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Biofilms are multicellular communities of microbes that are encased within an extracellular
matrix. Environmental factors induce bacteria to form biofilm. Bacteria have several
regulatory mechanisms in response to environmental changes, and the two-component
signal transduction system (TCS) is a major strategy in connecting changes in input signals
to changes in cellular physiological output. The TCS employs multiple mechanisms such
as cross-regulation, to integrate and coordinate various input stimuli to control biofilm
formation. In this mini-review, we demonstrate the roles of TCS on biofilm formation,
illustrating these input signals and modulation modes, which may be utilized by future
investigations in elucidating the regulatory signals and underlying the mechanisms of
biofilm formation.

Keywords: biofilm, two-/three-/multi-component signal transduction systems, cross-regulation, input signals,
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INTRODUCTION

Biofilms are common lifestyle, wherein bacteria grow as surface-associated multicellular communities
(reviewed by Flemming and Wingender, 2010; Flemming et al., 2016). Biofilms are generally
formed in response to stimuli that may be detrimental to bacterial growth, thus protecting
themselves in adverse environments (reviewed by Hall-Stoodley et al., 2004). However, the
natural environment is highly complex, and thus, it is difficult to identify the specific environmental
factors that induce or inhibit biofilm formation. The two-component signal transduction system
(TCS) is a major strategy of microbes in controlling their expression profiles in response to
changes in the environment (Teschler et al., 2017; Xu et al., 2017). Conducting investigations
on the influence of TCSs on biofilm formation have two advantages. First, the environmental
factors that regulate biofilm formation can be identified by determining the input signals of
these TCSs that are involved in the biofilm formation pathway (Stubbendieck and Straight,
2017; Camargo et al., 2018). Second, the regulatory mode of TCS can be combined with the
regulatory pathway of biofilm formation, thereby improving our understanding of the underlying
mechanism of biofilm formation (Brosse et al., 2016).

TCS is the predominant mode for bacteria to sense and respond to environmental changes
(reviewed by Capra and Laub, 2012). It consists of a receptor histidine kinase (HK) and a
cognate response regulator (RR). The HK can be divided into three groups according to the
mode of its phosphoryl group transfer domains (Figure 1A). In the simplest form, the HK
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FIGURE 1 | Two-/three-/multi-component signal transduction system modulation patterns. (A) (i) The classical version comprises an N-terminal input domain (purple),
followed by a transmitter (H1) domain (red) with a conserved histidine that can be autophosphorylated in histidine kinase (HK). The phosphoryl group (P) can

be transferred to a conserved aspartic residue in the receiver (D1) domain (blue) in the response regulator (RR). The classical version is a two-step phosphorelay
mechanism; (i) in the unorthodox version, the H1 domain is followed by an additional conserved aspartic residue (D1) and an H2 (yellow) domain in the C-terminal

of HK. The phosphoryl group (P) can be transferred to a conserved aspartic residue in the receiver (D2) domain (green) in the RR. The unorthodox version is a four-step
phosphorelay mechanism. (iii) the hybrid version is similar to the unorthodox version. The only difference is that the H2 (Hpt) domain of the hybrid version is an
external phosphotransfer module that acts as an individual protein. (B) The modulation mode of the Hno-multi-component signal transduction system. (C) The
modulation mode of the Lrb-three-component signal transduction system. (D) The modulation mode of the Gac-multi-component signaling transduction system; the red
arrow indicates that the phosphoryl group (P) can be transferred from the D1 domain of LadS to the H2 domain of GacS. Arrows indicate activation, and the flat end
represents inhibition. Solid arrows indicate direct regulation, and dashed arrows represent indirect regulation. Inner membrane (IM), periplasm (P), cytoplasm (C).
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senses a specific signal and then autophosphorylates a conserved
histidine residue in the H1 domain. Subsequently, the phosphoryl
group is transferred to a conserved aspartic residue in the
receiver domain (D1) that is located at the N-terminal of the
cognate RR, which is a two-step phosphorelay mechanism and
is referred to as the classical version (Figure 1Ai). Unorthodox
and hybrid versions of the signal transduction system have
also been reported (Figures 1Aii,Aiii). In the unorthodox version,
the H1 domain is followed by an additional conserved aspartic
residue (D1) and an H2 domain in the C-terminal of HK.
Besides, a conserved aspartic residue is referred to the receiver
(D2) domain in the RR. The phosphoryl group (P) can be
transferred by H1-D1-H2-D2, which is a four-step phosphorelay
mechanism. The hybrid version is similar to the unorthodox
version, and the only difference is that the H2 (Hpt) domain
of the hybrid version is an external phosphotransfer module

that acts as an individual protein (reviewed by Capra and
Laub, 2012). The two-step phosphorelay mechanism in classical
version is a direct and rapid regulatory process. The four-step
phosphorelay mechanism in the unorthodox and hybrid versions
permits alternative strategies to further fine tune TCS activity,
and D1 and H2 domains act as “connecters” that confer
regulatory flexibility. For example, HptB is a universal histidine
phosphotransfer protein (Hpt) for four HKs, namely, RetS,
PA1611, SagS, and ErcS, which transfer the phosphoryl group
from the four HKs to an output RR, HsbR. Such regulatory
mode is more economical because it integrates signals sensed
by four different HKs to the same output (Lin et al., 2006;
Hsu et al., 2008; Bhuwan et al., 2012). Finally, the phosphorylation
of RR leads to a conformational change, which activates effector
domains and influences the signaling output, such as cellular
physiological processes through protein-protein interactions or
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differential gene expression through protein-deoxyribonucleic
acid interactions, thereby mediating the bacteria to adapt to
changes in the environment (reviewed by Zschiedrich et al,
2016).

In this mini-review, we provide an overview of some TCSs
that mediate biofilm formation in response to specific signals
and illustrate their underlying regulatory mechanisms. This
information will benefit future investigations on identifying
signals and elucidating the underlying mechanisms that induce
or inhibit biofilm formation.

THE TWO-/THREE-/MULTI-COMPONENT
SIGNAL TRANSDUCTION SYSTEM

Oxygen signals regulate biofilm formation in various bacterial
species, and in several of these bacteria, TCS have been found
to transduce oxygen signals (Kolodkin-Gal et al, 2013; Wu
et al., 2013). In the plant growth-promoting rhizobacterium,
Bacillus amyloliquefaciens SQR9, low oxygen levels lead to a
reduction in NAD*/NADH levels, which are sensed by HK
ResE. The activation of HK ResE triggers the transcriptional
regulatory activity of its cognate RR ResD, which directly
transcribes the qoxABCD and ctaCDEF operons, thereby
synthesizing terminal oxidases (Zhou et al., 2018). These terminal
oxidases interact with KinB to activate the core pathway of
biofilm formation (Kolodkin-Gal et al., 2013). In the TCS,
almost 70% of all classified RRs consist of a DNA-binding
domain and function as transcriptional regulators, as previously
described (Zschiedrich et al, 2016). Apart from that, some
other RRs contain enzymatic output domains that are commonly
involved in second messenger homeostasis, such as c-di-GMP,
thereby regulating biofilm formation (Zschiedrich et al., 2016).
c-di-GMP, a secondary messenger, serves as a core molecule
that switches the transition between planktonic growth and
biofilm formation in gram-negative bacteria. The current accepted
model associates low intracellular levels of c-di-GMP with a
planktonic lifestyle, whereas high c-di-GMP levels are associated
with biofilm formation. Diguanylate cyclases (DGCs) with
conserved GGDEF domains are responsible for c-di-GMP
production, whereas phosphodiesterases (PDEs) with conserved
EAL or HD-GYP domains are involved in ¢-di-GMP degradation
(reviewed by Dahlstrom and O’Toole, 2017; Jenal et al., 2017).
Once the c-di-GMP synthesis and degradation domains are
involved in the RR of TCS, the transition between planktonic
growth and biofilm formation will directly and exquisitely
respond to specific signals.

Nitric oxide (NO) is a highly toxic and reactive compound
that can induce biofilm formation in various bacteria, such
as Legionella pneumophila, Shewanella oneidensis MR-1, and
Vibrio cholera (Carlson et al., 2010; Liu et al., 2012; Plate and
Marletta, 2012). In S. oneidensis MR-1, NO regulates biofilm
formation using a multi-component signal transduction system
that involves integration from two HKs, HnoK and HnoS, as
well as branching to three RRs: transcriptional factor HnoC,
HnoD with degenerate HD-GYP domain, and HnoB with
classical EAL domain (Figure 1B). HnoC moderately negatively

mediates biofilm formation; HnoB negatively regulates biofilm
formation by degrading intracellular c-di-GMP; and HnoD
lacks PDE activity but merely suppresses the PDE activity of
HnoB via direct interactions. Moreover, both HKs, namely,
HnoK and Hno§, inhibit biofilm formation by activating HnoC
and HnoB. Meanwhile, the two sensory inputs abolish the
suppression exerted on HnoB by HnoD. In addition, NO only
acts as the signal for HnoK, but no interactions occur between
NO and HnoS, indicating that HnoS possibly senses another
stimulus (Plate and Marletta, 2012). Although HKs recognize
different input signals, both mediate biofilm formation using
the same signaling transduction pathway. Investigations on the
identification of the input signal of HnoS and why as well as
how two different signals are integrated and coordinated to
regulate biofilm formation are warranted. In one such example,
the PDE RR is not only regulated by HK but also by the
other cognate RR. Other examples include a three-component
signal transduction system in Shewanella putrefaciens CN32.
HK LrbS responds to the carbon source sodium lactate and
triggers the transcriptional regulatory activity of LrbA by
phosphorylation, which subsequently upregulates IrbR.
Meanwhile, LrbS activates the phosphodiesterase of LrbR, which
decreases intracellular c-di-GMP levels, thereby inhibiting biofilm
formation (Figure 1C; Liu et al., 2017). The Lrb-three-component
and Hno-multi-component signal transduction systems have
much more complex regulatory modes in mediating biofilm
formation. One of the RRs in both signaling transduction
systems is a PDE that associates extracellular-specific signals
with the intracellular pool of c-di-GMP, thereby regulating
bacterial biofilm formation. Both PDE RRs are modulated by
two means. First, activities of both PDE RRs are influenced
by the kinase activities of their respective cognate HKs. Moreover,
the transcription of the PDE RR gene (IrbR) or the PDE activity
of the RR HonB is regulated by the other RR (LrbA or HonD)
in their signaling transduction systems. In both modulation
patterns, the dual control for effector proteins (RR) provides
the opportunity to fine-tune the PDE activities. In summary,
intracellular c-di-GMP levels are exquisitely and directly regulated
by input stimuli of a two-/three-/multi-component signal
transduction system, thereby regulating bacterial transition
between planktonic existence and biofilm formation.

Biofilm formation in Pseudomonas aeruginosa PAO1 is
regulated by a multi-component signal transduction system
that contains four HKs, namely, RetS, PA1611, LadS, GacS,
as well as one RR GacA, by modulating the levels of central
small non-coding regulatory RNAs (sRNAs), RsmY and RsmZ
(Figure 1D; Chambonnier et al,, 2016). In most cases, GacS-
GacA is considered as a TCS, and the other three HKs, RetS,
PA1611, and Lads, achieve their regulatory function by mediating
the core HK GacS rather than controlling the RR GacA directly
(Chambonnier et al., 2016). Heterodimer formation between
HK RetS and HK GacS impedes GacS kinase activity, thereby
preventing phosphorylation of RR GacA (Goodman et al., 2009;
Bordi et al., 2010). However, the inhibition on GacS exerted
by RetS is released when PA1611 directly binds to RetS (Kong
et al., 2013). Furthermore, GasS is an unorthodox HK with
an H1-D1-H2 domain (Figures 1Aiii,D), whereas LadsS is a hybrid
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HK with an H1-D1 domain (Figures 1Aii,D). The transfer of
a phosphoryl group between both HKs involves an HI -
D11aas-H26as-D26aca signaling pathway. For HK LadsS, the H2
domain of GacS is similar to that of an Hpt (H2) individual
protein module (Figure 1Aii), and LadS transfers the phosphoryl
group to GacA using the H2 of GacS (Chambonnier et al.,
2016). In summary, this multi-component signal transduction
system has a unique regulatory model: first, although it has
four HKs, GacS is the only one that can directly transfer
phosphoryl groups to the RR GacA. Moreover, the major
modulation pattern depends on the mutual regulation exerted
between HKs rather than on RR. In such a regulation model,
several different signals can be integrated or coordinated to
the central pathway, which is an energy efficient mechanism
that is employed by bacteria to adapt and survive amidst
environmental changes. Thus far, except for LadS that responds
to calcium (Broder et al,, 2016), the exact input signals sensed
by the other three HKs have not been detected (reviewed by
Francis et al., 2017). The identification of the input signals of
these HKs is warranted to understand the underlying regulatory
mechanism of biofilm formation induced or inhibited by
environmental factors. Furthermore, the two HKs, RetS and
PA1611, share the universal Hpt with two other HKs, SagS
and ErcS (Lin et al., 2006; Hsu et al.,, 2008; Bhuwan et al.,
2012). Such regulatory mode integrates various signals, as well
as coordinates the multi-component signal transduction system
with other regulation pathways, and informs regulation network
in bacteria.

CROSS-REGULATION

Apart from multi-component signal transduction, cross-talk is
another major modulation pattern for the regulation of biofilm
formation that integrates and coordinates multiple stimuli.
Cross-talk often occurs between two TCSs, and a phosphoryl
group is transferred from a HK to a non-cognate RR (reviewed
by Goulian, 2010). Rampant cross-talk in cells is harmful to
bacteria because this leads to severe confusions, such as the
isolation between gene expressions or metabolic changes with
their corresponding environmental signals (reviewed by Capra
and Laub, 2012). However, appropriate amount of cross-talk
may be beneficial for an organism because this may be utilized
in diversifying the response to a single input or be integrated
with multiple other signals, which is referred to as cross-
regulation to distinct from unwanted, disadvantageous cross-talk
(reviewed by Laub and Goulian, 2007). Although multiple HKs
and RRs are involved in both multi-component signal transduction
and cross-regulation pathways, there are huge discrepancies
among them. In multi-component signal transduction systems,
the transfer of phosphoryl groups from HKs to all RRs occurs
at similar rates and is essentially rapidly completed, whereas
in cross-regulation, phosphoryl group transfers between cognate
pairs occur much more rapidly than that between non-cognate
pairs (Laub et al, 2007). Although, in most cases, cross-
phosphorylation is relatively weak and slow compared to the
regulation between cognate pairs (Yamamoto et al., 2005), some

robust cross-regulation has been reported and have biological
significance. In uropathogenic Escherichia coli, the TCS QseC-
QseB has been detected, may respond to quorum sensing, and
is involved in pathogenesis and biofilm formation (Bearson
et al., 2010; Hadjifrangiskou et al., 2011). The TCS PmrB-PmrA
senses ferric irons in the environment and induces gseBC
transcription (Wosten et al,, 2000; Tamayo et al, 2005). A
robust cross-regulation occurs between QseC-QseB and PmrB-
PmrA. The working model is described as Figure 2A. In the
QseC-activated conditions, HK QseC mainly functions to
dephosphorylate its cognate partner QseB and prevent QseB
from binding to the promoter of its own operon. In such
condition, although PmrA~P can bind to the promoter of
gseBC, it is not sufficient to transcribe the operon in the absence
of QseB, thereby allowing bacteria to engage in a biofilm lifestyle
(Figure 2Ai). When the concentration of ferric iron increases
in the environment, HK PmrB is excessively activated and
phosphorylates QseB more strongly than QseC dephosphorylation.
The binding of both RRs PmrA~P and QseB~P leads to elevated
gseBC transcription levels, and the bacteria are allowed to
continue their planktonic growth (Figure 2Aii; Guckes et al.,
2013). In this example, the states of RR QseB depend on the
activity of both HKs or the input stimuli of both HKs. If the
input signal of HK QseC increases, then QseB is dephosphorylated
by its cognate partner. In contrast, an increase in PmrB input
signals leads to the phosphorylation of QseB by this non-cognate
HK, and cross-interactions occur. Such example indicates the
direct and decisive effect exerted by extracellular stimuli on
cellular physiological processes.

THE “CONTROL SYSTEM” AND TCS

Except for the regulation mentioned above, TCSs are also regulated
by the “control systems” that integrate TCS with other signal
transduction pathways to form a regulatory network in vivo. For
example, the TCS can be regulated in transcriptional regulation
level. In P. aeruginosa, TCS FimS-AlgR affects biofilm formation
by modulating c-di-GMP synthesis and pili gene expression (Kong
et al, 2015), and the transcription of the fims-algR is directly
regulated by the master virulence regulator Vfr (Kanack et al,
2006). This indicates that the TCS FimS-AlgR not only connects
signal with biofilm formation but is also regulated by the “control
system” and is part of the regulatory network. Solid surface signals
are special and important signals that induce starting biofilm
formation, and the TCS ChpA-PilG is involved into responding
to such signals. As it is difficult for HK ChpA to directly sense
the solid surface signals, the “control system” type IV pilus (TFP)
is involved to connect both. When P aeruginosa comes into
contact with a solid surface, attachment and retraction exerts a
change in tension of TFP, and the TFP chemosensory protein
PilJ transduces the attachment signal to the cytoplasm by directly
interacting with the HK ChpA (Persat et al, 2015). The TCS
ChpA-PilG subsequently stimulates the adenylate cyclase CyaB,
leading to an increase in cellular cAMP concentration, thus
activating Vfr that promotes biofilm formation via multiple
pathways (Figure 2B; Fulcher et al., 2010). This finding indicates
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Cell Surface
Attachment

FIGURE 2 | Cross-regulation patterns and the “control system” with TCS. (A) Cross-regulation between PmrB-PmrA and QseC-QseB. (i) The regulatory pattern
in QseC-activated conditions; (ii) The regulatory pattern in PmrB-activated conditions. (B) Solid surface signal activates TCS ChpA-PilG by TFP. Thick arrows
indicate robust regulation, and thin arrows represent weak regulation. Inner membrane (IM). Periplasm (P), cytoplasm (C).

that TFP acts as a mechanosensory “control system” that activates
TCS ChpA-PilG. Besides, TFP can activate other signal transduction
pathways, such as FimS-AlgR (Luo et al, 2015), which connects
these pathways and integrates them into a regulatory network.
This suggests again that a “control system” coordinates and
integrates TCSs or other transduction pathways to be a regulatory
network.

In Bacillus subtilis, HK DegS is required in the transition
from planktonic cell to surface-attached biofilm (reviewed by
Belas, 2014). However, how cytoplasmic HK DegS senses the
attachment is unknown. It is conceivable that some cytoplasmic

flagellar components may directly interact with DegS and stimulate
its activity, similar to the interaction between Pil] and ChpA.
The above examples show that multiple “control systems” modulate
the expression and activity of TCSs, thus establishing a complicated
network that precisely regulates physiological processes.

CONCLUSIONS AND PERSPECTIVES

Biofilm formation is an important bacterial lifestyle that allows
rapid adaptation to adverse environments. TCS is a key strategy
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for bacteria to monitor environmental or internal signals and
translate these stimuli into appropriate cellular responses. Thus
far, TCS is the main pathway involved in bacterial biofilm
formation, and extensive investigations have been conducted
to date. However, there are still certain issues that need to
be resolved. First, the environment is relatively complex, thus,
different input signals sensed by these TCSs are difficult to
find. Identifying more input signals of TCSs may provide critical
cues for biofilm formation. Moreover, in most identified TCSs,
although the simple communications between the cognate pairs
or the cellular physiological processes controlled by these TCSs
have been investigated, more complex underlying mechanisms
may exist. For example, cross-regulation may occur among
some TCSs, which may be combined to mediate the same
physiological process, or complicated modulation models may
exist between TCSs with other signaling transduction systems,
which may integrate and coordinate multiple signaling
transduction networks. Biofilm formation is complex and
exquisitely regulated by wvarious physiological processes.
Investigations on the input signals and mechanisms of TCSs
benefit to identify more signals clues and signaling transduction
pathways involved in biofilm formation. Finally, when multiple
signals are integrated to mediate the downstream physiological
processes by the same multi-component signal transduction or
a cross-regulation pathway, the relationship between these signals,
why these signals are integrated in evolution, and whether
restriction occurs among them should be examined. Identifying
the restricted or promoted relationship between these signals
is also necessary to further understand biofilm formation and

REFERENCES

Bearson, B. L., Bearson, S. M., Lee, I. S., and Brunelle, B. W. (2010). The
Salmonella enterica serovar Typhimurium QseB response regulator negatively
regulates bacterial motility and swine colonization in the absence of the
QseC sensor kinase. Microb. Pathog. 48, 214-219. doi: 10.1016/j.
micpath.2010.03.005

Belas, R. (2014). Biofilms, flagella, and mechanosensing of surfaces by bacteria.
Trends Microbiol. 22, 517-527. doi: 10.1016/j.tim.2014.05.002

Bhuwan, M., Lee, H. J,, Peng, H. L., and Chang, H. Y. (2012). Histidine-
containing phosphotransfer protein-B (HptB) regulates swarming motility
through partner-switching system in Pseudomonas aeruginosa PAO1 strain.
J. Biol. Chem. 287, 1903-1914. doi: 10.1074/jbc.M111.256586

Bordi, C., Lamy, M. C., Ventre, L, Termine, E., Hachani, A., Fillet, S., et al.
(2010). Regulatory RNAs and the HptB/RetS signalling pathways fine-tune
Pseudomonas aeruginosa pathogenesis. Mol. Microbiol. 76, 1427-1443. doi:
10.1111/4.1365-2958.2010.07146.x

Broder, U. N., Jaeger, T., and Jenal, U. (2016). LadS is a calcium-responsive
kinase that induces acute-to-chronic virulence switch in Pseudomonas
aeruginosa. Nat. Microbiol. 2:16184. doi: 10.1038/nmicrobiol.2016.184

Brosse, A., Korobeinikova, A., Gottesman, S., and Guillier, M. (2016). Unexpected
properties of sSRNA promoters allow feedback control via regulation of a
two-component system. Nucleic Acids Res. 44, 9650-9666. doi: 10.1093/nar/
gkw642

Camargo, T. M., Stipp, R. N., Alves, L. A., Harth-Chu, E. N., Hofling, J. F,
and Mattos-Graner, R. O. (2018). Novel two-component system of Streptococcus
sanguinis affecting functions associated with viability in saliva and biofilm
formation. Infect. Immun. 86, €00942-e00917. doi: 10.1128/IA1.00942-17

Capra, E. ], and Laub, M. T. (2012). Evolution of two-component signal
transduction systems. Annu. Rev. Microbiol. 66, 325-347. doi: 10.1146/
annurev-micro-092611-150039

its regulation. In summary, the transition from planktonic growth
to biofilm is important for bacteria survival in natural
environment, and plentiful genes expression and cellular
physiology processes are changed during the transition. TCSs
are critical for regulating these processes. Cross-regulation and
the regulation by “control system” promote the coordinate
regulation between TCSs with some other transduction pathways.
Besides, the multi-component signal transduction systems contain
more than one HKs and RRs that can respond to more signals
and interact with other regulation pathways. TCSs are the
“connecter” and “core” of the regulatory network in bacteria,
which promote the lifestyle transition well-organized by integrating
different signals and coordinating multiple regulation pathways.

AUTHOR CONTRIBUTIONS

CL, DS, and JZ conducted the literature study and wrote the
draft manuscript. WL edited and revised the manuscript.

FUNDING

This study was supported by the National Natural Science
Foundation of China (31300054, 31800020), Fund of the Natural
Science Foundation of Jiangsu Province of China (BK20171163,
BK20181009), China Agriculture Research System (CARS-
10-B03), and Priority Academic Program Development of Jiangsu
Higher Education Institutions (PAPD).

Carlson, H. K., Vance, R. E,, and Marletta, M. A. (2010). H-NOX regulation
of ¢c-di-GMP metabolism and biofilm formation in Legionella pneumophila.
Mol. Microbiol. 77, 930-942. doi: 10.1111/j.1365-2958.2010.07259.x

Chambonnier, G., Roux, L., Redelberger, D., Fadel, E, Filloux, A., Sivaneson, M.,
et al. (2016). The hybrid histidine kinase LadS forms a multicomponent signal
transduction system with the GacS/GacA two-component system in Pseudomonas
aeruginosa. PLoS Genet. 12:¢1006032. doi: 10.1371/journal.pgen.1006032

Dahlstrom, K. M., and O’toole, G. A. (2017). A symphony of cyclases: specificity
in diguanylate cyclase signaling. Annu. Rev. Microbiol. 71, 179-195. doi:
10.1146/annurev-micro-090816093325

Flemming, H. C., and Wingender, J. (2010). The biofilm matrix. Nat. Rev.
Microbiol. 8, 623-633. doi: 10.1038/nrmicro2415

Flemming, H. C., Wingender, J., Szewzyk, U.,, Steinberg, P, Rice, S. A., and
Kjelleberg, S. (2016). Biofilms: an emergent form of bacterial life. Nat. Rev.
Microbiol. 14, 563-575. doi: 10.1038/nrmicro.2016.94

Francis, V. I, Stevenson, E. C., and Porter, S. L. (2017). Two-component systems
required for virulence in Pseudomonas aeruginosa. FEMS Microbiol. Lett.
364, 1-22. doi: 10.1093/femsle/fnx104

Fulcher, N. B, Holliday, P. M., Klem, E., Cann, M. J., and Wolfgang, M. C.
(2010). The Pseudomonas aeruginosa Chp chemosensory system regulates
intracellular cAMP levels by modulating adenylate cyclase activity. Mol.
Microbiol. 76, 889-904. doi: 10.1111/j.1365-2958.2010.07135.x

Goodman, A. L., Merighi, M., Hyodo, M., Ventre, 1., Filloux, A., and Lory, S.
(2009). Direct interaction between sensor kinase proteins mediates acute and
chronic disease phenotypes in a bacterial pathogen. Genes Dev. 23, 249-259.
doi: 10.1101/gad.1739009

Goulian, M. (2010). Two-component signaling circuit structure and properties.
Curr. Opin. Microbiol. 13, 184-189. doi: 10.1016/j.mib.2010.01.009

Guckes, K. R., Kostakioti, M., Breland, E. J., Gu, A. P, Shaffer, C. L.,
Martinez, C. R. R,, et al. (2013). Strong cross-system interactions drive
the activation of the QseB response regulator in the absence of its cognate

Frontiers in Microbiology | www.frontiersin.org

January 2019 | Volume 9 | Article 3279


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1016/j.micpath.2010.03.005
https://doi.org/10.1016/j.micpath.2010.03.005
https://doi.org/10.1016/j.tim.2014.05.002
https://doi.org/10.1074/jbc.M111.256586
https://doi.org/10.1111/j.1365-2958.2010.07146.x
https://doi.org/10.1038/nmicrobiol.2016.184
https://doi.org/10.1093/nar/gkw642
https://doi.org/10.1093/nar/gkw642
https://doi.org/10.1128/IAI.00942-17
https://doi.org/10.1146/annurev-micro-092611-150039
https://doi.org/10.1146/annurev-micro-092611-150039
https://doi.org/10.1111/j.1365-2958.2010.07259.x
https://doi.org/10.1371/journal.pgen.1006032
https://doi.org/10.1146/annurev-micro-090816093325
https://doi.org/10.1038/nrmicro2415
https://doi.org/10.1038/nrmicro.2016.94
https://doi.org/10.1093/femsle/fnx104
https://doi.org/10.1111/j.1365-2958.2010.07135.x
https://doi.org/10.1101/gad.1739009
https://doi.org/10.1016/j.mib.2010.01.009

Liuetal.

TCS Involved in Biofilm Formation

sensor. Proc. Natl. Acad. Sci. USA 110, 16592-16597. doi: 10.1073/
pnas.1315320110

Hadjifrangiskou, M., Kostakioti, M., Chen, S. L., Henderson, J. P, Greene, S. E.,
and Hultgren, S. J. (2011). A central metabolic circuit controlled by QseC
in pathogenic Escherichia coli. Mol. Microbiol. 80, 1516-1529. doi: 10.1111/j.
1365-2958.2011.07660.x

Hall-Stoodley, L., Costerton, J. W., and Stoodley, P. (2004). Bacterial biofilms:
from the natural environment to infectious diseases. Nat. Rev. Microbiol.
2, 95-108. doi: 10.1038/nrmicro821

Hsu, J. L., Chen, H. C,, Peng, H. L., and Chang, H. Y. (2008). Characterization
of the histidine-containing phosphotransfer protein B-mediated multistep
phosphorelay system in Pseudomonas aeruginosa PAOL. J. Biol. Chem. 283,
9933-9944. doi: 10.1074/jbc.M708836200

Jenal, U., Reinders, A., and Lori, C. (2017). Cyclic di-GMP: second messenger
extraordinaire. Nat. Rev. Microbiol. 15, 271-284. doi: 10.1038/nrmicro.2016.190

Kanack, K. J., Runyen-Janecky, L. J., Ferrell, E. P, Suh, S. J., and West, S. E.
(2006). Characterization of DNA-binding specificity and analysis of binding
sites of the Pseudomonas aeruginosa global regulator, Vir, a homologue of
the Escherichia coli cAMP receptor protein. Microbiology 152, 3485-3496.
doi: 10.1099/mic.0.29008-0

Kolodkin-Gal, I, Elsholz, A. K., Muth, C., Girguis, P. R, Kolter, R, and Losick, R.
(2013). Respiration control of multicellularity in Bacillus subtilis by a complex
of the cytochrome chain with a membrane-embedded histidine kinase. Genes
Dev. 27, 887-899. doi: 10.1101/gad.215244.113

Kong, W,, Chen, L., Zhao, J., Shen, T., Surette, M. G., Shen, L., and Duan, K.
(2013). Hybrid sensor kinase PA1611 in Pseudomonas aeruginosa regulates
transitions between acute and chronic infection through direct interaction
with RetS. Mol. Microbiol. 88, 784-797. doi: 10.1111/mmi.12223

Kong, W., Zhao, J., Kang, H., Zhu, M., Zhou, T.,, Deng, X, et al. (2015).
ChIP-seq reveals the global regulator AlgR mediating cyclic di-GMP synthesis
in Pseudomonas aeruginosa. Nucleic Acids Res. 43, 8268-8282. doi: 10.1093/
nar/gkv747

Laub, M. T., Biondi, E. G., and Skerker, J. M. (2007). Phosphotransfer profiling:
systematic mapping of two-component signal transduction pathways
and phosphorelays. Methods Enzymol. 423, 531-548. doi: 10.1016/
50076-6879(07)23026-5

Laub, M. T, and Goulian, M. (2007). Specificity in two-component signal
transduction pathways. Annu. Rev. Genet. 41, 121-145. doi: 10.1146/annurev.
genet.41.042007.170548

Lin, C. T, Huang, Y. J, Chu, P. H,, Hsu, J. L, Huang, C. H., and Peng,
H. L. (2006). Identification of an HptB-mediated multi-step phosphorelay
in Pseudomonas aeruginosa PAOL. Res. Microbiol. 157, 169-175. doi: 10.1016/j.
resmic.2005.06.012

Liu, C, Yang, J., Liu, L., Li, B, Yuan, H., and Liu, W. (2017). Sodium lactate
negatively regulates Shewanella putrefaciens CN32 biofilm formation via a
three-component regulatory system (LrbS-LrbA-LrbR). Appl. Environ. Microbiol.
83, €00712-e00717. doi: 10.1128/AEM.00712-17

Liu, N,, Xu, Y., Hossain, S., Huang, N., Coursolle, D., Gralnick, J. A., et al.
(2012). Nitric oxide regulation of cyclic di-GMP synthesis and hydrolysis
in Shewanella woodyi. Biochemistry 51, 2087-2099. doi: 10.1021/bi201753f

Luo, Y., Zhao, K., Baker, A. E., Kuchma, S. L., Coggan, K. A., Wolfgang, M. C,,
etal. (2015). A hierarchical cascade of second messengers regulates Pseudomonas
aeruginosa surface behaviors. MBio 6, €02456-€02414. doi: 10.1128/mBi0.02456-14

Persat, A., Inclan, Y. E, Engel, J. N., Stone, H. A., and Gitai, Z. (2015). Type IV
pili mechanochemically regulate virulence factors in Pseudomonas aeruginosa.
Proc. Natl. Acad. Sci. USA 112, 7563-7568. doi: 10.1073/pnas.1502025112

Plate, L., and Marletta, M. A. (2012). Nitric oxide modulates bacterial biofilm
formation through a multicomponent cyclic-di-GMP signaling network. Mol.
Cell 46, 449-460. doi: 10.1016/j.molcel.2012.03.023

Stubbendieck, R. M., and Straight, P. D. (2017). Linearmycins activate a two-
component signaling system involved in bacterial competition and biofilm
morphology. J. Bacteriol. 199, e00186-e00117. doi: 10.1128/JB.00186-17

Tamayo, R., Prouty, A. M., and Gunn, J. S. (2005). Identification and functional
analysis of Salmonella enterica serovar Typhimurium PmrA-regulated genes.
FEMS Immunol. Med. Microbiol. 43, 249-258. doi: 10.1016/j.femsim.2004.08.007

Teschler, J. K., Cheng, A. T, and Yildiz, E H. (2017). The two-component
signal transduction system VxrAB positively regulates Vibrio cholerae biofilm
formation. J. Bacteriol. 199, €00139-e00117. doi: 10.1128/JB.00139-17

Wosten, M. M., Kox, L. E, Chamnongpol, S., Soncini, E C., and Groisman,
E. A. (2000). A signal transduction system that responds to extracellular
iron. Cell 103, 113-125. doi: 10.1016/S0092-8674(00)00092-1

Wu, C., Cheng, Y. Y., Yin, H.,, Song, X. N., Li, W. W,, Zhou, X. X,, et al. (2013).
Oxygen promotes biofilm formation of Shewanella putrefaciens CN32 through
a diguanylate cyclase and an adhesin. Sci. Rep. 3:1945. doi: 10.1038/srep01945

Xu, T,, Wu, Y, Lin, Z., Bertram, R., Gotz, E, Zhang, Y., et al. (2017). Identification
of genes controlled by the essential YycFG two-component system reveals
a role for biofilm modulation in Staphylococcus epidermidis. Front. Microbiol.
8:724. doi: 10.3389/fmicb.2017.00724

Yamamoto, K., Hirao, K., Oshima, T., Aiba, H., Utsumi, R., and Ishihama, A.
(2005). Functional characterization in vitro of all two-component signal
transduction systems from Escherichia coli. J. Biol. Chem. 280, 1448-1456.
doi: 10.1074/jbc.M410104200

Zhou, X., Zhang, N., Xia, L., Li, Q.,, Shao, J., Shen, Q., et al. (2018). ResDE
two-component regulatory system mediates oxygen limitation-induced biofilm
formation by Bacillus amyloliquefaciens SQR9. Appl. Environ. Microbiol. 84,
€02744-€02717. doi: 10.1128/AEM.02744-17

Zschiedrich, C. P, Keidel, V., and Szurmant, H. (2016). Molecular mechanisms
of two-component signal transduction. J. Mol. Biol. 428, 3752-3775. doi:
10.1016/j.jmb.2016.08.003

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Copyright © 2019 Liu, Sun, Zhu and Liu. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

January 2019 | Volume 9 | Article 3279


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1073/pnas.1315320110
https://doi.org/10.1073/pnas.1315320110
https://doi.org/10.1111/j.1365-2958.2011.07660.x
https://doi.org/10.1111/j.1365-2958.2011.07660.x
https://doi.org/10.1038/nrmicro821
https://doi.org/10.1074/jbc.M708836200
https://doi.org/10.1038/nrmicro.2016.190
https://doi.org/10.1099/mic.0.29008-0
https://doi.org/10.1101/gad.215244.113
https://doi.org/10.1111/mmi.12223
https://doi.org/10.1093/nar/gkv747
https://doi.org/10.1093/nar/gkv747
https://doi.org/10.1016/s0076-6879(07)23026-5
https://doi.org/10.1016/s0076-6879(07)23026-5
https://doi.org/10.1146/annurev.genet.41.042007.170548
https://doi.org/10.1146/annurev.genet.41.042007.170548
https://doi.org/10.1016/j.resmic.2005.06.012
https://doi.org/10.1016/j.resmic.2005.06.012
https://doi.org/10.1128/AEM.00712-17
https://doi.org/10.1021/bi201753f
https://doi.org/10.1128/mBio.02456-14
https://doi.org/10.1073/pnas.1502025112
https://doi.org/10.1016/j.molcel.2012.03.023
https://doi.org/10.1128/JB.00186-17
https://doi.org/10.1016/j.femsim.2004.08.007
https://doi.org/10.1128/JB.00139-17
https://doi.org/10.1016/S0092-8674(00)00092-1
https://doi.org/10.1038/srep01945
https://doi.org/10.3389/fmicb.2017.00724
https://doi.org/10.1074/jbc.M410104200
https://doi.org/10.1128/AEM.02744-17
https://doi.org/10.1016/j.jmb.2016.08.003
http://creativecommons.org/licenses/by/4.0/

	Two-Component Signal Transduction Systems: A Major Strategy for Connecting Input Stimuli to Biofilm Formation
	Introduction
	The Two-/Three-/Multi-Component Signal Transduction System
	Cross-Regulation
	The “control System” And Tcs
	Conclusions and Perspectives
	Author Contributions
	Funding

	References

