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Abstract 

Background: The number of interactions between a transferable gene or its protein product and genes or gene 
products native to its microbial host is referred to as connectivity. Such interactions impact the tendency of the gene 
to be retained by evolution following horizontal gene transfer (HGT) into a microbial population. The complexity 
hypothesis posits that the protein product of a transferable gene with lower connectivity is more likely to function in 
a way that is beneficial to a new microbial host compared to the protein product of a transferable gene with higher 
connectivity. A gene with lower connectivity is consequently more likely to be fixed in any microbial population it 
enters by HGT. The more recently proposed simplicity hypothesis posits that the connectivity of a transferable gene 
might increase over time within any single microbial population due to gene-host coevolution, but that differential 
rates of colonization of microbial populations by HGT in accordance with differences in connectivity might act to 
counter this and even reduce connectivity over time, comprising an evolutionary trade-off.

Results: We present a theoretical model that can be used to predict the conditions under which gene-host coevolu-
tion might increase or decrease the connectivity of a transferable gene over time. We show that the opportunity to 
enter new microbial populations by HGT can cause the connectivity of a transferable gene to evolve toward lower 
values, particularly in an environment that is unstable with respect to the function of the gene’s protein product. We 
also show that a lack of such opportunity in a stable environment can cause the connectivity of a transferable gene to 
evolve toward higher values.

Conclusion: Our theoretical model suggests that the connectivity of a transferable gene can change over time 
toward higher values corresponding to a more sessile state of lower transferability or lower values corresponding to 
a more itinerant state of higher transferability, depending on the ecological milieu in which the gene exists. We note, 
however, that a better understanding of gene-host coevolutionary dynamics in natural microbial systems is required 
before any further conclusions about the veracity of the simplicity hypothesis can be drawn.
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Background
Horizontal gene transfer (HGT) has played an important 
role in the evolution of archaea, bacteria, and even uni-
cellular eukaryotes [6]. The degree of dispersal of genes 
acquired by HGT varies and depends in part on features 
of the transferred material [10, 18, 42]. Empirical stud-
ies have suggested that informational genes that code for 
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products involved in the formation of modular supra-
molecular complexes are less likely to be transferred into 
new lineages compared to operational genes that carry 
out more basic functions [20, 21]. This led to the formu-
lation of the “complexity hypothesis”, which in its initial 
form posited that an informational gene is less likely to 
be fixed following HGT compared to an operational gene 
because any new microbial lineage it enters is less likely 
to contain the protein partners in the configurations it 
requires for appropriate complex formation [20].

The number of interactions between a transferable gene 
or its protein product and host genes or gene products is 
referred to as its connectivity [10]. It has been suggested 
that it is  not only protein–protein interactions associ-
ated with complex formation but all forms of interac-
tion that impact transferability or the tendency of a gene 
to be successfully transferred and retained by evolution 
[10, 28, 42]. The complexity hypothesis, more generally 
construed, therefore states that the protein product of a 
transferable gene with lower connectivity is more likely 
to function in a way that is beneficial to a new host cell 
compared to the protein product of a transferable gene 
with higher connectivity [1]. A transferable gene with 
lower connectivity is consequently more likely to be fixed 
by selection or drift in any new microbial population it 
enters by HGT.

In a recent paper Novick and Doolittle [32] rea-
soned that the connectivity of a transferable gene might 
increase over time within any single microbial popula-
tion by gene-host coevolution. At the same time, the 
gene might become less vulnerable to deletion in an 
environment in which it confers no fitness advantage by 
becoming more indispensable to the viability of its cur-
rent microbial host. They further proposed that the con-
nectivity of a transferable gene might decrease over time, 
or at least change in a way that counters the increase in 
connectivity  caused by gene-host coevolution, if  given 
opportunity to colonize naïve microbial populations (i.e., 
those not yet exposed to the transferable gene). In this 
way, the “simplicity hypothesis” (ibid) envisions evolu-
tion toward a more “sessile” state under which the trans-
ferable gene is more resistant to gene loss but also less 
transferable, or a more “itinerant” state under which the 
gene is less resistant to gene loss but more transferable, 
each outcome  depending on the prevailing ecological 
conditions.

In this article we present a simple model designed to 
test the “theoretical veracity” of the simplicity hypoth-
esis. Most models of HGT consider processes that occur 
within a single microbial population and make no refer-
ence to connectivity (e.g., [30, 33, 40]). Here we take a 
novel approach based on three assumptions. First, we 
assume that coevolutionary processes can change both 

the connectivity and, independently, the indispensabil-
ity of a transferable gene over macroevolutionary time. 
Second, we imagine a collective of spatially segregated 
microbial populations, not all necessarily of the same 
strain or species, some of which host the transferable 
gene and some of which are naïve. Third, we admit an 
environment with two states, one in which the transfer-
able gene provides a fitness advantage to its microbial 
host (the selective state) and one in which it does not (the 
neutral state). Using simulations, we explore the condi-
tions under which the transferable gene might evolve to 
become more sessile or more itinerant over macroevolu-
tionary time scales.

Model overview
Whether a genic novelty is fixed or eliminated within a 
microbial population depends on several factors. These 
include the selection coefficient for a cell with that nov-
elty compared to a cell without it and the effective size 
of the microbial population. In the case where the nov-
elty is a transferable gene, there is also the rate at which 
naïve cells acquire the gene from other cells in the same 
population by HGT. A variant of Kimura’s diffusion 
approximation [22] that accounts for these factors has 
been proposed [40]. We nevertheless choose to consign 
such factors to the background. We instead focus our 
attention on processes that occur at the level of a metap-
opulation of transferable genes. These include the forma-
tion of new populations of the transferable gene via HGT 
and the elimination of populations of the transferable 
gene by gene loss while the environment is in the neu-
tral state. Similarly, although the mechanisms by which 
a cell can acquire foreign genetic material by HGT are 
complex and varied (e.g., transformation, transduction, 
and conjugation, see Arnold et al. [2] for a comprehensive 
review), the impact of the differences between these are 
not considered.

Let T represent a transferable gene and P its pro-
tein product. The indispensability of T is defined to 
be the degree to which the viability of a microbial host 
population depends on the presence of T when the envi-
ronment is in the neutral state. This is represented by 
yi ∈ {0, 1, 2, . . . } , a property of the microbial host popula-
tion corresponding to the number of dependencies on T 
the host has accumulated via gene-host coevolution (see 
Table  1 for a list model parameters). The connectivity 
of T is defined to be the degree to which P of T requires 
the specific cellular environment provided by its current 
microbial host to function in a way that provides a fitness 
advantage to host cells when the environment is in the 
selective state. This is represented by zi ∈ {0, 1, 2, . . . } , a 
property of T itself.
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The copies of a transferable gene that reside within any 
given microbial host population will be construed as a 
population of transferable genes that can undergo pro-
cesses of birth and death. Birth occurs when copies of 
T drawn from one population of transferable genes suc-
cessfully enter and become fixed within a naïve microbial 
population. This process is impacted by the connectivity 
of T (a property intrinsic to T) as well as the level oppor-
tunity to colonize naïve microbial populations by HGT 
(a property of the ecological milieu). Death occurs when 
T is deleted from a microbial host cell and the descend-
ants of that cell are subsequently fixed in the microbial 
population. Death by gene loss is impacted by the indis-
pensability of T to its current microbial host (a property 
intrinsic to the microbial host) and by whether the state 
of the environment is selective or neutral (a property of 
the ecological milieu). Hence, the evolutionary trajectory 
of T is assumed to depend on both gene-host coevolu-
tion and the ecological conditions under which host cells 
exist.

We make the following additional assumptions about 
the process and impact of gene-host coevolution. First, 
the indispensability yi of the ith microbial host population 
and the connectivity zi of the corresponding population 
of transferable genes are assumed to change over time, 
each independently of the other, via gene-host coevolu-
tion. An increase in the indispensability of T is assumed 
to be accompanied by a reduction in the probability that 
the population of transferable genes will be eliminated 
from its microbial host population by gene loss while 
the environment is in the neutral state. An increase in 
the connectivity of T is assumed to be accompanied 
by a decrease in the probability that the population 

of transferable genes will successfully colonize the 
next naïve microbial population it enters by HGT. The 
dependencies accumulated by T while it resides in its 
current host population correspond to changes in the 
gene sequence itself. The connectivity of T is therefore 
assumed to be carried along with it when it enters a naïve 
microbial population. In contrast, the dependencies on T 
accumulated by a microbial host population are assumed 
to be absent in microbial populations not yet exposed to 
the transferrable gene. The indispensability of T is there-
fore set to zero following HGT into a naïve microbial 
population.

Results
We use the Price equation [16, 17, 35] to construct a 
theoretical expression for the change in the mean char-
acter state 

(

y, z
)

 of a collection of ancestral populations of 
T when it is mapped forward some billions of microbial 
generations onto a collection of descendant populations 
of T (i.e., over one “ancestor–descendant” mapping). The 
mapping (Eqs.  1, 2, 3 in Methods) provides conceptual 
clarity by separating evolutionary processes that occur 
at the level of the metapopulation of transferable genes 
based on the expected rates of birth and death of popu-
lations of T from coevolutionary processes that occur 
within individual microbial host populations based in the 
expected change in the indispensability and connectivity 
of populations of T. The Price equation is deterministic, 
as it does not account for the stochastic nature of the 
modelled processes. Hence, we use stochastic computer 
simulations to investigate the impact of random pro-
cesses on the trajectory of the mean character state y, z .

Table 1 Description of model parameters

Parameter Qualitative description Default values and units

(yi , zi) The indispensability ( y ) and connectivity ( z ) of the ith population of transferable genes Non-negative integers

�xi The realized change in yi or zi over one ancestor–descendant mapping due to gene-host coevolution −1, 0, 1

P(+1) The probability that �xi = +1 10−3 per mapping

P(−1) The probability that �xi = −1 10−5 per mapping

E(�xi) The expected value of �xi Expected change per mapping

N The number of populations in the metapopulation of transferable genes Non-negative integer

Nmax The maximum number of populations in the metapopulation of transferable genes 104

βN The expected number of naïve microbial populations a population of transferable genes will enter by 
HGT over one ancestor–descendant mapping

A Poisson random variable 
with mean
βN = β

(

1− N/Nmax

)

 per 
mapping β ∈ {0.06, 0.08}

δ The probability that a microbial host population will be temporarily subjected to the neutral environ-
mental state at some point over one ancestor–descendant mapping

0.01 per mapping

pD(yi) The probability that a population of T will suffer death by gene loss in the neutral environmental state exp(−yis) ∈ [0, 1], s = 0.20

pB(zi) The probability that a population of T will reproduce following HGT into a naïve microbial population exp(−zi s) ∈ [0, 1], s = 0.20
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Gene‑host coevolution under the deterministic model
What does our model reveal about the possibility of the 
simplicity hypothesis in nature? Let us first examine the 
fate of a homogeneous metapopulation of transferable 
genes in the absence of mutations in the indispensability 
or connectivity of T. Suppose, for example, that the char-
acter state of all populations of T is 

(

y, z
)

= (10, 10) and 
that the probability that a microbial host population will 
be subjected to the neutral environmental state (repre-
sented by “delta” for “death”, δ ∈ [0, 1] ) is only δ = 0.01 per 
ancestor–descendant mapping, meaning that the envi-
ronment is predominantly selective. Using hypotheti-
cal values for all model parameters (see Methods), each 
population is expected to persist for approximately 740 
ancestor–descendant mappings before suffering death by 
gene loss, and an initial set of one thousand such popu-
lations is expected to be eliminated after approximately 
5100 mappings. The metapopulation of transferable genes 
can therefore avoid extinction only by generating new 
populations of T by HGT. However, a population with 
(

y, z
)

= (0, 10) generated by HGT is expected to persist 
for only 99 mappings before death. Extinction is there-
fore inevitable unless the rate at which 

(

y, z
)

= (0, 10) 
populations multiply by HGT is great enough to compen-
sate for their short lifespan. The rate of multiplication is 
determined by the level of opportunity to colonize naïve 
microbial populations (represented by “beta” for “births”, 
β ≥ 0 ). When that opportunity is smaller ( β = 0.06 ), the 
metapopulation of transferable genes with 

(

y, z
)

= (0, 10) 
is expected to persist for approximately 7120 mappings 
before going extinct (Fig.  1a). When the opportunity is 
slightly larger ( β = 0.08 ), the metapopulation of trans-
ferable genes with 

(

y, z
)

= (0, 10) will persist indefinitely 
(Fig.  1b). In either case, multiplication by HGT lowers 
the indispensability of T, making it vulnerable to death by 
gene loss in environments in which δ is closer to one.

Now consider a metapopulation in which the charac-
ter state of all populations of T is 

(

y1, z1
)

 apart from one 
population with the same indispensability but with lower 
connectivity 

(

y2, z2
)

=
(

y1, z1 − 1
)

 . The former popula-
tion plays the role of a wild type and the latter the role of 
a mutant.1 It can therefore be asked whether the mutant 
will eventually be fixed (i.e., remain as the only population 
variant in the metapopulation of transferable genes). Let 
us again set aside the possibility of gene-host coevolution 
so that no further mutant populations can arise. Since 
HGT is assumed to result in the loss of indispensability, 

the wild type and mutant populations can only gener-
ate descendants by HGT with character state (0, z1) and 
(0, z2) , respectively. And since the probability of death by 
gene loss is positive, the original wildtype populations 
of T and the single mutant population of T will eventu-
ally be eliminated. As to the fate of the new population 
variants (0, z1) and (0, z2) , it is evident that there will 
eventually be more of the latter. For whereas both vari-
ants suffer the same probability of death, both having 
indispensability y = 0 , the mutant population will gener-
ate more descendants due to its lower connectivity. This 
does not mean that the mutant will eventually be fixed, 
however. Fixation will only occur if the (0, z2) population 
variant can avoid extinction, or in other words only if the 
expected number of births by HGT exceeds the expected 
probability of death. This defines the condition under 
which a chance reduction in connectivity in one popula-
tion of T can be amplified by the opportunity to colonize 
naïve populations by HGT afforded by larger β.

Finally, let us consider a metapopulation in which 
the character state is 

(

y1, z1
)

 in some populations and 
(

y2, z2
)

=
(

y1 + 1, z1
)

 in others. If the baseline rate at 

Fig. 1 The fate of a transferable gene as a function of β under the 
deterministic model: Whether a metapopulation of transferable 
genes persists or goes extinct depends in part on the level of 
opportunity ( β ) to colonize naïve microbial populations by HGT. The 
two panels show the fate of 1000 populations of the transferable 
gene, each starting with indispensability and connectivity 
(y , z) = (10, 10) , after 104 ancestor–descendant mappings in the 
absence of mutations in the indispensability and connectivity of T. 
In both panels the original 1000 populations of T were eliminated 
after 5100 mappings. The fate of their offspring populations with 
(y , z) = (0, 10) then depended on β . a When β = 0.06 the offspring 
populations went extinct after 7120 mappings. b When β = 0.08 they 
persisted at an equilibrium of approximately 800 populations. In both 
cases the environment was predominately selective, the probability 
of exposure to the neutral state having been set to δ = 0.01 per 
ancestor–descendant mapping. Extinction would be more rapid for 
larger values of δ

1 It is important to emphasize that, in the context of our model, a population 
of transferable genes can be construed as an individual unit with fitness. The 
(y1, z1) variant is therefore analogous a wild type and the (y2, z2) = (y1, z1 − 1) 
variant a mutant in the metapopulation of transferable genes.
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which T enters naïve populations by HGT is very low 
(i.e., if β ≈ 0 ), then all populations of T will eventually be 
eliminated and the metapopulation of transferable genes 
will go extinct. However, the 

(

y2, z2
)

 population vari-
ant will persist longer due to its greater indispensability. 
The proportion of 

(

y2, z2
)

 populations of T will conse-
quently increase over time despite the dwindling number 
of both variants. Let us further suppose that the prob-
ability of exposure to the neutral environmental state is 
very low (i.e., δ ≈ 0 ). Then the extinction of T will take 
many ancestor–descendant mappings. The longer it takes 
for extinction to occur, the greater the probability that 
the indispensability of T will be increased by gene-host 
coevolution in some populations (i.e., when mutations 
that change y and z are allowed). Any such increase will 
extend the time before extinction and increase the proba-
bility that the indispensability of T will increase yet again 
in some populations. Interestingly, this scenario is con-
sistent with the idea that “selection by survival” without 
reproduction can result in evolutionary change [7, 12, 14, 
27]. Under the present model, populations of T cannot 
reproduce in the absence of naïve microbial populations. 
But any one population of T can evolve to become more 
indispensable to its current host, making it more likely 
that it will persist indefinitely.

Gene‑host coevolution under the stochastic model
Let us now turn to a scenario in which gene-host coev-
olution does occur, and in which all processes, includ-
ing birth by HGT, death by gene loss, and change in the 
indispensability and connectivity of T occur stochasti-
cally. We again start with one thousand populations of 
T with 

(

y, z
)

= (10, 10) but this time allow the possibility 
of gene-host coevolution with a strong mutational bias 
toward larger y and z . Two evolutionary trajectories gen-
erated under the stochastic model are shown in Fig. 2.

A comparison of the outcomes in Figs. 1 and 2 illus-
trates the difference coevolution can make. When 
β = 0.06 , the transferable gene went extinct in the 
absence of gene-host coevolution (Fig.  1a). However, 
T managed to persist in two populations under the 
stochastic model (Fig.  2a). This was due to a gradual 
increase in the indispensability of T in those few micro-
bial populations in which T managed to persist to the 
end of the simulation. But note that this came at the 
expense of a similar increase in connectivity. Hence, the 
transferable gene persisted to the end of the simulation 
by evolving toward a more sessile state. When β = 0.08 
the transferable gene was maintained in approximately 
800 populations in the absence of coevolution (Fig. 1b). 
This number increased dramatically to close to nine 
thousand populations when coevolution was allowed 
(Fig. 2b). The increase was driven by chance reductions 

in the connectivity of some populations of T, which 
allowed more rapid dispersal into naïve microbial 
populations. The result was a gradual reduction in the 
mean connectivity of T but at the expense of a decrease 
in its mean indispensability. Hence, the transferable 
gene capitalized on the opportunity to colonize naïve 
microbial populations by evolving toward a more itin-
erant state at the expense of becoming more vulnerable 
to death by gene loss.

Our analysis of Fig.  2 suggests that the evolutionary 
outcome under the parameter settings considered turns 
from sessile to itinerant somewhere between β = 0.06 
and β = 0.08 . To explore this, simulations were con-
ducted with different values for β ∈ [0.06, 0.08] . Figure 3 
shows that the mean indispensability y was approxi-
mately 20 by the end of most simulations when β ≤ 0.06 
but evolved to a value less than the initial value y = 10 
when β ≥ 0.08 . The mean z exhibits a similar transi-
tion. This illustrates how the mean indispensability and 
mean connectivity of a metapopulation of transferable 
genes can be correlated within a shared ecological milieu 
even when they change according to independent evolu-
tionary dynamics. It also shows how a transferable gene 

Fig. 2 The fate of a transferable gene as a function of β under the 
stochastic model: The metapopulation of transferable genes will 
tend to evolve toward a more sessile or itinerate state depending on 
the level of opportunity ( β ) to colonize naïve microbial populations 
by HGT. The two panels show the fate of 1000 populations of the 
transferable gene, each starting with (y , z) = (10, 10) , after 104 
ancestor-mappings under the stochastic model. a The transferable 
gene evolved toward a more sessile state with larger mean 
indispensability ( y ) and mean connectivity ( z ) when β = 0.06 . This 
was accompanied by a huge reduction in the number of populations, 
down to only 2 by the end of the simulation. b The transferable 
gene evolve toward a more itinerant state with smaller mean 
indispensability ( y ) and mean connectivity ( z ) when β = 0.08 . This 
was accompanied by a more than eight-fold increase in the size of 
the metapopulation up to 8630 populations of the transferable gene
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can evolve toward a more sessile or more itinerant state 
under the assumed model depending on ecological con-
ditions that determine the level of opportunity to colo-
nize naïve microbial populations.

These simple simulations demonstrate how gene-host 
co-evolution combined with the prevailing ecological 
conditions might cause the indispensability and connec-
tivity of a transferable gene to change over macroevolu-
tionary time scales. Of course, results will vary depending 
on the values chosen for model parameters. It is possi-
ble to find parameter settings under which T will evolve 
to be more sessile or more itinerant, as well as settings 
under which T will go extinct before it can adapt to its 
current environmental milieu. However, it is difficult to 
determine what parameter values would be most consist-
ent with what happens in a natural system. Consider, for 
example, a microbial host population of effective size Ne . 
If µ0 is the rate at which neutral mutations that impact 
T or host genes arise per host cell per generation, then, 
according to neutral theory [23], the rate of change in the 
combined T-plus-host genome by such mutations is:

probability of mutation

× probability of fixation

= µ0Ne ×
1

Ne

= µ0

The rate of change in the indispensability of a transfer-
able gene by neutral processes (e.g., constructive neutral 
evolution) while it resides in its current microbial host pop-
ulation would be a fraction of this, say µy < µ0 . Likewise, 
for connectivity, µz < µ0 . To assess whether a transferable 
gene might evolve to become more sessile or itinerant by 
neutral processes, it would be necessary, at the very least, 
to estimate µy and µz . To the best of our knowledge, no 
such estimates exist. A similar statement can be made for 
other kinds of mutations that change the state of a transfer-
able gene, such as those that alter T or the host cell in such 
as way as to increase host fitness.

Discussion
The objective of this study was to test the intuition, 
expressed by Novick & Doolittle [32], that if it were pos-
sible for a transferable gene T and its microbial host to 
coevolve in such a way as to change the indispensability 
and connectivity of T over macroevolutionary time, then 
the transferable gene might evolve to become more itiner-
ant or more sessile, depending on the ecological conditions 
under which it exists. The present theoretical model shows 
that the opportunity to colonize naïve microbial popula-
tions can exert a selective pressure that acts to reduce the 
mean connectivity and mean indispensability of a metap-
opulation of transferable genes over time, making the gene 
more itinerant. On the other hand, a lack of such opportu-
nity combined with a low probability of death by gene loss 
can result in a kind of “selection by survival” [7, 12, 14, 27] 
that increases the mean connectivity and mean indispen-
sability of the transferable gene over time, making the gene 
more sessile. These results are consistent with the simplic-
ity hypothesis.

The veracity of the simplicity hypothesis depends on 
many factors, however, including the rate at which muta-
tions that alter indispensability and connectivity might 
arise. We can nevertheless make two predictions predi-
cated on the assumption that that gene-host coevolution 
occurs at a rate great enough to effect change (e.g., [26]). 
First, a transferable gene might evolve to become more 
sessile when there is a low probability of gene loss due to 
a stable selective environment but also little opportunity 
to colonize naïve microbial populations. The first condi-
tion (analogous to δ ≈ 0 ) ensures that some populations of 
the transferable gene will reside in their current microbial 
hosts long enough for the sessile state to evolve, while the 
second condition (analogous to β ≈ 0 ) curtails competi-
tion with more itinerant variants of T. Second, a transfer-
able gene might evolve to become more itinerant when the 

Fig. 3 Transition from sessile to itinerant as a function of β under the 
stochastic model: The direction of the evolutionary trajectory of the 
metapopulation of transferable genes switches from more sessile 
to more itinerate as the opportunity to colonize naïve microbial 
populations increases past a threshold value β > 0.06 . Fifty stochastic 
simulations were conducted with each value of β considered starting 
with 104 populations of the transferable gene with (y , z) = (10, 10) . 
Each circle shows a mean value taken across all fifty simulations. The 
evolutionary outcome changed from sessile (corresponding to higher 
mean y and z ) to itinerant (corresponding to lower mean y and z ) 
somewhere between β = 0.06 and β = 0.08 . This demonstrates 
how a combination of gene-host coevolution within populations 
and either differential rates of persistence or differential rates of 
multiplication by HGT can cause the transferable gene to evolve to 
become more sessile or more itinerant, respectively, depending on 
the level of opportunity to colonize naïve microbial populations by 
HGT
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opportunity to colonize naïve microbial populations is high 
enough to compensate for gene loss.2

These predictions may be testable. Suppose the protein 
product P1 of a transferable gene T1 is known to confer 
the ability to metabolize a substrate S . If the environment 
in which the gene exists is characterized by low levels of 
growth-limiting nutrients (e.g., iron) so that HGT into 
naïve microbial populations is rare ( β ≈ 0 ) but also by 
efficient cross-feeding so that the supply of S is continu-
ous ( δ = 0 ), then our model predicts that T might evolve 
to become more sessile. Such genes may be common in 
microbes that exist in oligotrophic environments such as 
the open ocean, deep subsurface soils, or under the polar 
ice caps. For comparison, suppose P2 of T2 confers the 
ability to resist an antimicrobial substance A . If produc-
tivity is high due to nutrient abundance so that HGT into 
naïve microbial populations is common ( β > 0 ) but expo-
sure to A is intermittent ( δ > 0 ), then our model predicts 
that T2 might evolve to become more itinerant. Genes of 
this type might be found in various pathogens that have 
been episodically exposed to antimicrobial substances. Our 
theoretical results might therefore be tested by comparing 
the mean indispensability and mean connectivity of genes 
of type T1 with that of genes of type T2 if such genes can 
be identified. Our predictions might also be tested by com-
paring a transferrable gene found in some species having 
broad niche breadth with paralogs found in species having 
narrow niche breadth. Such genes should be more itinerant 
in the former sort of species and more sessile in the latter.

Gene acquired by HGT can be identified using para-
metric methods based on measurable properties of 
genome segments that tend to exhibit low variability 
within genomes and high variability between genomes 
(e.g., GC content, nucleotide composition, oligonucleo-
tide frequencies [3]), phylogenetic methods that compare 
gene trees with species trees to identify inconsistencies 
that might be explained by HGT [36], and methods based 
on models of gene gain/loss [9, 44]. The number of spe-
cies in which a transferable gene is found might be used 
as a proxy for the degree to which the gene is itinerant. 
This can be compared to the connectivity of such genes, 
which can be estimated using the Database of Interacting 
Proteins (DIP, [43]) or the Search Tool for the Retrieval of 
Interacting Proteins (STRING, [39]). It would therefore 
seem to be possible to compare the connectivity and itin-
erance of genes of type T1 and T2 using existing data.

Indispensability, however, is host-specific and might 
require in vitro experiments to estimate, for example by 

assaying fitness following gene loss in a neutral environ-
ment.3 Moreover, there are other factors that can impact 
itinerance as a proxy for transferability, as evidenced by 
the fact that genes with the same connectivity can vary 
widely in the number of microbial lineages in which 
they are found (e.g., Fig.  1 in [10]). Factors considered 
in other empirical studies include gene size [11], gene 
duplicability [42], gene “friendliness” [18], and the level 
of gene expression [34]. Transferability also depends on 
the selection coefficient for a cell with the gene compared 
to one without, the effective size of the microbial popu-
lation, the rate of HGT within that population [40], and 
the availability of naïve microbial populations to colonize 
by HGT. Designing an empirical study to test the simplic-
ity hypothesis may therefore be possible but would likely 
pose a considerable challenge.

Conclusion
Our theoretical results support the simplicity hypoth-
esis as well as the general prediction that transferable 
genes found in microbes adapted to a specific environ-
ment (narrow niche-breadth) will tend to be more ses-
sile, whereas those found in microbes adapted to a wider 
range of environmental conditions (broad niche-breadth) 
will tend to be more itinerant. However, further assess-
ment regarding the possibility of the simplicity hypoth-
esis must await an advance in our understanding of 
gene-host coevolutionary dynamics in natural microbial 
systems.

Methods
The simplicity hypothesis and constructive neutral 
evolution
Let T represent a transferable gene encoding a single 
protein product P that confers a fitness advantage to a 
host cell under specific environmental conditions (e.g., 
depending on available nutrients, temperature, salinity, 
pH, the presence of antimicrobial substances, etc.). The 
copies of a transferable gene that reside within a micro-
bial host population will, for the purpose of our model, 
be construed as a population of transferable genes or a 
“population of T”. The milieu of the simplicity hypothesis 
is a “population of populations” or “metapopulation” [29] 
of transferable genes. Naïve microbial populations into 
which T can be transferred are also assumed to exist.

The simplicity hypothesis requires connectivity to vary 
across populations of T. One possible source of variation, 
proposed by Novick and Doolittle [32], is constructive 

2 Note that the itinerant life-history strategy of some genes is not in question 
here (e.g., [13]. What is at stake is the relationship between itinerance and the 
opportunity to colonization naïve microbial populations.

3 An alternative is to identify and measure an informative proxy for indispen-
sability. One possibility is the rate of molecular evolution, which is predicted 
by neutral theory to be inversely related to functional constraint [24]. Indeed, 
Aris-Brosou [1] used this principle to show that genes whose products are 
highly connected tend to be more conserved and less likely to evolve by Dar-
winian positive selection.
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neutral evolution (CNE). Broadly speaking, CNE occurs 
when a mutation in one gene (whether transferable or 
not) that would be deleterious is rendered neutral or 
nearly neutral due to a fortuitous or previously selected 
association with another gene that “pre-supresses” the 
deleterious effect of that mutation [19]. The fixation 
of the mutation by drift will result in an increase in the 
dependency between the two genes, which would sub-
sequently be maintained by purifying selection. In the 
case of gene duplication, for example, a mutation in one 
copy that would otherwise reduce the fitness of an organ-
ism can be fixed by drift due to the presence of the sec-
ond copy. The performance of a function that was once 
carried out by the original copy might thereby come to 
depend on the existence of both paralogs via a process 
known as subfunctionalization [15, 38]. See Muñoz-
Gómez et al. [31] and citations therein for other examples 
of genetic features that can be explained by CNE.

In the specific context of a transferable gene, it is 
assumed that mutations in T that reduce or eliminate the 
fitness advantage P confers to a host cell can sometimes 
arise. It is further assumed that the impact of such muta-
tions on P can sometimes be neutralized by the presence 
of host genes or gene products. The fixation of any such 
mutation by drift will increase the degree to which the 
fitness advantage P provides depends on genes or gene 
products specific to the microbial population that cur-
rently hosts the population of T. In this way, CNE can 
increase the connectivity of T and decrease the prob-
ability that P will function in a way that provides a fit-
ness advantage to the next naïve microbial host cell that 
T enters by HGT. Similarly, it is assumed that mutations 
in host genes that reduce host fitness can sometimes be 
neutralized by the presence of T. The fixation of such 
mutations by drift will increase the degree to which the 
viability of the host population depends on the presence 
of T. This will reduce the probability that T will be lost 
from that host population, as would otherwise be likely 
in the event of a change in the environment that negates 
the fitness advantage P provides (e.g., [5, 25]). Any such 
increase in host dependency is referred to as an increase 
in the indispensability of T to its current host population.

The preceding demonstrates how, in theory, construc-
tive neutral evolution can gradually increase the indis-
pensability and, independently, the connectivity of a 
population of transferable genes while it resides within 
its current microbial host population. CNE can there-
fore act as a complexity ratchet to produce what Novick 
and Doolittle [32] call a sessile transferable gene, one 
unlikely to suffer gene loss from its current microbial 
host population due to its high indispensability, but also 
unlikely to be fixed following transfer into a naive micro-
bial population due to its high connectivity. This trend 

toward greater complexity and the sessile state can be 
opposed by the opportunity to colonize naïve microbial 
populations by HGT. The indispensability of T in a newly 
colonized microbial population is minimal since it takes 
time for the new host to accumulate dependencies on T. 
High rates of colonization will therefore reduce the mean 
indispensability of T across a metapopulation of transfer-
able genes and increase the probability that some popu-
lations of T will be eliminated by gene loss. However, 
the opportunity to colonize also favors the dispersal of 
variants of T with lower connectivity. The opportunity to 
disperse by HGT can therefore act as a simplicity ratchet 
to produce what Novick and Doolittle [32] call an itiner-
ant transferable gene, one quite likely to colonize naïve 
microbial populations due to its low connectivity, but 
also unlikely to persist in any one microbial host popula-
tion for long due its low indispensability.

Changes in connectivity
A functional module is a group of genes or gene prod-
ucts related by genetic or intracellular interactions [41]. 
Functional modules are often displayed as a graph with 
nodes representing genes or their protein products and 
edges indicating relationships between nodes. In this 
context, the connectivity of a gene (whether transferable 
or not) is just the number of edges connecting it to other 
nodes in the same gene co-expression or protein interac-
tion network [8]. A change in the connectivity of a gene 
corresponds to a change in the number of such edges. 
This can occur in several ways, depending on the gene. 
If the gene codes for a protein that is part of a supramo-
lecular complex, then any change in the number of sub-
units that make up the complex will change the gene’s 
connectivity. The evolution of tetrameric hemoglobin 
from a monomeric ancestral protein provides an exam-
ple [4]. Connectivity can also be altered by a change in 
the number of proteins involved in a metabolic, signaling, 
or regulatory pathway. The transcription factor SIM1, for 
example, plays several roles in humans, from the devel-
opment of neurons during embryogenesis to the regu-
lation of functions in the adult form. The STRING [39] 
database indicates that SIM1 is involved in eight direct 
protein–protein interactions in humans but only one in 
Mus musculus, suggesting that the connectivity of SIM1 
might have changed over macroevolutionary time scales.

Here we posit an additional and, in some ways, more 
subtle process of change. The protein product P of T 
needs to fold into a specific stable configuration and may 
require access to one or more specific binding partners 
to carry out its selected function (i.e., the function that is 
beneficial to the host under some environmental condi-
tions). We assume that mutations in T that would cause 
P to become unstable or unable to carry out its selected 
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function can be pre-suppressed or rendered neutral by 
the presence of genes or gene products native to the host. 
The fixation of such mutations by drift would increase 
the connectivity of the transferable gene, here broadly 
construed as the degree to which P depends on the spe-
cific intracellular milieu provided by its current host to 
function. We also entertain the possibility that other 
mutations in T can remedy the need for the suppression 
of previously fixed mutations, and that these can lead to a 
reduction in the connectivity of T if fixed, although such 
reversions are presumably rare (e.g., [19]).

Changes in indispensability
An essential gene is defined to be one that supports a 
function that is necessary for reproductive success (e.g., 
genes required for transcription and translation). Such 
genes tend to correspond to nodes in functional modules 
with many edges and so are typically not transferable but 
rather part of a core genome common to a wide range 
of strains or species [37]. Interestingly, there is evidence 
to suggest that the essentiality of a gene is nevertheless 
mutable and subject to evolutionary processes (ibid). Here 
we define the indispensability of a transferable gene to be 
the degree to which the viability of a microbial host popu-
lation comes to depend on T via a process of gene-host 
coevolution. By this definition, an indispensable transfer-
able gene is in some ways like an essential gene. However, 
an increase in the indispensability of T does not necessar-
ily make the transferable gene essential or necessary for 
reproductive success. Instead, we imagine that a transfer-
able gene can sometimes insinuate itself into the protein 
networks of its host by CNE in a Rube Goldberg fashion 
until the cell can no longer survive without it [19].  This 
can occur if the presence of T acts to pre-suppress the 
deleterious effects of mutations that arise in host genes. 
The fixation of such mutations by drift will increase the 
indispensability of T while it resides in its current micro-
bial host population, making it less likely that the host 
population will lose T in an environment in which the 
selected function of P provides no fitness advantage.

Accounting for gene‑host coevolution
Let P(�xi), xi ∈

{

yi, zi
}

 represent the probability that a 
mutation that changes the indispensability (yi) or connec-
tivity (zi) of T from xi to xi +�xi arises in one copy of 
the transferable gene and is subsequently fixed in its cur-
rent microbial host population by drift. Three outcomes 
are considered, �xi ∈ {−1, 0,+1} , when xi ≥ 1 , and two, 
�xi ∈ {0,+1} , when xi = 0. In both cases, �xi = 0 indi-
cates that no mutation occurred or that one occurred but 
was not fixed. It is assumed that change rarely occurs, 
so P(0) ≈ 1 , and that mutations are biased to increase 
both the indispensability and connectivity of T, so 

P(+1) ≫ P(−1) . This is consistent with the general view 
that constructive neutral evolution is a rare process that 
tends to increase complexity over time [31]. The expected 
change in yi and zi over one ancestor–descendant map-
ping is therefore:

The key assumption of our model is that the indispen-
sability and connectivity of a transferable gene can inde-
pendently increase or decrease over time via gene-host 
coevolution. Although CNE provides a plausible mecha-
nism for change [32], the assumption that change occurs 
by CNE alone is not crucial. In other words, P(�xi) can 
be interpreted as the probability of change due to all evo-
lutionary processes that might impact the state 

(

yi, zi
)

 of 
a population of transferable genes, including but not nec-
essarily limited to CNE.

The fitness of an ancestral population of transferable 
genes
The loss of a transferable gene from its current microbial 
host population can be construed as the death of a popu-
lation of T. Likewise, colonization of a naïve microbial 
population by HGT can be construed as the birth of a new 
population of T. It is therefore possible to treat a popula-
tion of transferable genes as an individual unit that can be 
assigned fitness in the form of the number of descendant 
populations it generates. Fitness, once defined, can then 
be used to map an ancestral metapopulation of transfer-
able genes onto a descendant metapopulation.

The fitness advantage T confers to a host cell is a func-
tion of the state of the environment in which its host pop-
ulation resides. This is assumed to vary across microbial 
populations and over time. Whether the state of the envi-
ronment changes in such a way as to negate the fitness 
P confers (i.e., due to a shift to a neutral environmental 
state) is determined by a Bernoulli random variable with 
expected value δ ∈ [0, 1] . Whether an ancestral popula-
tion of T will suffer death by gene loss following a tempo-
rary switch to the neutral environment is assumed to be 
a Bernoulli random variable with expected value pD

(

yi
)

 , 
a function of indispensability. The expected probability of 
death by gene loss over one ancestor–descendant map-
ping is therefore the product δpD

(

yi
)

 . It follows that the 
probability that an ancestral population of transferable 
genes will persist into the descendant metapopulation 
by evading death is wp

i = 1− δpD
(

yi
)

 (superscript “p” for 
“persistence”).

The number of naïve microbial populations an ances-
tral T enters by HGT is assumed to be a Poisson random 

(1)E(�xi) =

{

P(+1)− P(−1), xi ≥ 1
P(+1)

P(0)+P(+1) , xi = 0
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variable with expected value βN = β
(

1− N/Nmax

) , 
where N  is the current number of ancestral populations 
of T and Nmax is an upper bound placed on the size of the 
metapopulation of transferable genes (i.e., the maximum 
number of populations of T it may contain). Whether T 
is fixed following HGT is assumed to be a Bernoulli ran-
dom variable with expected value pB(zi) , a function of 
connectivity. The expected number of new populations of 
the transferable gene generated by an ancestral popula-
tion over one ancestor–descendant mapping is therefore 
wm
i = βNpB(zi) (superscript “m” for “multiplication”).
The expected fitnessof an ancestral population of trans-

ferable genes as a function of its indispensability and con-
nectivity is just the sum of the contributions made by 
persistence and multiplication, wi = w

p
i + wm

i  . The speci-
fication of fitness is complete once the functional forms for 
the probabilities pD

(

yi
)

 and pB(zi) have been chosen. It is 
not clear what forms these probabilities should take to best 
reflect what might occur in nature apart from the plausi-
ble assumption that both are decreasing functions. For the 
sake of simplicity, we assume a common exponential form:

The scaling parameter s controls the rate at which 
each exponential function approaches its horizontal 
asymptote at zero. This was set to s = 0.20 to simulate a 
relatively slow approach, with an e-fold decrease in prob-
ability when yi or zi = 5 . To restate, exp

(

−yis
)

 models the 
probability that, following a temporary shift to the neu-
tral environmental state, T is lost from one cell and the 
lineage of cells without T is subsequently fixed by drift. 
This is equated to the death of an ancestral population of 
T over one ancestor–descendant mapping. And exp(−zis) 
models the probability that a lineage of cells with T in an 
otherwise naïve microbial population reaches fixation. 
This is equated to the birth of a descendant population 
of T. The number of microbial generations separating an 
ancestral metapopulation from its descendant metap-
opulation is assumed to be more than sufficient for these 
within-population processes to reach completion (e.g., 
billions of microbial generations). See Fig. 4 for a depic-
tion of these birth and death processes.

The character state of a descendant population 
of transferable genes
The indispensability and connectivity of a descendant 
population of transferable genes generated by persis-
tence are inherited, in a manner of speaking, from its 
ancestral population subject to transmission bias due to 
gene-host coevolution (Eq. 1). The descendant character 
state is therefore 

(

yi +�yi, zi +�zi
)

 where 
(

yi, zi
)

 is the 

(2)
wi = w

p
i + wm

i = 1− δexp
(

−yis
)

+ βN exp(−zis)

state of the ancestral population of T and �yi and �zi 
represent any change that might be realized during one 
ancestor–descendant mapping. The state of a descend-
ant population produced by HGT, by contrast, is (0, zi) . 

Fig. 4 Birth and death process for populations of transferable 
genes: Circles represent microbial populations, each of which 
hosts a population of transferable genes with indispensability and 
connectivity (y1, z1) for transferable gene type T1 and (y2, z2) for 
transferable gene type T2 . It is assumed that y1 > y2 andz1 > z2 , 
meaning that T1 is more sessile and T2 is more transient. The 
ancestral metapopulation contained one population of type T1 
and two populations of typeT2 . In this imaginary scenario, the type 
T1 population, being more sessile, survived into the descendant 
metapopulation of transferable genes, its probability of doing so 
being wp

1 = 1− δpD(y1) . It did not produce any new populations, 
however. One population of type T2 survived into the descendant 
metapopulation (probabilitywp

2 = 1− δpD(y2) ) but failed to multiply 
by HGT. The other type T2 population was eliminated by gene loss 
(probability δpD(y2) ), but managed to generate two new populations 
before doing so, the expected number of such new populations 
being wm

2 = β
(

1− N/Nmax

)

pB(z2) . Note that one ancestor–
descendant mapping corresponds to some billions of generations, 
which is assumed to be long enough for genetic novelties generated 
by mutation or HGT to be fixed or eliminated

Fig. 5 Each gray circle represents a population of transferable 
genes that resides within a microbial host population. The white 
circle represents a naïve microbial population, one that has not yet 
acquired the transferable gene. An ancestral population (A) with 
character state (yi , zi) can contribute to a descendant metapopulation 
by avoiding gene loss (by persistence, P) or by colonizing naïve 
microbial populations by HGT (by multiplication, M). A population 
generated by persistence inherits its indispensability and 
connectivity from its ancestor subject to change due to gene-host 
coevolution, (yi +�yi , zi +�zi) . The character state of a population 
generated by multiplication is (0, zi) . In this case indispensability is 
set to y = 0 because dependencies accumulated by the ancestral 
host population are assumed to be absent in the naïve microbial 
population. The connectivity of T remains zi due to the simplifying 
assumption that gene-host coevolution does not occur until the 
transferable gene has been fixed following HGT
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Indispensability is set to zero because of the assumption 
that the dependencies accumulated by an ancestral host 
population are absent in the naïve microbial population. 
Connectivity is preserved due to the additional simpli-
fying assumption that gene-host coevolution does not 
occur until T is fixed in any naïve microbial population it 
enters. The difference between the two kinds of descend-
ant populations is illustrated in Fig. 5.

The Price equation
We use the Price equation [16, 17, 35] to write an expres-
sion for the change in the mean character state of T in a 
metapopulation of transferable genes over one ancestor–
descendant mapping. Of primary interest is to identify 
conditions under which the mean connectivity of T will 
decrease. If qi is the proportion of ancestral populations 
with 

(

yi, zi
)

 , then the change in the mean connectivity of 
T over one mapping is (see Appendix):

The first sum accounts for differences in the number of 
descendant populations that each ancestral population of 
T generates by HGT. Fitness wm

i  and connectivity zi are 
negatively correlated, so this sum is interpreted as the 
effect of selection that favors populations of T with lower 
connectivity. The second sum accounts for the expected 
change in the connectivity of T due to gene-host coevo-
lution within each ancestral population that persists into 
the descendant metapopulation (see Fig.  5). The expec-
tation E(�zi) > 0 is biased toward greater connectivity, 
so this sum is interpreted as the effect of an evolutionary 
complexity ratchet. The first sum will tend to decrease the 
mean connectivity of T in the metapopulation over one 
ancestral-descendant mapping provided var(zi) > 0 . The 
second sum will tend to increase the mean connectivity 
of T over one mapping due to the assumed evolutionary 
bias toward greater complexity. The direction of change 
in the mean connectivity of T will therefore depend on 
the relative size of these two sums, or equivalently, on the 
tradeoff between multiplication and persistence.

It is important to note that fitness in the Price equation is 
a realized value, which in our model is equated to an expec-
tation (Eq. 2). The transmission bias is likewise equated to 
an expected value (Eq. 1). It follows that Eq. 3 is determin-
istic. It is nevertheless possible to account for stochastic 
variation in birth, death, and transmission bias by simulat-
ing these as random processes, and to use simulations  to 
explore the conditions under which the transferable gene 
might evolve to become more sessile or more itinerant. See 
Additional file 1 for details.

(3)

�z =
1

w

∑

i
qi
(

wm
i − w

)

zi +
1

w

∑

i
qiw

p
i (zi + E(�zi))

Appendix
The price equation
See Fig. 6

The Price equation provides a simple way to calculate 
the change in the mean value of a character state (a phe-
notype or genotype) in a population of individuals over 
one ancestor–descendant mapping spanning any number 
of generations (Fig. 6). The ancestral population consists 
of some number of individuals M partitioned into sub-
populations of size mi with the same character state zi . 
Each character state corresponds to a fitness wi that rep-
resents the number of descendants each individual ances-
tor will produce over the ancestor–descendant mapping. 
Hence, the ith ancestral subpopulation will contribute 
mi × wi individuals to the descendant population. The 
relative frequency of these descendants is:

The change in relative frequency �qi = q
′

i − qi will be 
positive for subpopulations with greater than average fit-
ness and negative for subpopulations with less than aver-
age fitness. This represents the effect of selection. The 
descendant population will be larger than the ancestral 

q
′

i = qi ×
wi

w
where qi =

mi

M
and w =

∑

i
qiwi

Fig. 6 The Price equation can be used to map an ancestral 
population onto a descendant population over an arbitrary time 
span in generations. Here qi represents the relative frequency of 
individuals with character state zi and fitness wi that comprise the ith 
ancestral subpopulation. Its counterpart q

′

i is the relative frequency of 
all individuals that descend from the ith ancestral subpopulation. The 
average character of this descendant subpopulation is z

′

i = zi +�zi , 
where �zi accounts for the expected change in character state due 
to transmission bias caused by processes such as mutation and 
recombination. Change in the mean character state �z = z

′
− z is a 

function of differences in the fitness of the ancestral subpopulations 
and the fidelity with which an ancestral character state is transmitted
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population when the mean fitness w is greater than one, 
and smaller when w < 1.

The mean character state of all descendants generated 
by an ancestral subpopulation is represented by z′i . The 
difference �zi = z

′

i − zi reflects the fidelity with which 
an ancestral character state is transmitted to descendant 
individuals. The change in the mean value of the charac-
ter state is given by the Price equation:

The first sum on the RHS represents change due to 
selection. This term is non-zero whenever var(zi) > 0 . 
The second sum accounts for change due to a combina-
tion of selection and transmission bias. This term is non-
zero whenever �zi  = 0 . Note that fitness in the Price 
equation is not stochastic but represents realized values. 
The ancestor–descendant mapping is therefore deter-
ministic. However, the mapping can be implemented sto-
chastically via computer simulation.

Our Eq. 3 of the main paper was derived by substitut-
ing the expressions for transmission bias (Eq. 1) and fit-
ness (Eq. 2) into the Price equation (Eq. 4):

Fitness due to multiplication wm
i  can be dropped 

from the second sum because of the assumption that 
E(�zi) = 0 for descendant generated by HGT. Com-
bining the two terms that account for fitness due to 
persistence wp

i  gives our model equation (Eq.  3). The 
equation for the change in mean indispensability is like 
Eq. 3:

Note, however, that the assumption that the indispen-
sability of T is yi = 0 following HGT into a naïve micro-
bial population (i.e., when T generates descendants by 
multiplication), makes the first summation zero. Hence, 
the change in the mean indispensability across all popu-
lation of T is:

This underscores the fact that the indispensabil-
ity of T is a property of the relationship between T 
and its current microbial host population, which is 
maintained only so long as T persists in that host 
population.

(4)

�z =
∑

i
q
′

iz
′

i −
∑

i

qizi =
1

w

∑

i

qi(wi − w)zi +
1

w

∑

i

qiwi�zi

�z =
1

w

∑

i

qi
(

wm
i + w

p
i − w

)

z
i
+

1

w
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i
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(
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i + w

p
i

)
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1
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(
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i − w

)
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1
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(
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