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Here we shed light on the network property by examining a significant open
problem in evolutionary biology: How do gene pathways evolve? Historically,
mutations have been modelled as random noise and therefore expected to be
far more likely to be harmful than neutral or beneficial, given the elaborate
and complex interactions in evolved genetic systems [1–3]. However, more recent
research on evolvability [4, 5] suggests that evolution itself may come to buffer
against and even exploit likely variations in the genome [6]. Here we present
simulation outcomes supporting the likelihood of this. We show that even in
simple gene networks evolved artificially, compensatory mutation (CM) is a much
more probable and systematic process than might be expected at first glance.
Compensatory mutations have long been considered of great potential significance in their hypothesised role of restoring a loss of fitness caused by some
prior deleterious mutations [7–9]. Theses mutations could contribute to the neutral evolution for gene pathways [1, 10–12]. However, existing theory has assumed that compensatory mutations are very rare. They are therefore assumed
to be inconsequential, occurring only in low-fitness lineages which are eventually
eliminated by natural selection. However, if a deleterious mutation occurs at a
locus not presently subject to strong selective pressure, then as long as the compensatory mutations occur before the lineage is driven to extinction, they may
restore the lineage’s fitness. Thus the frequency and nature of compensatory mutations are of substantial importance to understanding the impact of mutation
on evolution.
In our work, we employ the evolutionary framework provided by gene regulatory network theory [4, 13, 14]. The key insight of our model is that whether a
mutation is deleterious or not is entirely dependent on its context within a complex system – a network evolved for stability. In our simulations, the artificial
gene networks are generated randomly, but we only focus on the networks that
are stable. Then, unstable networks compromised by deleterious mutations were
selected. The compensatory mutations can restore the stability of previously
compromised networks. In our modelling approach, we are either assuming that
time lags occur between bouts of selection or that selection only acts sporadically on the networks we observe. Therefore, the timescale for accumulating
mutations is longer than the timescale between rounds of strong selection.

Fig. 1. Compensatory mutation frequency of randomly-generated stable gene networks. For each network
size (Ngene = 5, 10, 20, 30 and 40)
with each connectivity given from a range
of values in continuous interval [0.2, 1]
(step size 0.02), we tested CM frequency
of 10, 000 randomly-generated networks.
Shaded areas represent 95% confidence intervals based on 100 independent runs.

Fig. 2. An example of spatial probability of
CM occurring on gene networks. In this example Ngene = 20, for a particular compromised
network (deleterious mutation site marked by red)
that was stable initially we executed one additional
mutation round 1, 000 times on each link. Then, we
measured the percentage of each broken link that
could be fixed (Note: CM occurred on this link)
after the mutation operation. Finally, we marked
each broken link whose percentage was above 0%.

Specifically, in our simulations, we find that the viability and initial robustness are quite different among varying sizes and levels of connectivity of gene
regulatory networks. However, compensatory mutation frequency is not only insensitive to network size but also to network connectivity as can be seen in
Figure 1. In addition, we find that generally compensatory mutation occurs in
genes which closely interact with the deleterious genes (see an illustration in
Figure 2). Moreover, both small networks and larger networks tend to have the
same property. These theoretical results predict that the compensatory mutations may probably be observed in or adjacent to the original site of deleterious
mutation in nature. Finally, we find that larger weight changes, both positive and
negative, are associated with an increased compensatory mutation frequency. In
our simulations, these negative and positive effects are equally likely to be useful in inter-gene regulation. However, if the compensatory mutations occur on
on-self-regulating links, then they are far more likely to be caused by positive
rather than negative regulation.
In summary, with a fairly simple extension of an existing model of gene networks, we have shown that in the context of evolved gene regulatory networks,
deleterious mutations are able to be compensated at a frequency largely independent of the network size and network connectivity. Particularly, the very
mutations that may be compensatory in a gene regulatory network that has
already been compromised would have been deleterious in the context of the
original network. We further observe a relatively high probability in compensatory mutations being found in genes at or adjacent to the site of the original

deleterious mutation, which is consistent with recent studies [15, 16]. Our simulation results also show that compensatory mutations that occur in self-regulating
gene networks are more likely to be driven by positive weight changes (upregulation) than negative ones. These findings suggest that compensatory mutations
may play a more important role in evolution than we had previously imagined.
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