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ABSTRACT

Enterohemorrhagic Escherichia coli O157:H7 is a food-borne pathogen transmitted via the fecal-oral
route, and can cause bloody diarrhea and hemolytic uremic syndrome (HUS) in the human host.
Although a range of colonization factors, Shiga toxins and a type III secretion system (T3SS) all
contribute to disease development, the locus of enterocyte effacement (LEE) encoded T3SS is
responsible for the formation of lesions in the intestinal tract. While a variety of chemical cues in the
host environment are known to up-regulate LEE expression, we recently demonstrated that
changes in physical forces at the site of attachment are required for localized, full induction of the
system and thus spatial regulation of virulence in the intestinal tract. Here, we discuss our ﬁndings
in the light of other recent studies describing mechanosensing of the host and force-dependent
induction of virulence mechanisms. We discuss potential mechanisms of mechanosensing and
mechanotransduction, and the level of conservation across bacterial species.

Escherichia coli O157:H7 (enterohemorrhagic E. coli,
or EHEC) is a food-borne pathogen and can cause
bloody diarrhea and sometimes hemolytic uremic syndrome (HUS) in humans. While the diarrhea is usually self-limiting and resolves over the course of
several days, HUS is a severe complication which can
lead to lasting kidney damage, and is associated with
high morbidity and mortality.1 EHEC is taken up via
the fecal-oral route and, once inside the human host,
it colonizes the large intestine and initiates a virulence
program leading to the above described pathophysiology. EHEC’s virulence arsenal includes adhesins, a
type 3 secretion system (T3SS), and Shiga toxins,
which all contribute to disease.2-4 The action of the
T3SS, which is encoded by a pathogenicity island
termed locus of enterocyte effacement (LEE), is
responsible for the formation of characteristic attaching and effacing lesions in the intestine, and contributes to disease severity.5,6 The formation of A/E
lesions roughly corresponds to the formation of actin
protrusions, termed pedestals, in tissue culture models
of infection, and this has allowed a more thorough
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investigation of this phenotype. The LEE-encoded
T3SS translocates effector proteins into the host cell
cytoplasm, where they modulate host cellular signaling
to facilitate host colonization, immune modulation,
and bacterial persistence.7 Most notably, their actions
result in cytoskeletal rearrangements, pedestal formation, and stable anchoring of the bacterium to the
host cell, although their effects are more wide-ranging
and effector repertoire and activities are still subject to
ongoing studies.
The LEE pathogenicity island is a large region
encompassing more than 40 open reading frames,
organized into 5 major transcriptional units (LEE1-5),
and has been horizontally acquired. Its expression
underlies global, H-NS mediated silencing outside the
host, where its costly-to-produce gene products are
not beneﬁcial for survival.8 Once inside the host,
EHEC senses the change in environment through a
change in temperature and a range of chemical cues,
and gradually adjusts its expression proﬁle as it passes
through the GI tract, in a way that poises the organism
to colonize the large intestine, where it speciﬁcally
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initiates expression of LEE in a highly site-speciﬁc
manner. Over the years, many groups have added to
our knowledge about the nature of different environmental signals that contribute to LEE induction, and
about the genetic elements integrating them. Many of
these studies were done in other A/E-pathogens, most
notably enteropathogenic E. coli (EPEC), which also
encode the LEE and are similarly, although not identically, regulated as the EHEC LEE.9 All known activation processes proceed via LEE-encoded regulator
(Ler), the ﬁrst product encoded by LEE1 and the master regulator for the entire LEE (Fig. 1). Ler acts as an
antirepressor that counteracts H-NS mediated silencing by displacing H-NS from a nucleoprotein complex
around the promoter regions within the LEE.8 Expression of Ler, in turn, is regulated by a number of
upstream activators, which may differ in their nature
between different strains and include BipA, PchABC,
IHF, and QseA, among others. Arguably the most
important of these activators is the global regulator of
Ler (GrlA), which unlike other regulators, is directly
encoded within the LEE. GrlA is a MerR like transcription activator, which acts by locally unwinding
the DNA and optimizing the spacing between the Ler
promoter ¡10 and ¡35 elements.10 GrlA is expressed
from a transcriptional unit together with GrlR, which
is able to bind to and inhibit GrlA, and this is thought
to be an important regulatory mechanism of GrlA
activity.11,12 A number of environmental cues which

trigger activation of Ler have been identiﬁed, including
human body temperature, low oxygen, neutral pH,
and the presence of bicarbonate and quorum sensing
autoinducers, among others. 13-16 While these mechanisms point toward a gradual enhancement in LEE
expression directly after passage through the acidic
stomach and further, upon contact with bicarbonate
upon entry into the small intestine. Additional studies
suggest a further level of ﬁne-tuning in LEE expression
through the sensing of human hormones17, and
through the site speciﬁc composition of the intestinal
microbiota. Bacteroides thetaiotamicron (B. theta), a
commensal of the lower GI tract, provides cues for
LEE induction by generating fucose through cleavage
from mucins in the large intestine.18
Our recent studies of LEE induction in a tissue culture infection model add a further layer of complexity
to this existing picture. We show, by using enzymatic
and ﬂuorescent reporters of Ler induction, that LEE
expression, albeit weakly induced upon contact with
known environmental cues (such as glucose present in
the host medium, and elevated temperature of 37 C),
is only fully induced upon direct physical contact with
the host cell surface.19 This induction of Ler proceeds
via the action of GrlA. However, our results change
the perspective on the role GrlR plays in repressing
GrlA mediated LEE activation. Since it was previously
shown that GrlR forms a tight complex with GrlA12,
thereby preventing its access to the Ler promoter, it

Figure 1. Activation of locus of enterocyte effacement (LEE) genes in enterohemorrhagic E. coli O157:H7. Outside the host, LEE genes
are silenced by the global repressor H-NS. Once inside the host, different environmental stimuli and transcription factors partially activate LEE genes through induction of Ler expression (Ler antagonizes H-NS repression). Mechanosensation causes complete activation of
LEE genes through the full induction of Ler in a GrlA - dependent manner. Transcriptional activators and repressors are shown by
pointed and blunt arrows, respectively. Figure adapted from Kendall et al.28
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was assumed that GrlR was sufﬁcient to repress GrlA,
and that any mechanism activating GrlA would proceed by disrupting the inhibitory GrlRA complex. Our
results however demonstrate that, while GrlR is inhibitory to GrlA activity, free GrlA is not fully functional
in activating LEE expression per-se, but requires further cues (i.e., host cell contact), to fully activate LEE.
The mechanism behind the transition in GrlA to
become fully functional is unclear, and a number of
scenarios are conceivable. Host cell contact could
either lead to recruitment of another, yet unknown,
factor which could increase GrlA’s afﬁnity for the Ler
promoter. Alternatively, it could result in biochemical
and/or structural changes in GrlA which could facilitate its promoter binding. Further, contact sensing
could result in a change in GrlA subcellular localization, which could facilitate its access to the promoter.
Further experiments to test these scenarios are currently underway. We further show, using a range of
pure substrates, that this induction does not require a
speciﬁc ligand-receptor interaction, but instead is
dependent on strong attachment to a surface.
Attached cells are even further induced by application
of shear forces, as demonstrated through cells immobilized in microﬂuidic ﬂow cells and exposed to
increasing amounts of laminar ﬂuid ﬂow. The level of
promoter induction scales both with strength of adhesion and the applied shear force. In EHEC bound to
host cells, the induction level saturates at shear forces
of approximately 1 dyne/cm2, which is within the
physiological range of shear force likely prevalent in
the intestine. Although this is challenging to evaluate
experimentally, hydrodynamic calculations of shear
forces in the intestinal tract estimate the ﬂuid shear on
the luminal surface at approximately 5 dynes/cm2,
and between 2-3 dynes/cm2 between microvili.20
Our experiments indicate that EHEC directly
senses physical force and can integrate information
about different types of forces (here, surface adhesion
and shear force) to achieve gene regulation. While
chemical cues partially induce the LEE and poise the
bacterium for binding by low-level expression of factors necessary for strong attachment, mechanosensing
triggers full induction of LEE expression directly at
the site of infection. These ﬁndings raise many further,
exciting questions about the way EHEC and other bacteria can perceive not only their chemical, but also
their mechanical environment. The ﬁrst question pertains to the nature of forces bacteria can sense. While
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our experiments demonstrate EHEC’s ability to sense
both adhesion and shear forces (which act perpendicular and parallel to the cell wall, respectively), there
are many other forces bacteria are exposed to and
could potentially perceive as environmental cues.
Most notably, EHEC has to transition from the gut
lumen and through the mucus layers, to reach the
intestinal epithelial surface. This transition is
accompanied by a marked change in viscosity. This
will impact ﬂagellar load, as well as cause an
increase in shear force. Flagella have been implicated as mechanosensors across different bacterial
species, usually in the context of inanimate surface
sensing. Bacillus subtilis, for example, uses inhibition of ﬂagellar rotation as a cue for surface contact,
and induces bioﬁlm formation in response.21 In B.
subtilis, this response in gene expression is mediated
via the DegS-DegU 2-component system, but how
exactly the mechanical trigger activates this system
has yet to be determined. While in B. subtilis, surface sensing appears to promote a global switch in
gene expression toward a sessile life-style, mechanosensing via polar ﬂagella have also been linked to the
induction of virulence-speciﬁc genes. Vibrio parahaemolyticus, a sea-food borne pathogen which possesses
a dual ﬂagellar system, a decrease in ﬂagellar rotation
triggers the synthesis of lateral ﬂagella necessary for
surface motility, as well as expression of genes
required for colonization and pathogenesis in the
host.22,23 Interestingly, albeit a similar role in mechanosensing for purported for the V. cholerae ﬂagellum,
this was subsequently disproved.24
Recent work on Pseudomonas aeruginosa has
revealed an alternative mode of surface sensing and
mechano-induction of a virulence program in
response to host cell contact. Attachment of P. aeruginosa to the amoebic model host Dictyostelium discoideum or to mouse macrophages was shown to
increase cytotoxicity toward host cells, compared to
planktonic bacteria.25 Further work by the same group
showed that in P. aeruginosa, mechanoperception is
mediated by type IV pili, and their changed ability to
extend and retract following surface attachment.26 In
P. aeruginosa, pilus retraction under physical tension
upon surface attachment is thought to lead to a structural change in PilA pilus subunits, which facilitates
an interaction with and activation of the transmembrane protein PilJ. PilJ activates the chemosensory
complex ChpA-PilI, which then stimulates the
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adenylate cyclase CyaB and leads to cAMP production. cAMP activates the cAMP binding transcription
factor Vfr, thereby increasing the transcription of virulence genes.26 These studies provide ﬁrst mechanistic
insights into how mechanosensing and mechanotransduction can be linked, although many details remain
to be investigated. Although it is attractive to speculate
mechanotransduction pathways are conserved across
species, this is unlikely in the case of P. aeruginosa
and E. coli. While P. aeruginosa PilJ bears high
sequence identity with E. coli methyl-accepting chemotaxis proteins (MCPs), it has no direct homolog in
E. coli. This suggests the mechanotransduction pathways linking force perception at the cell surface and
gene regulation in the cytoplasm, are not strictly conserved between these 2 organisms. However, E. coli
also has type IV pili 27 and it is conceivable that they
may act as mechanosensors, as may other appendages,
such as ﬂagella.
In conclusion, our and other groups’ recent work
has highlighted a role for mechanosensing in the
induction of virulence-speciﬁc programmes in a range
of bacterial pathogens. While technical advances over
the past years, such as the commercialization of controlled ﬂow systems, and their experimental combination with high-content imaging, has made it possible
to investigate the effect of deﬁned physical forces on
gene expression, this has brought forward many
important questions, which remain to be addressed.
How are several different forces integrated to impact
gene expression? What is the nature of bacterial
mechanosensors and mechanotransduction pathways,
and to what extent are they conserved across species?
Addressing these questions in future studies will further extend this exciting area of research, but may also
highlight new targets in our search for novel treatments against bacterial infections.

Disclosure of potential conﬂicts of interest
No potential conﬂicts of interest were disclosed.

Acknowledgment
We thank members of the Krachler lab for critical reading of
the manuscript.

Funding
This work was supported by BBSRC grants BB/L007916/1 and
BB/M021513/1 (to A.M.K.) and by a Commonwealth Academic Fellowship (to M.S.I.).

References
1. Davis TK, Van De Kar NC, Tarr PI. Shiga Toxin/Verocytotoxin-Producing Escherichia coli Infections: Practical
Clinical Perspectives. Microbiol Spectrum 2014; 2:EHEC0025-2014; PMID:26104210
2. Lloyd SJ, Ritchie JM, Torres AG. Fimbriation and curliation in Escherichia coli O157:H7: a paradigm of intestinal
and environmental colonization. Gut Microbes 2012;
3:272-6;
PMID:22614704;
http://dx.doi.org/10.4161/
gmic.20661
3. Roe AJ, Hoey DE, Gally DL. Regulation, secretion and
activity of type III-secreted proteins of enterohaemorrhagic Escherichia coli O157. Biochem Soc Trans 2003;
31:98-103; PMID:12546663; http://dx.doi.org/10.1042/
bst0310098
4. LeBlanc JJ. Implication of virulence factors in Escherichia
coil O157:H7 pathogenesis. Crit Rev Microbiol 2003;
29:277-96; PMID:14636040; http://dx.doi.org/10.1080/
713608014
5. Jerse AE, Yu J, Tall BD, Kaper JB. A genetic locus of
enteropathogenic Escherichia coli necessary for the production of attaching and effacing lesions on tissue culture
cells. Proc Natl Acad Sci U S A 1990; 87:7839-43.
6. McDaniel TK, Jarvis KG, Donnenberg MS, Kaper JB. A
genetic locus of enterocyte effacement conserved among
diverse enterobacterial pathogens. Proc Natl Acad Sci U S
A 1995; 92:1664-8.
7. Santos AS, Finlay BB. Bringing down the host: enteropathogenic and enterohaemorrhagic Escherichia coli effector-mediated subversion of host innate immune pathways.
Cell Microbiol 2015; 17:318-32; PMID:25588886; http://
dx.doi.org/10.1111/cmi.12412
8. Bustamante VH, Santana FJ, Calva E, Puente JL. Transcriptional regulation of type III secretion genes in
enteropathogenic Escherichia coli: Ler antagonizes
H-NS-dependent repression. Mol Microbiol 2001;
39:664-78; PMID:11169107; http://dx.doi.org/10.1046/
j.1365-2958.2001.02209.x
9. Spears KJ, Roe AJ, Gally DL. A comparison of enteropathogenic and enterohaemorrhagic Escherichia coli
pathogenesis. FEMS Microbiol Lett 2006; 255:187-202;
PMID:16448495; http://dx.doi.org/10.1111/j.15746968.2006.00119.x
10. Islam MS, Bingle LE, Pallen MJ, Busby SJ. Organization of
the LEE1 operon regulatory region of enterohaemorrhagic
Escherichia coli O157:H7 and activation by GrlA. Mol
Microbiol 2011; 79:468-83; PMID:21219464; http://dx.doi.
org/10.1111/j.1365-2958.2010.07460.x
11. Iyoda S, Koizumi N, Satou H, Lu Y, Saitoh T, Ohnishi M,
Watanabe H. The GrlR-GrlA regulatory system coordinately controls the expression of ﬂagellar and LEEencoded type III protein secretion systems in enterohemorrhagic Escherichia coli. J Bacteriol 2006; 188:5682-92;
PMID:16885436; http://dx.doi.org/10.1128/JB.00352-06
12. Padavannil A, Jobichen C, Mills E, Velazquez-Campoy
A, Li M, Leung KY, Mok YK, Rosenshine I, Sivaraman

GUT MICROBES

13.

14.

Downloaded by [University of Birmingham] at 04:22 28 April 2016

15.

16.

17.

18.

19.

20.

J. Structure of GrlR-GrlA complex that prevents GrlA
activation of virulence genes. Nat Commun 2013;
4:2546; PMID:24092262; http://dx.doi.org/10.1038/
ncomms3546
Ebel F, Deibel C, Kresse AU, Guzman CA, Chakraborty T.
Temperature- and medium-dependent secretion of proteins by Shiga toxin-producing Escherichia coli. Infect
Immun 1996; 64:4472-9; PMID:8890194
Kenny B, Abe A, Stein M, Finlay BB. Enteropathogenic
Escherichia coli protein secretion is induced in response to
conditions similar to those in the gastrointestinal tract.
Infect Immun 1997; 65:2606-12; PMID:9199427
James BW, Keevil CW. Inﬂuence of oxygen availability on
physiology, verocytotoxin expression and adherence of
Escherichia coli O157. J Appl Microbiol 1999; 86:117-24;
PMID:10030015; http://dx.doi.org/10.1046/j.13652672.1999.00639.x
Sperandio V, Torres AG, Giron JA, Kaper JB. Quorum
sensing is a global regulatory mechanism in enterohemorrhagic Escherichia coli O157:H7. J Bacteriol 2001;
183:5187-97; PMID:11489873; http://dx.doi.org/10.1128/
JB.183.17.5187-5197.2001
Sperandio V, Torres AG, Jarvis B, Nataro JP, Kaper JB.
Bacteria-host communication: the language of hormones.
Proc Natl Acad Sci U S A 2003; 100:8951-6.
Pacheco AR, Curtis MM, Ritchie JM, Munera D, Waldor
MK, Moreira CG, Sperandio V. Fucose sensing regulates
bacterial intestinal colonization. Nature 2012; 492:113-7;
PMID:23160491; http://dx.doi.org/10.1038/nature11623
Alsharif G, Ahmad S, Islam MS, Shah R, Busby SJ, Krachler AM. Host attachment and ﬂuid shear are integrated
into a mechanical signal regulating virulence in Escherichia coli O157:H7. Proc Natl Acad Sci U S A 2015;
112:5503-8.
Guo P, Weinstein AM, Weinbaum S. A hydrodynamic
mechanosensory hypothesis for brush border microvilli.
Am J Physiol Renal Physiol 2000; 279:F698-712;
PMID:10997920

67

21. Cairns LS, Marlow VL, Bissett E, Ostrowski A, StanleyWall NR. A mechanical signal transmitted by the ﬂagellum
controls signalling in Bacillus subtilis. Mol Microbiol 2013;
90:6-21; PMID:23888912
22. Kawagishi I, Imagawa M, Imae Y, McCarter L, Homma M.
The sodium-driven polar ﬂagellar motor of marine Vibrio
as the mechanosensor that regulates lateral ﬂagellar
expression. Mol Microbiol 1996; 20:693-9; PMID:8793868;
http://dx.doi.org/10.1111/j.1365-2958.1996.tb02509.x
23. Gode-Potratz CJ, Kustusch RJ, Breheny PJ, Weiss DS,
McCarter LL. Surface sensing in Vibrio parahaemolyticus
triggers a programme of gene expression that promotes
colonization and virulence. Mol Microbiol 2011; 79:24063; PMID:21166906; http://dx.doi.org/10.1111/j.13652958.2010.07445.x
24. Hase C. Analysis of the role of ﬂagellar activity in virulence gene expression in Vibrio cholerae. Microbiology
2001; 147:831-7; PMID:11283279; http://dx.doi.org/
10.1099/00221287-147-4-831
25. Siryaporn A, Kuchma SL, O’Toole GA, Gitai Z. Surface
attachment induces Pseudomonas aeruginosa virulence.
Proc Natl Acad Sci U S A 2014; 111:16860-5.
26. Persat A, Inclan YF, Engel JN, Stone HA, Gitai Z. Type IV
pili mechanochemically regulate virulence factors in Pseudomonas aeruginosa. Proc Natl Acad Sci U S A 2015;
112:7563-8.
27. Xicohtencatl-Cortes J, Monteiro-Neto V, Ledesma MA,
Jordan DM, Francetic O, Kaper JB, Puente JL, Giron JA.
Intestinal adherence associated with type IV pili of enterohemorrhagic Escherichia coli O157:H7. J Clin Invest 2007;
117:3519-29; PMID:17948128; http://dx.doi.org/10.1172/
JCI30727
28. Kendall MM, Rasko DA, Sperandio V. The LysR-type
regulator QseA regulates both characterized and putative virulence genes in enterohaemorrhagic Escherichia
coli O157:H7. Mol Microbiol 2010; 76:1306-21;
PMID:20444105; http://dx.doi.org/10.1111/j.13652958.2010.07174.x

