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Figure 9: Dynamics of the main species in the model in relation to different initial concentrations of C8HSL
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Figure 10: Two-dimensional phase space of Cepl, CepR and CepR* dynamics in the core and in the complete models. For each
species the relative concentration is plotted in each phase space, i.e. the ratio between the instantanueous and the steady-state
concentrations.
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Figure 11: Noise properties of the complete model vs the core analogous. Top panels refer to species CEPR* while bottom panels
to species CEPI. The left plots show the behavior of the ratio of the mean of the complete model to the mean of the core model
as a function of §. Panels on the right show the ratio of the standard deviation of fluctuations. In all plots each point represents
the value obtained averaging over 20 independent stochastic realizations of the Gillespie algorithm [13]. Error bars denote the
standard deviation. Parameters values are listed in 1 while V' = 500.

configuration (i.e. shorter response time of QS regulation) is maximal at lower growth rates. Growth rate
is known to be an important factor in microbial pathogenicity and in the outcome of infections in general
[42, 6]. In real infections bacteria usually face oxygen-limited /nutrient-starved conditions and this negatively
impacts cellular growth rate. Accordingly, the acquisition of the alternative feedback loops provided by the
ccilR system, might ensure a prompt and efficient response during bacterial infections. As a matter of fact, the
activity of QS-regulated enzymes (especially proteases) has been shown to be negatively correlated to growth
rate in conditions that mimick the ones encountered during the infection of CF patients’ lungs [27]. Also, in
a survey of Bcc strains, those strains with signs of being adapted to chronic infections (i.e. higher MICs and
resistant to many antimicrobial classes) showed overall reduced growth rates [37].

Besides growth rate, we also found that the surrounding cell density may magnify the difference in QS
regulation of the two circuits considered here. Indeed, we found that the path towards the optimal, physiological
expression level of Cepl is not influenced by the external concentration of the AI (an approximation of cell
density) in the complete model. On the contrary, this is strongly affected in the core model. If one considers
the steady-state level of a protein as its optimal cellular concentration and ”the ultimate design goal” of an
evolved regulatory circuit [40], then the advantage provided by the integrated CepIR-CcilR regulatory system
may reside in allowing the cell to rapidly and efficiently reach this physiological Cepl concentration, regardless
of the external conditions. Taken together, the results of the simulations tests on the response of the two circuits
in different physiological and environmental conditions revealed that the efficacy of the complete model over
the core one is maximized in two conditions: i) low growth rates and ii) high cell density. It is thus important
to consider when eventually bacteria may encounter these two circumstances. As suggested by [31], low growth
rates are typically encountered by free living bacteria exposed to nutritional stress during the establishment of
host infection (restricted nutritional conditions with low cell density). Additionally, combined low growth rates
and high cell density are encountered by bacteria that live in biofilms inside their host. Indeed, it is known that
during bacterial infections, including those of the CF lung, iron and oxygen are often limiting and this constrains
the growth of pathogens to very low doubling time values [27]. In this context, it is interesting to notice that 7
out of 8 B. cenocepacia strains harbouring the complete architecture have been found in association with host
infections (6 involving humans and one involving plants), according to the recent classification proposed in [47].

When examining the behaviour in response to stochasticity, we again found a profound difference in the two
architectures. While the core scheme displayed limited fluctuations around the steady state, a larger variability
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Figure 12: The main panel shows the comparison between the fluctuations about the steady state of CEPI for the complete (blu
bars) and the core (red bars) model. The inset reports the corresponding single stochastic realization implemented through the
Gillespie algorithm [13]. The dilution parameter § is set equal to 4 - 10~3 while the other values are listed in Tab. 1. The volume
of the system is V' = 500.

was found for the complete architecture. This, in our opinion, points towards the possibility that the two
configurations may give rise to homogenous vs heterogeneous populations of bacteria implementing the core
and the complete circuits, respectively. It is straightforward to ask in which condition one of the two circuits
may provide possible selective advantages over the other. On one side it is easier to interpret the evidence
that most of the species of the Bce do not carry the complete circuit as the result of an optimization process
that gives the organisms an efficient way to control and reduce fluctuations. Nonetheless, higher levels of noise
are not always synonym of adverse conditions. A more dynamic level of protein may confer the bacteria the
necessary readiness to quickly react when stressed by external perturbation, thus increasing their adaptability.
In recent years the role of noise in biological systems has been interpreted in different functional ways [10].
Drafting a parallel with the theory of facilitated variation [12], for example, the complete QS system seems
to generate not only two output states (QS completely on or off) but, rather, a large, random array of them
where most of the cells have different internal concentration of the species represented by the model, likely at
a greater energy expense compared to the core one. In a successive selection step, the onset of a particularly
advantageous condition stabilize a small fraction of these states (i.e. those cells possessing an expression
pattern of QS regulated genes compatible with such a novel condition) that will proceed in the onset of the
specific phenotype. In this sense, one of the possible advantage of a noisy regulatory scheme might reside in
enabling the random differentiation of bacterial cells that, otherwise, would result identical. This phenotype
may ultimately result in the a bet-hedging strategy in which the forthcoming effects of external perturbations
are anticipated by a (random) fraction of the entire population that, on the other hand, suffers a fitness defect
in normal (constant) condition [23]. Microbial species that, like the representatives of the Bec and, especially
those harbouring the complete QS regulation system, are capable of thriving in many disparate conditions and
give rise to different phenotypes (e.g. biofilm during human infections) may benefit from such a bet-hedging
strategy when facing life-style switches induced by modified environmental conditions (e.g. host invasion). If
we interpret the activation of the QS-regulated gene expression program as a commitment point in cellular
life (similar to the onset of other processes such as cell duplication or sporulation) cell-to-cell variability might
result in significant changes in its timing from cell to cell. This would probably be due to the rates at which
the master regulator of the cellular process (CepR* in our case) accumulate in the cytoplasms of the different
cells. Ultimately, this may result in an broad distribution of commitment stating points inside the population,
with cells expressing a wide array of genes before/after the population "mean” commitment starting point
(procrastination/anticipation of differentiation).
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In this context, the observation that the readiness to quickly react to (or even anticipate) the drawbacks of
external perturbations provided by the complete architecture is in perfect agreement with the faster response
time of the complete model that we have discussed in the previous section.

Based on these considerations, we speculate that the additional feedback loops provided by the CcilR regu-
lation system may confer an evolutionary advantage to the harbouring strains during the onset and maintenance
of host infections and, more in general, with their eclectic and plastic lifestyles.

5. Conclusions

In this work we have combined comparative genomics with mathematical modelling to elucidate the possible
evolutionary advantages provided by the implementation of extra control loops in the regulation of the most im-
portant bacterial communication system, namely quorum sensing. Our study represents the first mathematical
model of QS in Burkholderia. While the evolutionary history that led to the current configuration of QS regu-
lation in this genus deserves further inspection, our approach suggests that additional feedback loops encoded
by the CcilR system may be crucial in the optimization of QS regulation during host invasion, thus highlighting
once more the importance of this process in the establishment and maintenance of bacterial infections. Work
to experimentally verify model predictions is currently in progress.

6. Methods

6.1. Distribution of cci island encoded-genes in Burholderia

The entire set of Burkholderia complete genomes available at May 2020 was downloaded from NCBI. A
total of 289 genomes were retrieved. The complete list of all the replicons and relative accession codes used in
this work is available at https : //github.com/m fondi/QS_-modelling. Each gene encoded by the reference B.
cenocepacia J2315 cci island was then used as query to probe this entire set of genomes retrieved in order to
map the distribution of all the cci-encoded genes in Burkholderia. The Bidirectional Best Hit (BBH) approach
was used to this aim, setting an E-value threshold of 1 x e720 during BLAST [2] searches. The resulting
presence/absence matrix was visualized in the form of a heatmap using R [38]. Further, in order to group the
Burkholderia genomes on the basis of their genomic relatedness, we computed the average nucleotide identity
(ANI, [18]) for each pair of genomes in the dataset. The resulting matrix was used to cluster the genomes
according to the shared values and to visualize the outcome in the form of dendrogram using the R built-in
helust clustering function. At this point, the rows of the cci genes presence/absence matrix were then re-ordered
based on the order of the genomes in the ANI dentrogram to better visualize the relationship between genomic
relatedness and cci-genes distribution.

6.2. Model simulations

Most of the simulations were performed using MATLAB 2019a. The built-in ODE solver ode23 was used to
solve the ODEs of the model. Stochastic simulations based on the Gillespie algorithm were implemented using C
language. The codes used to perform the simulations are available at https : //github.com/m fondi/QS_modelling.

6.3. Local sensitivity analysis

We used local sensitivity analysis to assess the impact of the local variation of the model parameters on the
value of each of the output variables. Specifically, the local sensitivity of the solution to a parameter is defined
by how much the solution would change by changes in the parameter. Here we followed the approach described
in [7] and computed the local sensitivity of each variable (x;) with respect to each parameter (p;) using the
SENS_SY S third-party MATLAB function (Garcia Molla, 2019) and expressed as: ;

Sz‘j dp'
J

(36)
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