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Abstract Bacterial quorum sensing (QS) is a form of intercellular com-
munication that relies on the production and detection of diffusive signal-
ing molecules called auotinducers. Such a mechanism allows the bacteria to
track their cell density in order to regulate group behavior, such as biofilm
formation and bioluminescence. In a number of bacterial QS systems, in-
cluding V. harveyi, multiple signaling pathways are integrated into a sin-
gle phosphorylation-dephosphorylation cycle. In this paper, we propose a
weight control mechanism, in which QS uses feedback loops to ‘decode’ the
integrated signals by actively changing the sensitivity in different pathways.
We first use a slow/fast analysis to reduce a single cell model to a planar
dynamical system involving the concentrations of phosphorylated signaling
protein LuxU and a small non-coding RNA. In addition to identifying the
weight control mechanism, we show that adding a feedback loop can lead
to a bistable QS response in certain parameter regimes. We then combine
the slow/fast analysis with a contraction mapping theorem in order to re-
duce a population model to an effective single-cell model, and show how the
weight control mechanism allows bacteria to have a finer discrimination of
their social and physical environment.
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1 Introduction

Quorum sensing (QS) is a form of cell-cell communication that allows bac-
teria to measure the local population density, and to use this as a cue to
regulate gene expression, resulting in various forms of collective bacterial
response, including bioluminescence, biofilm formation and virulence [6,3,
4,15,26,10,19,18,29,20]. Bacterial QS depends on the production, secretion
and detection of signaling molecules known as autoinducers (Als). In partic-
ular, high population densities lead to high intracellular AI concentrations
through diffusive exchange with the extracellular environment, triggering
biochemical reactions that activate the expression of QS-controlled genes.
One can view the QS system as a ‘switch’ controlling the level of downstream
gene expression. In some cases the QS system acts as a ‘toggle’ or binary
switch [32], such that the QS-regulated genes are only expressed in the ‘ON’
state. In other cases, QS-regulated genes are expressed in a graded fashion
[17], and the QS system acts like a ‘dimmer’ switch. In this paper we will
associate ‘OFF’ and ‘ON’ states with low and high levels of QS-regulated
gene expression.

In the case of the bacterium V. harveyi, three different kinds of Al
have been identified, which encode different types of population information:
HAI-1 (an intra-species signal), CAI-1 (an intra-genera signal) and AI-2 (the
universal signal) [27]. Each autoinducer is detected by its corresponding
cognate receptor, LuxN, CqgsS, and LuxPQ, respectively, and integrated
into the phosphorylation-dephosphorylation cycle (PdPC) of a downstream
protein LuxU. At low cell density, in the absence of Al, an unbound receptor
functions as a kinase and phosphorylates the protein LuxU. This leads to
the phosphorylation of a second protein LuxO and subsequent activation of
small non-coding RNAs (sRNAs) known as qrr 1-5. The latter repress the
translation of the mRNA that encodes the master quorum-sensing regulator
LuxR, which turns QS ‘OFF’. On the other hand, at high cell density, Al
binds to its receptor, switching the action of the latter to a phosphatase,
which in turn, drains the phosphate group from LuxO and LuxU. This
results in the deactivation of the SRNAs and the production of LuxR, which
turns QS ‘ON’.

Recently, we developed a feedforward population model of QS in V.
harveyi [1,5]. The model consists of a system of ordinary differential equa-
tions (ODEs) that represent the interchange of AI between the cytoplasm
of N cells and an extracellular domain, and the binding of intracellular Al
to cognate receptors within each cell. The unbound and bound receptors
are treated as kinases and phosphatases, respectively, acting on a single
downstream PdPC network. For simplicity, the model ignores subsequent
signaling pathways associated with gene regulation and the possible modifi-
cation in the production rate of AI (positive or negative feedback). We used
the model to explore the signal integration of multiple parallel input path-
ways, representing different kinds of AI acting on the same downstream
PdPC. In particular, we investigated to what extent a pair of pathways
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could distinguish between two environmental cues: cell density and mass
transfer in the case of a single bacterial population, and the cell densities of
two distinct bacterial populations. We showed that the additive nature of
signal integration limited the degree to which different environmental cues
could be distinguished. In this paper, we extend our previous study of signal
integration in V. harveyi QS by including the effects of feedback.

Biological Motivation. Experimentally, it has been shown that there are
at least five feedback loops in V. harveyi quorum sensing circuits [27,28],
see Fig.1. These can be partitioned into a grr-LuxO-LuxU component, a
grr-LuxR component, and a third component involving grr 1-4 repressing
the production of receptor LuxN. Experimental data suggests that the role
of the LuxN feedback loop is to adjust the relative sensitivity to Al signals
from a low cell density environment to a high cell density environment [27],
whereas the other feedback loops control the dynamic range of responses.
The roles of both LuxO and LuxR feedback loops have been studied in Ref.
[13]. (However, these authors focus on the gss signaling network and do not
explicitly model the PAPC.) Here we will focus on the LuxN feedback loop.
Through mathematical modeling, we demonstrate the same active control
of Al sensitivity due to the presence of LuxN feedback loop as observed
experimentally [27]. We also highlight how the LuxN feedback loop can
support a bistable response. Although the latter has not yet been observed
in V. harveyi, or in V. cholerae which is another bacterium with multiple
parallel QS pathways [14], in vivo bistability has been observed in V. fischeri
[31,11].

The structure of the paper is as follows. In section 2, we construct a
single-cell model of the QS circuit with a LuxN feedback loop, and test its
response to different combinations of Al concentrations. We use mathemat-
ical modeling to identify a possible mechanism for how QS could utilize
the LuxN loop to actively change the weight of different signals during
the integration into the PdPC. In section 3, we apply system reduction
techniques, based on a contraction mapping theorem [16,24], to reduce a
population model with feedback to an effective single-cell model. In sections
4 and 5, we apply our analysis to a population-mass-transfer model and a
two-population model in order to test two different hypothesis regarding
the functionality of multiple parallel pathway bacteria QS: diffusion sens-
ing (DS) and bacteria species differentiation. We combine our analysis of
the population model with the weight control scheme to show how bacte-
ria utilize the LuxN feedback loop to enhance recognition of their physical
environment (mass transfer) and their social environment (bacteria species).

One final note is in order. The single cell model presented in this paper
has many parameters, many of which are currently not known. Therefore, we
will proceed by non-dimensionalizing the model and constructing a reduced
set of lumped parameters. We then explore the qualitative behavior of the
model as a function of these lumped parameters, which allows us to isolate
the effects of feedback.
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Fig. 1 Schematic diagram of feedback loops that are currently known in V. har-
veyi QS. The cognate receptors of the autoinducers Al-1, CAI-1 and AI-2 are
LuxN, CqgsS and LuxPQ), respectively. The arrows feeding into LuxU represent the
kinase action of the receptorsThe corresponding regulators of the three autoin-
ducers are LuxM, CgsA and LuxS. In this paper we focus on the LuxN feedback
loop.

2 Single Cell Model

The single-cell version of our previous model [1,5] described the signal in-
tegration component of QS, where the PAPC of protein LuxU is driven by
multiple parallel pathways. In this section, we extend the model by adding
the phosphorylation and dephosphorylation of the regulator protein LuxO,
the activation of qrr sSRNAs, and the LuxN feedback loop. We consider M
species of Al, denoted by A;, i = 1,..., M. The basic reaction network is
shown in Fig. 2 for the ith species. The unbound and bound receptor states
are denoted by R; and R;, respectively, with Rp; = R; + R;. In contrast to
our previous model, the total number of receptors Rp; can change due to
repression of the mRNA M; that is responsible for synthesizing the receptor.

2.1 Phosphorylation-dephosphorylation cycle kinetics: no feedback

We begin by considering the PAPC circuit without feedback, which is a
slightly modified version of the model considered in Ref. [5], since it also
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Fig. 2 Schematic representation of the LuxN feedback single cell model in V. har-
veyi. A set of autoinducers (input concentrations w;) drive the phoshporylation-
dephosphorylation cycle (PdPC) by binding to the kinase receptors R; and con-
verting them to phosphatases R;. The output of the PAPC is LuxO-P, which acts
as the input to the sRNA circuit. (For simplicity, we do not distinguish between
the different classes of Qrr.) Activation of Qrr represses production of LuxR, which
is itself the activator of downstream QS genes. Qrr also represses the production
of the total number of receptors Rr;, which is the source of feedback from the
sRNA circuit to the PdPC circuit (indicated in blue).

includes the phosphorylation and dephosphorylation of the regulator pro-
tein LuxO. Let W represent protein LuxU and W* represent LuxU-P. Simi-
larly, let O represent protein LuxO and O* represent LuxO-P. Adopting the
Goldbeter-Koshland model of PAPCs [8,7,22], the PAPC with ¢ =1,..., M
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pathways can be represented by the following reaction scheme:

Ri+ A == R;, (2.1a)
W+ R; T WR; & W* + R;, (2.1b)
W*+fzi%w*fzi M W+ R, (2.1c)
O+ W+ :* OW* & 0% + W, (2.1d)
o+ wiowhorwr, (2.1¢)

The first three equations represent the contribution of the ith input path-
way to the PAPC of LuxU. It is important to note that in the single-cell
model the concentration of A; is an input variable that can be directly con-
trolled. On the other hand, in the population model analyzed in section 3,
the concentration is determined self-consistently and depends on environ-
mental states that act as the model inputs. Equations (2.1d-e) represent the
phosphorylation/dephosphorylation of LuxO.

Let [W] =w, [W*] = w*, [WRJ = vV, [W*Rl] = ’U;k, [Rl] =T;—V;, [Rz] =
i —vf, [4i] = ui, [O] = o, [O*] = o*, [OW*] = z, [O*W] = y. (Although
the receptors are membrane-bound, we take all concentrations to be number
of molecules per unit cell volume.) By the law of mass action, the kinetic
equations for the PdPC circuit driven by fixed intracellular concentration
of inducers u; are as follows:

7 = k_iti — kiriu;, (2.22)
0 = a;(ri —vi)w — (d; + gi)vs, (2.2b)
bF = bi(F — vP)w* — (i + hi)ol, (2.2¢)

[ = ai(r; — vi)w + dyv; + hivy]

g.
Il
INgE

— fro*w+ f_y+ex, (2.2d)

M
Wt =Y [ = bi(Fi — v )w" + v} + givi]
i=1
—erow* +e_x+ fy, (2.2¢)

for the PAPC of LuxU and its interactions with LuxO,

& =epow* — (e_ +e)x, (2.3a)
y=feotw—(f~+fy, (2.3b)
0= —ejyow” +e_x+ fy, (2.3¢)

)

0 =—fro'w+ f_y+ex (2.3d
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for the PAPC of LuxO. Note that the form of equations (2.2a-e) implies
that the reaction (2.1a) is supplemented by the irreversible reactions

WRi+ A S W+ Ry, WR =5 W+ Ry + 4,

That is, we are assuming that the autoinducer A; can also bind to the
complex W R;, resulting in the simultaneous conversion of the receptor from
a kinase to a phosphatase and LuxU to LuxU-P. For simplicity, we also
take g; > k;u; and h; > k_;. (Such assumptions were also implicit in our
previous work [1,5].)

The above system of equations is supplemented by the following conser-
vation conditions:

M
WT:w+w*+Z(vi+v;‘)+x+y, (2.4a)
i=1
Or=o0+0"+z+y, (2.4b)

where W and Or represent the total concentrations of proteins LuxU and
LuxO, respectively.

Following the analysis of Ref. [5], we can significantly reduce the system
of kinetic equations using a slow/fast analysis. First, we assume that the
rates of binding and unbinding of autoinducer are sufficiently fast so that
the receptors are in quasi-equilibrium:

€q

k_i
r;

= e Bri= Gilw), = Ry = (2.5)

3

Since we are ignoring the feedback loop, the total concentration of receptors

Ry; is treated as a constant. Second, we exploit the fact that there are many

more LuxU and LuxO proteins than receptors, that is, rélaxM{R%‘”} <<
1=0,...,

Wr, O, which implies {v;,v}} << {w,w*,0,0*}. Third, we assume that
the irreversible reactions in equations (2.1) are fast (f > fi,e > e1), so
that {x,y} << {w,w*,o,0*}. It follows that we can partition the variables
according to

{w,w*,0,0"} slow system , {v;,v],x,y} fast system.
Moreover, the conservation equations (2.4) reduce to
Wr=w+w*, Or=o+o" (2.6)

The fast variables rapidly approach the quasi-equilibrium

*

w w

eq _ g grea _ W geq 27

U?, w—‘rKiT’L ) UZ w* +Q,L'T7, ? ( a)
€+ * f+ *

¢ = ——ow*, y9=-—""—0%w, 2.7b

e_+e Y f-+f (2.7b)
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where J L
K = i+gi; Qi:CiJr i
a; bi

(2.8)

The corresponding slow system then evolves according to the pair of equa-
tions (after using the conservation conditions)

M
. 9iGi(u)) Wr —w*)  hi[Rpi — Gi(u;)|w*
o _;{ Wr —w* + K; w* + Q; ’ (2:92)
of = ex®d — fycq _ ef"r—fe(OT _ 0*)w* ff-:_ff *(W _ w*)
(2.9)

Finally, note that the relaxation dynamics for o* involves products of LuxU
and LuxO protein concentrations, implying that it is fast relative to w*. We
can thus set 0* = 0 so that

9iGi(u;)) Wr —w*)  hi[Rri — Gi(u;)w”
Z:: [ WT—w +K; w* + Q; ’ (2.10)
with 40 N, n
*eq T o + e_ e
? q*£(1—¢)+¢’ Ay @1)
and -
= (2.12)

Again we treat the slow variable ¢ as a constant during the approach to
quasi-equilibrium of o*. Note that & > 0, which guarantees that 0*°? &
[0, O7] with the input ¢ € [0, 1]. Moreover, with some algebra, one can show
that 0*¢? is a monotonically increasing function of ¢, which makes sense,
considering LuxU is a phospho-relay protein and transports the phosphate
group from/to LuxO.

To simplify the following analysis, we now take K = K;/Wr and Q
Q;/Wr for all i = 1,..., M, and non-dimensionalize time by setting 7
g1 Rr1t/Wr. After some algebra, one can show that [5]

do ity A [Ai(w)¢? — Bi(w)é + Ci(u)]

ar GrQU-o+K) (219
where
Ai(u) = % Ci(u) = H% (2.14a)
Bi(u) = (1+ K)A;(u) + (1 + K/Q)C;(u), (2.14b)
and
qim i gl g Brig (2.15)

ko) gi Rrigr
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Here A; represents the ratio of the total concentration of pathway i receptors
with the total concentration of pathway 1 receptors. Note that Ay = 1
Previously, we showed that A; directly controls the sensitivity of signal
integration [5]. We now show that when the LuxN feedback loop is included,

this sensitivity is regulated by the concentration of Qrr.

2.2 sSRNA and feedback kinetics

The output of the PAPC networks acts as input to the Qrr network, see Fig.
2. That is, LuxO-P binds with the qrr promoter P to activate the produc-
tion of Qrr. Since we are focusing on the role of the LuxN loop, we don’t
distinguish between the different Qrr species, which are thus represented
by the single symbol Q. As Qrr directly represses the production of the QS
regulator LuxR, it follows that a higher concentration of @ indicates lower
QS expression and vice versa. The basic reaction scheme is

kpO™ q q
PO <= P! a0, 02, (2.16)

where LuxO-P is taken to be in quasi-equilibrium. Equation (2.16) repre-
sents the action of LuxO-P on the gss promoter P, with P and P! de-
noting the inactive and active promoter states, respectively. Let [P°] = p°,
[P1] = p!, [Q] = ¢ with 1 = p° + p! (assuming a single promoter site). The
corresponding kinetic equations are

pt = kyo*(Pr —p') — k_pp', (2.17a)
q = kyp* — 744, (2.17b)

where k, and 7y, are the production and degradation rates of Qrr ). The
assumption of large Or means that (p°, p') can be taken to be a fast sub-
system. We thus obtain the quasi-equilibrium

g _ 0" _ ke (2.18)
p B o*ed + 770'1“7 n= prT. '
It follows that the concentration ¢ of Qrr evolves according to
dq Eq -
= = — a4, 2.19
dr — l4+n-né+né/e (2.19)
where we have used equation (2.11), and set
~ koW ,\ 1%
fog = 4T = JaT (2.20)

= s ’y .
g1 B " g1Rm

So far we have used a slow/fast analysis to reduce the PdPC and Qrr
network kinetics to a planar dynamical system involving the pair of vari-
ables (¢,q), see equations (2.13) and (2.19). In the absence of feedback,
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LuxU-P drives Qrr, that is, the ¢ dynamics is independent of ¢. Inclusion
of the LuxN feedback loop means that Qrr now represses the production of
the cognate receptor R; of A;, and we have to modify the receptor kinetic
equation (2.2a), due to the fact that the total concentration of receptors is
no longer constant. As we will show, this leads to the factors A; in equations
(2.14) picking up a dependence on ¢. Let X; and M; denote the gene and
mRNA responsible for the synthesis of receptors R;, respectively. For con-
creteness, we assume that the action of Qrr is to increase the degradation
rate of mRNA. (The precise form of the repression does not affect the ba-
sic conclusions of the analysis.) The reaction scheme for the feedback then
takes the form

X, 25 X+ My, M 2 g, (2.21a)
M; 5% M+ Rri, Ry 225 0 (2.21b)

Here B; and 7,i(q) are the production rate and g-dependent degradation
rate of mRNA M,, whereas t,; and ~,; are the production and degradation
rates of R;. Setting [M;] = m;, equation (2.2a) is replaced by the system of
equations

7 = k_i(Rri — i) — kiriwg + trmg — Yeiri, (2.22a)
m; = Bi — Ymi(q)mi, (2.22D)
Rrp; = trm; — iR, (2.22¢)

Again assuming that the receptor kinetics is faster than the PAPC kinetics,
we can consider the quasi-equilibrium solution

k_i+ i
eq _ _ vmer T Im peq 2.23
" k_i + i + kiug 7:(4) (2230)
where
R(g) = T RyE). (2:230)
and B (0)
_ tri i Ymi
S= Fy(q) = . 2.23¢

Here the constant Rp; = Rp;(0) is the total concentration of pathway i
receptors without feedback, or the maximum total concentration of pathway
i receptors. Note that 0 < F;(¢) < 1, and if the production of R; is not
regulated by Qrr, then F;(q) = 1.

Comparison with equation (2.5) shows that the effects of feedback are
two-fold: a constant shift of the effective rate constant k_;, k_; — k_; + 4,
and a ¢g-dependent R7%(q). Repeating the derivation of equation (2.13) we
find that

do Yy Ai(q) [Ai(w)¢? — Bi(u)¢ + Ci(u)]
ar 6+ Q- 0+K) :

(2.24)
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where A;, B; and C; are still given by equations (2.14), 7 = g1 Rp1t/Wr,
and

ks Rr; gi
— R Mg = LR (). 2.25
k_i + Yri (@) R q (@) (225)

Note that A;, the relative total concentration of pathway i receptors is now
a function of ¢ due to the LuxN feedback, whereas, A; is just a constant in
the absence of feedback, as shown in (2.15).

Q;

2.8 Bifurcation Analysis

In order to find the steady state values of ¢ and ¢q as a function of the vector
u of autoinducer concentrations, we need to solve the pair of equations

A(u, q)¢*—B(u,q)é + C(u,q) =0 (2.26a)

¢ = fo(0) !

T BByt E2/d (2260)

for ¢ € [0, 1], with

Ei =+ 0/ kg, Bz =0&7,/kq,

and A(u,q) =, ; Ai(q)Ai(u) etc. The first equation gives

B(u,q) — \/3(121;461)2 —AAW OO ¢ g, q) £0

(u,q)
¢ (u,q) =
(2.27)
Given any u, we need to solve the following implicit equation for ¢¢¢,
1
H(u,q) =¢q =0. (2.28)

By —Ey+ Ey/¢°4(u, q)

It is straightforward to show that, given u, there exists ¢°? such that
H(u,q) = 0. First, regardless of the value of ¢ we know that ¢°¢ € [0,1].
Setting ¢ = 0, we have

H(u,0) € [-1/E,0). (2.29)

Similarly, taking ¢ — oo implies H(u,q) — oo, since (Ey — Ey + Eo/¢®) ™!
is bounded. If H(u,q) = 0 at ¢ = 0, then the proof is done. If not, we know
that

H(u,0) < 0 < H(u,00). (2.30)
As H(u, g) is continuous in ¢, by the Intermediate Value Theorem, we know
that there exists a ¢°? € (0, 00), such that H(u,¢?) = 0.

In order to determine whether or not the steady state is unique, we
will carry out a bifurcation analysis. For the sake of illustration, consider
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the case M = 2, namely, two parallel QS input pathways. (When M > 2,
the following bifurcation analysis can be performed numerically.) Moreover,
suppose that v,,;(¢) is a linear function of ¢ such that

Ai(q) = L (2.31)

T Gt Di '

for constants C;, D;. First, we determine the ¢-nullcline from equation
(2.26a). From the definitions of A, B,C in equation (2.14), u; is always
multiplied by «a;, which indicates that we can nondimensionalize u; by set-
ting a; = 1. We also set 8; = 1 for convenience. Substituting the resulting
expressions for A, B, C into the quadratic equation A¢? — B¢ + C = 0 and
reorganizing terms gives (for M = 2)

A2(q)_01q+D1__1+u2 h(¢)—ul
Ai(q)  Caq+ Dy 14w [h(@ _UJ ) (2.32)
where,

o) = TQ-o-Q_[0+Q0-1 (2.33)

¢*—(1+ K)o p(¢—1-K) —

For concreteness, we will study the case where only one Al pathway is
controlled by grr. Without loss of generality, we take this to be pathway
i = 2. This means that Cy; = 0 and Cy # 0. Setting Dy = 1, the ¢-nullcline
is then determined by the equation

q=f1(¢)5—0i2iz; [ZE?;:Z?] —g—j. (2.34)
By taking the derivative of fi, we find that
dfl:11+“1[ Uy — U }dh, (2.35)
dp  Col+wus | (h(e) —up)?] do
where dh Q1)+ K&’ + KQ
<0. (2.36)

o [9?—~(1+K)d]?
Therefore, when uy > g, the function ¢ = f1(¢) is decreasing and when
u1 < ug, the function is increasing. Let ¢y = A= (uy) and ¢ = h=(us). It
can be seen that the graph of ¢ = f1(¢) in the first quadrant will have the
x—intercept (0, ¢2) and an asymptote of ¢ = ¢;.
Similarly, the nullcline of ¢ is given by equation (2.26b). Calculating the
derivative of the g-nullcline shows that
dfs Es
— = > 0. 2.37
dp  (E1¢ — Ex¢p+ E3)? (2:57)
Therefore, the graph ¢ = fa(¢) is a strictly increasing function. Moreover,
since

Qs 2By(Ey— E)
dg?  (E1¢— Bsp+ E)3’ (2.38)
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Fig. 3 Illustration of two distinct scenarios for nullcline intersections. The g-
nullcline (green) is always increasing and doesn’t depend on the values of u; and
u2. Two example g-nullclines are shown, which are obtained by setting E1 = 2,
E; =1 (concave down) and E1 = 2, F> = 4 (concave up), respectively. On the
other hand, the corresponding ¢-nullcline is decreasing when w1 > us (Fig. 3a)
and it is increasing when u1 < us (Fig. 3b). For the sake of illustration, we take
K =0Q =0.1. Also, u1 =2, u2 = 0.2 in (a) and u1 = 0.2, u2 = 5 in (b). In both
cases, we show two example ¢-nullclines, which are obtained by setting either
Dy =1,Cy =2, Cy =20 or D2 =0.05, Cy =3, C2 = 10.

it follows that when E; > Es, the graph ¢ = f3(¢) is concave down and
when F; < FEs, the graph is concave up.

Combining our various observations, we find three distinct scenarios de-
pending on the ranges of the Al concentrations u; and uso, see Fig. 3.
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]
\:A
0
BE
0
10-2 1 102

Al concentration uo

Fig. 4 Saddle-node bifurcation diagram for the system given by equations (2.24)
and (2.19) with the following parameter values: u1 = 107!, C; = 0, Ca = 3.6,
Dy, =01, F1 =2, E; =6, K=0Q =0.1, 51 = 82 = 1. At the bifurcation points
B and A, we have us &~ 10°%3 and uy ~ 10°33, respectively.

Case (i): uy > ua. q = f1(¢) is decreasing and ¢ = f2(¢) is increasing,
which implies that the two functions can intersect no more than once. With
existence established at the beginning of section 2.3, we know that there
exists a unique equilibrium. Moreover, with some algebra, one can show the
equilibrium is globally stable.

Case (1i): u; = uz. When both autoinducers have the same concentration,
u; = ug, we have

fi(9) =5 — =" (2.39)

Therefore, ¢ = f1(¢) is a constant function, which guarantees the unique-
ness of the intersection/equilibrium. Again it can be established that the
equilibrium is globally stable.

Case (iii): up < uz. This is the case where uniqueness is not guaranteed,
because both functions f; and f; are increasing. Indeed, when u; < wug,
multiple equilibria exist, which is illustrated in Fig. 4.

In the following, we will restrict our analysis to the parameter regions
with a unique equilibrium. In appendix A, we show that a sufficient condi-

tion for this to hold is
1+ K

1+K+Q
In the remainder of the paper, we take K = 1 and @ = 10, and restrict u;

and us so that the ¢ response satisfies (2.40) so that there exists a globally
stable equilibrium.

<¢ <1l (2.40)
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2.4 LuzN feedback as a Weight Control Mechanism

In our previous work [5] we showed how an asymmetry in the total concen-
tration of receptors of the different Als, Ry, # Rr,, leads to a corresponding
asymmetry in signal integration. In other words, the system is more sensi-
tive to the presence of one Al over another. In our LuxN feedback model, the
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o
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Autoinducer Concentration uo
-t
o
o

—_
<
—_

100 101
Autoinducer Concentration u1

—_
o
4

—_
o
-

Autoinducer Concentration us
—
(@]
o

1071 :
1071 100 101
Autoinducer Concentration u1

Fig. 5 Contour plots of qrr response ¢ with (a) no LuxN feedback loop, (b) a
LuxN-feedback loop in pathway ¢ = 2. The non-dimensionalized parameters used
in this plot are: o1 = a2 =1, =p2=1, K =1, Q =10, E; =2, F2 =6, and
C = 0, Dy =1. (a) Cy = 0; (b) Cy = 3.6.
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total receptor concentrations are determined dynamically, which provides a
possible mechanism for changing the direction of the biased response based
on the QS state q.

Suppose that in the absence of feedback (¢ = 0), Ry, = Rr,, which

can be implemented by setting D1 = Dy = 1. Having Ry, = R, means the

-
o
—

—_—
(@)
o

Autginducer Concentration uo

(a)

101

1071 100 101
Autoinducer Concentration u1

—
o
—

-k
o
o

Autaginducer Concentration u2o

10°1 o
1071 100 101
Autoinducer Concentration u{

Fig. 6 Same as Fig. 5 except that D, = 0.1. (a) In the absence of feedback the
system is more sensitive to uz and the contour lines are almost horizontal. (b)
LuxN feedback counteracts the asymmetry in response, particularly at high levels
of ¢°%.
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Fig. 7 LuxN feedback allows bacteria to actively control the weight of each path-
way. Suppose that QS turns on when g < gg, with gg = 0.25. Let C1 =0,D; =1
and Cy = 3.6, D2 = 0.1, so that LuxN feedback only acts on pathway 2 receptors.
It follows that the total concentration of pathway 1 receptors is independent of q,
while g actively controls the total receptor concentration of pathway 2. We pick
values of C; and D; so that the following holds. At low cell density (LCD), for
which g > gg, we have A2(q) < A1(q) and the system is biased towards pathway
1. On the other hand, at high cell density (HCD), when ¢ < go, we have Az > A3
and the system is biased towards pathway 2.

sensitivity with respect to A; and A, are the same without feedback. Figure
5 illustrates how LuxN feedback breaks the symmetry of the grr response.
In the absence of feedback, Figure 5(a), the grr response is symmetric with
respect to the two Al signals. On the other hand, in the presence of feedback,
Figure 5(b), grr actively represses the production of pathway 2 receptors,
leading to a weaker discrimination of As. This is reflected by the observation
that the contour lines are more vertical.

In Figure 5, the maximum concentration of pathway 1 and pathway 2
receptors are the same, and LuxN feedback only acts on the latter. It follows
from equations (2.23b — 2.23c) that R7% (q) = Rr1(0) = Rr2(0) > R7%(q).
Therefore the concentration of pathway 1 receptors will always be greater
than the concentration of pathway 2 receptors , which leads to a fixed bias
towards pathway 1 for all values of ¢. If we now break the assumption of
Rr, = Ry, it is also possible for feedback to actively change the direction
of the bias. That is, suppose Rr1(0) < Rr2(0), which can be imposed by
setting Do < 1. The LuxN feedback is still taken to act on pathway 2
receptors alone. Hence, pathway 2 starts with more receptors when ¢ = 0.
However, as g increases, the concentration of pathway 2 receptors eventually
drops below the concentration of pathway 1 receptors, where the latter
is constant with respect to ¢q. The above scenario is illustrated in Fig. 6.
In the absence of feedback, the response contours are insensitive to the
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concentration of A, whereas sensitivity to A; is recovered when feedback
to pathway 2 is included; this effect is stronger for larger ¢ values.

From a mathematical modeling perspective, we can understand the ef-
fects of LuxN feedback in terms of its active control on the relative total
receptor concentration of pathway i, A;(q), or what we call the ‘weight
function’, see equation (2.31). The latter indicates that Cy measures the
strength of the negative feedback, whereas Dy o< Ry, /Ry, represents the
ratio between the maximum total receptor concentration of pathway 1 with
the maximum receptor concentration of pathway 2. As we discussed previ-
ously, when there is no feedback for any pathway, C; = 0 for ¢ = 1,2, and
A;(q) is a constant function with respect to g. Therefore, each pathway has
a fixed weight for any value of ¢, or at both low and high cell densities.
On the other hand, if pathway 2 is controlled by LuxN feedback, then the
pathway 2 weight depends on g. Therefore, plotting the both A;(g) and
As(q) gives us a direction indicator of at different value of ¢, which pathway
is weighted more. This is illustrated through an example in Fig. 7, which
indicates that LuxN feedback directly controls the weight of pathway 2, so
that the relative weights of the two pathways can change based on the value
of ¢. Note that we can think of ¢q value, the ¢grr concentration, as a indicator
QS-measure population level. That is, high ¢ value corresponds to a low cell
density (LCD) at the population level and low ¢ value corresponds to a high
cell density (HCD).

3 Population Model with LuxN Loop

We now consider a population model with N identical cells, where every
cell detects M different autoinducers and all cells are coupled by the ex-
tracellular environment via free diffusion of the autoinducer molecules. In
order to extend the analytical results of section 2, we take M = 2. (The
generalization to cases M > 2 would need to be performed numerically.)
Let 4, i = 1,2, be the index of the Al type and p, u = 1,..., N, be the
index of the cell number. In order to keep the number of equations under
control, we introduce the vectors

Xi = (vi,v;‘,w,w*)T, Y = (O,O*,I,’y)T7

Zi - (Tia RTiamiv Qapoapl)Ta

and we rewrite the single-cell model in a more compact form

Xi = XZ‘(XZ‘,Y7T1‘7 RTz) (31&)
Y = V(Y,w,w*) (3.1b)
Z; = Zi(Z;,0%). (3.1c)
Here equation (3.1a) corresponds to the system (2.2b-e), equation (3.1b)

corresponds to the system (2.3a-d), and equation (3.1¢) corresponds to the
systems (2.17a-b) and (2.22a-c). The population-level version of the above
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equations can now be written down by adding the label p to all of the
dynamical variables and using the fact that all cells are taken to be identical:

Xz’u = Xz (Xz'/u Y/La Tips RTi/L) (32&)
Y, = V(Y wy,w)) (3.2b)
Zip = 2i(Zi,07%). (3.2¢)

These are supplemented by equations describing the diffusive exchange of
AT with the extracellular environment:

U; = pri(ul, — Us) = %iUi, (3.3a)
Uiy = Iy + k—i(Rrip — Tip) — kiriptbiy — ki(wiy — Us), (3.3b)

where U; is the concentration of A; in the extracellular environment, and

, 1 Y
ufzv = N Z ui;u (34)

pn=1

In contrast to the single-cell model, the intracellular AI concentrations
are dynamical variables, with x; the rate of diffusive exchange of A; between
the interior of a cell and the extracellular domain, I'; the internal production
rate of A;, and +; the degradation rate of extracellular A;. Finally, p =
Nucyt/Vear represents the cell density in terms of the ratio of total cytosolic
volume v¢y; and the extracellular volume V., with N the total number
of cells [1,5]. In this model, the cell density is the external input to the
population rather than the AI concentrations of the single-cell model.

We now want to show that the solution of each cell j in the population
model globally converges to a synchronized state. First, we observe that
equations (3.3a,b) drive equations (3.2). Therefore we can decouple (U;, ;)
from (X, Y, Zi,). Hence, we can perform the same fast-slow analysis in
section 2 on sub-system (X;,,Y,,Z;,), leading to the reduced system of
equations (2.24) and (2.19) for each pair (¢,,q,). Therefore, we have the
reduced population system (U, wiy, ¢pu, qu) with U, u;,, evolving according
to the equations

Wi — ol — U = (3.59)

%%:E*MWW*M% (3.5b)

ddy, _ ity Au(g) [Ai(w)df = Bi(w)dy + Culw)] 550
dr (0n+ Q)1 — ¢ + K)

Y by — Yo lu» (3.5d)

dr — 1+n—n&+n&/d,
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Note that we have rescaled x;,7; and I; in order to use the dimensionless
time variable 7.

Following our previous work [1,5], we can use the partial contraction
theorem of Ref. [24] to investigate the global convergence properties of the
reduced population model. The basic idea is to consider the reduced non-
autonomous virtual single-cell system (u;, ¢;, q;),

dui

7 = Li = wi(ui = Ui(7)), (3.6a)
d¢ YL, Ailg) [Ai(w)¢? — Bi(u)g + Ci(u)]
dr (6+Q)1—¢+K) ) (3.6b)

~

dg _ kq
dr  1+n—n&+né/o

where U;(7) is treated as an arbitrary external input. After some algebra,
we find that the Jacobian matrix J of the resulting system has the following

form:
—k; O
= v 3.7
{J12 JQQ]’ (87)

where Jao represents the Jacobian of the ¢ — g subsystem. Since —k; < 0, to
show all eigenvalues of J have negative real part, we just need to show that
all eigenvalues of Jy3 have negative real part. Since M = 2, we can apply
the analysis of section 2.3. The latter showed that the ¢ — ¢ subsystem has a
unique globally stable equilibrium, which implies that all eigenvalues of its
Jacobian Jos have negative real part. Finally, since (3.6a) is linear in U; (1),
the full system (3.6) is contracting, which means that any two trajectories,
starting from different initial conditions, converge exponentially to each
other. We then note that setting @; = ©;, in the virtual system recovers
the dynamics of the pth cell, where

@i = (ui7¢a q)7 Qiu = (ui;m¢,uaqp,)-

Hence, ©;, for p = 1,..., N are particular solutions of the virtual system
so that if the virtual system is contracting in @;, then all of the solutions
Oiu, 1t =1,..., N converge exponentially toward each other. It follows that
in the asymptotic limit ¢ — oo, we effectively have a single cell diffusively
coupled to the extracellular medium, that is ©;,(t) — ©;(t).

In conclusion, ignoring transients, the population model reduces to an
effective single-cell model given by equations (3.6) and (3.5a) with ul, = u;.
These equations have the unique stable fixed point

I; I;
eq __ 7 (2 — .
u =t Yi(p). (3.8)

- :Y\qqa (360)

K2 (3

Finally ¢°? is determined from equation (2.28) on setting u = u®?,

H(u®,¢%) =0. (3.9)
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We will use the bifurcation analysis of section 2.3, where we restricted the
parameter region so that condition (2.40) is satisfied. It then follows that
there exists a unique stable equilibrium (¢, ¢?). In the following, we will
consider how the feedback affects the QR system’s response to multiple
environmental inputs.

4 One-Population Model with Mass Transfer: Switch Between
QS and DS

In our previous work [5], we demonstrated that QS can be used both as
a population sensing mechanism and as a diffusion sensing mechanism. We
recap the basic idea here. Although there have been major advances in iden-
tifying the cellular mechanisms underlying QS in various bacterial species,
there is still some controversy concerning the functional significance of QS
[12,23,30,21]. The classical picture is that QS allows bacteria to sense and
respond appropriately to different levels of bacterial population density. The
leading alternative alternative hypothesis is diffusion sensing (DS), which
posits that variation in the concentration of extracellular signaling molecules
is mainly determined by physical mass transfer effects such as diffusion or
advection, rather than bacterial density, see Fig. 8. One argument for DS is
that in natural environmental settings, bacterial growth tends to occur at
much lower densities than under laboratory conditions, so that the primary
information encoded by variation in signal concentration is variation in the
mass transfer properties of the local environment [23].

Irrespective of whether the QS or DS viewpoint is more appropriate,
it is clear that the occurrence of two environmental factors, namely, cell
density and mass transfer, means that determining one of these quantities
by sensing an autoinducer concentration can be confounded by the presence
of the other. For example, high-density, high mass transfer environments
may be indistinguishable from low-density, low mass transfer environments.
In certain cases this may not be a problem, particularly if the QS system
up-regulates the gene expression of secretory molecules that exert direct
control over the environment [12]. That is, only high extracellular signal
concentrations will lead to high concentrations of costly secreted enzymes,
and this will occur under the favorable combination of low mass transfer
rates and high population densities. In other words, the QS system simply
needs to detect the regime of high density/low mass transfer.

In the following analysis, we extend the one-population model with mass
transfer rate w from Ref. [5] to include a grr-LuxN feedback loop, and show
that the latter allows the bacteria to switch between QS and DS. In order to
include mass transfer, we simply replace equation (3.3a) by the following:

U; = pri(ul, — U;) — (v + w)U;. (4.1)

Since the only difference compared with the original one-population system
is replacing parameter «; with v; +w, we can perform a similar proof to show
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that the cells of the population model with mass-transfer are synchronized,
with a unique stable equilibrium, ¢¢¢ satisfying

H(u®,¢%) =0, (4.2)
where,
I; I;
ol = ! —_ 4.3
Ui Yi + wp + Ki ( )

As discussed in previous work [2,5], one way for bacteria to detect mass
transfer effects in the extracellular environment, is to employ a combination
of a durable signal (an AI with slow synthesis and decay) and a fragile signal
(an AI with fast synthesis and decay). Fluctuations due to mass transfer
won’t significantly influence the presence of the fragile signal, but will af-
fect the durable signal. In other words, the fragile signal only responds to
population density, whereas the durable signal responds to both population
density and mass transfer. Integration of the two signals thus allows the
bacteria to recognize the mass transfer effect, which is an example of DS.
In the following we will combine the idea of DS with the weight control
mechanism to show that LuxN feedback allows bacteria to turn OFF or ON
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Fig. 8 Schematic diagram showing a population of bacteria producing and ex-
changing signaling molecules A; and Az with the extracellular environment in the
presence of mass transfer effects. The level of LuxR and qrr will depend on cell
density p and the rate of mass transfer w.
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Fig. 9 One-population model with mass transfer and LuxN feedback in pathway
2. Comparison of a fixed weight scheme (no feedback) vs an adaptive weight
scheme (with feedback). The thick blue line (durable signal) and red line (fragile
signal) represent the curves uj? = 6 and u5? = 6, respectively, for some threshold 6,
see equation (4.3). The contour plots describe how grr responds to both population
density (QS) and mass transfer (DS). (a) The fixed weight scheme is achieved by
having different relative concentrations of receptors, Rr2 = 10Rz;. This favors
the fragile signal resulting in QS. (b) The adaptive weight scheme also includes
the LuxN feedback loop to actively control the weight of different pathways during
signal integration. This changes the sensitivity of the system as a function of q.
The nondimensionalized parameters are same as Fig. 5, except v1 = 0.001, v2 =1,
In = 0.5, I = 500.

its DS function based on the state of QS. We will assume that autoinducer
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Al is the durable signal and A2 is the fragile signal. That is, we consider
A2 as the QS detector and A1l as the DS detector.

In Fig. 9, we show the g-response to cell density and mass transfer in
a one population model for which the total amount of receptors satisfies
Rro = 10R71. In the absence of feedback, the signal sensitivity shifts from
autoinducer Al (blue) to autoinducer A2 (red), as indicated by the verti-
cal contours. The system thus implements QS. On the other hand, when
feedback is included, the response depends on the level of the qrr concen-
tration ¢. When ¢ is large (LCD), the production of receptors in pathway
2 is repressed, which leads to the bias towards the durable signal A; and
DS. As g decreases (HCD), the sensitivity switches back to the fragile signal
Ay and QS, where we can observe the continuous shift of the contour lines
from diagonal to vertical. Such adaptive behavior could benefit a bacterial
population. It helps the bacteria to have a higher recognition of both social
and physical environments. At low cell densities, mass transfer will domi-
nate the extracellular concentration suggesting that bacteria should increase
their sensitivity to fluctuations in the extracellular environment and avoid
wasting energy to produce and secrete Al and other molecules. This is much
less of an issue at high cell densities.

5 Two-Population Model: Recognition of Bacteria Specificity

In this section, we extend our previous work on a two-population model
[5] by including the grr-LuxN feedback loop, and show how bacteria can
employ the weight control scheme to recognize different bacteria species.
It follows that all intracellular variables have an additional index for the
population label, which we will take to be a or b. For concreteness, we will
assume that population a synthesizes A; and population b synthesizes A,
but both cell types detect A; and As, see Fig. 10. Equation (3.3a) becomes

Ui = ri(p®ugy, + p'ugy — pUs) = Ui (5.1)
extracellular, e 0 <= synthesizes A1
[ ]
A7andA2 e ®ge @ synthesizes Ap
l diffusive
exchange
o e Luxf
@Da @ — ™~
PSS - o cell density p, cell density py,
> (e
- - T LuxAp —

B -
cell densities pg and pp

Fig. 10 Two-population model with cell densities pq, p», producing and sensing
two types of autoinducer A; and As, which are exchanged with the extracellular
environment. Shown is the limiting case where population a produces A; and
population b produces A2. However, all cells detect both A; and As.
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fori=1,..., M, with

N
) 1 =
143 l
uav——g Ui, l=a,b, 5.2
Ny (5:2)
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Fig. 11 Two-population model with cell densities p, and pp, respectively, and
LuxN feedback in pathway 2. Population a produces A; and population b produces
Az while both types of cells detect both A; and As, see Fig. 10. Contour plots
indicate the g-response of population a. (a) Fixed weight scheme (no feedback) in
which both populations are biased to detecting population a. (b) Adaptive weight
scheme (feedback in pathway 2). The nondimensionalized parameters are the same
as Fig. 5, except that It =1, I'§ =0, [P =0, [2 =1, v =2 = 0.011.
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where p®, p® are the two cell densities with p! = Nyveyt/Veat, | = a,b. Tt is
straightforward to show that the two-population model with feedback has
the appropriate contraction properties so that the system converges to a
two-cell model given by two copies of equations (3.2), labeled by pu = a,b,
respectively, and

U = mi(puf + p"u = (p* + p")Us) = %, (5.3)
fori=1,..., M. The equilibrium AI concentrations are given by

ubet = PRI Y P + Ql

1
Yi %)

(5.4)

In Fig. 11 we plot the g-response of population a without and with feed-
back in pathway 2. We assume that both populations are biased towards
detecting As in the absence of feedback, so that the contour lines are ap-
proximately horizontal, indicating lack of sensitivity to the density p,. On
the other hand, in the presence of feedback, the cells tend to be sensitive
to population a for large ¢ but sensitive to both population densities for
small g. Such a switch in sensitivity can be observed by the contour line
slope getting flatter as the degree of QS increases. Given that different au-
toinducers carry species specific information, this mechanism allows QS to
focus on different species at different stages of population growth, which is
useful for intraspecies and interspecies bacterial communication.

6 Discussion

In this paper, we have shown how a LuxN feedback loop allows bacte-
ria to actively switch sensitivity towards different types of autoinducers by
changing the relative weight of each pathway. Such a weight control mech-
anism could allow the bacteria to adapt their sensitivity to different level
of cell density, which has also been observed experimentally [27]. More-
over, we proposed two extensions of the population model that explore the
potential functionality of the weight control mechanism. In particular, we
showed how such a mechanism permits bacteria to adapt their sensitivity
to additional social and physical environmental cues, thus providing a pos-
sible explanation of the role of the ‘many-to-one’ circuit in V. harveyi. We
also discovered an additional consequence of adding a LuxN feedback loop,
namely, that the QS response is bistable in certain parameter regimes. In
future work we hope to explore this source of bistability in more detail. In
particular, we want to test whether or not the bistable parameter region
can be verified by multi-pathway QS bacteria such as V. harveyi and V.
cholera, and its possible role in bet hedging in the presence of noise. (Bio-
logical bet hedging refers to the presence of bimodality at the population
level, in which one subpopulation is less fit under typical conditions but
exhibits increased fitness under stressful conditions [25].) One limitation of
our current model is that it does not incorporate possible spatial effects in
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QS. In particular, extracellular diffusion is assumed to be sufficiently fast so
that the extracellular autoinducer concentration is uniform across all cells.
In order to take into account spatial fluctuations and heterogeneities, it will
be necessary to explicitly model extracellular diffusion and how it couples
to cellular compartments via appropriately chosen boundary conditions.
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Appendix A

In this appendix, we show that a sufficient condition for the equilibrium of
the single-cell model to be unique is given by equation (2.40). We already
showed the uniqueness for the cases of u; > us and u; = usg, in section 2.3.
Next, we will work on the case of u; < wus. Since the equilibrium satisfies
f1(¢) = f2(9), it follows after some algebra that

uz — h(¢) pCo B, h(¢) — us
up+1 [ +n—ndo+ns | 14w
= f3(0). (A1)
Note that
pCrE, pCL B,

g = + Dy > 0. (A.2)

(L+n—n8)¢+ng (L+n)¢+nE(l—9)

Here, because the two sides of (A.1) have to be the same sign, we have the
following cases,

up < h(@) <wug, up=h(p)=uz or wug>h(p)>us. (A.3)

Since we are studying the case u; < ug, it follows that u; < h(¢) < us,
which implies f3(¢) > 0.
By some algebra on equation (A.1), we get

h¢) + f5(4)
1—fs(¢)

Recall from equation (2.33) that h(¢) > 0. Since the AI concentration ug >
0, we have 1 — f3(¢) > 0. Uniqueness is guaranteed by the monotonicity of
the function f4(¢). By taking the derivative with respect to ¢ of us = f4(¢),

we find
A W)+ AR
T de (1—f3)? 7

uz = fa(¢) = (A.4)

(A.5)
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where,

dh Q-1+ K¢?> + KQ

B = % - _ P K)oP <0, (A.6a)
. dfs _ CaEqng h(¢) — uy
Pde [(M+n—ndo+né? 14w
¢C2Eq h/(¢)
+<(1+n—n£)¢+n€+D2>1+u1’ (A.6b)

Since 0 < f3 < 1 and 1+ h > 0, one sufficient condition for f; < 0 to be
true is having f§ < 0. Also,

CoEyng h(¢) PpCrE, W (o)
(A+n=—no+nsPl+ur  (L+n—n&e+n{l+ur’
C2Eq(1 +n)¢*h'(9) L GEgng(h(9) — W (¢)¢* + ol (¢))
[(A+n=—nOe+nePA+w)  [(A+n—nd+niP(1+u) ~
C2Eq77§ N 2 /
Since 0 < ¢ < 1, we require h(¢) — I/ (¢)p? + ¢h/(¢) < 0. By direct substi-

tution, we have

f3 <

<

(@-DA+Q+K)p -1+ K)]

h(¢) - h/(¢)¢2 + QSh/(d)) = (¢ —1— K)2

(A.8)

Therefore, equation (2.40) is a sufficient condition for the response to be
unique.
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