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Model for fitness burden imposed by exogenous gene
expression in quorum sensing bacteria
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Abstract: The exogenous gene expression and its impacts on the bacterial population are important to study quorum sensing
systems and synthetic biology industry. However, the behavior of exogenous protein expressing bacteria remains poorly
understood. To find out which factors are playing a critical role in the growth of population and exogenous gene expression, we
measured Lux-type receptor-regulated exogenous gene expression under the induction of N-acyl homoserine lactone (N-AHL)
signaling molecules and impacts on the bacterial population dynamics after such stimulation. To analyze the cause of fitness
burden of bacteria, we set up a hypothetical mathematical model. Previous studies often arrogate this phenomenon to the
synthesis cost and the toxicity of N-AHL signaling molecule. However, we suggested another possible cause of the fitness
burden.
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Introduction

Quorum sensing system makes it possible for
bacteria to switch between their genetic expression
repertoires under low cell density (LCD) or high
cell density (HCD) situations and adjust their
behavior according to the size of population. Many
biological processes, including virulence™, biofilm
formation™*, bioluminescence®® and sporulationl”™
are closely related to quorum sensing!™ (Fig. 1).

In the well-studied Lux-type quorum sensing
system of Gram-negative bacteria, cells use
Luxl-like synthase to produce N-Acyl homoserine
lactone (N-AHL) signaling molecules. N-AHLs are 4
to 18 carbon lipophilic molecules and able to pass
through the cellular membrane. N-AHLs from
different species vary in the C3-carbonyl and the
length of acyl chain®. The receptor of N-AHL is
LuxR-type signaling molecule receptor, a
transcription factor that could active gene expression
downstream its cognate pLux-type promoter (Fig. 1A).

The well understood mechanisms of Lux-type
quorum sensing systems enable researches about
expression activation induced by N-AHL signaling
molecules by mathematical modeling **%!. These
models had greatly helped the understanding of
Lux-type quorum sensing system and further
synthetic system design.

In this study, we measured the gene expression
level regulated by LuxR-type signaling molecule
receptor and bacterial population growth after the
induction by N-AHL signaling molecules.

It is noticed that with a rising concentration of
N-AHL signaling molecules, both the carrying
capacity and growth rate of bacteria is decreased.
Though many models were suggested for how
Lux-type receptor-controlled gene expression is
regulated in response to N-AHL signal
concentration, and the decrease of carrying capacity
and growth rate is also been reported[”]. However,
most of these works explained such observation by
the cost of synthesizing signaling molecule™, or
toxicity of quorum sensing elements™®!.

To better explain this phenomenon, we set up a
mathematical model considering input signaling
molecule concentration and distribution to simulate
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the induced gene expression process. We further
offered a hypothetical model for gene expressing
and population dynamics under such circumstance
and could partially explain the fitness burden
independent of synthesis cost of signal molecule.

1 Materials and methods

1.1 Strains, reagents and cell cultivation
Escherichia coli DH5a [F~ ®80lacZAM15,

A(lacZYA-argF) U169 recAl endAl hsdR17(r,

M, ) phoA supE44 thi-1 gyrA96 relAl 1] (CWhio)

was used in this work. E. coli cultures were grown
at 37 °C in Lysogeny Broth (LB) (25 pg/mL
Chloramphenicol, CWhbio; 25 g/L LB Broth Miller,
Sangon Biotech) for plasmid amplification and in
M9 Broth (M9) (25 pg/mL Chloramphenicol,
CWhio; 11.3 g/L M9 Broth Miller, Sangon Biotech;
4.00 g¢/L Glucose, SinoPharm; 0.492 ¢/L
MgSQO,-7H,0, SinoPharm; 0.022 g/L CaCl,-6H,0,
SinoPharm) for expression experiments; LB selection
plates (25 ng/mL Chloramphenicol, CWhbio; 40 g/L
LB Broth Agar Miller, Sangon Biotech) were used
for E. coli transformation. All restriction enzymes
were obtained from TaKaRa Biomed (TaKaRa). PCR
reactions were carried out using PrimeSTAR® MAX
Hi-speed Hi-Fi DNA Polymerase (TaKaRa), and
primer oligonucleotides were ordered from TsingKe
Biological Technology (TsingKe, Shanghai). All the
N-AHLs signaling molecules were purchased from
Sigma Aldrich (Sigma).

1.2 Gene circuit design

In our gene circuit, expression of Lux-type
signaling molecule receptor (LasR) is regulated by
the constitutive promoter BBaJ23100 and expression
of GFP is regulated by a cognate pLas promoter. All
gene expression is driven by RBS (BBaB0034) 1*%
and double terminator (BBa_B0015), All genetic
circuits were constructed to pSB1C3, a
chloramphenicol-resistant high copy number plasmid
following BioBrick RFC Y standard (Fig. 2).

The sequence of all the expression vectors are
available at parts.igem.org (BBa_K2315011,
BBa_K2315030, BBa_K2315024, BBa_K2315014,
BBa_K2315020) (Fig.2).
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Fig. 1 Gene expression and population dynamics under N-AHL induction. (A) Illustration of the genetical circuit used in the
experiment and modeling. (B) The suggested model of bacterial behavior: Bacteria can switch between states of producing

exogenous protein but not proliferate or proliferate as normal. (C) High concentration N-AHLs could interrupt bacterial
growth independent of the cost of signaling molecule synthesis.
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Fig. 2 Design of expression vector. Constitutive promoter (BBa_J23100) is placed upstream of the strong RBS
(BBaB0034), the signaling molecule receptor ORF and a double terminator (BBa_B0015). A cognate pLux-type

promoter regulated fluorescent protein gene is followed.

1.3 Transformation

E. coli DH5a chemical competent cell (CWbio
CW0808S) was used. For each transformation,
100 ng of the plasmid was transformed into 50 pL
of competent cells, held on ice for 30 min, heat
shock at 42 ‘C for 45 s, 1 mL of LB added
following a 30 min incubation, and 200 uL bacteria
culture was spread onto selection plate. Our DH5a.
cells had displayed a typical transformation
efficiency of around 1x10® CFU/uL pUC19.

1.4 Fluorescence measurement

Bacteria cultures was diluted to an optical density
of ODggp=0.5 and distributed to a 96-well plate in an
amount of 200 pL per well. The pre-generated
N-AHLs gradient working solution (1 pL, in DMSO)
was then added with a multichannel pipette to reduce

&: 010-64807509

the duration of the process. N-AHLs signaling
molecule concentration gradients was prepared in a
DMSO solution by serial dilution. The working
solution needed for all experiments was prepared
simultaneously to ensure the repeatability. After the
N-AHLs was added, the 96-well plate was transferred
to a microplate reader (SpectraMax i3x, Molecular
Devices and Synergy H1, BioTek) for fluorescence
measurement with the parameters below: Mode:
kinetic; readl: fluorescence, Ex: 485/20, Em: 528/20;
read2: absorbance, Wavelength: 600 nm. A 5s linear
shaking was applied before every read.

2 Results

2.1 Basics of modeling
With a constitutively expressed LuxR-type
signaling molecule receptor and GFP gene

. cjb@im.ac.cn
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controlled by its cognate promoter, we are able to
qualitatively measure the induction efficiency of
Lux-type expression vectors (see section 2.2 for
details) by measuring the fluorescent readout
corresponding to the expression level of GFP and
trace the population density simultaneously by
recording the optical density of the bacterial
culture(Fig.3). For a better understanding of
mechanisms and observed phenomenon, a model
has been established based on the observed
expression response and population change. The
symbols used in this work are listed below in Table 1.
2.1.1 Basic model of gene expression

We use a general equation to describe how one
substance is generated and existed in a bio-system:

dXx .

m =g -materials —¢- X

Here, X refers to amount of substance, g refers
to generating frequency(/s). materials refers to
amount of substance of raw material using to
generate target substance(/mol). ¢ refers to decay

frequency(/s). When it comes to protein synthesis,
this process is always described as follows
according to general equation:

d[mRNA
% = Vgenerate ~ PrrNA [mRNA] 1)

x1 AXAXESHRANTGES
Table 1 List of symbols used in this work

Symbol Meaning

[X] Concentration of X

Vgenerate Rates of generation

k Dissociation constant

G, H, G Constant

n Hill coefficient

N, N(n) Population (at timepoint n)

P(A—B) Probability of transformation from
state A to state B

T Time delay of toxicity

r Growth rate

Vi Maximum generate rate

Py Degradation or mortality of X

Kmax Resource load

c Diffusion rate
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d[ protein]

dt
Where Vgenerate refers to the efficiency of
mRNA transcription and ¢ refers to the

degradation rate of mRNA and protein. Vgenerate
depends on its intrinsic efficiency and other factors.
If the promoter is a constitutive promoter, Vgenerate
is a constant, and if the promoter is a pLux-type
promoter used in our experiment, concentration of
the signaling molecule becomes one of the key
factors effecting promoter efficiency. Here, the
efficiency is given by:

Vgenerate (x)= Vinax [

= gprotein [mRNA] - ¢protein [ prOtein]

L-ax" EJ
k" +x"

Where k refers to the dissociation constant of
signaling molecule and LuxR-type transcription
factor, x refers to the concentration of signaling
molecule, n refers to the order of the binding
reactions and e refers to the leakage of promoter.

To build a more precise model for gene
expression, we introduced three factors involved in
the basic physiological process to our refined model:
growth of bacteria, diffusion of signal molecule at
initial time and degradation of signal molecule.

2.1.2 Growth of bacteria

We first consider about the growth of
Escherichia coli, which can not only fluctuate both
reactant and product concentration, but also act as an
important  variable in calculating the final
concentration of products. Considering that the
model is based on two fundamental relation below.
The total amount of substance, the concentration of
substance and volume of the chamber where contains
the substance are denoted as Total, Concentration,
and Volume in the equation, respectively:

Total = Concentration -Volume

Volume=N V

E.coli " VE.coli

Put These relations back to equation (1), we have:

d(X -Volume) _ dix] d(Volume) X
dt dt

=g-[X]-Volume —¢-[X]-Volume

d[X]_ _ NI,E.coli
ST_Q[M] (¢+ NE.coIi][X]

-Volume +
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' An r refers to growth rate of E. coli and N refers
E.coli — dt to the limits of E. coli population. Since Nmax and Ni=o
are constants, so we define the following parameter:

N .o IS satisfied to following equation:
Niwe g
dNE.coIi NE.coli Nt:O ‘
= INg | 1-
dt ' Nmax N !
And — equals:
NE P = Nmax N
.coli ' —rt
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Fig. 3 Bacterial responses for the signaling molecules. (A) Time trace from expression of pCon-LasR-pLas-GFP
across a range of 30C12 N-AHL concentrations (B) Response curve of final gene expression level of corresponding to
30C12 N-AHL signal molecule concentration. The response curve was fitted using a sigmoidal function and a half
response Ry,=1.9 x 10™"°mol/L.
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We are familiar with Linear Differential Equation
of the First Order and its solution. If we have:

dy

—Z 1 P(t)y =Q(t

ot )y =0Q(t)
The solution should be:

y= e‘jp(t)dt UQ(t) . eIP(t)dt dt + Cj

We combine this solution with our equation,
and then we get

N,
- + dt
J{?’mRNA Nc+e”]

I[ PrRNA +Lcn

dt
N.+e ]
jvgeneratee dt+ C0

N.+e

- ¢roein+icr]dt
[ protein]=e j[ " .

r-Ng
I[¢prolein+m]dt ,
[Gproein [MRNA] -€ =) dt+Cy
Use lemma 1, 2 that will be explained in the
supplementary materials to simplify the solution of
mRNA concentration and protein concentration.
Then:

—.[[;Ap,mein +rNiC] dt

[protein] =e Ne+e"

LU

J.[¢protein + it jdt
[Gonin[MRNATE M it 4

[MRNA] =, (ke ")
In which:

A=2Z"
K = Cl'\/generate ' Qi -0

1
¢mRNA

k, =CiCo, Qp = —Fnrna
ks =CiCoN¢, Qg =T — drra
i>3k =
' (D) *rNg
generete (Arna = (Ki =21 (B — (ki =3)F)
Q=-(k-2)

Apply lemma 2 we have:

C,-v
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[protein] =
CLChe N () +CLY | ke @ —
icA ¢protein - Qi

+zieA
kie,Qit . eroo (_1)k+l I’Ngﬂe_(kﬂ)n
k=0 (¢pl’0tein -Q - (k+1) r)(¢pr0tein -Q- kr)
(2-1)

2.1.3 Diffusion of signaling molecule

We suppose the initial concentration difference
between inside and outside of E. coli is C, so we
will know that the time for E. coli to balance this

difference is:
t
c(t) =C —saturated — Ac(0)-e *

Approximately we have:

C —saturated \’ Ac -
Vgenerate =Vnax f 1-n T €

We can rewrite the equation into a simplified

form as below:
t

' _\/! T
Vgenerate _Vmax —-oer

Finally we have:

t
[MRNA] = Voo W

Pornn Tmrna —1
(_ Vmax n 0 Je¢t
Grrna Torna —1
And the concentration of target protein is:

. Vv
[ protein] = ——™——
mRNA¢protein

R
(T¢protein - 1)(T¢mRNA - l)
(_ Viax N 70 j
+ Porna Pmrna —1 ot
¢protein - ¢mRNA
+C le_¢proteint
C'=— Vmax

¢mRNA¢protein
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N 28
(T¢protein - 1)(T¢mRNA - 1)

(_ Vinax N 0 J
_ Prrna Thrna —1
¢protein _¢mRNA

2.1.4 Degradation of signaling molecule

In the basic model, we neglected the degradation
of signaling molecules. However, the degradation is a
factor should be taken into consideration in our
refined model:

d|S
_% = kdegradation [S]

So the degradation of signaling molecules can
be shown as the following equation:

[S]t = [S]initial - I(degradationt

We used a linear form of decay function
because the exponential fitting of degradation is so
slow that it can be treated as a first-order expansion
of an exponential function.

ANd Vgenerate tends to be:

([s1)"
Vgenerate :Vmax W
i n([s})"*
d_vgenerate = K" Vi *Kiegradation %

Combining the result above with the basic

model, finally we have:
t

t
J.Vgenerate - gfnaldlt — J.Vgenerate (1) . gfhrnat P
0

~ . ([S]initial B kdegratdationiAt)n . e%RNAiN At
max .
i=0 k" + ([S]initial - kdegradationlAt)n
In which, nAt=t

Combining these refinements, the improved
mathematical model could better simulate the
process of gene expression. Fig. 4 shows the gene
expression pattern with the parameters followed:
degradation rate=0.0388 mol/s, diffusion
parameter=0.958 s, concentration of signaling
molecule=0.538 mol/L.

2.2 Impacts on the bacterial population
We have noticed that with the rise of concentration
of N-AHL signaling molecules (N-AHLSs), the carrying

&: 010-64807509
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Fig. 4 Simulation of gene expression pattern. Red curve
shows the expression pattern simulated with parameters
followed: degradation rate=0.038 8 mol/L-s, diffusion
parameter=0.958 s, concentration of signaling molecule=
0.538 mol/L using our refined model.

capacity for the bacterial population is
correspondingly decreased. Groups with higher
N-AHL concentration grows slower compared to
those who are treated with lower N-AHL
concentration (Fig.5). In this part, we will discuss
an interesting model on how the signal molecule
affect the growth and population.

Two hypotheses could be proposed to explain
the phenomenon that higher N-AHL concentration
treated bacteria grows slower:

1. The signal molecule is toxic to E. coli, so
the population will decrease related to the increase
of concentration linearly.

2. The signal molecule induces the synthesis of
GFP which occupy the substance that is originally
used for growth. If the GFP is produced, the
population will be at a low level, otherwise the
population will be at normal level.

2.2.1 Assumptions

We analyzed the experiments result and give a
comprehensive model which combines these two
hypothesis based on the following assumptions:

1. E. coli cells under the induction of signaling
molecules are either in the state: A, proliferate or B,
producing exogenous protein but not proliferate.

2. The influence of toxicity will be acted on the
bacteria with a time delay.

2.2.2 Model

E. coli could transform between two states by

the probability equals to:

. cjb@im.ac.cn
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P(A>A)=1-P(A—>B)=FR,
P(B—>A)=1-P(B—>B)=PR,
The refined model of population size at

timepoint n based on these assumptions (Fig. 6) will
be:

LO -~ 107 mol/L coumaroyl N-AHL
= 10°¢ mol/L. coumaroyl N-AHL
~ 107 mol/L. coumaroyl N-AHL
= 107* mol/L coumaroyl N-AHL
=10~ mol/L coumaroyl N-AHL
= 107" mol/L coumaroyl N-AHL
0.8 |-~ Solvent only 7

N(n)=N,(n)+Ng(n)

Ng(n+1) = (1— - dt)Ng (n) — #Ng (n — 7)dt
Na(N+1)=N,(n) + N A(N)(N g max = Na(n))dt
—gN,(n)dt — #'N ,(n—7)dt

Population growth
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Fig. 5

Time trace from population growth of pCon-RpaR-pRpa-GFP across a range of coumaroyl N-AHL

concentrations. Inducing starts at ODgg~0.4 600~0.4 for all groups. After N-AHL stimulation, difference in population
growth can be observed between different groups. Groups with higher N-AHL concentration grows slower compared to

those who are treated with lower N-AHL concentration.
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Fig. 6 Predicted growth curve of bacterial population.
Parameters used in the simulation: initial population of
condition A=0.1 OD; Initial population of condition
B=0.1 OD; Py=0.3; P;=1; N;,.,x=0.9 OD; ¢ =0.03 OD/s;
dt=0.1 s; Growth rate=0.3 OD/s; ¢ *=0.1 OD/s.
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3 Conclusion

Our experiment result shows that even without
the existence of signaling molecule synthase, the
bacterial population still suffers from decreased
growth rate and carrying capacity. This result
suggests that the synthesis cost alone cannot
completely explain the observed fitness burden
phenomenon and there should be some vector other
than the cost of synthesizing signaling molecules
which could affect the population dynamics of the
exogenous gene expressing quorum  sensing
bacteria.

As is shown in Fig. 5 and Fig. 6, this refined
population model well reproduces the shape of
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growth curves observed in the experiment. It shows
a possible way to explain the unknown factor
behind the fitness burden in the non-signal molecule
producing bacterial population.

4 Discussion

As we concluded in the previous section,
signaling molecule synthesis cannot alone explain
the fitness burden in the quorum sensing systems.
However, due to the difficulty to synchronize the
population size and bacterial status between
different bacterial cultures for simultaneous
measurement, the model we developed could not
convincingly rule out the role of the toxicity of
N-AHL. Therefore, further study might be able to
target the major factor of fitness burden through
solving or bypassing this paradox.

In the logistic model of microbial population, the
birth rate is usually considered as a constant which
shows the proliferation ability of individuals in
species. In the classical model, the main factor
responsible for growth rate changing is the competition
between the population and carrying capacity which is
a measure of the available resources. Therefore, to
simplify the calculation burden, generally, we take
birth rate as a constant in limited generations. It is
indeed a strong assumption for the model and is
required additional experiments to measure the actual
proliferation rate for every individual in the
population as well as the cell division limits.

In a previous study about calibration of microbial
growth measurement, Stevenson et al. suggested that
the OD obtained is proportional to the cell number
until starvation when cell size is no longer constant™?!.
In our experiment results, we have not observed any
phenomenon indicating such change in cell size (i.e.
sudden change points in OD time trace curve). Also,
the maximum OD we observed has an equivalent of
0.4 in 1 cm optical path length, so we assume that the
OD value we observed could properly indicate the cell
number in the culture.

5 Supplementary materials

5.1 Two lemmas

Here we give two lemmas to simplify

&: 010-64807509

calculation.
Lemma 1;

J~ r-Ng
I e t -t
e N —Cle (14N, e ")

Proof:

_I r-Ng
Left=e#.g ~Nete"
d(Nc~e’”)
j1+Nc»e’”

=e e

_e . elnln(1+NC»e"‘)+C

=C,-e ' (1+N, -e ™)

Also we have:
j o+ r'NCant ot
e( N.+e :Cl e
N, (t)
Lemma 2:

If N.<le N> N;‘*X , then we have:

r-N

o+ “n]dt
IzieA(kie_Qit)'eJ[ Nere) dt =

Zki [i(_Nc)k . (¢—Qi —k- r)le(¢—Qi—k-r)t]

ieA k=0

Proof:
According to lemmal, we have:

J‘¢+ I’.Ncnjdt #t
e ( N.+e :Cl e
N, ()

Do some transformation on N¢(t), which helps
us solve this problem partly according to this fact:

If :|x|<1

1 +00 )
Then: ——= —X
1+X kZ;( )

S0 we suppose:

N, <1< N> Ngax

From the biological perspective, this indicates
the initial population of E. coli has been more than
the half of maximum population, this assumption
roughly fits our experiments. This condition

promises following equation:
ct>0e <1
=N

-rt
e <l

. cjb@im.ac.cn
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1 < —rtyk
= —N
N.(D kZ::;( )

So we will have:

e(¢—Qi)t
Left:ZEKi j O dtj

ieA
=3k f“(-mc)k g0kt dtJ
k=0

ieA

=3 DN, ) oo dt]
ieA k=0

= Z k; io“(—Nc))k (¢-Q, - kr)—le((wikr)tJ
ieA k=0

Apply to the solution of [MRNA]:

[MRNA]
r-N, r-N,
—I %RNA*;CJdt NA*iC]dt
=€ [ NC+en : Ivgenerate -€ Nc+en dt + CO

= C].e_%?NAt Nc (t) (Vgenerate i(_Nc )k ] (¢ —k- r)_le(¢_kr)t + CO)

k=0

— Clv lenerate
= N_(t)g frrnal | 1 "generate
(CLCO .(te + ry j

RNA
+00 (_l)k+l rNl£‘<+le—( k+D)rt

+ClVgeneraIe kZo:( %RNA —(k+2) r)(ﬁnRNA —kr)
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