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The Bacterial Cytoskeleton Modulates Motility, Type 3
Secretion, and Colonization in Salmonella

David M. Bulmer !, Lubna Kharraz *, Andrew J. Grant 2, Paul Dean !, Fiona J. E. Morgan 2, Michail H.
Karavolos 1, Anne C. Doble 1, Emma J. McGhie 3, Vassilis Koronakis 2, Richard A. Daniel , Pietro Mastroeni 2,
C. M. Anjam Khan *

1 Centre for Bacterial Cell Biology, Institute for Cell and Molecular Biosciences, The Medical School, University of Newcastle, Newcastle, United K2rigepartment of
Veterinary Medicine, University of Cambridge, Cambridge, itéad Kingdom, 3 Department of Pathology, University of Cambridge, Cambgd, United Kingdom

Abstract

Although there have been great advances in our understanding of the bacterial cytoskeleton, major gaps remain in ou
knowledge of its importance to virulence. In this study we have explored the contribution of the bacterial cytoskeleton to
the ability of Salmonellato express and assemble virulence factors and cause disease. The bacterial actin-like protein MrgB
polymerises into helical filaments and interacts with other cytoskeletal elements including MreC to control cell-shape. A
mreBappears to be an essential gene, we have constructed a vialidenreCdepletion mutant in SalmonellaUsing a broad
range of independent biochemical, fluorescence and phenotypic screens we provide evidence that tBalmonella
pathogenicity island-1 type three secretion system (SPI1-T3SS) and flagella systems are down-regulated in the absenc¢ of
MreC. In contrast the SPI-2 T3SS appears to remain functional. The phenotypes have been further validated using a chemjcal
genetic approach to disrupt the functionality of MreB. Although the fithess ddmreCis reducedin vivo, we observed that
this defect does not completely abrogate the ability oSalmonellao cause disease systemically. By forcing on expression off
flagella and SPI-1 T3398 transwith the master regulators FIhDC and HilA, it is clear that the cytoskeleton is dispensable fo
the assembly of these structures but essential for their expression. As two-component systems are involved in sensing and
adapting to environmental and cell surface signals, we have constructed and screened a panel of such mutants and
identified the sensor kinase RcsC as a key phenotypic regulatoDmreC Further genetic analysis revealed the importance
of the Rcs two-component system in modulating the expression of these virulence factors. Collectively, these resul
suggest that expression of virulence genes might be directly coordinated with cytoskeletal integrity, and this regulation is
mediated by the two-component system sensor kinase RcsC.
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Introduction meric filaments [6,7]. Polymers of FtsZ are able to assemble into a
) ) ) transient helical structure and subsequently form a ring-like
Salmonellae remain major global pathogens causing a broadrycture around the circumference of the mid-cell [8]. This Z-ring
spectrum of disease ranging from gastroenteritis to typhoid fevgg required for recruiting proteins for the assembly of the cell
[1,2]. The emergence of multidrug resistant salmonellae igjjvision complex [8]. The intermediate filament-like protein

complicating the management of disease [3,4]. Hence, there igrescentin determines the vibroid shape Gaulobacter crescentus
an urgent need to identify novel bacterial targets for thecells [9].

development of new antimicrobial agents or vaccines to combat The bacterial proteins MreB, Mbl, and ParM display the
infection. structural and dynamic properties of eukaryotic actin [10].
The view that bacteria do not possess a cytoskeleton hagmongst these proteins, MreB is the most homologous to actin
radically changed in recent years with the discovery of intracellulai terms of primary sequence, structure, and size [11,12]. The
filamentous protein assemblies with cell-shape defining functiomost conserved region of this actin-superfamily is the ATPase
[5]. Although there is little primary sequence identity betweendomain. MreB can polymerise into helical filamentous structures
eukaryotic cytoskeletal proteins and those in prokaryotes, proteingportant for cell morphology. Live cell microscopy Bacillus
with actin- and tubulin-like structural motifs have been identified subtilisevealed that MreB forms large cables which follow a helical
in bacteria. Bacterial cytokinesis is dependent on FtsZ whiclpath close to the cytoplasmic membrane [5]. An equivalent MreB
contains a structural fold mirroring tubulin. FtsZ displays similar protein has been found iBscherichia céiihen MreB is depleted,
dynamic properties to tubulin and is able to polymeriserod-shaped. subtiliand E. colicells become spherical [5,13+15].
unidirectionally in a GTP-dependent manner to produce poly-In C. crescenfdseB has been implicated to play a role in the
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was added at 1@g mP *. Bacteria were grown overnight in 5 ml
LB, before 251 of culture was used to inoculate 25 ml of fresh LB
Salmonellaare major global pathogens responsible for in a 250 ml flask and grown at 82 shaking (200 rpm) unless
causing food-borne (_jisease. In recent years the existence  otherwise statedDmreCwas maintained in media containing
of a cytoskeleton in prokaryotes has received much  100nM IPTG, however for phenotypic testing this was removed
attention. In this study the Salmonellacytoskeleton has unless otherwise mentioned.

been genetically disrupted, causing changes in morphol- For the SPI-1 T3S studies cells were grown overnight in LB
ogy, motility and expression of key virulence factors. We  pefore subculturing 1/100 into 25 ml fresh LB and growing at
provide evidence that the sensory protein RcsC detects 370 tor approximately 5 hrs with good aeration until
changes at the cell surface caused by the d|$|ntegraplon of 0D600,, 1.2 in 250 ml flasks [30]. For the SPI-2 T3S studies
e lpeielel Syiselelston the manlilies oxgrassion cells Wnenrme g.rown in SPI-2 inductioﬁ media (100 mM Tris-base
key virulence factors. This study provides insights into the 0.1% wiv casamino acids, 0.1% wiv glycerol, 181 MgSO.,

importance of the integrity of the bacterial cytoskeleton in N 2
the ability of Salmonellato cause disease, and thus may  40nU mP * histidine, pH 5.8). Cells were grown overnight in LB
provide a novel target for antimicrobial drugs or vaccines. before subculturing 1/100 in 25 ml SPI-2 inducing media before

growing for 16 h at 3iC in 250 ml flasks before sampling.

Author Summary

control of cell polarity [16]. In rod-shaped bacteria the MreB Motility Assays
polymeric structures control the localisation of cell wall growth by 4|15 were inoculated from a fresh LB plate onto the semi-solid

providing a scaffold for enzymes involved in cell wall assemb%otility agar (10 g?* Bacto-tryptone, 5 I NaCl, 3 g F * agar)
[17]. and incubated upright for a minimum of 5 h. Distinct zones of cell

The MreB operon inE. coland B. subtiliencodes for a number motility were measured and compared to WT SL1344 and non-
of additional genes, which do not possess any similarity to actip,qtile SL1344 strains.

[18]. These include the cellular membrane proteins MreC and
MreD, which also have a helical disposition. MreC forms a dimer
and interestingly irC. cresceniieC is localised in spirals in the
periplasm [19]. Recent studies by Rothfield and colleague?a
provide convincing evidence to suggest thatBn coliMreB,
MreC and MreD form helical structures independently of each
other [20]. Using affinity purification and bacterial two hybrid . ) ) -
assays, MreC and MreD appear to interact together [13EIrcoli mutations were transduced into a parent strain containing

there is evidence to suggest that MreB interacts with MreC, buPTK521 (Iac-mreBCD_ E. gab complement t_he mutation in the
this may not be the case Rhodobacter sphaeavi@screscentus Presence of 106M isopropyl beta-D-1-thiogalactopyranoside

[21]. As well as playing a key role in cell morphogenesis, MreEpPTG)' Gene deletion primel_'s typically encompassed the first
also has a pivotal function in chromosome segregation [22+24 _nd final 20 b_ases of the coding sequence of the respect_lve gene
Adding the MreB inhibitor A22 §(3,4-Dichlorobenzyl) iso- Were synthesised. However, as theeCand mreDgene coding
thiourea] to synchronised cultures of. crescentushibited Seduences overlap by a single base, to ensure only a single coding
segregation of GFP-tagged chromosomal origins [22]. Howevercduence was dlsrupted the rgspeoﬂv_eCng_rlmer andmrel53

MreB may not function in chromosome segregationBacillus primer were moved |nt(_erna||y |nt_o their coding sequence such as
[15]. Recently another helically distributed cytoplasmic mem-t0 produce no overlapping mutations. G__ene deletions for the two-
brane protein which interacts with MreB named RodZ has beenComponent systemsDgseF DphoBR DyjiGH DbaeSRDbasSR
identified [25+27]. Cellular components including the RNA DhydH DgseBCDictDE, DepxAR,DrcaA, DresB, DresC, DresD,

degradosome and lipopolysaccharide have also been identified [y¢SDB. an®rcsCBR) were constructed in SL1344 WT using
be localised in helical structures within the cell [28,29]. classical lambda Red methods before transducing intdthe=C

In spite of these major advances in our understanding of thestrain using bacteriophage R@2 Primers are listed in Table 2.
structure and organization of the bacterial cytoskeleton, there are ) )
major gaps in our knowledge of its role in bacterial pathogenicity Construction of the MreB-GFP Fusion Vector
In this study we wished to gain insights into understanding the GFP was amplified from pZEPO8 and cloned along with a new
function of the bacterial cytoskeleton in the pathogenicity ofmultiple cloning site into th&c®I and Hindlll sites of pBR322 to

Chromosomal Gene Disruptions and Depletion Mutants
Chromosomal gene deletions were constructed using the
mbda Red method as described previously [31], before
transducing the mutation into a genetically clean parent strain
using bacteriophage P22 In the case oDmreCGand DmreDthe

Salmonella create pBR322GFPmreBalong with its natural promoter was
amplified from genomic DNA and cloned into tiie®I and Xbd
Materials and Methods sites of pBR322GFP, before thereB-gffusion was subcloned
from the pBR32MreB-gfinto pNDM220 using theEc®I and
Ethics Statement BantI sites.

The in vivoexperiments were covered by a Project License
granted by the Home Office under the Animal (Scientific Transcriptional Reporter Fusions
Procedures) Act 1986. This license was approved locally by the Flagella and SPI1 transcriptional reporter plasmids were

University of Cambridge Ethical Review Committee. transformed into SL1344 andmreCmutant cells. Expression
from the lux transcriptional reporters was measured during the
Culture Conditions growth cycle of 19° diluted overnight cultures cells grown in

S Typhimurium SL1344 and mutant derivatives used in this microtitre plates (20@1 total volume) for a minimum of 15 h at
study are described in Table 1. Strains were routinely grown in37uC with periodic shaking. Optical density (6@ and relative
Luria-Bertani (LB) broth with appropriate antibiotics at the luminescence was measured at 15 minute intervals using a Tecan
following concentrations: (kanamycin 6§ mP?), ampicillin  Infinity200 luminometer. Samples were tested in triplicate, and
(100ng mP* or 30 mg mFP* for pNDM220). A22 (Calbiochem) repeated at least 3 times.
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Table 1. Strains and plasmids.

Strain Genotype Reference
SL1344 Parent Strain [69]
DmreC1 SL1344mreC::kan This work
DmreD1 SL1344mreD::kan This work
DmreC SL1344mreC::kan pTK521 This work
DmreD SL1344mreD::kan pTK521 This work
DSPI-1 RM69 SPI-1::kan [70]
DSPI-2 12023ssaV::kan [71]
DfIhDC LT2flhDC::kan [72]
DrcsA SL1344rcsA::kan This work
DrcsB SL1344rcsB::kan This work
DrcsC SL1344 rcsC::cat This work
DrcsD SL1344rcsD::kan This work
DrcsF SL1344rcsF::kan This work
DrcsDB SL1344rcsDB::kan This work
DrcsCBD SL1344rcsCBD::kan This work
DmreCDrcsA SL1344mreC::cat rcsA::kan This work
DmreCDrcsB SL1344mreC::cat rcsB::kan This work
DmreCDrcsC SL1344nreC::kan rcsC::cat This work
DmreCDrcsD SL1344mreC::cat rcsD::kan This work
DmreCDrcsDB SL1344mreC::kan rcsDB::cat This work
DmreCDrcsCBD SL1344mreC::cat rcsCBD::kan This work
DmreCDrcsF SL1344mreC::cat rcsF::kan This work
DmreCDgseF SL1344mreC::kan gseF:cat This work
DmreCDphoBR SL1344mreC::kan phoBR::cat This work
DmreCDyjiGH SL1344mreC::kan yjiGH::cat This work
DmreCDbaeSR SL1344mreC::kan baeSR::cat This work
DmreCDbasSR SL1344mreC::kan basSR::cat This work
DmreCDhydH SL1344mreC::kan hydH::cat This work
DmreCDqgseBC SL1344mreC::kan gseBC::cat This work
DmreCDtctDE SL1344mreC::kan tctDE::cat This work
DmreCDcpxAR SL1344mreCkan cpxAR::cat This work
YVMO004 SIW1103yfp-fliG [32]
YVM004mreC SIW1103yfp-fliG mreC::kan [32]
TH3724 PAIhDC:T-POP (DEL-28nC5213::MudJ [33]
Plasmid Description Reference
pBR322 Cloning vector [73,74]
pBAD24 Cloning vector [75]
pPZEPO8 GFPR transcriptional fusion vector [76]
pBR322gfp pBR322 withgfp This work
pBR322mreBgfp pBR323fp with mreB This work
pNDM220 Low copy cloning vector [77]
pNDM220mreBgfp mreBgfubcloned from pBR322nreBgfp This work
pKD13 Lambda Red template [31]
pKD46 Lambda Red recombinase [31]

pLE7 gfpmreB [36]
pTK521 pNDM220 pA1/04/03mreBCD [14]
pCS26 luxCDABIpromoter reporter vector [49]
pCS26hilA hilA [49]
pCS26hilC hilC [49]
pCS26hilD hilD [49]
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Table 1. Cont.

Plasmid Description Reference
pSB401 luxCDABBpromoter reporter vector [41]
pBA409 sopBpromoter reporter [41]
pRG34 PSB40IHIA [41]
pRG38 pSB401HhD [41]
pRG46 pSB401HiC [41]
pRG51 pSB401figA [41]
pMK14ux luxCDABIpromoter reporter vector [52]
pMK1iux-ssaG pMK1iux-ssaG This work
pBAD24hilA hilA inducible expression plasmid This work
pBAD24¢csC rcsCcomplementation plasmid This work
doi:10.1371/journal.ppat.1002500.t001

Construction of Complementation Plasmids
The hilA and rcsCopen reading frames were amplified from Visualisation of Type 3 Secretion Systems and Flagella

SL1344 genomic DNA and cloned into tlige®| and Xbd or the Cells were grown to the appropriate growth phase (mid-log for
Ec®l and Hindll sites of pBAD24 to create pBAMIA and SPI-1 and flagella, or stationary phase for SPI-2) in relevant media
pBADrcsCrespectively. (LB or SPI-2 inducing media). Flagella visualisation strdii@- (
gfp, were mounted on 1% agarose beds for imaging. Samples for
Protein Manipulation visualising the type 3 secretion apparatus were fixed in 4%

Whole cell total protein samples were obtained by pelleting arParaformaldehyde diluted in PBS for 1 h before washing for
appropriate volume of bacterial culture, followed by resuspensioA5 minutes in three changes of PBS. Samples were incubated with
in SDS-loading buffer and boiling for 10 mins. Culture either aSipA, aSipB, aSipC, aSipD (SPI-1) oraSseB (SPI-2)
supernatants were filter sterilized (olﬁﬁ) and proteins were antibodies diluted 1:1000 in PBS for 3 h with gentle agitation.
ammonium sulphate precipitated (4 g 10%ml supernatant) Samples were subsequently washed in PBS before incubating in
overnight at 4C. Precipitated secreted proteins were resuspended:1000 Alexa Fluor 488 conjugated goat anti-rabbit antibody
in H20 and then combined with an equal volume of sample buffer (Invitrogen-Molecular Probes, Paisley, U.K.), washed for 30 mins
(Biorad). Whole cell and culture supernatant samples were run offt fresh PBS before mounting onto agarose beds.

12% SDS/PAGE and transferred on Protran nitrocellulose

transfer membranes (Schleicher & Schuell) using a wet transfafissue Immunostaining for Fluorescence Microscopy
apparatus (Biorad). Western blot analysis was performed using Half of each organ was fixed overnight in 4% paraformaldehyde
polyclonal SipA, SipB, SipC or PrgH for testing SPI-1 T3S diluted in PBS, washed for 90 min in three changes of PBS and
functionality, coupled with a goat anti-mouse horseradishthen immersed in 20% sucrose (in PBS) for 16 h at 40C before
peroxidase-labelled secondary antibody (Dako Cytomation)being embedded in Optimal Cutting Temperature (OCT)
Detection was carried out using 4-chloro-1-naphthol (SigmaJRaymond A Lamb Ltd, Eastbourne, U.K.) in cryomoulds (Park

according to the manufacturer's instructions. Scientific, Northampton, U.K.). Samples were frozen and stored at
-800C. 30mm sections were cut, blocked and permeabilised for
In vivo Inoculation and Growth Curves 10 min in a permeabilising solution containing 10% normal goat

Female C57BL/6 mice were purchased from Harlan Olac Ltd., serum and 0.02% Saponin in PBS (Sigma, Poole, UK). Sections
(Blackthorn, Bicester, UK). Mice were used when over eight weekwere stained with 1:1000 dilution of rat anti-mouse CD18
of age. Bacterial suspensions for injection were grown for 16 h asmaonoclonal antibody (clone M18/2, BD Pharmingen), together
stationary culture at 370C in LB broth. Bacteria were diluted in with a 1:500 dilution of rabbit anti-LPS O4 agglutinating serum
PBS prior to injection into a lateral tail vein. Mice were killed by (Remel Europe Ltd), for 16 h at 40C. Subsequently, sections were
cervical dislocation and the livers and spleens aseptically removedashed in PBS then incubated with 1:200 Alexa Fluor 568-
Each organ was homogenised (separately) in a Seward Stomaclenjugated goat anti-rat antibody (Invitrogen-Molecular Probes,
80 Biomaster (Seward) in 10 ml of distilled water and viablePaisley, U.K.) and a 1:1000 dilution of Alexa Fluor 488-
bacterial counts in the homogenate were assayed on pour plates @njugated goat anti-rabbit antibody (Invitrogen-Molecular
LB agar. Representative bacterial colonies were kept and re-testdtfobes, Paisley, U.K.). All sections were mounted onto Vecta-
for phenotypic changes. bond-treated glass slides (Vector Laboratories Ltd.) using Vecta-

shield containing DAPI (Vector Laboratories Ltd.).

Construction of Flagella Live Cell Imaging Strains

Wild type Salmonell8JW1103 cells with chromosomal N- Microscopy
terminal GFP fusion tdliG (YVMO004) [32] were P22 transduced All phase contrast and fluorescence images were captured using
with the mreC::kanutation to create YVYM00©OmreCThis strain, an Andor iXonFM+ 885 EMCCD camera coupled to a Nikon Ti-
along with the WT control, was subsequently transduced with & microscope using a 100x/NA 1.4 oil immersion objective.
chromosomally-based inducifleDClocus derived from TH2919 Images were acquired with NIS-ELEMENTS software (Nikon)
[33]. and processed using ImageJ. Fluorescence images were decon-
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Table 2. PCR primers.

Primer Sequence (5 939

mreCP1 GGATTGTCCTGCCTCTCCGACGCGAGAATACGCATAGCCTGIGAGGEGTTTC
mreCP4 CATCAGGCGCTCATTGGCGACGCGGTGAACCTCTTCCGGATTCCGTBTGEACC
mreG ATACGGGCAGGATTATCCCT

mre@ GCGCAATAAGAAACGAGAGC

mreDP1 GGCGCGACCACGCCGCCTGCGCGTGCGCCGGGAGGGTAGTABEGCTGEG
mreDP4 GGGGAACCGGAAGCAAGATACAGAGTTGTCATATCGACCTATATHIIG®GACC
mreb ATCAACGCAACCATCGCCTT

mreD8 TCAATAATTCCTGGCGACGC

gseBCP1 GTTAACTGACGGCAACGCGAGTTACCGCAAGGAAGAACAGG BEHAGGECTTC
gseBP4 AAATGTGCAAAGTCTTTTGCGTTTTTGGCAAAAGTCTCTGATTCCGEGGAIC
qseBG9 ACATCGCCTGCGGCGACAAG

gseBC39 GCGGTGCGGTGAAATTAGCA

rcsAP1 GTAAGGGGAATTATCGTTACGCATTGAGTGAGGGTATGCCGBGMEEIGLTTC
rcsAP4 AATTGAGCCGGACTGGAGGTACATTGCCAGTCCGGATGTCARTCCGEGGACC
rcsA59 GATTATGGTGAGTTATTCAG

rcsA39 CGAGAAGGCGGAGCAGGACT

rcsBP1 GCCTACGTCAAAAGCTTGCTGTAGCAAGGTAGCCCAATACGBERERIGICTTC
rcsBP4 ATAAGCGTAGCGCCATCAGGCTGGGTAACATAAAAGCGATATATUGER&GACC
rcsB59 CGTGAGAAAGATGCTCCAGG

rcsB39 TGAGTCGACTGGTAGGCCTG

rcsCP1 GTCACACTCTATTTACATCCTGAGGCGGAGCTTCGCCCCTGIGABGBECTTTC
rcsCP4 TTTTACAGGCCGGACAGGCGACGCCGCCATCCGGCATTTTATTCCGBGENCC
rcsC59 CGTCATTTACCGCTACCTTA

rcsC39 GGCCTACCAGTCGACTCATC

rcsDP1 CCTTCACCTTCAGCGTTGCTTTTACAGGTCGTAAACATAAGEGHEEIGLCTTC
rcsDP4 ACCTTGCTACAGCAAGCTTTTGACGTAGGCGTCAATGTCGARTCOGEGGACC
rcsD59 TTCATTACCCTTTATACTGC

rcsD39 CATATTGTTCATGTATTGGG

rcsFP1 TTCAATATCTGGCAATTAGAACATTCATTGAGGAAATATTGTGGEAGGTGECTTC
rcsFP4 GGGGAGCGAATAACGCCGATTTGATCAAACTGAAAGCTGCATATIIIG®GACC
rcsF59 TCATTTATGCAAGCTCCTGA

rcsF39 CGGCGAATTTTTCTTTATAG

rcsCBLP1 GTCACACTCTATTTACATCCTGAGGCGGAGCTTCGCCCCTG3IGABGBGTTTC
rcsCBLP4 CCTTCACCTTCAGCGTTGCTTTACAGGTCGTAAACATAAATTRIIBIGGACC
rcsCBb9 CGTCATTTACCGCTACCTTA

rcsCBIB9 TTCATTACCCTTTATACTGA

rcsDBP1 CCTTCACCTTCAGCGTTGCTTTTACAGGTCGTAAACATAAGEGHEEIGLCTTC
rcsDBP4 ATAAGCGTAGCGCCATCAGGCTGGGTAACATAAAAGCGATATATUBEREGACC
rcsDB59 TTCATTACCCTTTATACTGC

rcsDB39 TGAGTCGACTGGTAGGCCTG

phoBRP1 ATGGCGCGGCATTGATAACTAACGACTAACAGGGCAAATTGTEIAGGIICTTC
phoBRP4 CATCCGCTGGCTTATGGAAAGTTATACTTACGAAAGGCAAATATUBE®®ACC
phoBR59 TGTCATAAATCTGACGCATA

phoBR39 CTGCAAAGAAAATAAGCCAG

gseFP1 GGCGCCGTCGCCGTCACAAGATGAGGTAACGCCATGATAAGEGRASESGTTTC
gseFP4 TTAAACGTAACATATTTCGCGCTACTTTACGGCATGAAAAATATCGGRIEACC
gseF59 CAAACCCGCGACGTCTGAAG

gseF39 GTCGCCTGTGTTTTGATCGG

CpXARP1 CGCCTGATGACGTAATTTCTGCCTCGGAGGTACGTAAACAGTGASGEGTETC
CpXARP4 CGAGATAAAAAATCGGCCTGCATTCGCAGGCCGATGGTTTARTTTEIGGACC
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Table 2. Cont.

Primer Sequence (5 939

CpxAR59 GTAAAGTCATGGATTAGCGA

CpXAR39 CTCCCGGTAAATCTCGACGG

tctDEP1 AATTCCCTTTCAATGCGGCAGAAACTTTACAGGATGTGATG BEAGEIICTTC
tctDEP4 TTTTTGTAAACGTGCTTTACCGCTGACACATTTGTCCGCAARTCOGEGGACC
tctDE59 TGTTAAAACAATAACCTTTC

tctDE39 GTCACACCTCAAGATGCGAC

yjiGHP1 TTCCTGCTCCCAGCTCCGGCCTGCGTCAACACCTGTTTCT GEGNRGIRIITTC
YjiGHP4 TAAACTCCGCGGCGGATAAATCAGGCATGATAACTCCTTAATATUGE®GACC
yjiGH59 TCAAATTTATTTCTCCTTTT

yjiGH39 GTGCGCACCCTGTAATAAGG

HydHP1 TCTGGTTGCCAGTGATAGCGAGACAACAGGATTAACAAGGGBEAGGECTTC
HydHP4 GTAACGACATTGGCTGGCGCGCCATTGAGCGTGAGCAAAAARTTUEFGGACC
HydH59 TAAAGGCGCGGTCTTTACTA

HydH39 CTGGGACGGCAGCTTCAGCC

BasSP1 CTACATGCTGGTTGCCACTGAGGAAAGCTAAGTGAGCCTGGEGASEGGCTTC
BasSP4 AGTTTTATCTATGTGTGGGTCACGACGTATTAAACGCCTGAATTTEIGGACC
BasSh9 CGCACGGTTCGCGGGTTTGG

BasS39 GTAGTGTGCTGATTGTCAGC

BaeSHP1 TGGTCATTTCACGGCGTAAAAGGAGCCTGTAATGAAAGTCCBEABEGICTTC
BaeSHP4 ATATCGTCTTACGACCTTGTTATTGTTATGCCAATAATCAATATURE®GACC
BaeSR9 CCGCGTGCCGAACGATACAC

BaeSR39 CAGAATAGCGTTGGCGGAAA

pPEGFP5 GCBAATTCAGGTACCCCCGGGCCATGGTCTAGAATGGTGAGCAAGGGCGAGG
pEGFP3 GCBAGCTTTTACTTGTACAGCTCGTCC

mreB Eco GCGAATTCGCAGATGTTTGTCAACACATC

mreB3 Xba GCGCTAGACTCTTCGCTGAACAGGTCGCC

ssaG5 Eco G@EAATTCCGACAGTATAGGCAATGCCG

ssaG3 Bam GU&GATCCCCACTAATTGTGCAATATCC

BALhilAS GCGAATTCATGCCACATTTTAATC

BALhIlA3 GCACTAGATTACCGTAATTTAATC

BADcsG GCG&AATTCTTGAAATACCTTGCTTC

BADcs@ GCAAGCTTTTATGCCCGCGTTTTACGTACCC

Bold indicates restriction enzyme recognition sites.

doi:10.1371/journal.ppat.1002500.t002

volved using Huygens Deconvolution software (Scientific Volumét®) to show the percentage change in TER over the course of the
Imaging). Cell measurements were taken on a Nikon Ti-Eexperiment. Data were collated and analysed for statistical

microscope with NIS-ELEMENTS software. Immunofluorescencedifferences (Student's t-test) in Minitab.

images from tissue sections were analysed multi-colour fluores-Samples for the assay of translocated effector proteins were
cence microscopy (MCFM) using a Leica DM6000B Fluorescencésolated from differentiated Caco-2 cells grown in 6 well plates

microscope running FW4000 acquisition software. after infection with an MOI of 20 for 4 h. Excess bacteria were
washed off before the cells were solubilised in 0.01% Triton X-100

Transepithelial Resistance and Bacterial Effector and centrifuged to remove bacteria and host cell membranes. The

Translocation Assays host cell cytoplasmic fractions were analysed by western blotting

The effect ofSalmoneliafection on transepithelial resistance With aSipB antibody.
(TER) was determined for differentiated Caco-2 cells as previously
described [34]. Briefly, the Caco-2 cells were grown on transwelResults
inserts (Corning, UK) until differentiated (12+14 days), before the . .
transepithelial resistance was measured for each Saionella !N Silicoldentification of the SalmonellaActin Homologue
strains were then added to the cells at a multiplicity of infectionmreB
(MOI) of 20, and the cells incubated for 4 h. TER measurements We wished to identify and characterise putati@almonella
were taken every hour and the results given as a ratio of TER (t)tytoskeletal gene homologues. A BLAST search of $he
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Typhimurium genome sequence database (www.ncbi.nim.nih.go\
[35] for the known E. coliactin-homologue MreB identified a
putativemreoperon of high sequence identity. Comparison of the
Salmoneligenes to those &. colshowed 100%n(re 88% (rel
and 94% (nrel) homology at amino acid level, comparisons of
these same genes to those Bn subtilisrevealed sequence
homologies of 57%, 24% and 27% respectively.

MreB Proteins Are Helically Localised
In order to determine the localisation of MreB Balmonella

vectors expressing N and C terminal fusions of MreB to GFP wert
used. The N-terminal fusion plasmid has already been describe
[36], and we constructed a C-terminal fusion vector. Both
constructs revealed a helical distribution of MreB along the long
axis of the cell. The helices were discerned by assembling a ser
of z-stack images taken in successive planes by using Metamor

imaging and Huygens deconvolution software (Figure 1A).
B
Construction of mre Mutants

The mreBgene appears to be essential in bacteria including
Salmonel{data not shown), anBmreBviable cells often contain
compensatory mutations [37]. Each of the components of the
cytoskeletal complex, for example MreB, MreC, or MreD, are
essential for its function. As an alternative strategy to study thEigure 1. Localization and morphological role of the S

f“”Ct'O,” of the CytOSkelem,r,] we thgrefore gengrgtednmc . Typhimurium Mre proteins. (A) Fluorescence microscopy montage
depletion strain under conditions designed to minimise selectivehowing z-sections taken of MreB-GFP fusions in WT SL1344 revealing a
pressures for undefined secondary compensatory mutations [37elical distribution. Slices taken at 0.4m intervals on live cells in mid
Using the lambda Red one-step gene disruption method, wéog phase going from left to right followed by maximum intensity
successfully constructedrmeC::kanutant in theS Typhimurium 8:;’1'?;3:; (gfg‘?g&tg% “ﬂggpzﬁg’ngye%f ‘f’r\g-an/g:i?;“:g’u";é')sﬁgdzg"iv?th
W|Id-type strain SL1344 [3.1]' This mutatlon leaves intact the fIrStsome heterogeneity in size notgd. In all images the bar r%presents
gene in the operomreBUsing bacteriophage PR2the mreC::kan 1 1

mutation was then transduced into a genetically ““clean" SL1344j0i:10.1371/journal.ppat.1002500.g001

strain harbouring fac-mreperon (pTK521) [14] and the resulting

strain deS|gnat_edDmreC T_he plac-mreoperon is a low copy no longer motile. Surprisingly, this motility defect has not been
number plasmid expressing thareoperon from the IPTG-  tohorted in eitherE. colior B. subtilisCellular and secreted
inducible lac promoter. The identity of the mutation was proteins of the parent SL1344 amreGuere examined by SDS-
confirmed by PCR and DNA sequencing. Expression of MreCpaGE and western blotting using antibodies directed against the
was assessed by western blotting in the mutant strains, revealing PRase-1 and phase-2 flagellin subunits FIiC and FIjB. Neither of

detectable levels MreC unless complementation was inducefhese subunits were present in either the secreted or cellular
(Figure S1). In addition to th®mreGmutant, the lambda Red  oteins, explaining the inability of the cells to swim (data not

method was used to generadenreD. shown). The non-motile phenotype was fully complementable
transupon the addition of IPTG to the mutant strain harbouring
Morphology and Growth Rates pTK521 (Figure S3).

When the morphology of thddmreCmutant was examined
microscopically, the cells were no longer rod-shaped but Sphericﬁxpression of Flagella Genes
(Figure 1B). Upon the addition of IPTG the morphology of the  \ye opserved that thalmonemre@epletion strain was non-
DmreCstrain was restored to the wild-type rod shape. Undermgtile and failed to express flagella subunits FliC or FIjB. The
microscopic examination th®mreDmutant displays a similar regulation and assembly of flagella Salmonells complex.
morphological phenotype to themreCWT cells were measured  Flagella genes are arranged into 14 operons and their transcription
to be on 1.6/ 2 0.49)nm in length and 0.75(2 0.17)nm in s organised into a regulatory hierarchy of early (class 1), middle
width, whereas th®mre@ells were 2.03(2 0.60)nm in length  (¢|ass I1), and late genes (class 1) [38]. The clé&®Coperon is
and 1.21¢/2 0.41)mm in width. Complementation of th&mreC  the master regulator, with FInD and FIhC forming a hetero-
mutant with 100nM IPTG resulted in wild type shaped cells tetramer that is required for transcriptional activation of the class
1.82€/ 2 0.44) nm in length and 0.78( 2 0.24) nm in width. || genes, which encode the hook-basal body complexes and the
Measurements were taken from a minimum of 350 cells per straingjternative sigma factor FliA (sigma28). FliA alone or with FIhDC,
Growth rates of the strains were determined in LB media aC37  activates expression of the class Il operon genes, which encode
revealing 8 50% increase in the lag phase of freGnutants  the filament protein, hook-associated proteins, motor proteins, and
(Figure S2), which subsequently grow at a comparable rate to thghemotaxis proteins [39,40]. The class Il genes are further
of the wild type or complemented mutant strains during log phasesypdivided intdliA-independent expression class Illa or class Illb

[41]. In order to systematically investigate the mechanistic basis

Motility and Expression of Flagellin Subunits for the DmreGnotility phenotype we have taken selected class |, II,

The motility phenotype oDmreGvas examined on semi-solid and Il regulated flagella gene promoter fusions to a luciferase
agar plates. In contrast to the isogenic parent,DhereCells were  reporter gene, and monitored their expression by luminescence in
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wild type andDmreGtrains. Constructs withthD(class)l fliA, flgA  to determine the presence and functionality of the system using
(class II), andliC (class Ill) promoters fused to the luciferaseantibodies to an apparatus protein PrgH as well as the effector
reporter gene were used. The reporter plasmid pSB401 has proteins SipA and SipC, in both SL1344 amunreCln contrast to
promoterlessuxCDABEoperon and was used as a control. the wild-type SL1344, the T3S structural and effector proteins

The class flhD promoter displayed a reduction in the level of were not expressed in the cellular or secreted fractions from the
expression irbmreCcompared to the wild-type strain suggesting Dmre@epletion mutant (Figure 3A). This suggests that SPI-1 T3S
the class | promoter has reduced activity. Notably greater changda the DmreGnutant is not fully functional. The expression and
in the expression profiles occur in other class Il and class Il genesecretion phenotypes were fully complementableansipon the
The class Il promoters for the operons encoding the transcrip-addition of IPTG (data not shown).
tional regulatorsliAZY and flgAMdisplay significant reductions in The functional assembly of SPI-1 T3SS was also confirmed
expression levels ibmreC(Figure 2). As predicted from the using transepithelial resistance (TER) assays in differentiated
western blotting data expression of € class Il promoter was  Caco-2 cells, showing a reduced ability to disrupt epithelial tight
significantly reduced. Collectively, the promoter-reporter activityjunctions in theDmreQmutant compared to the wild type strain
data can account for the motility defect. (Figure 4).

To further assess the disruption of the functionality of the SPI-1

Expression of SPI-1 and SPI-2 Type 3 Secretion System T3S, a translocation assay was performed in Caco-2 cells infected
Proteins with the strains. Host cell cytoplasmic proteins were probed for the

Type 3 secretion systems are essential for the virulence of kacterial effector protein SipB using western blotting (Figure S4).
range of pathogens includin§almonelf@2,43]. The secretion This revealed the inability of th®mreCmutants to infect host
apparatus assembles into a supramolecular needle-comple&pithelia and disrupt their tight junctions. In additiobmreGvas
Secreted effector proteins in the bacterial cytoplasm traversiilly complementable in this assay following IPTG induction.
through the needle-complex and the bacterial multi-membrane The SPI-2 T3SS is pivotal for the establishment of$taémonella
envelope, directly into host cells [44+46]. The apparatus anchorsontaining vacuole (SCV) inside macrophages and subsequent
to the cell envelope via a multi-ring bassalmonelfzossess two survival [43]. We next investigated the effect of thenreC
T3SS's encoded by pathogenicity islands (SPI's). The SPI-1 T3S®utation on the functionality of the SPI-2 T3SS. The strains were
is important for invasion of intestinal epithelial cells and the SPI-Zgrown under SPI-2 inducing conditions and the T3S of the
T3SS plays a central role in survival within the hostile translocon protein SseB monitored. SseB together with SseC and
environment of a macrophage. The SPI-1 T3S system translocateSseD function as a translocon for other effector proteins and SseB
virulence effector proteins into the cytosol of epithelial cellds normally found associated with the outer surfac&almonella
resulting in rearrangements of the actin cytoskeleton which enabl&hus membrane fractions were purified to monitor expression and
Salmonellto invade [47]. To investigate whether thmreC T3S by western blotting. This revealed that in contrast to the SPI-
mutation has an impact on SPI-1 T3S, we used western blottin@ negative controkéay, SseB was secreted and associated with the
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Figure 2. Impact of DmreCon the transcription of flagellar genes. Transcriptional expression profiles dthD, flgA, fliA and fliC promoter

reporters in WT SL1344 (blue diamonds) ammreC(red squares) expressing thBhotorhabdus luminescernsixCDABE luciferase. Experiments were
repeated at least three times and error bars indicate standard deviation.
doi:10.1371/journal.ppat.1002500.g002
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Figure 3. Expression of  SalmonellaSPI-1 and SPI-2 effector proteinsin  DmreC. (A) Expression of SPI-1 proteins in WT SL132@yeC DSPI-1,

and DSPI-2 mutants during SPI-1 inducing conditions as revealed by western blotting with polycloa8ipA andaSipC antibodies. Expression of SPI-2

in WT SL1344DmreG DSPI-1, andSPI-2 mutants during SPI-2 inducing conditions as revealed by western blotting of membrane fraction samples
with polyclonal aSseB antibody. Samples representing total proteins and secreted proteins are shown. Arrows indicate the respective protein bands.
(B)Transcriptional expression profiles bfiA, hilC hilD, sopB(SPI-1) andsaG(SPI-2) promoter reporters in WT SL1344 (blue diamonds) &rdreC(red
squares). Experiments were repeated at least three times and error bars indicate standard deviation.

doi:10.1371/journal.ppat.1002500.g003

@ PLoS Pathogens | www.plospathogens.org 9 January 2012 | Volume 8 | Issue 1 | e1002500



SalmonellaCytoskeleton and Pathogenicity

125 f
*
o 100 I
2 *
2
o 75 I
o
L
|_
o 50
5
% I
O
s 2 I I
o
0 T T
WT AmreC ASPI-1 AmreC AmreC  Uninfected
pBADhIlA  pTK521
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doi:10.1371/journal.ppat.1002500.g004

bacterial membrane surface in both the wild-type abohreC Expression of SPI-2 T3SS genes were monitored using a
strains (Figure 3A). This provides qualitative evidence to suggesanscriptional reporter for the SPI-2 gessaGGwhose promoter
that in contrast to the SPI-1 T3SS, the SPI-2 T3SS appears tavas cloned upstream of tHaxCDABHuciferase operon in the
remain functional. plasmid pMK14ux[52]. The construct was transformed into wild-
type SL1344 andDmreC and the luminescence and ODG600
Expression of SPI-1 and SPI-2 Type 3 Secretion System measured during growth in SPI-2 inducing conditions (Figure 3B).
Regulatory Genes The ssa_Ci)romoter remains active in tthreOnutgnt although _
Several environmental signals and transcriptional factor&XPression appears to be delayed, and is marginally less than in
modulate expression of the SPI-1 T3SS. We wished to understant)/T- This evidence supports the western blot data ei#iseB and
the mechanistic basis by which expression of the SPI1-T3SS fé/ggests that in contrast to the SPI-1 T3SS, the SPI-2 T3SS
down-regulated. Within SPI-1 there are key transcriptional '€Mains functional in the absence of the cytoskeleton.
activators which regulate expression of SPI-1 genes: HilC, HilD,
HilA, and InvF. Both HilC and HilD activate expression of SPI-1 Function of the RcsC Two-Component System in
genes by binding upstream of the master regulatory ddAeo Regulation of SPI-1 T3S and Motility ibmreC
induce its expression[48]. HilA binds and activates promoters of Two-component regulatory systems are vital in sensingognvi
SPI-1 operon genes encoding the type 3 secretory apparatusjental and cell surface signals, enabling bacteria to lyapithpt to
several secreted effectors, and the transcriptional regulator Inviever changing conditions [53,54]. These signals are eéelteloy
InvF activates expression of effector genes inside SPI1 and alkistidine protein sensor kinases, which subsequentiférgshosphate
effector genes outside SPI-1 suclsagBand sopH47]. groups to an aspartate residue in the response regulatinsothus
Expression of selected SPI-1 T3SS genes was monitored usingpdulating their regulatory activities. The environmérsignals are
transcriptional promoter reporters imreC using constructs thus transmitted by a phosphorelay system to regulate genession.
harbouring thehilA hilG hilD, invFand sopBromoters fused to the In order to identify putative regulators of tHamreCobserved
promoterlessuxCDABEoperon that produces light in response to phenotypes, we have constructed knockout mutations in a range of
gene expression [49+51]. Each construct was introduced into bottwo-component systems. As an initial screen, a panel of nine
wild-type SL1344 andmreClepletion mutant, and the level of separate two-component system mutant strains were constructed as
expression of the promoters in these strains monitored bylouble mutants withDmreC One two-component system sensor
luminescence assays. WT SL1344 &bichreCcells harbouring  kinase mutationDrcsCresulted in recovery of SPI-1 effector
pCS26 or pSB401 vectors alone were used as controls, and did nekpression in th®mreMackground as judged by western blotting
produce any luminescence as expected. The reporter assaysing aSipC sera (Figure 5 panels A and B). Interestingly the
revealed that the SPI-1 transcription factor gene promoters fommount of SipC protein expressed and secreted from the cell was
hilA hilG hilD, and invFwere completely inactive ibmreCin less than the wild-type suggesting there are additional repressors
contrast to the wild-type strain. However the promotersopB continuing to operate (Figure 5 panels A and B and Figure S5).
located in SPI-5 remained active but its activity was marginallyFurthermore, disruption ofrcsCalso significantly de-repressed
lower than in the wild-type strain (Figure 3B). The regulation of motility (Figure 6 and Figure S6) in @mreOmutant similar to
many T3SS genes often require multiple signals for maximaBPI-1 expression, again suggesting there are additional repressors
expression and clearly other signals remain inDheeGlepletion  involved. Expression of the RcsC protairtransvas able to restore
mutant which drive expression of the SopB in SPI-5. the phenotype oDmrercsChack to the equivalent of BmreC
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Figure 5. Western blotting screen of  DmreCtwo-component system double mutants for recovery of SPI-1 T3S. Panels A and B show
western blots of total protein samples obtained from SL1344 WIDSPI-1PmreC DmreCDgseFPmreCDphoBRDmreCDyjiGH DmreCDbaeSRDmreC
DbasSRDmreCDhydH DmreCDgseBCDmreCDtctDE,DmreCDcpxARDmreCDresDB, andmreCDresCstrains withaSipC antibody. Panels C and D
show western blot of total protein samples obtained from SL1344 WDycsA,DrcsB,DrcsG DresD,DresF,DresDBPresCBand DmreCstrains along

with the DmreCDrcsA,DmreC DrcsB,DmreCDrcsC,DmreCDrcsD,DmreCDrcsF,DmreCDrcsDB and DmreC DrcsCBDdouble mutants with aSipC
antibody. SipC is indicated at approximately 43kDa.

doi:10.1371/journal.ppat.1002500.g005

strain, with respect to repressing SPI-1 type 3 secretion and motilitctivate the Rcs phosphorelay system. To investigate this we
These complementation studies provide further evidence supportonstructed &mreMrcsFmutant which failed to restore motility
ing the regulatory role of RcsC in timre@henotypes (Figure S7). or SPI-1 T3S and appeared phenotypically identicalDmreC
Rcs is a highly complex multi-component phosphorelay systeniFigure 5, S6). This would suggest that RcsF is not involved in the
and was originally identified in regulating genes involved in capsulebservedmre(henotypes. Furthermore as the auxillary protein
synthesis inEscherichia cf#i5,56]. The RcsC sensor kinase RCsA can interact and regulate RcsB, we therefore disrupted the
phosphorylates RcsD, which subsequently phopshorylates tHésAgene inDmreGand which also resulted in no impact on the
DNA binding response regulator RcsB. The unstable RcsA proteirpbserved phenotypes (Figure 5, S6).
and additional auxillary proteins can also interact and regulate In summary, we propose that RscC is sensing cell surface
RcsB. The Rcs system is involved in down-regulating the expressigrerturbations [58] inDmreCresulting from a disrupted cytoskel-
of flagella, SPI11-T3S and increasing biofilm formation [57]. eton, and subsequently down-regulating the expression of SPI-1
We therefore also construct@re@rcsBDmre@rcsDDmreC T3S and motility. This signalling appears to be independent of
DrcsDBind Dmre@rcsCBMnutants, which however did not restore  both ResF and RcsA.
either SPI-T3S or motility (Figures 5, 6, and S6). We propose that in
the absence of RcsC signalling, phosphorylated levels of RcsB aghemical Genetic Inactivation of the Essential MreB
depleted enabling de-repression of FIhDC and motility. TheProtein
presence of RcsDB appears essential for restoring motility in the A cell permeable compound named AZ2(B,4-Dichlorobenzyl)
absence of ResC [55]. The functionality of SPI-1 T3SS inDhereC  isothiourea] has been demonstrated to perturb MreB function [59].
DrcsC anBmre(DrecsDBmutants were assessed in a TER assayAs an alternative approach to genetically disrupting the essential
which revealed partial restoration of tight junction disruption in the genemreBwe exposed wild-typS&almoneltzultures to A22 and
Dmre@rcsCnutant, but not in theDmreMrcsDEFigure S8). observed a morphological change from rod to spherical-shaped
It has been suggested that the outer membrane protein RcsEells. In addition we phenotypically screened and tested A22-treated
may perceive some of the environmental signals necessary tells for motility and T3S. The A22-treated cells were phenotyp-
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Figure 6. Motility of  Salmonellamutant cells. Representative images showing the motility of SL1344 WOflhDCDmreCJ1 DmreG DmreCplus
IPTGDrcsG DmreCDrcsG DmreCDresDBand SL1344 WT plus A22 cells grown on motility agar ati&. White circles highlight the limits of motility
on the agar plates.

doi:10.1371/journal.ppat.1002500.g006

ically identical toDmreGwith respect to cell shape, motility, SPI-1 We therefore explored the colonization &@mreCusing the
T3S, and also SPI-2 T3S (data not shown). The effects of A22 weri@travenous route allowing us to examine the impact of the host
completely reversible following its removal (data not shown). Thusn the further down-stream stages of infection. Groups of 5 female
the chemical genetic inactivation of MreB, independently corrob-C57/BL6 mice were inoculated intravenously withical 03 colony
orates the phenotypic observations made \BithreC. forming units of either control SL1344 @mreCThe times taken
for clinical symptoms to appear were determined. Viable bacterial
The Salmonella mredperon Plays an Important Role in numbers in the spleen and liver for SL1344 were determined at days
o A ) 1 and 4, andDmreGt days 1, 4, 7, and 10. Tha vivdbacterial net
Colonization duringin vivo Infection ) rqrowth curves vividly demonstrate two clear phenotypic effects
The DmreCdefect clearly has an impact on the expression ofupon the growth oDmre@ompared to the wild-type. Firstly, there
important virulence determinants 8almonella in vitiée therefore g 5 greater initial kill obmreCand this is secondly followed by a
wished to investigate the contribution of the bacterial cytoskeletog|gwer net growth rate. However, in spite of the reduced growth rate
on the virulence oSalmonella in viiging the mouse model. We of DmreCthe bacterial numbers steadily increase over 6 days. This
observed that the SPI-1 T3SS iDmreCis completely down- eventually causes the onset of clinical symptoms necessitating
regulated, and as this virulence system is important for infectiofiermination of the experiment at day 10 (Figure 7). During these
through the oral route of inoculation the strain would be attenuated.stagesSalmoneliafect and multiply within macrophages and the
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Figure 7. Contribution of  DmreCto in vivo colonization. In vivogrowth kinetics of WT SL1344 anBmreCin livers and spleens of C57BL/6 mice
inoculated intravenously with 18 colony forming units. Viable bacterial counts in the spleen and liver were performed at days 1, 4, 7 and 10, and
expressed as mean log viable count+/2 standard deviation.

doi:10.1371/journal.ppat.1002500.g007

SPI-2 T3SS is essential for survival. Thus providing furthermicroscopy. Sections of livers and spleens were taken and stained

evidence to support the presence of a functional SPI-2 T3SS ias described in the materials and methods. Figure 8 demonstrates

DmreC Collectively, these observations imply theeCdefect the SalmonelmreGnutant strain retains the round morphology

reduces the virulence of the strain, but does not completelyn vivacompared to the rod shaped wild-type control. Collectively

abrogate its ability to multiply and cause disease systemitalyo  these data suggests that the mutation has remained stable during
the in vivgpassage for the virulence phenotypes tested.

Morphology in vivo ) _
Strains recovered frofim vivgpassage were tested for changes inRole of the Cytoskeleton in the Assembly, Regulation and

morphology, motility and T3S, and were found to be identical to Function of SPI-1 T3SS and Flagella

the input strain. Furthermore thi vivanorphology of the strain The regulation and assembly of SPI-1 T3SS and flagella are

within livers and spleens was determined by immunofluorescenceomplex. When the bacterial cytoskeleton is disrupted both the

Figure 8. Morphology of DmreC in host tissues. Representative fluorescence micrograph ddalmonellaSL1344 WT andmreC within a
phagocyte in infected livers of C57BL/6 mice at 72 h p.i. CD:8xpressing cells (red)SalmonellaDmreC (green), nucleic acid is indicated by DAPI
(blue). Scale bar, vm.

doi:10.1371/journal.ppat.1002500.g008
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Figure 9. Localization of flagella and Type 3 secretion systems. Panel A shows representative images &almonellaSL1344 WTDfIhDG
DmreGC and flagella-complementeddDmreCpTETIhDCcells. Panel B shows representative imagesS®dimonellaSL1344 WTDSPI1DmreCG and SPI-1
complemented DmreCpBADLhilA cells. Panel C shows representative imagesS#lmonellaSL1344 WTDSPI2, andmreC Fluorescence images of (A)
GFP-FliG, (B) Alexa48%ipD or (C) Alexa488SseB (top panels) and phase merged images (bottom panels) are shown in each panel. Scale bar
representing 1nm is indicated in the bottom right panel.

doi:10.1371/journal.ppat.1002500.g009

SPI-1 T3SS and flagella expression are down-regulated. Ayene appears to be essential in many organisms including as we
hypothesis is that the integrity of the cytoskeleton is essential foliscovered inSalmonellaviable mreBmutants often contain

the correct assembly of these complex macromolecular structureé®mpensatory changes in other genes fé&sgwhich compensate
and in its absence the SPI-1 and flagella gene expression are dowfer the lethality of themreBesion [37]. As an alternative strategy to
regulated to conserve resources. Alternatively, in the absence ofivestigate the function of the bacterial cytoskeleton and avoid
functional cytoskeleton the bacterial cell is stressed and shuts dowese deleterious effects, we carefully constructed depletion
the expression of energetically expensive ““non-essential" machimutants of mreCin strains harbouring a single-copy plasmid
ery. To test these ideas we wished to force on the expression @kpressing the MreB operon from theepromoter. In addition we
SPI-1 T3S and flagella genes, and examine whether these systefi@firmed the phenotypic effects of tinereCgenetic lesion by

are correctly assembled and functional. We therefore exprésseddisrupting the functions of MreB using a chemical genetics
transfrom heterologous inducible promoters either the flagella@PProach and inactivating MreB with A22.

master regulator FINDC or the SPI-1 T3S regulator HilA in a  Removal of the gratuitous inducer IPTG from the growth
panel of strains includin@mreCStrikingly, expression of FIhDC Mmedium of theDmreGiepletion mutant resulted in cells changing
restored both the expression and assembly of flagella on the cdIPm rod to a spherical shaped morphology. Using fluorescence
surface as determined by fluorescence microscopy (Figure 9A) afdcroscopy MreB was observed to be no longer distributed in a
motility assays (data not shownPimreCFurthermore, expression helical fashion throughout the cell but rather diffusely throughout
of HilA in transip-regulated expression of the SPI-T3SS and itsthe cytoplasm (data not shown). Presumably MreB polymers are
assembly on the cell surface as determined immunofluorescenB@ longer able to contact the cytoplasmic membrane via MreD
microscopy (Figure 9B) western blotting wilSipB antibody attachment sites resultlng in mls-gssembly of the entire cytoskel-
(Figure S9) or functionally by TER measurements (Figure 4). |eton. In growing cells, this disruption of the cytoskeleton leads to
contrast to SPI-1 T3SS and flagella, the expression of the SPI-®ss of the rod-shape.

T3SS was not turned off in th®©mreCmutant as shown in We next examined the motility ddmreCdepletion strain to
(Figure 9C). Interestingly, in WT cells the SPI-1 T3S apparatus2SSess the fu_nctionality of flagella. The strains were non-motile an_d
and flagella appear to be present in around six to eight copie¥/€stern blqttlng reve'c_lleq absence of the flagellin filament subu_nlt
mainly along the long axis of the cell. In marked contrast the SP|-Proteins FliC and FIjB in both secreted and also cytoplasmic
apparatus is typically present in one or two copies located at th@rOtelr_l fractions, Sugg_estlng expression of these alternanvg
poles of the bacterial cell [42], whereas their localisation appear8Ubunits had been switched off. Flagella gene expression is
less clear in thBmreGnutant, possibly due to perturbations in the ¢0mplex and involves a regulatory hierarchy of Class I, Class II,
cell envelope and the indistinct cell polarity in these cells caused §3d Class Il genes [38]. The classihDCoperon is the master
disruption of the cytoskeleton. The complementation of therégulator, and FINDC complex is required for transcriptional
functional assembly of SPI-1 T3SS was also confirmed usingctivation of th(_e clas_s Il genes mc_ludlng the specialized flagellar
TER assays, where the levels of decrease in resistance affd@ma factor FliA. FliA alone or with FINDC complex, activates
infection with DmreGstrain reverted to that of the parent strain €xpression of the class Ill operon genes encoding motor proteins,
upon induction of the transcriptional regulatbilA(Figure 9B and ~ hook-associated proteins, the filament protein, and chemotaxis
S9), or complementation of tHemreGnutation (Figure 4). Taken Proteins [39,40]. Expression of the FInDC complex was reduced
together the data support the notion that the cytoskeleton is noPut still appeared comparable between the wild-type and the

required for the correct assembly of these virulence factors bdemreGuggesting changes in the promoter activitflllbC alone
essential for their expression. are not responsible for the observed phenotype. Class Il gene

expression was significantly reduced. Expression of the Class Il
genefliC was completely down-regulated confirming the western
blot observations. Hence these independent observations are in
Bacterial cells possess dynamic cytoskeletons composed astordance with th®mreQnotility data. Thus in the absence of
diverse classes of self-assembling polymeric proteins. Sometloé cytoskeleton expression of class Il and class Il flagella genes
these proteins resemble eukaryotic actin, tubulin, and intermediatappears to be down-regulated.
filaments both structurally and functionally [5,7,11,12]. The Expression of the SPI-1 T3S system is essential for invasion of
bacterial tubulin FtsZ plays a key role in cell division. Bacterialintestinal epithelial cells and the SPI-2 T3SS plays a central role in
actins provide vital functions in maintaining cell morphology, survival within the hostile environment of a macrophage [43].
segregating DNA, and positioning bacterial organelles. It hasVestern blotting revealed the SPI-1 T3S structural protein PrgH
recently been demonstrated idelicobacter pylthat MreB is  and the effectors SipA and SipC were no longer expressed or
essential not for cell shape but for maintenance of the fulkecreted in th®mreQlepletion mutant. The phenoptype was fully
enzymatic activity of urease, an essential virulence factor [60komplementable by the addition of IPTG. Several environmental
Furthermore the MreB cytoskeleton is also essential for the polasignals and transcriptional factors modulate expression of the SPI-
localisation of pili inPseudomonas aeruffiipsa 1 and SPI-2 T3SS [43,45,62]. We wished to understand the
Using a variety of approaches we have demonstrated thenechanistic basis by which expression of the SPI1-T3SS is down-
importance of the bacterial cytoskeleton in the pathogenicity ofegulated. Within SPI-1 there are key transcriptional activators
SalmonelldMreC and MreD form a complex in the cytoplasmic which regulate expression of SPI-1 genes: HilC, HilD, HilA, and
membrane, which subsequently interacts with MreB. TheeB  InvF. Using promoter-luciferase transcriptional reporter assays it

Discussion
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was revealed that the SPI-1 transcription factor gene promoters faystem sensor RcsC as an important regulator controlling
hilA hilG hilD, and invFwere completely inactive iDmreCjn expression of these systems, presumably as a consequence of
marked contrast to the control wild-type strain. Surprisingly, thesensing membrane perturbations brought about by the disruption
promoter ofsopBocated outside of SPI-1 in SPI-5 remained active of the cytoskeleton [58].
but its activity was marginally lower than in the wild-type strain. With a non-functional SPI-1 T3SS, we would expect BrareC
The regulation of many T3SS genes often require the input ofwould be attenuated in mice when administered by the oral route
multiple signals for maximal expression and clearly other signalas it is unable to invade intestinal epithelial cells by the SPI-1
remain in theDmreQlepletion mutant which drive expression of T3SS. We therefore explored the colonization hreC in vivo
the SopB in SPI-5. It therefore appears that the SPI-1 T3SS isising the intravenous route of inoculation [66]. This provides an
completely down-regulated in the absence of an cytoskeleton by apportunity to examine the impact @mre@n the down-stream
unidentified regulatory factor. In contrast, the SPI-2 T3SS stages of infectiorSalmoneliafect and multiply within macro-
remains functional as evidenced by western blotting with SsePhages during the systemic stages of infection. Survival within the
antibody and promoter-reporter assays. This is further corrobo-ostile environment of the macrophage would require a functional
rated with thein viveevidence that following systemic inoculation, SPI-2 T3SS in theSalmoneltantaining vacuole to remodel the
Dmreds able to survive and multiply within the host. This takes host cell environment and survive attack from reactive oxygen free
place within the hostile environment of the macrophage whereradicals [64,67,68]. By examining thie vivanet bacterial growth
SPI-2 T3S is essential for biogenesis of $ladmoneltaontaining  curves within livers and spleens two clear phenotypic effects were
vacuole and survival [43,63,64]. revealed withDmreCcompared to the wild-type. Greater initial
We wished to gain further insights into the mechanistic basis dkilling of Dmreds followed by a slower net growth rate with the
the down-regulation of both SPI- T3SS and motility DmreC  bacterial numbers steadily increasing over six days. Clinical
Two-component systems play an essential role in sensing argymptoms begin to appear and by day ten these symptoms
responding to environmental and cell surface signals [54]. Toecessitate termination of the experiment. The phenotypic data
investigate if two-component systems contribute to the regulatioglearly imply the DmreCdefect reduces the colonization of
of the Dmre(henotypes, we constructed a panel of separate twoSalmonellaut does not completely abrogate its ability to multiply
component system mutant strains in Bmreackground. The — and cause disease systemidallyivoThis would suggest that the
double mutants were screened for recovery of motility andsecond T3S inSalmoneliencoded on SPI-2 remains sufficiently
expression of the SPI-1 T3SS. A mutation in theGensor kinase functional to permit growth in the absence of the cytoskeleton.
gene resulted in significant but not complete recovery of both In the absence of an intact cytoskeletorbmreGhe expression
motility and expression of the SPI-1 T3SS. of the SPI-1 T3SS and flagella are clearly down-regulated.
The Rcs phosphorelay system regulates a broad range of gen8ikingly however, the SPI-2 T3SS appears to remain functional
from capsule synthesis B colito increasing biofilm formation contributing to the virulence of thBmreGtrain observeh vivoA
[58]. RcsC also plays an important role in repressing expression ¢fossible explanation could be that the regulation of the SPI-2
flagella and SPI-1 T3SS iBalmonelphi [57]. The ResC sensor  T3SS is co-ordinated independently of the integrity of the
kinase normally phosphorylates RcsD, which subsequentlgytoskeleton in contrast to flagella and SPI-1 T3SS. Collectively
phosphorylates the DNA binding response regulator RcsBthese data highlight the importance of the bacterial cytoskeleton in
However, in DmreCDrcsDBand DmreCDrcsCBDthere was no  the ability of Salmonelléo cause disease, and may provide
restoration of either motility or expression of the SPI-1 T3SSopportunities for the development of new antimicrobials to target
suggesting that RcsC signals repression and requires the preseriige cytoskeleton.
of rcsDBto mediate this effect. We propose that DmreCthe
sensor kinase RscC detects cell surface perturbations and dowSupporting Information

regulates expression of flagella and the SPI-1 T3S apparatus [58]. . .
This signalling is independent of both the outer membrane'llgure S1 Expression of MreC in complemented = DmreC

: : P . —cells. Western blot of total protein samples from SL1344 WT,
:;p;o;xotem RcsF sensor and the auxilliary regulatory prOtemDmreC,lereCand DmreGlus 100nM IPTG cells usingaMreC

There are a number of explanations to provide a bacterialamibOdy' MreC s indicated at approximately 38kDa and is

rational for this shutdown in expression. In the absence of d_ll_s”t:mgwshable from background bands.

functional cytoskeleton the flagella and SPI-1 T3SS are either no )

being correctly assembled, triggering a feedback loop to represigure S2 Growth curve of Salmonella mutant cells. Log
expression, or alternatively are down-regulated to prevent the ceihase growth of SL1344 WDmreCIDmreCDmre®lus 100nM
from wasting valuable resources under these conditions. To te#®TG, and A22 treated SL1344 WT cells. Strains were grown in
the assembly idea, we forced on the expression of flagella and SRIB media at 3TZC.

1 T3SS genes by expressing the regulaia3Cor hilA in trans (TIF)

DmreC.Using independent methods we observed the correct.. -

assembly and function of these macromolecular machine%/'lgqr.e 3 Motilty of ~Salmonella Dmre mutant cells.

. . ; . . otility of SL1344 WT, DflhDG DmreC1 DmreC DmreCplus
suggesting the cytoskeleton is not essential for functionality. Th oM IPTG. and A22 treated SL1344 WT shown as a
cytoskeleton could also have a role in sensing cellular stress, as g ' . - -

€rcentage of the wild type. Strains were grown on motility agar

recently been suggested by Chiu and colleagues [65]. The! . .
: ; . t 37UC. Experiments were repeated at least three times and error
propose that the integrity of the cytoskeleton may be exploited b)fJars indica[t)te sD.” Indicateg statistical difference from WT

the cell to monitor oxidative stress and physiological status. If th 0.05)
cytoskeleton disintegrates in the absence of MreC, this may %IF. '
sensed by the cell leading to a shut-down of the SPI-1 T3 )

apparatus and down-regulation of flagella protein expression. W€igure S4 Translocation of SipB SPI-1 effector protein
have provided mechanistic insights into the regulation of motilityinto Caco-2 cells. Western blot of host cytosol fractions with
and SPI-1 T3S inDmreCWe have identified the two-component aSipB antibody following infection of cells with Salmonella
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SL1344 WT,DSPI-1,DmreCiDmreG+/ 2 IPTG) mutants. SipB
is indicated at approximately 65kDa.
(TIF)

Figure S5 Secretion of SPI-1 effector protein SipC in
DrcsC mutant cells. Western blot of secreted protein samples
from SL1344 WT, DmreC DSPI-1, DSPI-2, DrcsC and DmreC
DrcsCcells usingaSipC antibody. SipC is indicated at approxi-
mately 43kDa.

(TIF)

Figure S6 Motility of Salmonella Drcs mutant cells.
Motility of SL1344 WT, DmreC,DfhDC, DrcsA,DrcsB,DrcsC,
DrcsD DresFDresDBDresCBDDmrerecsADmre@rcsBDmreC  antibody. SipB s indicated at approximately 63kDa, and a
DrcsC,DmreCDresD, DmreCDresF, DmreCDrecsDB,and DmreC  breakdown product is evident.

DrcsCBIzells shown as a percentage of the wild type. ExperimentéT1F)

were repeated at least three times and error bars indicate SD.

Strains were grown on motility agar at (&7. Acknowledgments
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* Indicates statistical difference from WT, (p.05).

(TIF)

Figure S9 Complementation of Salmonella Pathogenic-

ity Island SPI-1 in DmreC mutant. Expression of SPI-1
proteins in WT SL1344,DSPI-1, and DmreCmutants, and
complementedDmreCpBADAhilA strain during SPI-1 inducing
conditions as revealed by western blotting with polycla&ipB

shown as a percentage of the wild type. Experiments wer@ndrews for valuable discussions.
repeated at least three times and error bars indicate standard

deviation.

(TIF)

Figure S8 Percentage change in transepithelial resis-
tance of differentiated Caco-2 cells after 4hr infection
with  Drcs mutant strains.
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