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Natural selection for imprecise vertical
transmission in host-microbiota systems

Marijolein Bruijning®®, Lucas P. Henry ©'2, Simon K. G. Forsberg®'2, C. Jessica E. Metcalf®'and
Julien F. Ayroles'?

How and when the microbiome modulates host adaptation remains an evolutionary puzzle, despite evidence that the extended
genetic repertoire of the microbiome can shape host phenotypes and fitness. One complicating factor is that the microbiome
is often transmitted imperfectly across host generations, leading to questions about the degree to which the microbiome con-
tributes to host adaptation. Here, using an evolutionary model, we demonstrate that decreasing vertical transmission fidelity
can increase microbiome variation, and thus phenotypic variation, across hosts. When the most beneficial microbial genotypes
change unpredictably from one generation to the next (for example, in variable environments), hosts can maximize fitness by
increasing the microbiome variation among offspring, as this improves the chance of there being an offspring with the right
microbial combination for the next generation. Imperfect vertical transmission can therefore be adaptive in varying environ-
ments. We characterize how selection on vertical transmission is shaped by environmental conditions, microbiome changes
during host development and the contribution of other factors to trait variation. We illustrate how environmentally dependent
microbial effects can favour intermediate transmission and set our results in the context of examples from natural systems. We
also suggest research avenues to empirically test our predictions. Our model provides a basis to understand the evolutionary

pathways that potentially led to the wide diversity of microbe transmission patterns found in nature.

icrobial life occupies almost every habitat on Earth.

Increasingly, there is evidence that microbial communi-

ties living in and on eukaryotic hosts can strongly affect
host phenotypes, shaping features including behaviour'~, develop-
ment*?, illness®, pathogen resistance’~ and life span'’. Such strong
effects on host traits indicate that the microbiome can affect host
fitness. Moreover, the composition of microbiome communities
often varies greatly between hosts within a population, explain-
ing a substantial proportion of host phenotypic variation'"'">. The
importance of the microbiome for host fitness, together with the
considerable variation between hosts, implies that the microbi-
ome has the potential to impact host adaptive evolution. However,
it is largely unknown how much the microbiome contributes to
host adaptation'>".

The importance of the microbiome for host fitness implies that
hosts will be under selection to ‘manage’ their microbiome commu-
nities': adaptations that enable hosts to control their microbiome
composition have clear potential to increase fitness. Such adap-
tations could act on different stages during microbe acquisition
and establishment'. Our focus here is on hosts controlling their
microbe composition by controlling the transmission of microbes
from parents to offspring (that is, vertical transmission). There
exists a wide variety of mechanisms for transmission, producing a
broad range of transmission fidelity across systems (Fig. 1). Some
host species have faithful microbial transmission (Fig. 1a), lead-
ing to high concordance between the microbiomes of parents and
offspring, ultimately echoing the inheritance of host genetic mate-
rial. The most faithful transmission method is through intracellular
infection of oocytes, epitomized in obligate nutritional symbiosis
observed in many sap-feeding insects'’. For example, aphids are
nearly all infected with Buchnera bacteria, enabling these insects to
feed on phloem sap, an otherwise unbalanced diet'”. Other forms of

vertical transmission occur through ‘intimate neighbourhood
transmission’ during seed formation, egg laying or passage through
the birth canal’®. For instance, to transmit bacteria from parents to
offspring, stinkbugs can attach special symbiont capsules to their
eggs'” or cover their eggs with symbiont-supplemented jelly®.
Faeces consumption (coprophagy) is an important mechanism by
which early-stage cockroaches acquire their gut bacteria, increasing
their fitness compared with individuals reared under sterile condi-
tions”. In dung beetles, vertical transmission is ensured through a
brood ball, which results in remarkably faithful microbial transmis-
sion”. Recent modelling studies suggest that whenever transmission
is faithful, as in these examples, the microbiome has the potential to
contribute to host adaptation®*.

However, despite these intriguing examples of tightly linked
host-microbe associations, most host populations have micro-
biomes that vary through time and across hosts, leading to hosts
associating with variable microbial communities (Fig. 1b-d). For
instance, vertical transmission in marine sponges is highly unfaith-
ful; they are no more likely to share symbionts between parents and
offspring than they are between species”. This generally low trans-
mission fidelity has led some studies to suggest that selection at the
level of the host and microbiome together is unlikely to drive adap-
tive changes in most natural host systems'**.

While a low transmission fidelity could indeed reflect a relatively
small role of the microbiome in host adaptation, it could also be that
current models lack relevant elements. One of these elements might
be environmental variation. There is some empirical evidence sug-
gesting that loose host-microbiome associations might be beneficial
under changing environmental conditions. In animals that undergo
metamorphosis, such as holometabolous insects, flexibility in the
microbiome may optimize phenotypes for different environments
at different life stages”. Furthermore, the microbiome potentially
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Fig. 1| Natural variation in microbiome transmission fidelity across the eukaryotic kingdom, resulting in variation in microbiome composition across
hosts in a population. a, Obligate intracellular symbionts represent strong control over microbial transmission. Across insects, such as carpenter ant-
Blochmannia®, aphid-Buchnera®® and leafhopper-Sulcia associations®, both host and microbe have intricate molecular mechanisms whereby symbionts
are transovarially transmitted from mother to offspring, limiting symbiont diversity. b, Hosts may exert strong control over which microbes may infect,
but maintain flexible associations with a broader diversity of microbes than in the scenarios illustrated in a. For example, deep-sea mussels restrict
acquisition to a single bacterial species, but this bacterial species may vary across individuals and populations®®. Bacterial diversity is reduced within hosts
but variable across hosts. ¢, Some hosts have behavioural mechanisms that transmit only some portions of the microbiome. In humans, mothers transmit
a distinct subset of microbes to their infants that probably help with lactose digestion and immune development®®->¢, However, the homogenization of
microbiota between mother and infant disappears over the next few years®°°. d, For many hosts, microbiome transmission is thought to be unfaithful,
leading to high variance among individuals. In Drosophila and maize, only a small percentage of the microbiome is faithfully transmitted®*?. Sponges
harbour specific microbial communities but are no more likely to share symbionts between parents and offspring than they are between species; rather,
sponge microbiomes are environment-specific?>. For some hosts, such as bears, flexibility in the microbiome may enable microbes associated with
increased nutrient acquisition in preparation for hibernation®. This flexibility may also happen in humans®*, but drivers of microbial diversity in humans

(and in these other systems) are not well understood.

plays a role in the variance in timing of important life history events,
which could help hosts hedge their bets in unpredictable environ-
ments or when in competition®. Finally, a study on wild marine
sponges suggested that the observed unfaithful vertical transmis-
sion rates might benefit larvae facing variable environments®.
However, such fluctuating selection has not been incorporated in
models of how faithful microbial transmission should be to opti-
mize host fitness.

We explore how vertical microbiome transmission fidelity (here
defined as the expected fraction of the parental microbiome that
gets transmitted to offspring at birth) could affect long-term host
fitness, and how this interacts with constant versus fluctuating
selection. Can the microbiome contribute to host adaptation even
if heritability is low, or perhaps because heritability is low? To tackle
this question, we model host phenotypes as a function of their
microbiome and map host phenotypes to fitness in interaction with
the environment. We vary vertical transmission fidelity, assuming
that this is a heritable trait of the hosts, and assess how this fidelity
affects phenotypic distributions and long-term fitness of a popu-
lation of hosts. We show that the microbiome has the potential to
contribute to host adaptation, not only by altering the mean phe-
notype to one that maps to higher fitness but also potentially by
adjusting the variance in phenotypes to increase fitness*>*’. Under
sufficiently large fluctuating selection, a low microbiome transmis-
sion fidelity, increasing host phenotypic variation, can benefit host
fitness. Our findings provide a new lens to interpret a fast-growing

body of literature suggesting that the microbiome has the potential
to contribute to host adaptation.

Results

Microbiome transmission fidelity shapes host phenotypic distri-
butions and fitness. More faithful vertical microbe transmission
decreases host phenotypic variance (Fig. 2a): when all microbes
are faithfully transmitted from parents to offspring (vertical trans-
mission fidelity z=1), all phenotypic variance disappears due to a
combination of selective (loss of hosts that are maladapted in that
time step) and stochastic (loss of hosts by chance) events. This is
analogous to a population in which, in the absence of new muta-
tions, all genetic variation eventually disappears (Supplementary
Information 1). In contrast, under no vertical transmission (z=0),
each host starts with a completely random set of microbial species
every host generation, resulting in maximal phenotypic variance
among hosts (analogous to a biologically unrealistic scenario where
each allele mutates every generation; Supplementary Information 1).
Here we assume that microbial composition does not change during
a host’s life and that there are no other sources of phenotypic varia-
tion among hosts than microbiome variation; below we show the
consequences of relaxing these assumptions.

A non-zero transmission fidelity not only reduces the amount of
variation but also has the potential to shift the population-level mean
phenotype from one generation to the next. This, under constant
selection, results in the average phenotype matching the long-term

NATURE ECOLOGY & EVOLUTION | www.nature.com/natecolevol


http://www.nature.com/natecolevol

NATURE ECOLOGY & EVOLUTION ARTICLES

a 2, d
101
08
06 -

0.4 -

Host phenotypic variance

Transmission
fidelity

0.2 4

—— Stable environment

Host phenotypic

Environmental
conditions

Host phenotypic

variance mean

— Fluctuating environment

0 T T T

(-

0.3 4

=0

0.2 4

0.1 4

Average squared deviation from P

|
o
=

(o]

0.3 A

0.2

0.1 4

Relative fitness

-0.1 4

-0.2 T T T T 1
0 0.2 0.4 0.6 0.8 1.0
Transmission fidelity

Relative fitness compared to strict vertical transmission ®

0.25

0.20

0.15

0.10

0.05

A

Relative fitness

Environment

Variable environmental
microbiome

Average microbe
from environment

Fig. 2 | Interactions among transmission fidelity, host phenotypes and fitness, and the environment. a-c, Vertical microbiome transmission fidelity
affects both host phenotypic variance (a) and the deviation from the optimal mean (b), which together shape long-term fitness (¢). The environment
shapes these relations (blue indicates a stable environment, and purple indicates a fluctuating environment; note that the lines completely overlap in a).
d, Conceptual overview of these results. e, As shown in ¢, under fluctuating environments, hosts benefit from not vertically transmitting their microbiome.
This is not only because the average environmental microbe is more beneficial than what is inherited due to a slight deviation from the optimal phenotype
but also because the existence of variation among offspring increases long-term fitness. In b, the squared deviation is calculated by comparing host
phenotypes with the long-term optimum phenotype of O. In ¢, relative fitness is calculated as the difference in log fitness, comparing each strategy with
the strategy without vertical transmission (z=0). The lines show median values based on 250 replicate simulations. The shaded regions indicate the 68%
ranges of the simulations. Transmission fidelity (x axis) is defined as the expected proportion of microbes that is faithfully transmitted from parents to
offspring. Selection strength toward the optimum phenotype, w?=1; degree of environmental fluctuations, ai = 0 (blue) or oi = 2 (purple); variance in

microbial effects on host phenotype, V,=0.01.

phenotype optimum (Fig. 2b). However, under selection that fluc-
tuates unpredictably (that is, no temporal autocorrelation, extended
below), faithful transmission increases the average deviation (per
time step) from the long-term phenotype optimum (Fig. 2b),
up to when transmission fidelity is almost 100%. We note that we
simulated a large host population, consisting of 500 individuals.
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Reducing the population size makes the population more sensi-
tive to stochastic processes, leading to an increase in the number
of maladapted populations that deviate from the optimum of 0
(Extended Data Fig. 1).

These effects of transmission fidelity on host phenotypic
variance and mean translate into effects on long-term host fitness
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Microbiome transmission fidelity could shape host phenotypic variation
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Fig. 3 | Conceptual overview of how microbiome transmission could shape host phenotypic variance and when phenotypic variation among genetically
similar individuals might be beneficial. a, Hosts are represented as mice and are characterized by their microbiomes (circles). Microbes differ in their host
effects (colours), and their combined effects determine their host's phenotype (body size in this case). A population of hosts with faithful microbiome
transmission will eventually result in the loss of variation, due to stochasticity and selection. In a host population with unfaithful transmission, new
variation is introduced every generation, resulting in maximal phenotypic variation across hosts. b, Such increased phenotypic variation can be beneficial
under variable environments, by increasing the chance that at least some individuals match the most beneficial phenotype in any given environment.
Increased phenotypic variation by imperfect transmission reflects a diversified bet-hedging strategy: a reduction in fitness variance across generations
may optimize long-term fitness, despite a reduction in the expected year-to-year individual fitness. Host genotypes with low transmission fidelity could
therefore be favoured by natural selection under fluctuating selection.

(Fig. 2¢). As expected, in a stable environment, strict faithful trans-  selection, fitness decreases with an increasing transmission fidelity
mission maximizes fitness by reducing phenotypic variance while  (purple line in Fig. 2¢).

ensuring that the average phenotype matches the optimum (blue These effects on long-term fitness are driven by the effects of
lines in Fig. 2a—c). In contrast, under sufficiently large fluctuating transmission fidelity on both the amount of phenotypic variation
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Fig. 4 | Environmental predictability and variance together shape the optimal transmission fidelity. a, Optimal transmission fidelity for 50 x 50
combinations of environmental variance and predictability (that is, temporal autocorrelation) (brown indicates low optimal transmission fidelity; teal
indicates high optimal transmission fidelity). The coloured rectangles correspond to the scenarios depicted in Fig. 2 (blue represents a stable environment;
purple represents a fluctuating environment). The black rectangles with labels 1-3 indicate combinations that are further illustrated in b. b, Output of
specific simulation runs. The green lines indicate population-level average phenotypes, and the shading indicates one standard deviation below and above
the average. Note that when the environment is stable (scenario 1), the flat red line is not visible in the graphs. Each set of graphs shows the results when
ris setat 0, 0.9 and 1, and the black rectangles indicate the transmission fidelity that maximizes fitness. w?=1; V,=0.01.

and deviations from the optimal phenotype (Fig. 2d). This implies
that under fluctuating selection, even when the average phenotype
is kept at its long-term optimum, hosts benefit from not (or only
partly) transmitting their microbiome as a means to increase phe-
notypic variation (see Extended Data Fig. 2 for the results when
the mean is kept at its optimum). In other words, under fluctuat-
ing environments, host genotypes that produce offspring with ran-
domly assembled microbiomes attain a higher long-term fitness
than hosts that faithfully transmit their microbiomes or that take
up only the ‘average’ (long-term optimal) microbial genotype from
the environment (Fig. 2¢). These benefits of random variation arise
because long-term fitness, as it is a multiplicative process, is very
sensitive to occasional low values: only one year with a fitness of 0 is
enough to reduce long-term fitness to 0. The result is that a strategy
that buffers against (occasional) low fitness values—for example, by
creating offspring with variable microbiomes, so that some offspring
will do well whatever the generation-specific conditions are—can
be selected for in the long term. Such variation in offspring ensures
that at least some individuals are able to maintain a non-zero fitness
in any given time step, despite a reduction in expected individual
fitness; this is the concept of diversified bet-hedging”*'. We here
show that host genotypes can express such a bet-hedging strategy
by lowering their microbiome transmission fidelity (see Fig. 3 for a
conceptual overview).

A mathematical framework to calculate the optimal amount
of phenotypic variation as a function of the strength of stabilizing
selection and how much it fluctuates through time is proposed by
Bull”® (Supplementary Information 2). When keeping the aver-
age phenotype at its optimum, our results match Bull’s predictions
(Extended Data Fig. 2).
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High transmission fidelity enables adaptive tracking in predict-
able environments. Up to this point, we considered no temporal
autocorrelation—that is, the environment at time f was not predictive
of the environment at time ¢+ 1. In nature, however, many environ-
mental conditions are temporally autocorrelated’>”, and the com-
bination of environmental predictability and variation could shape
host evolutionary responses*. We increase the temporal autocorrela-
tion (predictability p), adding directional selection on the mean phe-
notype. We assess the optimal transmission fidelity for combinations
of environmental variance and predictability, keeping the average
environment at 0 (Fig. 4) and still assuming no microbial changes
during host development and no other sources of phenotypic varia-
tion. Optimal transmission fidelity is assessed by comparing the
long-term fitness of populations that differ in their transmission
fidelity. When there is considerable environmental variation and a
low environmental predictability (labelled 2 in Fig. 4; see also Fig. 2),
selection favours a low transmission fidelity, as this ensures that
phenotypic variation across hosts is maintained and that the mean
phenotype remains at its long-term optimum of 0. In contrast, a
highly predictable environment with the same environmental vari-
ance (labelled 3 in Fig. 4) favours a transmission fidelity close to 1, as
this allows hosts to follow changes in the mean environment through
adaptive tracking. Note that even though the environment changes
in a highly predictable way, strict faithful transmission (z=1) again
quickly results in the loss of all variation, hampering the population’s
ability to track these changes, and strongly reduces fitness.

Other sources of phenotypic variation among hosts. Until now,
phenotypic variation among hosts was solely determined by varia-
tion in their microbiome composition—that is, we focused only on
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Fig. 5 | Including other sources of phenotypic variation among hosts
changes selection on transmission fidelity. The colours show the results
for different values of the environmental (residual) contribution (V) to
host phenotypic variance. Larger V, values weaken selection on vertical
transmission and select for more faithful microbe transmission.

In accordance with Fig. 2, we set w?=1; o‘é =2, V,=0.01; and relative
fitness is the difference in log fitness compared with z=0. The lines show
the median predictions based on 250 simulations; the shaded regions
indicate the 68% ranges of the simulations.

determinants and consequences of phenotypic variance associated
with the microbiome. However, phenotypic variation in natural
populations is evidently not only caused by variation in microbi-
ome composition. According to a quantitative genetic framework,
phenotypes can be described as the sum of one or more genetic
and non-genetic components. We recently proposed an approach
to framing how a microbiome contribution can be incorporated'*.
Assuming no interactions, host phenotypes can be written as:

P=G+y+E (1)

where G is a host’s genetic value (assuming only additive effects),
7 is its microbiome contribution (where we also assume only addi-
tive effects; Methods) and E is a residual component. The total host
phenotypic variance (V}) can now be written as:

Vp=Ve+V,+ Vg (2)

Up to this point, we have assumed that all G and E values are
zero, resulting in V;= V=0, and hence V,=V,. Thus, the microbi-
ome variance required to optimize phenotypic variance is V, = Vp.
Equation (2) illustrates that a non-zero contribution of other vari-
ance components affects the optimal microbiome variance, as
now V, = Vp — Vg — Vg. The optimal microbiome variance thus
decreases with larger contributions of other sources of variation,
which can be achieved by increasing = (Fig. 2a). Indeed, starting
from an unpredictably fluctuating environment (Fig. 2a), varying
V; changes the selection on transmission fidelity: larger values of V;
increase the optimal transmission fidelity while weakening selec-
tion on vertical microbe transmission in general (Fig. 5). Here we
consider one focal host genotype (or strategy), such that V;=0. By
the same logic as above, increasing V; (due to sexual reproduction,
for example) will decrease the optimal microbiome variance, there-
fore increasing the optimal transmission fidelity.

These findings illustrate that selection on microbiome transmis-
sion fidelity is shaped by how inherently stochastic host phenotypes
are. Hosts with phenotypes with a strong stochastic component
might, even under fluctuating selection, benefit from strict micro-
biome control, to avoid increasing phenotypic variance even more.
In contrast, host with phenotypes that show little inherent variation
(for example, in the absence of environmental or genetic variation)
might, under sufficiently large fluctuating selection, benefit from
extra variance induced by noisy transmission.

Changes in microbiome composition during host development.
As the generation time of microbes is generally orders of magnitude
shorter than that of their host, microbiome composition generally
changes over the course of a host’s life™>*. To account for this, we
allow neutral dynamics to affect microbiome composition between
the moment hosts are born and the moment they reproduce. We do
so by varying the number of microbial generations (T;,), as a mea-
sure of the relative host generation time, and varying the balance
between the acquiring of new microbes from the environment (with
probability ¢) and within-host proliferation (with probability 1 —c).
The parameter c is a measure of how much the microbiome compo-
sition changes due to horizontal transmission during host develop-
ment, and empirical estimates of ¢ vary within the full 0 to 1 range”.

More microbial generations within one host generation (that
is, higher T, values) increase phenotypic variation among hosts
(Fig. 6a—c) (we here simulate host dynamics in an unpredictable
environment and do not include other sources of phenotypic varia-
tion). Increasing colonization from the environment reduces the
effects of T, and 7 and creates a more homogeneous phenotypic
variance landscape (Fig. 6¢). Environmental colonization ¢ thus
has the ability to both increase and decrease phenotypic variance
(Fig. 6d), depending on the transmission fidelity and the number of
microbial generations occurring within a host (coloured dots in Fig.
6a-c mapping onto curves in Fig. 6d). Both increasing the number
of microbial generations and increasing colonization can strongly
reduce microbiome heritability, even under strict vertical transmis-
sion, illustrating the difference between inheritance and heritability
(Extended Data Fig. 3).

These neutral dynamics within one host generation result in pat-
terns as expected from ecological metacommunity theory: increased
microbe (that is, species) migration from the source pool to indi-
vidual hosts (that is, communities) decreases variation among hosts
(that is, p-diversity) (Extended Data Fig. 4). This is in line with
empirical studies showing that dispersal among hosts leads to more
similar microbial communities***’. However, as our focus is on the
long-term evolutionary consequences for a population of hosts, we
additionally model stochastic and selective host reproduction. This
has no analogue in a metacommunity framework, where communi-
ties do not duplicate or disappear (see also ref. *). Our extended
framework, including these host dynamics, shows that even though
environmental transmission generally reduces variation within one
host generation (Extended Data Fig. 4 and Fig. 6d), it is required to
maintain variation on host evolutionary timescales.

Discussion

We developed a general model to evaluate how vertical transmis-
sion fidelity could affect long-term host fitness, accounting for the
important but often neglected feature of fluctuating environmental
conditions. We found that transmission fidelity affects the amount
of microbiome variation across hosts: strong control over transmis-
sion reduces variation in microbial composition across hosts, while
weak control increases microbial variation (Figs. 2 and 3). We found
that there are conditions under which lower transmission fidelity is
beneficial, and we showed that both external properties (such as the
strength of phenotypicselection (SupplementaryInformation2), how
selection fluctuates through time (Figs. 2 and 4) and the importance
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of microbial transmission from the environment (Fig. 6)) and host
properties (such as relative generation time (Fig. 6) and the relative
contribution of microbiome variation to host phenotypic variation
(Fig. 5)) can shape selection on microbiome transmission fidelity.
Our results suggest that, under unpredictable environmental condi-
tions, imperfect transmission can be adaptive, not only by affecting
the mean host phenotype (Fig. 2b) but also by tuning phenotypic
variability among hosts (Fig. 2a,e). This is because under imperfect
transmission, each offspring obtains a random set of microbes from
the environment, resulting in more variation among offspring than
when each offspring inherits the same microbes from their parent
(Fig. 3). In fluctuating environments, a strategy (that is, genotype)
that creates such random variation in phenotypes can be selected
for (this is the concept of diversified bet-hedging*'; Fig. 3).

Environmentally dependent microbial effects. Our model pro-
vides some general predictions regarding selection on control over
microbiome transmission. Importantly, we illustrate that envi-
ronmentally dependent microbial effects are crucial for selection
to favour intermediate transmission fidelity: selection in the case
of consistently beneficial microbes always favours fully faithful
transmission, whereas host selection favours no transmission for
consistently detrimental microbes. Indeed, such environmentally
dependent microbial effects on hosts are found in a range of sys-
tems, suggesting that mixed modes of inheritance might indeed be
favoured in nature. For example, in thrips, the effects of Erwinia
bacteria depend on host diet", proposed as an explanation for why
thrips did not evolve strict vertical transmission*'. Mycorrhizal
effects in plants can depend on environmental conditions*, and in
damselfish, the benefits of cleaning gobies depend on the presence
of ectoparasites®. Finally, in aphids, fitness effects of multiple sym-
bionts (and their environmental interaction), as well as transmis-
sion patterns, are relatively well understood**. For instance, the
maternally transmitted facultative symbiont Hamiltonella defensa
provides protection against endoparasitoid wasps* but comes with
an apparent fitness cost in parasitism-free environments”. Indeed,
variation in selection can maintain hosts both with and without this
symbiont*. Serratia symbiotica, another facultative aphid symbiont,
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increases host heat tolerance**>** but can decrease host fitness
under lower temperatures®.

Understanding the lack of faithful transmission of benefi-
cial microbes. Despite the numerous examples of microbes with
environmentally dependent effects, there are also microbes with
seemingly consistent benefits for their hosts, irrespective of the
environment, but lacking faithful transmission. For instance,
Burkholderia bacteria provide insecticide resistance to their host
bean bugs', and we are not aware of any study reporting negative
host effects of this symbiont. On the basis of our model, we pre-
dict that, in such cases, host-level selection should favour perfect
vertical transmission—but Burkholderia bacteria are not vertically
transmitted, and hosts have to reacquire their symbiont from the
soil every generation®. We have the following four explanations for
the lack of faithful transmission of consistently beneficial microbes.

First, developmental or physiological constraints can make it
difficult to ensure full concordance between parent and offspring
microbiome composition. It might be difficult to faithfully transmit
all microbial species from parents to offspring, and furthermore,
microbial dynamics often have ample opportunity to change micro-
biome composition during host development®*, due to stochastic
processes or competition among microbes. This is especially true
for hosts with longer generation times (Fig. 6).

Second, there could be hidden fitness costs of the microbe—
that is, decreasing host fitness components in certain life stages
or in certain environments. For instance, Drosophila individuals
with their microbiomes removed suffer from reduced fecundity
(implying beneficial microbial effects); however, their life span is
increased™. Future studies that combine our inference with demo-
graphic models, such as matrix population models or integral
projection models™®, could help us better understand selection
patterns on microbiome transmission in species with more complex
demography.

Third, weak selection on the optimal vertical transmission fidel-
ity could explain the lack of faithful transmission. This could be
due to different reasons. In humans, mothers and newborn babies
share similar microbiomes; however, this similarity breaks down
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over the first few years®*. This may partly reflect constraints due
to the long host development time (see the first explanation), but
it may additionally be that these maternally transmitted microbes
are particularly important early in life, with the importance disap-
pearing in later life stages, weakening selection on parent-offspring
microbiome resemblance later in life (although it might result in
within-host selection on maintaining microbes—an intriguing but
different question). Selection on transmission also becomes weaker
with a lower contribution of microbial variation to host phenotypic
variation (Fig. 5). Finally, the broader demographic context of a spe-
cies can affect selection on the optimal amount of variation in one
phenotypic trait™.

Fourth, hosts could exert control to maintain specific host-
microbe associations through controlling environmental transmis-
sion instead of vertical transmission. Bobtail squid-Vibrio*, bean
bug-Burkholderia®® and legume-rhizobia®' systems are examples
where hosts have evolved mechanisms to efficiently limit environ-
mental acquisition to their particular microbial associations.

Understanding faithful transmission of detrimental microbes.
Similarly puzzling is why hosts would faithfully transmit microbes
that seem consistently disadvantageous (or neutral) for host fitness.
For instance, Wolbachia infections are very common in insects, and
Wolbachia is transmitted through strict vertical maternal transmis-
sion. By manipulating host reproduction, many Wolbachia groups
are considered to be parasites®®. Why would hosts transmit such
harmful microbes? Using the same reasoning as above, there could
be hidden benefits of the microbe, benefiting certain life stages or
fitness components, or under certain environmental conditions.
For example, in flies, Wolbachia can block the establishment of viral
pathogens®, where a higher Wolbachia density leads to better pro-
tection®. However, in the absence of viral pressure, high densities
lead to earlier death in flies*”. This again illustrates the potential
complexity in environmentally dependent fitness effects, affecting
multiple components of fitness.

An alternative explanation is selection at the level of the microbe.
Especially if host-level selection on transmission fidelity is low (see
above), microbe-level selection might efficiently increase transmis-
sion rates up to a certain extent. A recent modelling study illustrates
this idea, although their focus was not on transmission fidelity:
weaker host-level selection increased the success of faster-growing
neutral microbes”. Expanding our model to include different
microbe strategies, instead of the neutral microbial dynamics that
we included, could provide insights into how strong microbe-level
versus host-level selection must be for non-zero transmission rates
of pathogenic microbes to evolve.

Going forward. Developing approaches that balance realistic com-
plexity with tractable simplicity is a crucial challenge in advancing
our theoretical understanding of microbiome-host dynamics. The
conceptual similarity between microbiome transmission fidel-
ity and genetic mutations outlined here resulted in a close match
between our simulation results and quantitative genetic predictions
(Supplementary Information 2; see also ref. ®). This illustrates the
potential power of leveraging the wealth of theory existing in the
field of quantitative genetics. For instance, could we use developed
theory on epistatic variance (for example, ref. **) to inform how
host-microbe interactions affect selection on transmission? What
are the consequences of such interactions for the coevolution of host
and microbes? Evaluating where the conceptual similarity between
the transmission of microbes and genetic material breaks down, and
where we thus need to develop new theory, will be crucial.

Our model simplifies many important biological features. This
simplicity is warranted as it yields insight into the core processes
at play; and added biological realism or a different model struc-
ture is unlikely to alter our main conclusion: in unpredictable

environments, host selection can favour unfaithful microbe
transmission to increase variation among offspring, leading to a
bet-hedging strategy. Moreover, we show that even the limited range
of biological processes that we explore here are sufficient to result
in optimal transmission fidelities encompassing the wide range
observed in nature. Our simple model thereby provides a starting
point for generating testable predictions.

It is important to note that some of our simplifying assumptions
may not hold in natural populations. For instance, we assumed that
the host genotype with the highest fitness is expected to increase in
frequency, so that the genotype with the highest long-term fitness
will eventually dominate. By construction, our model did not incor-
porate processes such as frequency-dependent selection, interfer-
ence competition or non-transitivity. Such processes add complexity
to the evolution of transmission fidelity (or any trait, for that mat-
ter), so that a strategy that has the highest long-term fitness might
not always evolve in a population®. Evolutionary invasion analysis,
which accounts for frequency dependence, could yield additional
counterintuitive results, building beyond our approach of identify-
ing the strategy with the highest long-term fitness. Furthermore, in
finite populations, short-term selection against the strategy with the
highest long-term fitness may impede its evolution (for example, this
has been proposed as a mechanism that maintains lower mutation
rates than would be optimal for long-term adaptation®). Indeed, a
bet-hedging strategy (here through a low transmission fidelity) may
not always establish in a finite population, even if beneficial in the
long run, due to drift or short-term selection against the strategy®.
Finally, we simplified many properties of the microbes and basically
assumed microbes to be static entities that do not interact, while
there exist interactions between microbes™, interactions between
hosts and microbes’”!, microbe- or environment-dependent trans-
mission rates’”’>”* and microbe-level selection®*. While neutral
dynamics are able to capture observed dynamics quite well in some
systems®*” (but see ref. ”°), within-host microbial interactions are
probably an important factor shaping microbiome communities’"%,
with consequences for host fitness™”°. We assumed an unchanging
microbial source pool that did not depend on host dynamics. The
environmental microbial pool could, however, also be a function of
what is present in each host, thereby responding to host selection.
Due to this ‘collective inheritance, horizontal transmission could
also lead to host population-level changes in microbiome composi-
tion, increasing host fitness™.

To test our theoretical predictions and further develop our model,
carefully designed experiments could be used. With empirical data
in hand to motivate such refinement, it will be straightforward to
extend the model and build in more realism for particular systems.
First and foremost, this requires a host system where microbiome
variation translates into variation in a fitness-related host pheno-
type (or in a measure of fitness directly). This could be done either
with entire microbiome communities (Extended Data Fig. 5a) or
with specific host-associated microbes (Extended Data Fig. 5b).
Second, there must be some environmental interaction with this
phenotypic trait or with fitness, so that by varying environmental
conditions, fluctuating selection can be imposed. Alternatively,
artificial selection could be used—for example, alternately selecting
for small versus large host body sizes. Third, one must be able to
control microbiome transmission fidelity from parents to offspring,
and possibly the importance of microbial colonization from the
environment. When these criteria are met, this will allow testing of
how vertical microbial transmission fidelity affects long-term host
fitness under different selection regimes (Extended Data Fig. 5).

The low microbiome heritability in many host systems has led to
a lively and ongoing discussion on the importance of the microbi-
ome for host evolution'*'*?***!, We propose that a low microbiome
heritability resulting from imperfect transmission may actually
benefit hosts under certain conditions. These conditions include
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environmentally dependent microbial effects, where the effects
change over time. We explain that this is because microbiome trans-
mission fidelity shapes phenotypic distributions in a population of
hosts. The phenotypic mean and variance optimizing fitness depend
on various host and environmental properties. Using a simple
model, we have generated some general predictions on how faith-
ful microbiome transmission should be, given these properties. We
believe that the way forward is to test these predictions under con-
trolled conditions, in combination with continuing the development
of theory. This will provide new insights into the wide diversity of
transmission modes that we observe in nature, contributing to our
understanding of the role of the microbiome in host evolution.

Methods

General overview. We use a modelling approach to assess how different factors
shape host selection on vertical microbe transmission fidelity (Extended Data

Fig. 6). To do so, we run simulations for a range of parameters, reflecting different
biological scenarios. In each scenario, we simulate individual hosts in a population,
where a host’s microbiome composition affects its phenotype, which then shapes
reproduction, upon which the next host generation takes place (Extended Data
Fig. 6a). These relations are governed and modified by different processes that

vary across scenarios, such as the transmission fidelity, environmental conditions
and microbial dynamics (see the coloured boxes in Extended Data Fig. 6a; this is
explained in detail in the following sections). For each simulation, we keep track of
population-level outcomes: phenotypic distributions (both mean and variance) and
fitness (Extended Data Fig. 6b), averaged across time steps.

Our model is conceptually and mathematically similar to quantitative genetic
mutation-drift-selection models (see also Ravel et al.* for the case of a single
symbiont), which describe how the balance between drift, selection and new
mutations determines the amount of additive genetic variance in a population
(Supplementary Information 1).

In short, the simulation procedure is as follows. We simulate a microbial
‘source pool, assumed to be present in the host environment, consisting of 1,000
different microbial species, where each microbial species is equally abundant.
Microbial species are characterized by their (additive) effects on host phenotypes.
The effect m that microbial species j has on its host phenotype is drawn from a
normal distribution:

mj s Normal (0, V) (3)

where V, is the variance in microbial effects on host phenotype. We start by
assuming that hosts do not differ in any other aspect. Phenotypic variation among
hosts thus results from variation in microbiome composition only. We simulate
the dynamics of N hosts, where each host carries 100 microbes. We thus assume a
constant microbial population size within each host. At the start of a simulation,
we assign 100 randomly sampled (with replacement) microbes from the source
pool to each host. Throughout the simulations, both the number of microbes
within each host and the number of hosts are kept constant, so that responses

are due to changes in composition (of both hosts and microbes) and not due to
changes in numbers. We follow dynamics across T, host generations. Within
each host generation, T,, microbial generations take place to capture changes

in microbiome composition during host development (‘Within-host microbial
dynamics’). To explore the impact of temporal variability in the environment, the
relationship between phenotypes and fitness (‘Host selection and transmission of
microbes’) can change in every host generation. This is captured by drawing from
anormal distribution defined by:

@¢ ~ Normal (0, 0;) (4)

where @, represents the environment at time ¢ and o2 controls the degree of
environmental fluctuations (when set at 0, the environment is stable). Equation (4)
simulates environments without any autocorrelation (p =0)—that is, the
environment at time ¢ is not predictive of the environment at time ¢ + 1. Below,

we extend this by simulating environments using an autoregressive model with
specified autocorrelation.

Within-host microbial dynamics. To simulate microbial dynamics within a host
generation, we use a metacommunity model. In each microbial generation, all
microbes are replaced either by colonization (by immigration from the source pool
outside the host) with probability ¢ or by proliferation (the replication of a microbe
within the host microbe community) with probability 1 — ¢ (green box in Extended
Data Fig. 6a). We assume that all microbe species have equal colonization and
proliferation probabilities and that each microbial species is equally represented in
the source pool. Such neutral dynamics have been shown to adequately describe
microbial community composition in different systems*>*”*>. We note, however,
that the model could easily be extended to allow for variation in these rates to
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model different microbe strategies, such as trade-offs between colonization and
proliferation rates, pathogenic strains with high proliferation rates, or variation in
microbial abundance. For each host, this random colonization and proliferation is
repeated for T, time steps, allowing for changes in microbiome composition during
host development. All hosts survive during this period.

Host selection and transmission of microbes. After T, time steps, host selection
takes place on the basis of host phenotypes, in interaction with the time-specific
environment and the strength of selection (red box in Extended Data Fig. 6a). The
phenotype P of host i is calculated as the sum of all the effects of microbes that are
present at the moment of host selection:

1,000

Pi="fim (5)
=1

where f; is the number of times microbe j is present in host i at the moment of
selection (note that summing f; over all j equals 100, the total number of microbes
within each host). This procedure implies that microbial composition earlier in life
has no effect on the current host phenotype. Furthermore, we model only additive
microbial effects (host phenotypes are not affected by, for instance, interactions
among microbes or microbial diversity). The fitness R of phenotype i follows a
Gaussian distribution and is calculated as:

(P, Q”t) ) (6)

R, (P ) = exp ( —
where w? is the selection strength toward the optimum phenotype, which is defined
by the time-specific environment ¢, (see above). The optimum phenotype thus
varies through time, and o‘fﬂ determines how much it varies (equation (4)). Note
that the average environment is set at 0 (equation (4)), which matches the average
microbial effect (equation (3)) and thus the average host phenotype (equation (5)).
This implies that hosts with the average microbiome are well adapted in the long
term. We thus purposely do not include any directional selection on the mean
phenotype. We sample N hosts (with replacement) with probabilities scaled to their
fitness, to select hosts that reproduce. This procedure assumes non-overlapping
host generations.

Next, microbes of reproducing hosts are vertically transmitted. The parameter
7 (ranging between 0 and 1) controls vertical transmission fidelity and is the
core parameter that we vary to assess its effects on long-term host fitness. For
each microbe that is present in a reproducing host, we sample whether or not it
is transmitted to the offspring on the basis of 7 (blue box in Extended Data Fig.
6a). We then complement the community with randomly sampled microbes
from the source pool to keep the total number of microbes in each host equal
to 100. Larger 7 values thus indicate more faithful transmission; =1 results in
strict vertical transmission, where offspring are born with the same microbiome
composition as their parents upon reproducing. In contrast, 7=0 corresponds to
a scenario where offspring are born with a microbiome that is fully sampled from
the environmental source pool. We define this process as ‘horizontal transmission.
We note that the microbial composition in the environmental source pool does not
change over time, differing from the model developed by Roughgarden®, where
the environmental source pool also responds to selection. After this step, microbial
dynamics in the next host generation take place as explained above.

Simulations. To evaluate how 7 affects phenotype distributions and fitness in
a host population (Extended Data Fig. 6b), we ran simulations for 1,000 host
generations while following 500 hosts. Including the last 500 host generations, to
ensure that these numbers give robust results, we then calculated the average

Ti 2
(over all individuals) of the phenotypic squared mean (W

Ti Ti n
(M) and fitness (exp {w] ) (calculated as the geometric
h h

mean). Assuming competing haploid clones, hosts with those transmission
fidelities that result in the highest geometric mean fitness are expected to become
the dominant strategy* (see Extended Data Fig. 7 for simulations of mixture
populations, leading to the same conclusions).

), variance

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability
This study uses computer-generated datasets, which can be created using
available R code.

Code availability

An interactive tool to run the model can be found at http://marjoleinbruijning.
shinyapps.io/simulhostmicrobiome, and example R code is available on Github:
http://github.com/marjoleinbruijning/microbiomeTransmission (https://doi.
org/10.5281/zenodo.5534317)%.
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Extended Data Fig. 1| Increased stochasticity in small host populations. In Fig. 2, we show how the microbiome transmission fidelity shapes host
phenotype distributions. In doing so, we simulated large populations, consisting of 500 individuals, in order to obtain robust results. This results in a
limited role of stochasticity, explaining the relatively low variation across replicated simulations (see shaded regions in Fig. 2a,b). In smaller populations,
however, populations are, unsurprisingly, more sensitive to stochastic processes. Here, we set transmission fidelity T at 1, implying strict vertical
transmission, and assessed the average deviation from P =0 for varying population sizes. In small populations, there is an increase in the number of
maladapted populations (that is a larger deviation from the optimal phenotype). Grey dots indicate individual simulations (30 per population size), red
lines indicate median values for each population size. =1, ®?>=1; 65,=2,' V,=0.01.
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Extended Data Fig. 2 | Results when the average phenotype is kept constant. Plots show relationship between transmission fidelity and phenotypic
variance (upper row), deviation from the long-term optimal mean (middle row) and long-term fitness (bottom row) when selection can shift the mean
phenotype (left; corresponds to Fig. 2) or when keeping the mean phenotype fixed at O (right). This was done by mean-centering phenotypes in each time
step, by subtracting each phenotype by the average time-specific phenotype. When we keep the mean host phenotype at O, we can use Bull's modeling
framework® to calculate long-term fitness (crosses in bottom right panel), based on the relation between transmission fidelity and phenotypic variance
(Appendix S2).
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Extended Data Fig. 3 | The difference between heritability and inheritance. Heritability (averaged across 5 replicated simulations) is a function of the
transmission fidelity, colonization from the environment, and the number of microbial generations within a host generation. Heritability is measured as
the slope of a regression between parent and offspring phenotypes upon the moment of reproduction, averaged across time steps. If there is only one

microbial generation within a host generation and/or without colonization, the heritability equals the transmission fidelity. However, when one or both
increase, heritability decreases, illustrating the difference between inheritance and heritability.
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Experimentally testing selection on vertical transmission fidelity
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Extended Data Fig. 5 | Empirical approaches to testing how microbiome transmission can affect host fitness. a) Soil transfers in plant microbiomes can
be used to enforce strict environmental acquisition or vertical transmission. By either successively inoculating plant generations with their initial starting
microbial community (upper row in panel A-i), or passaging the microbial community from the previous to the next generation (bottom row in panel A-i),
transmission of microbes can be controlled. Each host generation, artificial selection can be used to select plants based on their phenotype (for example
plant size, illustrated here), whereby selection regimes vary (imposing either constant or fluctuating selection). Based on our results, we expect that under
constant selection, strict vertical transmission increases fitness compared to strict horizontal transmission, as it allows phenotype distributions to respond
to selection. In contrast, under sufficiently large fluctuating selection, vertical transmission reduces phenotypic variation, decreasing long-term fitness.

b) A single microbe with a clear effect on host performance can also be used to study selection on transmission fidelity. As discussed in the manuscript,
aphid fitness effects of several vertically transmitted symbionts, as well as their environmental-dependence, are quite well understood*". This makes
aphids arguably a suitable system to study selection on vertical transmission fidelity. To do so, one could vary the symbiont frequency in different aphid
populations (panel B-i). Populations can be followed through time, while keeping symbiont frequencies constant. Based on our results, we expect that
under constant selection, a symbiont frequency of 100% (or 0%) optimizes population growth (panel B-ii), which can be realized by perfect

vertical transmission. Under fluctuating selection, some intermediate symbiont frequency might be favored (panel B-ii), which can be achieved by

noisy vertical transmission.
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Model selection on vertical microbe transmission under varying conditions

A) Run simulations on an individual host-level

]

Microbiome Phenotype Fitness

composition at ﬁ upon 9 (no. offspring)

birth A reproduction A

Next host generation

OO Microbial dynamics Environmental Vertical microbe
during host conditions and transmission from
development selection strength parent to offspring
. H . T : B
: Colonization and prollferat|on : Enwronmental conditions: predlctablllty and variance: I Vertical transmlssmn fidelity ()
: O : Predictability (p) O : ?
: 5
tProliferatiof (1-c)] s o oy A : I
H @ —~ = c/\ ~° * H »
\Colonization (c) 5} *° o 2t 8
O O || 2.5 e R b =
/ S e\ e® . '0'0 oc.. Poe : o
| Microbial § . . '/.. K 5
L ammem—— - source pools & c i : -
: - ’——OO é O“ S~o H w Environment determines Variance : g
. -, ~, HE t henotype : #
. ” ~ . H optimum phenotype
P O O O O O Soo ot %
B o o0k Time E
H X Q
:Selection strength 3
Weak selection Strong selection %
y3
= =
3 E
>
2 3
g Parent microbiome Offspring microbiome
£ 2 HEH
- AN HE O Inherited from parent

HRER

Obtained from environment

B) Follow dynamics on a population-level

Average phenotype

Average fitness

Low phenotypic variance High phenotypic variance
Phenotypic variance
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of 5000 individuals), and show that this yield the same outcomes. We assigned to each host a random transmission fidelity at the start of a simulation
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