single germ
line, and they lack the mesoderm that would normally produce most animal organs (Collins et al., 2006).

(cf . Batra, 1995; Table 2, qE14 and qE19), and subsequently
synonymized eusociality with a sensu-lato superorganismality
concept that is grossly imprecise (Fig. 1). Confusion of this
kind goes a long way in explaining why Maynard Smith
and Szathmáry (1995) (Table 2, qS20) were so dismissive
of the concept of superorganismality. The generalized
Wilsonian concepts of eusociality and superorganismality
that were prominent in the literature towards the turn of the
century prevented them from seeing the obvious point of no
return major transitions marked in orange in Fig. 1. They
unsuccessfully tried to resolve the issue by suggesting that
organisms are able to follow the red (sensu lato) pathway to
superorganismality displayed at the bottom of Fig. 1, even
though the emergence of facultative reproductive altruism in

chimeric groups (Table 2, qS20) has no obvious connection
with their major transitions framework. Issues of this type
demonstrate that terminological adjustments based on the
original meaning of eusociality and superorganismality are
not merely a matter of semantics. Rather, the systematic
classification of the stages of social evolution developed
by early naturalists (Table S2, qS1, qS8, qS10 and qS11)
facilitates straightforward understanding of the generality
of the ‘gene’s eye’ Hamiltonian perspective that nature has
never produced any form of lasting cooperation that does not
have inbuilt potential for conflict (Hamilton, 1996). It is only
after the catch-all sociobiology concept of eusociality became
entrenched that researchers lost sight of the fact that lineages
with phenotypically plastic behavioural castes and those

Biological Reviews 93 (2018) 28–54 ! 2017 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.

Boomsma and Gawne 2018: Superorganismality and caste differentiation as 
points of no return: how the major evolutionary transitions were lost in translation
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Cambrian radiation541 My

65 My

insects emerge

termites emerge &

PT mass extinction

(96% of oceanic species vanished,

70% of terrestrial)

252 My

ants emerge &

eusocial termites

eusocial ants
eusocial wasps

400 My

140 My
120 My
100 My

agriculture in ants

agriculture in termites31 My
today

angiosperms (flowering plants)

insects

oxygenic

photosynthesis

Great Oxygenation

Event

eukaryotic cell

Neoproterozoic OE
Cambrian radiation

condensation

planet Earth4.8 Gy

today

anoxygenic

photosynthesis

PT mass extinction0.25 Gy

1.8 Gy

2.4 Gy

2.7 Gy

3.5 Gy

4.0 Gy first life

2.2 Gy

0.85 Gy

0.541 Gy

• insects emerged some 480 My ago 
• strongest radiation 200…150 My ago 

(after Permian-Triassic extinction 252 Mya)

• first evidence for large communities 
(nests and mounds): 145…66 Mya 

• “agriculture” invented by several 
species independently 65…10 Mya

current distribution
• 6…10 million species 
• estimated 90% of multi-cellular 

animal life forms
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ant culture

• “agriculture” invented 65 Mya 
fully developed 10 Mya 
transition to high-energy food allowed ants to spread 
globally and become a dominant group of insects

• success in so many environments attributed to 
‣ superorganisms 
‣ ability to modify habitats, tap into new 
resources, and defend themselves

• colonized every landmass, except Antarctica 
• ants make up 2% of the insect species, 
but ⅓ of the insects’ mass  

• form 15…25% of the terrestrial animal biomass
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SYMBIOSIS AND FUNGUS-GROWING ANTS 373

Figure 3 Pictorial representation of the quadripartite symbiosis. (A) The large-body
queen represents the fungus-growing ants. (B) The mushroom depicts the fungus the
ants cultivate and has the appearance of free-living leucocoprineous fungi. (C) The
microfungus in the box represents the garden parasite Escovopsis. (D) The final illus-
tration represents the actinomycete that grows on the cuticle of fungus-growing ants
and produces antibiotics that suppress the growth of Escovopsis. Arrows represent
interacting components: Double-headed arrows represent mutualistic association and
single-headed arrows represent a negative interaction. The original line drawing was
created by Cara Gibson.

The actinomycete appears to provide at least two additional benefits to the
fungal cultivars and ants. First, Currie et al (24) showed, in at least one genus of
fungus-growing ants (Apterostigma), a substantial increase in the growth of the
ants’ cultivars when grown in broth cultures with filtrate from the bacterium. This
suggests that the bacterium may produce growth-promoting compounds for the
cultivars within gardens. It is not currently clear what compounds are produced,
and growth promotionwithin gardens (as opposed towithin broth cultures) remains
to be established. Second, the bacteriummay also protect the ants themselves from
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[Currie 2001]

•operation (details) 
‣ species: ant, fungus, actinomycete 
bacterium, parasitic fungus 

‣ parasite infects fungus gardens 
is controlled by an antibiotic 
produced by actinomycete growing on ants’ skin

agriculture of leaf-cutter ants

29

evolved some 10 Mya

(human agriculture: 12 kya)

•operation (overall) 
‣ foragers cut fresh biomass and bring it to nest 
‣ younger workers chew it, mix it with enzymes, and feed it to fungus 
‣ observe reaction of fungus to particular food and 
communicate to foragers what leaves not to bring any more

• significance 
‣ dominant herbivores in American tropics 
‣ total biomass, life span, consumed vegetation 
of a colony is equivalent to 
a large mammal herbivore


