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Abstract Bacterial communication process can be broadly classified into two cat-
egories such as chemical communication process (quorum sensing mechanism) and
electrical communication system (controlled by potassium ion channels). Quorum
sensing is a well-known density-dependent optimal survival strategy, which is
mediated by chemical signalling molecules (autoinducers). Collective bacterial
behaviour regulates the bacterial lifestyle on surface (i.e. biofilms). Bacterial cell-
to-cell communication process and biofilms formation cause several infectious dis-
eases. In this chapter, we mainly focus on anti-quorum sensing mechanism and
biofilm formation (including nanofabrication) that form the point of view of experi-
mental approaches as well as mathematical models. In the end, we point out some
significant and fundamental experimental observations on anti-quorum sensing and
biofilm formation.
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12.1 Introduction

Bacteria can communicate with their surrounding bacteria by using chemical sig-
nalling communication systems. This chemical signalling mechanism is formally
known as quorum sensing (Fuqua et al. 1996; Gray et al. 1994). Microbiologists
intensively studied this critical biochemical phenomenon to understand the infor-
mation processing system of different bacteria and their collective behaviour in the
last few decades. Bacterial communication system is controlled by autoinducers
(chemical signalling molecules). Bacteria prepare their optimal survival strategies
to survive in a different environment by using different quorum sensing circuits
(Miller and Bassler 2001; Williams et al. 2007; Shapiro 1998). Quorum sensing
bacteria eject autoinducers in the environment and the surrounding bacteria receive
autoinducers. In this fashion, the concentration of the autoinducers increases as a
function of cell number density (Shapiro 2007; Majumdar and Mondal 2016;
Majumdar and Pal 2016, 2017a, b; Majumdar et al. 2017). When the concentration
reaches as minimal threshold, a collective bacterial behaviour is initiated, which
triggers cascade of signalling events and regulate an array of biochemical process
such as biofilm formation, swarming, virulence, bioluminescence, symbiosis, com-
petence, antibiotic production, sporulation, conjugation and gene expression
(Majumdar and Pal 2018; Majumdar and Roy 2018a, b).

Bacterial biofilms are considered as a collective bacterial living form, where bac-
terial cells are embedded in an extracellular polymeric substance (EPS) that are
adherent to each other and a surface (Vert et al. 2012). Bacterial biofilms have dif-
ferent emergent properties such as localized gradient, sorption, enzyme retention,
tolerance and resistance, competition and cooperation (Flemming et al. 2016). The
mechanical stability of the biofilm is provided by EPS. EPS are lipids, nucleic acid,
proteins and polysaccharides (Flemming and Wingender 2010). Pathogenic bacteria
are harmful for human. This bacteria community living culture (i.e. biofilms) is a
cause of different infectious diseases such as urinary tract, synthetic vascular grafts,
gastrointestinal tract, dental implant, cardiac implant and many more (Majumdar
and Roy 2018a, b).

12.2 Anti-quorum Sensing Model

We are discussing anti-quorum sensing models, which describe anti-quorum sens-
ing treatment in biofilms and batch cultures. This model is based on LasI/R system
of P. aeruginosa and applicable for LuxI/R homolog systems. The bacterial popula-
tion can be assumed as two subpopulations such as up-regulated cells and down-
regulated cells (Ward 2008; Anguige et al. 2004, 2005, 2006).

e N, represents the down-regulated cell density. The cells contain empty lux-box.
P. aeruginosa produce autoinducers and EPS matrix at a low rate. A nonvirulent
activity is observed at that situation.
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* N, represents the up-regulated cell density. Cells have complex (LasR-
autoinducer) bound /ux-box. The autoinducers and EPS are produced at enhanced
rate. Virulent activity is observed.

» Total bacterial population density is Ny = N;+ N,

* Down-regulated cell divides into two down-regulated cells.

* Up-regulated cell divides into one down-regulated and one up-regulated cell.

* We assume that LasR (with concentration R) is generated at rate R, and binds
with autoinducer A (reversable reaction) and form complex P (LasR-autoinducer).
We get,

dR . .
. P k,AR+k P-2,R and LasR-autoinducer complex equation
t

P
Cj{—t:kmAR—ka—)LpP. Output of Lasl (up-regulated cells) occurs at

L .
constantrate and decays as follows C;— =L,—A,L (seeFig. 12.1).
t

* Autoinducers are generated with a background level k, and decay with constant
A. Therate of change of autoinducer (down-regulated cells) =k, — k,AR + k,P — AA.

e The rate of <change of autoinducers  (up-regulated  cells)
=k,L + k; — kAR + k,P — JA, where k,L shows a massive increase (up-regulated
cells) of autoinducers production. —1A describes the rate of change of autoinduc-
ers (external media).

dR _dP dL

e If —=—=—=0 (equilibrium  condition) then L = L,
dt dt dt
P, R L R AP
P="—=RA, R= = where L, ==, R, =2, u,= ”%
R, 1+ 1, A A Ay <R

_R.k,
i )

e With the substitution R = R, yzA ~ 0 and P = P,A, we have the rate of change
of autoinducers (down-regulated cells) =k, — 6A — 1A and the rate of change of
autoinducers (up-regulated cells) =k, + k, — 6A — JA, where ¢ = 1,P, and
k, = k,Lq.

*  We assume that up-regulation rate of bacterial cells is proportional to PA (com-
plex concentration). So, up-regulation rate is @A, where o = a,P,, and «, is pro-
portionality constant. The down-regulation rate of cells is = 4,,.

e Let O, O,, O; be the concentration of the anti-LuxR (homolog) agent, anti-
autoinducer agent and anti-LuxI (homolog) agent respectively which follows.

ky
LasR +Q,— (1-v,)Q, + by product

Hy

Autoinducer + Q, —(1-v,)Q, + by product
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Autoinducer +Q; = (1 v;)Q; + by product

e where vy, v,, v; represent the average amount of Q;, Q,, Q5 lost by the reaction
respectively. R
e So, we find LasR concentration (at equilibrium) is R= % s
(1 +7,0, )

k
k_l . Moreover, LasR-autoinducer binding rate and up-regulation
R
rate is reduced by the factor (1 + y,0)).
*  We find —u,0,A as an additional term in equation of rate of change of autoinduc-
ers (up-regulated and down-regulated cells). X
e LasI equilibrium level reduces to L./(1 + y;0;3), where y, = % . The new auto-
L

inducer output rate term is k,/(1 + y;0;).

where 7, =

yn
w ) A
ao \ /W
/

Autoinducer +

.~>

LasR- Automducer
Complex

¥

Fig. 12.1 Schematic visualization of P. aeruginosa quorum sensing process (Lasl/LasR system),
which is used for the mathematical modelling approach. The rectangular box represents a reaction
for up-regulated cells only and wavy line represents the transcription of protein
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12.2.1 Mathematical Model of Anti-quorum Sensing
Treatment (in Batch Culture)

Now, we assume that the parameters of mathematical model are continuous in space
and time. In this modelling approach, we neglect the stochastic effects. The follow-
ing set of equations are based on the above assumptions (Ward 2008; Anguige et al.
2004, 2005, 2006):

Ny - @A N BN, (12.1)
dt 1+7,0,

dN, __oA N _pN. (12.2)
dt 1+y,0,
A__ K N kN - N _aA-p0.4 (12.3)
dt  1+7,0, 1+7,0,
40 _y MO N s (12.4)
dt 1+y,0,
d
% =¢, — 1,,AQ, - 1,0, (12.5)
dQ3 lu3Q3
W _p M 12.6
dt ¢3 1+y3Q3 u )'3Q3 ( )

Drug can be introduced at the beginning or being drip-fed at a rate ¢, (for i = 1,
2, 3). The parameters y; = vk, and p; = v;k; represent the drug loss rates.

12.2.2 Mathematical Model of Anti-quorum Sensing
Treatment (in Biofilms)

Now, we consider bacterial cells distribution as a function of space z and time ¢. z is
a perpendicular distance from the bacteria biofilm base with z = H(#). M represents
a volume fraction, which is occupied by death cells. The rest of the space is captured
by EPS (E) and water (W). Thus Ny + M + E + W= 1. The pore space is increasing
at the time of EPS production. So we get W = W, + OF where 6 and W, are constant.
Finally, we have Ny + M + (1 + O)E = 1 — W,,. Furthermore, we assume that quorum
sensing process regulates the nutrient concentration (c¢) and EPS production. The
following set of equations give a detail mathematical framework of anti-quorum
sensing treatment in biofilms (see details in Table 12.1) (Anguige et al. 2006;
Ward 2008).
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Table 12.1 Model parameters  Description Parameter

and its description Oxygen consumption constant p
Sets minimal death rate T
Birth rate oxygen concentration (Half max.) ¢
Death rate oxygen concentration (Half max.) &
Dissolved oxygen concentration Cext
Maximum birth rate B,
Maximum death rate B,
Surface autoinducer mass transfer rate Q.
Diffusion rate of autoinducer D,
Diffusion rate of species D;
Diffusion rate of oxygen D.
Background EPS production rate E,y
Ma. EPS production rate by up-regulated cells kg
EPS decay rate A
Maximum density of cells in biofilms 0}
EPS generated pore space constant 0
Initial biofilm depth H,
Void fraction at maximum bacterial packing W
Decay rate of quorum sensing inhibitor Ai
Drip rate of quorum sensing inhibitor @i
Mean Q, loss in reaction with autoinducer vy
1/conc. When quorum sensing inhibitor is 50% 71 73
effective
Drug loss rate (due to quorum sensing inhibitor I
action)
Drug loss rate (due to quorum sensing inhibitor s 3
action)
Autoinducer loss rate by LasR/Autoinducer o
binding
Autoinducer decay rate A
Autoinducer production rate by down-regulated kq
cells
Autoinducer production rate by up-regulated cells | &,
Down-regulation rate A
Maximal up-regulation rate a
Cell birth rate r

ON, +%=N,(Fb(c)—Fd(c)) (12.7)
ot 0z
M M _N,F,(c) (12.8)
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ON, OvN, aA
—L 4

=———N,- [N 12.9
ot oz  1+y,0 4= PN, (12.9)
OE OvE
5+6—Z:(EONT+kENu)f;(c)—AEE (12.10)
2 * %
0= ga_?_{_ ku Nu+k;NT—&NT—/IA—,u2Q2A (12’11)
07" 1+y,0, 1+7,0,
>0 o
0=D————"—"-N,— 12.12
1 aZZ 1+7/|Q1 T )"lQl ( )
0:D2£ % _ﬂzvaWQz_)“zWQz (12.13)
0z 0z
2 *
O: 3 a Q23 _'u3—Q3Nu _Z'BQ3 (1214)
0z 1+7,0,
o’c
O=Dc—2—pNTFh(c) (12.15)
0z
@=—_1 (N.F,(c)+(140)(EN; +kN,)F,(c)=4,E)  (12.16)
o0z 1-W,
dH
—=v(Ht 12.17
= V(A1) (12.17)

One can stimulate the mathematical model with Michaelis-Menten kinetics

Fb(c)zBlL Fd(c)sz(l—r jwhere Fc) and F,(c) represent

¢ +c c, +C

bacterial death and birth rate respectively (Ward 2008).

12.2.3 Model Predictions

» Up-regulation occurs after the initial period. We observe rapid up-regulation
after a certain time (around 3 h) and 12—-13% up-regulated cells at any time. Up-
regulation bacteria are dependent on the growth phase (in batch culture) (Ward
2008).



300 S. Majumdar

e Bacterial colony virulence can be measured by

N =1- &;r) (for exponential growth phase)
a u
N =1- W (for stationary phase) (K is the population size ) (Ward 2008)
a

u

* Anti-LasI agent is the effective treatment than others. Anti-LasR treatment is the
most effective QSI (Ward 2008).
e Bacterial biofilm is slowed down after the initial acceleration of growth.

_ I:Nu (z.t)dz

Up-regulated cell fraction U(r)=-%
IONT(z,t)dz

. Living cells are located

near the surface (Ward 2008).

e We find a shift in biofilm growth rates with scale yM. Anti-LasR and anti-Lasl
agents are similar (Ward 2008).

e QSI is required for suppressing quorum sensing for biofilms and batch culture
(Ward 2008).

12.3 Nanofabrication

Bacteriology and nanotechnology are the rapidly growing research field. It has been
evidenced that bacteria experience spatial structure in different scales. Microfluidic
devise and nanofabrication are useful for those scales. We uncover several long-
standing questions using nanofabrication, which includes bacterial growth, devel-
opment, density-dependent behaviour any many more. Bacteria can also grow in a
nanofabricated chamber. Dynamics of a bacterial community can be explored by
nanofabrication and microfluids (i.e. synthetic ecosystems). Moreover, we can
study the completion and cooperation in bacteria communities and shed a new light
into the dark matter of biology (Hol and Dekker 2014).

12.4 Significant and Fundamental Experimental
Observations

e We can find the anti-quorum sensing compounds in six different plants such as
Conocarpus erectus L., Quercus virginiana Mill., Callistemon viminalis G. Don,
Bucida burceras L., Chamaecyce hypericifolia (L.) Millsp. and Tetrazygia
bicolor (Mill.) Cogn. (Adonizio et al. 2006).
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* Biofilm formation is regulated by quorum sensing, which is a fundamental cause
of urinary tract infection. Curcumin (anti-quorum sensing agent) from Curcuma
longa inhibit E. coli and P. aeruginosa biofilm formation (Packiavathy et al.
2014).

* Anti-quorum sensing activity is exhibited by malabaricone C (Chong et al.
2011).

* Quorum sensing inhibitors (QSI) play a crucial role in the biofilm formation.
This quorum sensing inhibitors (QSI) are important anti-biofilm agents
(Brackman and Coenye 2015).

* Quorum sensing blocker is an important strategy to switch off virulence factor
(Finch et al. 1998).

» Essential oils are potential inhibitor of quorum sensing process and prevent bio-
film formation (Kerekes et al. 2013).

* Kigelia africana extracts have anti-quorum sensing potential (Chenia 2013).

» Diterpene phytol has anti-quorum sensing activity, which reduces P. aeruginosa
biofilm formation (Pejin et al. 2015).

e P aeruginosa virulence activity can be blocked by small molecules in MvfR
communication process (Starkey et al. 2014).

* Punicalagin has anti-quorum sensing potential (Li et al. 2014).

e Parthenolide is a potential anti-biofilm and anti-quorum agent (Kalia et al. 2018).

* A time-sharing behaviour (nutrient competition) is observed between biofilms
(Liu et al. 2017).

* B. cereus is a quorum sensing and opportunistic human pathogen bacteria. A set
of synthetic peptides are discovered, which are potential anti-virulence agents.
We can find out several anti-virulence agents using single and multiple amino
acid replacements method (Yehuda et al. 2019).

References

Adonizio AL, Downum K, Bennett BC, Mathee K (2006) Anti-quorum sensing activity of medici-
nal plants in southern Florida. J Ethnopharmacol 105(3):427-435

Anguige K, King JR, Ward JP, Williams P (2004) Mathematical modelling of therapies targeted at
bacterial quorum sensing. Math Biosci 192(1):39-83

Anguige K, King JR, Ward JP (2005) Modelling antibiotic-and anti-quorum sensing treatment of a
spatially-structured Pseudomonas aeruginosa population. ] Math Biol 51(5):557-594

Anguige K, King JR, Ward JP (2006) A multi-phase mathematical model of quorum sensing in a
maturing Pseudomonas aeruginosa biofilm. Math Biosci 203(2):240-276

Brackman G, Coenye T (2015) Quorum sensing inhibitors as anti-biofilm agents. Curr Pharm Des
21(1):5-11

Chong YM, Yin WF, Ho CY, Mustafa MR, Hadi AHA, Awang K, Narrima P, Koh CL, Appleton
DR, Chan KG (2011) Malabaricone C from Myristica cinnamomea exhibits anti-quorum sens-
ing activity. J Nat Prod 74(10):2261-2264

Chenia H (2013) Anti-quorum sensing potential of crude Kigelia africana fruit extracts. Sensors
13(3):2802-2817

Finch RG, Pritchard DI, Bycroft BW, Williams P, Stewart GS (1998) Quorum sensing: a novel
target for anti-infective therapy. J Antimicrob Chemother 42(5):569-571



302 S. Majumdar

Flemming HC, Wingender J, Szewzyk U, Steinberg P, Rice SA, Kjelleberg S (2016) Biofilms: an
emergent form of bacterial life. Nat Rev Microbiol 14(9):563

Flemming HC, Wingender J (2010) The biofilm matrix. Nat Rev Microbiol 8(9):623

Fuqua C, Winans SC, Greenberg EP (1996) Census and consensus in bacterial ecosystems:
the LuxR LuxI family of quorum-sensing transcriptional regulators. Annu Rev Microbiol
50:727-751

Gray KM, Passador L, Iglewski BH, Greenberg EP (1994) Interchangeability and specificity of
components from the quorum-sensing regulatory systems of Vibrio fischeri and Pseudomonas
aeruginosa. J Bacteriol 176:3076-3080

Hol FJ, Dekker C (2014) Zooming in to see the bigger picture: microfluidic and nanofabrication
tools to study bacteria. Science 346(6208):1251821

Kalia M, Yadav VK, Singh PK, Sharma D, Narvi SS, Agarwal V (2018) Exploring the impact of
parthenolide as anti-quorum sensing and anti-biofilm agent against Pseudomonas aeruginosa.
Life Sci 199:96-103

Kerekes EB, Dedk E, Také M, Tserennadmid R, Petkovits T, Vagvolgyi C, Krisch J (2013) Anti-
biofilm forming and anti-quorum sensing activity of selected essential oils and their main com-
ponents on food-related micro-organisms. J Appl Microbiol 115(4):933-942

LiG,Yan C, XuY, FengY, Wu Q, Lv X et al (2014) Punicalagin inhibits Salmonella virulence fac-
tors and has anti-quorum-sensing potential. Appl Environ Microbiol 80(19):6204-6211

Liu J, Martinez-Corral R, Prindle A, Dong-yeon DL, Larkin J, Gabalda-Sagarra M, Garcia-Ojalvo
J, Siiel GM (2017) Coupling between distant biofilms and emergence of nutrient time-sharing.
Science 356(6338):638-642

Majumdar S, Mondal S (2016) Conversation game: talking bacteria. J Cell Commun Signal
10(4):331-335

Majumdar S, Pal S (2016) Quorum sensing: a quantum perspective. J Cell Commun Signal
10(3):173-175

Majumdar S, Roy S, Llinas R (2017) Bacterial conversations and pattern formation. bioRxiv.
https://doi.org/10.1101/098053

Majumdar S, Pal S (2017a) Cross-species communication in bacterial world. J Cell Commun
Signal 11(2):187-190

Majumdar S, Pal S (2017b) Bacterial intelligence: imitation games, time-sharing and long-range
quantum coherence. J Cell Commun Signal 11(3):281-284

Majumdar S, Pal S (2018) Information transmission in microbial and fungal communication: from
classical to quantum. J Cell Commun Signal 12(2):491-502

Majumdar S, Roy S (2018a) Relevance of quantum mechanics in bacterial communication.
NeuroQuantology 16(3):1-6

Majumdar S, Roy S (2018b) Mathematical model of quorum sensing and biofilm. In: Bramhachari
PV (ed) Implication of quorum sensing system in biofilm formation and virulence. Springer,
Singapore, pp 351-368

Miller MB, Bassler BL (2001) Quorum sensing in bacteria. Annu Rev Microbiol 55(1):165-199

Packiavathy IASV, Priya S, Pandian SK, Ravi AV (2014) Inhibition of biofilm development of
uropathogens by curcumin—an anti-quorum sensing agent from Curcuma longa. Food Chem
148:453-460

Pejin B, Ciric A, Glamoclija J, Nikolic M, Sokovic M (2015) In vitro anti-quorum sensing activity
of phytol. Nat Prod Res 29(4):374-377

Shapiro JA (1998) Thinking about bacterial populations as multicellular organisms. Annu Rev
Microbiol 52:81-104

Shapiro JA (2007) Bacteria are small but not stupid: cognition, natural genetic engineering and
socio-bacteriology. Stud Hist Philos Biol Biomed Sci 38(4):807-819

Starkey M, Lepine F, Maura D, Bandyopadhaya A, Lesic B, He J, Kitao T, Righi V, Milot S, Tzika
A, Rahme L (2014) Identification of anti-virulence compounds that disrupt quorum-sensing
regulated acute and persistent pathogenicity. PLoS Pathog 10(8):e1004321


https://doi.org/10.1101/098053

12 Anti-quorum Sensing Systems and Biofilm Formation 303

Vert M, DoiY, Hellwich KH, Hess M, Hodge P, Kubisa P, Rinaudo M, Schué F (2012) Terminology
for biorelated polymers and applications (IUPAC recommendations 2012). Pure Appl Chem
84(2):377-410

Ward J (2008) Mathematical modeling of quorum-sensing control in biofilms. In: Balaban N (ed)
Control of biofilm infections by signal manipulation. Springer, Berlin, pp 79-108

Williams P, Winzer K, Chan WC, Camara M (2007) Look who’s talking: communication and quo-
rum sensing in the bacterial world. Philos Trans R Soc Lond B Biol Sci 362(1483):1119-1134

Yehuda A, Slamti L, Malach E, Lereclus D, Hayouka Z (2019) Elucidating the hot spot residues
of quorum sensing peptidic autoinducer PapR by multiple amino acids replacements. Front
Microbiol 10:1246



	Chapter 12: Anti-quorum Sensing Systems and Biofilm Formation
	12.1 Introduction
	12.2 Anti-quorum Sensing Model
	12.2.1 Mathematical Model of Anti-quorum Sensing Treatment (in Batch Culture)
	12.2.2 Mathematical Model of Anti-quorum Sensing Treatment (in Biofilms)
	12.2.3 Model Predictions

	12.3 Nanofabrication
	12.4 Significant and Fundamental Experimental Observations
	References




