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A heterogeneous subset of extraintestinal pathogenic Escherichia coli (ExPEC) strains, referred to as uropathogenic E. coli
(UPEC), causes most uncomplicated urinary tract infections. However, no core set of virulence factors exists among UPEC
strains. Instead, the focus of the analysis of urovirulence has shifted to studying broad classes of virulence factors and the inter-
actions between them. For example, the RTX nonfimbrial adhesin TosA mediates adherence to host cells derived from the upper
urinary tract. The associated tos operon is well expressed in vivo but poorly expressed in vitro and encodes TosCBD, a predicted
type 1 secretion system. TosR and TosEF are PapB and LuxR family transcription factors, respectively; however, no role has been
assigned to these potential regulators. Thus, the focus of this study was to determine how TosR and TosEF regulate tosA and af-
fect the reciprocal expression of adhesins and flagella. Among a collection of sequenced UPEC strains, 32% (101/317) were found
to encode TosA, and nearly all strains (91% [92/101]) simultaneously carried the putative regulatory genes. Deletion of tosR alle-
viates tosA repression. The tos promoter was localized upstream of tosR using transcriptional fusions of putative promoter re-
gions with lacZ. TosR binds to this region, affecting a gel shift. A 100-bp fragment 220 to 319 bp upstream of tosR inhibits bind-
ing, suggesting localization of the TosR binding site. TosEF, on the other hand, downmodulate motility when overexpressed by
preventing the expression of fliC, encoding flagellin. Deletion of tosEF increased motility. Thus, we present an additional exam-
ple of the reciprocal control of adherence and motility.

Urinary tract infections (UTIs) are the second most common
bacterial infection in humans (1). UTIs can be classified as

complicated or uncomplicated infections. Uncomplicated UTIs,
occurring in otherwise healthy individuals, are self-limited infec-
tions of the bladder, referred to as cystitis (2–4). However, upon
bacterial ascension into the kidney, a more serious infection re-
ferred to as pyelonephritis can develop (2, 4). Pyelonephritis, in
turn, can lead to the development of bacteremia and sometimes
fatal urosepsis (5, 6).

UTIs normally occur when uropathogens that colonize the in-
testine alongside commensal organisms gain access to the periure-
thral area and then ascend to the urinary bladder (7, 8). A heter-
ogeneous subset of extraintestinal pathogenic Escherichia coli
(ExPEC) strains, referred to as uropathogenic E. coli (UPEC),
causes the overwhelming majority of uncomplicated UTIs (4).
UPEC strains carry a battery of virulence factors, including ad-
hesins, toxins, and iron acquisition systems, which promote uro-
pathogenesis (9, 10). However, no core set of virulence factors has
been identified. Instead, any given UPEC strain appears to use
various virulence factors from these three classes of virulence de-
terminants to colonize the urinary tract (11, 12). This thesis re-
quires that we consider established, newly discovered, and puta-
tive virulence factors, as well as the interactions among them, to
better understand urovirulence.

Adhesins represent one broad class of virulence determinants.
Fimbrial adhesins assembled via the chaperone-usher pathway are
the most extensively studied adherence factors (13, 14). Indeed,
the genes necessary to synthesize two chaperone-usher fimbriae,
type 1 and P fimbriae (pyelonephritis-associated pili), were
among the first cloned virulence factor genes (15, 16) and are
important during experimental and human UTIs, respectively
(17–23). In addition, the genes for seven other putative chaper-

one-usher fimbriae are carried by prototype UPEC strain CFT073
alone (24). On the other hand, nonfimbrial adhesins have gar-
nered less attention than chaperone-usher adhesins. These ad-
hesins, nevertheless, can also contribute to uropathogenesis (25–
30), underscoring the importance of continued study of this
adhesin class.

In addition to adhesins, flagellum-mediated motility also con-
tributes to the development of infection ascending to the upper
urinary tract (31–33). It is now recognized, however, that adher-
ence genes and flagellar genes can be reciprocally coordinated
(34–39). In this network, it is logical that an adherent bacterium
should not be motile and a motile bacterium should not be adher-
ent. That is, when fimbrial genes are expressed, flagellar genes
should be repressed, and vice versa.

With respect to nonfimbrial adhesins, we have previously de-
scribed that UPEC strain CFT073 contains within its aspV patho-
genicity island (PAI) an RTX (repeats-in-toxin) nonfimbrial ad-
hesin, referred to as TosA (or type one secretion A; originally
annotated UpxA) (24, 26). RTX proteins are typically thought of
as toxins that are secreted through a type 1 secretion system and
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diffuse away from the bacterium to mediate effects on the host.
This is exemplified by the family prototype �-hemolysin (40–46).
However, adhesins that are secreted in the same manner but that
remain associated with the bacterial cell surface are a growing
group of RTX proteins composed of at least six other well-charac-
terized members (47). We presume that TosA contributes to uro-
pathogenesis by binding to receptors on the surface of host epi-
thelial cells derived from the upper urinary tract. Indeed, deletion
of tosA creates a fitness and virulence defect for E. coli CFT073
during an experimental transurethral cochallenge of mice with the
parental wild-type strain (26) or independent challenge (48). The
same mutant also shows a fitness defect in the spleens and livers
during bacteremia, suggesting a function for TosA during urosep-
sis (27). The tosA gene was previously found in an estimated one-
fourth of UPEC strains (11, 26).

An intriguing feature of the tos operon is its strong in vivo
expression but poor in vitro expression (27). Indeed, TosA was
discovered in an in vivo-induced antigen technology (IVIAT)
screen that identified gene products preferentially expressed in
vivo (48). The mechanism that explains tight regulation is not
understood. Therefore, the focus of this study was to identify reg-
ulatory elements associated with tosA expression and the conse-
quences of this regulation as it relates to the reciprocal regulation
of motility and adherence. We found that TosR, a PapB family
member, represses expression of tosA, while TosE and TosF, two
members of the LuxR family, mediate the repression of motility.
This work furthers our understanding of how adhesins are regu-
lated and helps to describe the underlying network governing the
interplay between adherence and motility.

MATERIALS AND METHODS
Strain construction. E. coli CFT073 �tosR, �tosE �tosF, and �tosR �tosE
�tosF deletion mutants were generated and screened via PCR in an un-
marked �lacZ background using the primers described in Table 1 and the
bacteriophage lambda red recombineering method previously described
(49). The original �lacZ construct was selected for on lysogeny broth (LB)
agar (10 g/liter tryptone, 5 g/liter yeast extract, 0.5 g/liter NaCl, 15 g/liter
agar) containing chloramphenicol (20 �g/ml) and unmarked as previ-
ously described (49). All other mutants were selected for on LB plates
containing kanamycin (25 �g/ml). In the case of the �tosR aph� strain,
the deletion mutation was unmarked as described above to produce the
�tosR strain. The tosR mutation was also moved into a clean background
of wild-type E. coli CFT073 by transduction using phage �EB49 (50), with
the following modification: phage lysate and an overnight culture were
incubated together at room temperature for 20 min at a ratio of 1:5. These
constructs were verified by PCR using the primers listed in Table 1. The
�tosR mutation was also verified by DNA sequencing.

TosR-His6 was constructed by cloning tosR into the NcoI and HindIII
sites of pBAD-myc-HisA (Invitrogen). A tosEF overexpression construct
was generated by cloning tosEF into the PstI and XhoI sites of pBAD-myc-
HisA. All constructs were verified by PCR, and the pBAD-tosR-His6 con-
struct was verified by DNA sequencing. Plasmids were maintained in LB
containing ampicillin (100 �g/ml). The primers used for generating and
screening the plasmid constructs are described in Table 1.

lacZ transcriptional fusions of intergenic regions within the tos operon
were generated by cloning the 600-, 233-, and 198-bp regions upstream of
tosR, tosC, and tosA, respectively, into the EcoRI and BamHI sites of
pRS551 (36), generating pRS551-(PR, PC, PA)-lacZ. The constructs were
verified by PCR and DNA sequencing in the case of pRS551-PC-lacZ and
pRS551-PA-lacZ. Plasmids were maintained in LB containing kanamycin
(25 �g/ml). The primers used to generate and screen these transcriptional
fusions are listed in Table 1.

Bioinformatics. A structural prediction of the TosA 335-amino-acid
tandem repeats (27) was constructed by entering this sequence into the
Phyre2 server (51) under the normal modeling mode option. The highest-
scoring predicted structure was selected as the putative structure of the
TosA repeat amino acid sequence.

To construct a GC sliding window plot of the tos operon, a sequence of
12,200 bp, including the entire tos operon and adjacent nucleotide se-
quences, was entered into the SeqinR R environment (52). We modified a
sliding window plot of the GC content program (http://a-little-book-of-r
-for-bioinformatics.readthedocs.org/en/latest/src/chapter2.html) to con-
struct a 200-bp sliding window GC content plot of the tos operon in R
(version 3.0.1), which was fit to a representation of the tos locus. The
average GC content for each gene and the total E. coli CFT073 chromo-
some was estimated using the sequence statistics feature of the SeqBuilder
program (DNAStar).

The prevalence of the genes encoding predicted regulators TosR, TosE,
and TosF was estimated by entering the first 100 amino acids of TosA from E.
coli CFT073 into the BLAST query tool available on the Broad Institute’s
UTI Bacteremia Initiative website (https://olive.broadinstitute.org
/comparisons/ecoli_uti_bacteremia.3) (E. coli UTI Bacteremia Initiative,
Broad Institute [broadinstitute.org], unpublished data). A search was per-
formed against the genomes present in this database with an arbitrary E
value cutoff of 1 � 10�20. The results from this search represent strains
carrying the tosA gene. The E. coli CFT073 amino acid sequences for TosR,
TosE, and TosF were then subjected to the same BLAST search. The re-
sulting hits from these searches were correlated with tosA prevalence. The
predicted amino acid sequences of the TosR, TosE, and TosF variants were
aligned with the MegAlign (DNAStar) and Clustal V programs. In addi-
tion, within the SeqinR (52), Biostrings (53), and gdata (54) R environ-
ments, we analyzed the GC content of the tos genes from the UPEC strains
described above using several algorithms that we developed.

Deletion mutant and overexpression construct experimental cul-
ture conditions. The tos operon deletion constructs were cultured at 37°C
in LB containing kanamycin (25 �g/ml) to mid-log phase (A600 	 0.5).
Bacteria were harvested by centrifugation at 6,000 � g for 10 min. The cell
pellet was resuspended in 10 mM HEPES, pH 8.3 to 8.9, and centrifuged
again. The bacterial cell pellet was again resuspended in 10 mM HEPES,
pH 8.3 to 8.9. The cell suspension was stored at �30°C prior to quantifi-
cation with a Pierce bicinchoninic acid (BCA) protein assay kit (Thermo
Scientific) and Western blotting.

The pBAD-tosR-His6 construct was induced in the unmarked �tosR
background with 0.05, 0.2, 0.6, 3, and 10 mM L-arabinose in LB containing
ampicillin (100 �g/ml) until the culture reached mid-log phase (A600 	 0.5).
Whole-cell proteins were collected, stored, and quantified as described above.

To assay fliC expression, the pBAD-tosEF construct was induced in E.
coli CFT073 with no or 30 mM L-arabinose in tryptone broth (10 g/liter
tryptone, 5 g/liter NaCl) containing ampicillin (100 �g/ml) for 2.5 h.
Material was harvested as described above, with the exception that the
culture was centrifuged only once at 1,100 � g for 10 min prior to resus-
pension in 10 mM HEPES, pH 8.3 to 8.9, and the suspension was stored at
�30°C.

Western blotting of deletion mutants and overexpression con-
structs. To detect TosA, total protein from the tos deletion mutants, E. coli
CFT073, or E. coli CFT073 carrying the pBAD overexpression constructs
was collected and Western blotting was performed. Briefly, equal amounts
of total proteins, determined using a Pierce BCA protein assay kit
(Thermo Scientific), from specific constructs were resolved, transferred,
and blotted with polyclonal anti-TosA antibodies (27), polyclonal anti-
FliC antibodies (37), or an anti-His6 antibody (Invitrogen).

�-Galactosidase assay. Miller assays were performed as previously
described (55), with the exception that bacteria harboring the lacZ tran-
scriptional fusions described above were cultured to mid-log phase
(A600 	 0.6 to 0.8) in LB containing kanamycin (25 �g/ml) and, after
resting on ice and centrifugation, were resuspended in Z buffer (pH 7.0; 60
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mM Na2HPO4·7H2O, 40 mM NaH2PO4, 1 M KCl, 1 mM MgSO4, 50 mM

-mercaptoethanol).

TosR-His6 purification. TosR-His6 protein was isolated by incubating
50-ml cultures of CFT073 harboring pBAD-tosR-His6 to mid-log phase
(A600 	 0.5) in LB containing ampicillin (100 �g/ml) and subsequently
inducing expression with 10 mM arabinose for 2.5 h. Bacteria from this
culture were pelleted at 2,700 � g and stored at �30°C. TosR-His6 was
extracted using a modified QIAexpressionist protocol (Qiagen). Briefly,
the cell pellet was resuspended in lysis buffer (pH 8.0; 50 mM NaH2PO4,
300 mM NaCl, 40 mM imidazole) and passed three times through a
French pressure cell at 1,200 lb/in2. Cellular debris was cleared by centrif-
ugation at 10,000 � g. The Ni-nitrilotriacetic acid (NTA) agarose (Invit-
rogen) was equilibrated as described in the QIAexpressionist protocol

(Qiagen), with the exception that half of the volumes of Ni-NTA and lysis
buffer were used in this step. Cleared lysate was incubated with Ni-NTA
agarose at room temperature for 30 min and subsequently run through a
column. The column bed was washed three times with washing buffer (pH
8.0; 50 mM NaH2PO4, 300 mM NaCl, 60 mM imidazole), and bound
proteins were eluted with elution buffer (pH 8.0; 50 mM NaH2PO4, 300
mM NaCl, 250 mM imidazole). Eluted proteins were concentrated with
10-kDa-cutoff Amicon ultracentrifugal filters (Millipore) and quantified
using a 2-D Quant kit (GE Healthcare); this concentrate was dissolved in
10 mM HEPES, pH 8.3 to 8.9. The purity of the TosR-His6 concentrate
was assessed on a 12% SDS-polyacrylamide gel, and the gel was stained
with SimplyBlue SafeStain (Life Technologies). The presence of TosR-
His6 was confirmed by Western blotting, as described above.

TABLE 1 Oligonucleotide primers used in the study

Primera Sequence (5=–3=)
�lacZ F GAAATTGTGAGCGGATAACAATTTCACACAGGATACAGCTGTGTAGGCTGGAGCTGCTTC
�lacZ R CTTACGCGAAATACGGGCAGACATAGCCTGCCCGGTTATTAATGGGAATTAGCCATGGTCC
�lacZ Screen F GAAAGCAGACCAAACAGCGG
�lacZ Screen R TAACAGAACGGGAAGGCGAC
�tosR F ATAATAAATTAAACATTGAATAATGTGTAATGGTATGGCAGTGTAGGCTGGAGCTGCTTC
�tosR R ACTAAAAACTATTATTATAATATTCACTTAGCAATGCGCAATGGGAATTAGCCATGGTCC
�tosR Screen F CGACGTGCGCCATCGTGTCTG
�tosR Screen R GATTGTGCCGAAGTTAACTCCGCCC
�tosE�tosF F TATATACTTCTTGTAGAAGGCATAATGTATGAATATAATGGTGTAGGCTGGAGCTGCTTC
�tosE�tosF R CTTATCTACATAATAATAGACCTTTGTAAAATAACTGTATATGGGAATTAGCCATGGTCC
�tosE�tosF Screen F GGCTGACGGAGCGGGAAGTCTG
�tosE�tosF Screen R GCCCACTCATCAGTGAGTACCC
pBAD-tosR-HisA F NNNNCCATGGCTTGTAATGGTATGGCAGATCATATACAG
pBAD-tosR-HisA R NNNNNAAGCTTCGCCCGAAAACTATTATTATAATATTCACTTAGCAATGCGCA
pBAD-tosEF F NNNNCTCGAGTAATATAATGATTGTTACGCACAATAAATATC
pBAD-tosEF R NNNNCTGCAGTTATCTACATAATAATAGACC
pBAD Screen F TGCCATAGCATTTTTATCC
pBAD Screen R CTGATTTAATCTGTATCAGG
PR F NNNNNGAATTCGTCAGTCGAAACTCAGGAGTGTGGAGG
PR R NNNNNGGATCCCTGTATATGATCTGCCATACCATTACACAT
PC F NNNNGAATTCATTTTTATATCCACCCCCCCTTTAA
PC R NNNNGGATCCTTTTATGATTTTTATTTAAAATATT
PA F NNNNGAATTCTTTATTATATTATTAATATCATGGC
PA R NNNNGGATCCATAAAATCCTTAGGCTAATTAAAAC
Promoter Screen 1 F (PR) NNNNGGTACCATAAACTGCCAGGAATTGGGGATCG
Promoter Screen 2 F (PC and PA) CCGCCGGGAGCGGATTTGAA
Promoter Screen R (PR, PC, and PA) GATCGGTGCGGGCCTCTTCG
PtosR Shift F (PtosR1 F) AAGTTTTGGGGTGCAGTCCAC
PtosR Shift R (PtosR7 R) CTGTATATGATCTGCCATACCATTACACAT
lacZ Shift F GCGAATACCTGTTCCGTCATAGCG
lacZ Shift R CATCGCCAATCCACATCTGTGAAAG
PtosR1 R TAGATATTATTGTTATCCATCATGT
PtosR2 F TTTAATCACTACCGCCTTGGTCGCT
PtosR2 R GCATTTTTTTGGTAAAAATCAATTTTTATA
PtosR3 F TAATATAGATATTATCTGCATATAA
PtosR3 R AAAAAGTGAAATCTCAAAACAAAAAAT
PtosR4 F CCATTTGTTTTATTTTATAAATAATTTTTTG
PtosR4 R TACTAGAGATTACATCTAAAAAATT
PtosR5 F TTAGATAAAAACCCTACAGAGAAGT
PtosR5 R CCTCAATCAAAAAACCATTAAATGAAATTTA
PtosR6 F TTATTGGTTTTATTGGTTTTAAATTTCATTT
PtosR6 R TATTGATTCACATTATAAATACATATT
PtosR7 F GCAAAAAAAATTTGATGCAAACAAATATG
tosA-tosE F CTCAGTTAGTCAAGTTAACGGCATCGG
tosA-tosE R GATGACAGGCTACTTATTGATTCTACTGG
tosE-tosF F CCATGGGTGGAATGTAGCAAGTATTGC
tosE-tosF R GCGTGGATAATATCCCTGAGAAAATC
a F, forward, R, reverse.
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Electrophoretic mobility shift assay of the tos operon promoter.
PCR was performed to amplify PtosR and lacZ DNA probes using the gel
shift primers described in Table 1 and Easy-A high-fidelity enzyme (Agi-
lent). These probes were terminally labeled with digoxigenin-11-ddUTP
(DIG-ddUTP) using a 2nd-generation DIG gel shift kit (Roche Applied
Science). Assessment of probe labeling efficiency, TosR-His6 DNA bind-
ing reactions, and resolution and detection of shifted DNA probes were all
performed as described in the same kit protocol, with the exception that
the 25-min binding reaction mixtures contained only binding buffer [pH
7.6; 100 mM HEPES, 5 mM EDTA, 50 mM (NH4)2SO4, 5 mM dithiothre-
itol, 1% (vol/vol) Tween, 150 mM KCl], in addition to proteins and la-
beled or unlabeled DNA probes. The concentrations of gel running and
transfer buffers were increased to 1� TBE (89.0 mM Tris, 89.0 mM boric
acid, 2.0 mM EDTA, pH 8.0), and the anti-DIG-alkaline phosphatase
detection antibody dilution used was decreased to 1:1,000 from 1:10,000.

Unlabeled �100-bp PtosR fragments were generated using the primers
described in Table 1. An electrophoretic mobility shift assay was again
performed as described above on DIG-ddUTP-labeled PtosR using the
aforementioned PCR products as unlabeled competitors. However, 5% of
the amount of the labeled probe described above was used in these com-
petition electrophoretic mobility shift competition assays.

RNA extraction and RT-PCR. cDNAs were synthesized from equal
amounts of RNAs extracted from wild-type E. coli CFT073 and the �tosR
constructs in exponential phase (A600 	 0.4 to 0.5) that had been cultured
in LB as previously described (48). An exception to this extraction proto-
col was that half the amount of cellular material previously described was
stopped with half the amount of stopping solution (5% phenol in etha-
nol). Reverse transcriptase (RT) PCR was performed on equal amounts of
the above-described cDNAs using primers, described in Table 1, directed
against the tosAE intergenic region or the tosEF intergenic region. Equal
volumes of each PCR mixture were loaded into the sample lanes, and
DNA amplicons were resolved on a 1% (wt/vol) agarose gel.

Motility assays. Overnight cultures of E. coli CFT073 harboring
pBAD-myc-HisA, pBAD-tosR-His6, and pBAD-tosEF were normalized to
an A600 of 1.0 in 10 mM HEPES, pH 8.3 to 8.9, and stabbed into soft agar
(10 g/liter tryptone, 5 g/liter NaCl, 2.5 g/liter agar) containing ampicillin
(100 �g/ml) with 33.3 mM L-arabinose. After 17 h of incubation at 30°C,
the diameter of the zone of swimming was measured. The �tosR, �tosE
�tosF, �tosR �tosE �tosF, and wild-type constructs were also assayed as
described above, with the exception that the soft agar did not contain
antibiotics or L-arabinose.

Growth curve generation. Overnight cultures of E. coli CFT073 har-
boring pBAD-myc-HisA, pBAD-tosR-His6, and pBAD-tosEF were diluted
1:100 into tryptone broth (10 g/liter tryptone, 5 g/liter NaCl) containing
ampicillin (100 �g/ml) and 30 mM L-arabinose. Constructs were cultured
at 30°C for 24 h in a Bioscreen C automated growth curve system, with
A600 readings being recorded every 15 min. This procedure was the same
for the �tosR, �tosE �tosF, �tosR �tosE �tosF, and wild-type constructs,
with the exception that the tryptone broth did not contain antibiotics or
L-arabinose.

Statistical analysis. The statistical significance of all single compari-
sons was determined using an unpaired Student’s t test. Multiple compar-
isons were made using an unpaired analysis of variance (ANOVA) fol-
lowed by Tukey’s multiple-comparisons test. With the exception of the tos
operon GC content plot graphed in R (version 3.0.1), all other graphs and
statistical testing were performed with GraphPad Prism software (version
6.0).

RESULTS
The tos operon of E. coli CFT073 encodes the TosA adhesin, the
type 1 secretion system, and three putative regulators. In E. coli
CFT073, the tos operon encodes the high-molecular-weight RTX
nonfimbrial adhesin, TosA (Fig. 1A and B). In addition, the tos
operon contains genes for a putative type 1 secretion system, to-
sCBD. TosC is predicted to form the outer membrane pore

through which TosA is released from the secretion system, TosB is
the predicted ATPase/TosA recognition factor, and TosD forms
the predicted periplasmic channel through which TosA passes (27,
56). Three open reading frames of previously unknown function,
now annotated tosR, tosE, and tosF, are also located within the tos
locus. TosR is a homolog of the PapB family of adhesin regulators,
and TosE and TosF align with LuxR family members (27).

To assess whether TosA may possess structural features found
in other nonfimbrial adhesins (47), a bioinformatics approach
was taken to predict TosA features. We previously identified that
TosA contains five tandem 335-amino-acid sequence repeats (27).
A Phyre2 model (Fig. 1A) (51) predicts that the structure of these
repeats is similar to that of the bacterial immunoglobulin-like
domain group 3 (BIg 3) repeats found in the Salmonella enterica
nonfimbrial adhesin SiiE (57). Like other RTX nonfimbrial ad-
hesins (47), TosA also contains 10 RTX repeats near its carboxyl
terminus (27) and a putative transmembrane domain near its
amino terminus.

tos operon genes are broadly conserved among UPEC
strains. As the GC content of genes within an operon tends to be
similar (58), to determine whether this was also the case for the tos
operon, we tracked the tos operon GC content using a 200-bp
sliding window (data not shown). The GC content of the struc-
tural genes (tosCBDA), 48.5%, was similar to that of the E. coli
CFT073 backbone (average, 50.5%). However, the GC content of
the putative regulatory genes, tosR, tosE, and tosF, was 29.1%,
significantly lower than that of the chromosome, in general, and
that of tosCBDA, in particular. Thus, these data reveal that the
putative tos operon regulatory genes have a distinct GC content.

Given the differences in GC content among tosR and tosEF in E.
coli CFT073, to determine whether the same regulatory genes are
conserved in tos operons of other UPEC strains, we analyzed 317
sequenced genomes found in the Broad Institute’s UTI Bactere-
mia Initiative database (E. coli UTI Bacteremia Initiative, Broad
Institute [broadinstitute.org]). Among the UPEC strains associ-
ated with this study, tosA was found in 32% (101 of 317) of iso-
lates, a prevalence slightly higher than that previously estimated
by us in a PCR-based survey of our UPEC strain collection (11). Of
the strains with tosA, the overwhelming majority (92 of 101
[91%]) also contained tosR and tosEF. Among strains with single
copies of tosA and at least one gene among the tosR and tosEF genes
(96/101), our GC content analysis program was able to determine
the GC content for 83.3% (80/96) of these strains. The GC content
disparities among tos structural and regulatory genes described
above held among these strains with the tos genes (Fig. 1B). Thus,
while the GC content of tosR and tosEF (29.5%) is considerably
lower than that of tosCBDA (46.8%), these genes are conserved
and linked to each other within UPEC strains. In agreement with
this, we did not find these putative regulators in a UPEC back-
ground without tosA. However, 4.0% (4/101) and 7.9% (8/101) of
strains with tosA did not contain tosR and tosEF, respectively.
Therefore, the tosR and tosEF regulators are conserved and linked
among the overwhelming majority of sequenced UPEC strains
with tosA.

The TosR, TosE, and TosF amino acid sequences of the tos
operon show a clonal nature. To determine whether the TosR
amino acid sequence is conserved among UPEC strains, the pre-
dicted TosR amino acid sequence was aligned against the se-
quences of UPEC strains with genes encoding TosR in the Broad
Institute’s UTI Bacteremia Initiative database (Fig. 2A). Based on
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the unique TosR amino acid sequences, we assigned each TosR
sequence to one of five sequence variant groups. All variants had
an overall predicted sequence identity of 59.0% among each other.
Variant 1 accounted for 84.5% of the TosR sequences and was the
variant found in E. coli CFT073. Variants 2, 3, 4, and 5 were less
prevalent, accounting for 3.1%, 7.2%, 3.1%, and 2.1% of TosR
sequences, respectively. It is interesting to note that residues L35,
L36, L55, V56, Y74, F75, and S76 were completely conserved
among all TosR sequence variants. These residues have previously
been shown to be involved in PapB oligomerization (59). In addi-
tion, E53 and H54 of TosR sequence variants 1 to 3 and D53 and
Y54 of TosR sequence variants 4 and 5 have properties identical or
similar to those of D53 and Y54 of PapB, which are again involved
in PapB oligomerization (59). Further conservation was observed
at putative residue C65, which was previously found to be impor-
tant for PapB DNA binding (59). Likewise, K61 is completely con-
served among all TosR sequence variants and has properties sim-

ilar to those of R61 of PapB, which was also shown to be involved
in DNA binding (59). Thus, from these observations, it can be
suggested that strong selective pressure drives sequence conserva-
tion among TosR sequence variants.

TosE and TosF were also conserved among UPEC isolates. As
with TosR, TosE and TosF were grouped on the basis of their
unique amino acid sequences. For TosE, there were four variants,
including two frameshift mutants that are predicted to disrupt
TosE function (Fig. 2B). Variant 1 accounted for 79.6% of TosE
sequences and was the variant found in E. coli CFT073. Frameshift
mutants 1 and 2 and variant 2 accounted for 7.5%, 5.4%, and 7.5%
of the TosE sequences, respectively. TosF had three sequence vari-
ants, albeit two were virtually identical (Fig. 2C). Variant 1 ac-
counted for 86.0% of sequences and was also the variant found in
E. coli CFT073. TosF variants 2 and 3 accounted for 7.5% and
6.5% of amino acid sequences, respectively. A strain harboring
TosR variant 1 contained TosE variant 1, frameshift mutant 1 or

FIG 1 The tos operon encodes the genes for the RTX nonfimbrial adhesin TosA, a secretion system, and putative regulators but does not have a uniform GC
content. (A) The entire predicted 2,516-amino-acid (aa) sequence of TosA is represented by a red horizontal line. Near the amino terminus, a predicted
transmembrane domain is designated TM (vertical green line). Tandem blue, green, and red boxes represent the predicted bacterial immunoglobulin-like family
3 (BIg 3) folds. The corresponding predicted Ig fold structures (modeled using Phyre2 against SiiE from S. enterica with 98.5% confidence) are represented in the
black box inset. Near the carboxyl terminus, the positions of 10 tandem RTX repeats are denoted with orange vertical lines. The sequence logo of the RTX repeats
is noted (27). (B) Within the tos locus, blue arrows represent genes (tosR and tosEF) encoding predicted DNA binding proteins, orange arrows represent genes
(tosCBD) encoding a predicted type 1 secretion system, and a red arrow represents the gene (tosA) encoding the RTX nonfimbrial adhesin. The entire tos locus
is fit to a 200-bp sliding window plot of the GC content. Black line, the average GC content of 80 UPEC genomes; orange-red and blue lines, the average GC
content of tosCBDA and of tosR and tosEF in the same 80 genomes, respectively.
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frameshift mutant 2, and TosF variant 1 or 2. If a strain harbored
TosR variant 2, it always contained TosE frameshift mutant 2 and
TosF variant 1. All strains harboring TosR variant 3 contained
TosE variant 2 and TosF variant 3. However, little consistent ho-
mology with nonhypothetical LuxR family members makes func-
tional characterization of the conserved residues in TosEF variants
difficult, unlike for TosR, as described above.

TosR is a negative regulator of tosA and a PapB family ho-
molog. To test the hypothesis that one or more of the identified
putative regulators associated with the tos operon exert a regulatory
function on tosA expression, deletion mutations of these putative

regulatory genes were constructed in E. coli CFT073. Deletion of
tosR resulted in a substantial increase in TosA production, as as-
sessed by Western blotting of whole-cell protein using anti-TosA
serum (Fig. 3A). However, no change in TosA production was
observed after the deletion of tosE and tosF. Additionally, overex-
pression of tosE and tosF did not result in altered TosA levels (data
not shown). Overexpression of TosR-His6 from an arabinose-in-
ducible construct partially complemented the tosR deletion in the
unmarked mutant background, repressing tosA expression (Fig.
3B), which is consistent with TosR being a negative regulator of
tosA and which indicates that TosR-His6 is biologically activity.

FIG 2 Multiple-sequence alignment of TosR (A), TosE (B), and TosF (C) amino acid sequence variants. (A) Shaded residues denote conservation with the
predicted TosR consensus sequence where at least three residues at a given position are conserved. (B) Shaded residues denote conservation with the predicted
TosE consensus sequence where at least four residues at a given position are conserved. The sequences denoted with an S prefix are predicted to result from a TosE
frameshift mutation. (C) Shaded residues match the TosF consensus sequence where at least two residues at a given position are conserved.
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To rule out the possibility that increased tosA expression
was due to a secondary mutation, we transduced the tosR dele-
tion mutation into a clean E. coli CFT073 background. This
�tosR mutation transductant still overproduced TosA compared
to the level of TosA production by the wild-type E. coli CFT073
parental strain (Fig. 3C). Thus, we confirmed that the TosA over-
production phenotype associated with �tosR is not due to a sec-
ondary mutation.

The predicted TosR amino acid sequence of E. coli strain
CFT073, when subjected to BLAST analysis, identified PapB fam-
ily regulators as potential homologs. Using sequence alignment
against other PapB family regulators found in E. coli strain
CFT073 (Fig. 3D), TosR was found to share 27.7% amino acid
sequence identity with PapB and 26.7% identity with FocB. All
three proteins share significant sequence similarity with each
other, and the predicted TosR protein structure is nearly identical
to the structure of FocB (60) (see Fig. S1 in the supplemental
material). TosR, PapB, and FocB also carry conserved residues
previously shown to contribute to oligomerization and DNA
binding (59).

TosR-His6 binds to PtosR, which contains the tos operon pro-
moter. To determine whether the promoter driving tosA expres-
sion could be identified, we generated lacZ transcriptional fusions
of tos intergenic regions (Fig. 4A), which, from their location up-
stream of tosA or its cognate secretion system, were predicted to be
the most probable location of Ptos (Fig. 4B). These included the
600 bp upstream of tosR (with the addition of the first 30 bp of
tosR), the 233 bp upstream of tosC (including the final 181 bp of
tosR), and the 199 bp between tosD and tosA. Using Western blot-
ting, we attempted to find an optimal condition for TosA synthe-
sis. Conditions included culturing of wild-type E. coli CFT073 to
stationary phase, culturing during exponential phase, static cul-
ture, and exposure to different osmotic stresses, human urine, low
iron, and different carbon sources. However, none of the afore-
mentioned conditions resulted in reproducible high levels of TosA
synthesis compared with the levels achieved in the strain with the
�tosR mutation cultured to exponential phase (data not shown).
Thus, the transcriptional fusions were all assayed using the Miller
assay in a strain with the �tosR background cultured to exponen-
tial phase, which is an optimal condition for tos operon expres-

FIG 3 tosA is negatively regulated by the PapB family member TosR. (A) A Western blot with polyclonal anti-TosA serum reveals that TosA (�250-kDa) is
overexpressed in the �tosR aph� construct but is poorly expressed in both the �tosE �tosF construct and wild-type (WT; �lacZ) E. coli CFT073. (B) A
trans-complementation assay in a �tosR background using TosR-His6 induced from a plasmid (pBAD-tosR-HisA) with arabinose concentrations ranging from
0 to 10 mM shows that TosA levels (detected as described above) are inversely related to TosR-His6 (�15 kDa) levels (detected on a Western blot using a His6

antibody). (C) TosA levels (detected as described in the legends to panels A and B) remain high in a �tosR aph� phage-transduced construct compared to those
in the wild-type control. All lanes in a respective Western blot were loaded with equal amounts of whole-cell protein, as determined using a Pierce BCA
protein assay kit (Thermo Scientific). (D) Alignment of TosR (variant 1), FocB, and PapB reveals that all three share amino acid sequence identify at
domains previously shown to be important for oligomerization and DNA binding. The consensus sequence represents residues conserved between the
PapB family members shown.
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sion. All three putative constructs had elevated transcriptional
activity compared to that for the empty vector control (Fig. 4C).
However, the construct designated PR, which contains PtosR, was
significantly upregulated among all constructs (P � 0.0001). In
full agreement with our previous findings regarding tos operon
structure (27), we concluded that PtosR contains Ptos, the tos
operon promoter.

PapB family members usually mediate a regulatory function
through binding DNA upstream of a PapB family member gene.
To determine whether this is the case for TosR, we performed an
electrophoretic mobility shift assay on the DNA sequence up-
stream of tosR, PtosR (Fig. 5A). TosR-His6 shifted labeled PtosR

DNA, and competition with unlabeled PtosR in the same binding
reaction inhibited labeled probe shifting (Fig. 5B). TosR-His6 did
not bind to an unrelated labeled lacZ sequence, demonstrating
that TosR-His6 binds specifically to PtosR DNA.

The sequence immediately upstream of a gene encoding a
PapB family member is often AT rich (61, 62), and tandem
repeated AT-rich nonomers often demarcate PapB family
member binding sites (61, 63). Indeed, the region immediately
upstream of tosR is AT rich (Fig. 1B). Therefore, to identify the
putative TosR binding site, we PCR amplified seven �100-bp
fragments of PtosR, each of which overlapped by 50 bp. An elec-
trophoretic mobility shift assay was performed using these PtosR

fragments as unlabeled competitors (Fig. 6A). Unlabeled PtosR2
(220 to 319 bp upstream of tosR) unshifted labeled PtosR, while
none of the adjacent fragments did. Plotting of the positions of
the seven PtosR fragments revealed that an AT-rich repetitive
sequence was complete only in PtosR2 and was only partially
present in the two adjacent fragments, PtosR1 and PtosR3 (Fig.
6B). Thus, we predict that the TosR binding site is centered
within this sequence.

FIG 4 The region upstream of tosR exhibits transcriptional activity. (A)
Within a representation of the tos operon, sequences harboring possible sites
for tos promoters are denoted PR, PC, and PA. (B) A black arrowhead indicates
the position where the PR, PC, and PA sequences were inserted into the BamHI
and EcoRI sites upstream of lacZ in pRS551 to produce the indicated transcrip-
tional fusions. The empty construct was native pRS551 plasmid. (C) The ac-
tivity of each transcriptional fusion was assayed by the Miller assay. The tran-
scriptional activity, determined indirectly through measurement of

-galactosidase activity (in Miller units), associated with the PR construct is
significantly higher than that associated with the PC and PA constructs (P �
0.0001). Black and gray bars indicate the average values of Miller units for each
construct (n 
 6). Significance was determined by using Tukey’s multiple-
comparisons test following ANOVA (P � 0.0001). Error bars indicate the SD
about the mean.

FIG 5 TosR-His6 binds DNA derived from the region upstream of tosR. (A) Within a representation of the tos operon, the location of the 399-bp PtosR

sequence used for the DNA binding assay whose results are shown in panel B is indicated. (B) DIG terminally labeled PtosR or a lacZ fragment was treated
with the indicated amounts of TosR-His6 and with or without excess unlabeled PtosR, as indicated. Shifted and unshifted probes were detected with an
anti-DIG antibody.
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TosE and TosF contribute to the reciprocal regulation of ad-
herence and motility. It has previously been observed that adhe-
sin operons regulated by PapB family members harbor genes that
encode proteins that suppress motility. These genes are located at
the 3= end of adhesin operons (34–36, 64). To first confirm that
tosEF are indeed part of the tos transcript, we performed RT-PCR
using primers directed against the junctions between tosA and tosE
and tosE and tosF. We found that tosEF were part of the tos tran-
script, as a strain that overexpresses tosA (the �tosR strain) had a
corresponding larger amount of transcript with the tosAE (Fig.
7A) and tosEF junctions (Fig. 7B).

To determine whether TosEF affect motility, we performed
motility assays in the presence and absence of tosE and tosF expres-
sion. TosEF overproduction resulted in a substantial decrease in
swimming motility when this construct was stabbed into soft agar
and incubated for 17 h compared to the swimming motility for an
empty vector control (P � 0.0001) (Fig. 8A and B). Likewise,
compared to the motility of strains with the �tosR and wild-type
backgrounds, a �tosR �tosE �tosF mutant was statistically signif-
icantly, but modestly, more motile in soft agar (P � 0.01) (Fig.
8C). The differences in swimming motility in soft agar between
CFT073 �tosR, CFT073 �tosE �tosF, and the CFT073 wild type
were not significant. It remains unclear why such a disparity exists
between the results described above for the TosEF overproduction
construct and the tos deletion constructs. However, no differences
in growth rates between constructs could account for the differ-
ential motility observed (Fig. 8D). Intriguingly, we found that
overexpression of tosEF in E. coli K-12 MG1655 (a non-UPEC
strain) also inhibited motility (Fig. 8E), suggesting that TosEF
suppress motility through a broadly conserved mechanism. In-
deed, we found that overexpression of tosEF in E. coli CFT073

cultured in tryptone broth results in the reduced production of
FliC (Fig. 8F). Thus, this shows that TosEF, coincident with tosA
expression, mediate motility repression by reducing flagellin ex-
pression.

FIG 6 The TosR binding site is centered on PtosR2. (A) The DIG terminally labeled PtosR probe is unshifted only by addition of excess unlabeled PtosR2 or
full-length unlabeled PtosR. (B) PtosR fragments 1 to 7 are indicated on a schematic of the PtosR region. The complete sequence of PtosR2 is indicated, with the boxed
region indicating the predicted TosR binding site. The tosR open reading frame is indicated.

FIG 7 tosEF are part of the tos operon. RT-PCR assays with primers directed
against the intergenic region between tosAE (A) and tosEF (B) were performed
in the indicated backgrounds. The expected fragment sizes of 619 bp (A) and
402 bp (B) were observed only with reaction mixtures containing cDNAs
(RT�) and not with reaction mixtures containing only input RNA (RT�).
Equal amounts of input RNAs were used to synthesize all cDNAs, and equal
amounts of all cDNAs were used as inputs in the PCRs whose results are shown
here. Likewise, equal volumes of all PCR mixtures were loaded in each lane.
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DISCUSSION

UTIs are common human infections. While most uncomplicated
UTIs are caused by UPEC, no core set of virulence factors has been
identified. Thus, a comprehensive understanding of uropatho-
genesis demands an understanding of broad virulence factor
classes and the underlying networks connecting them. We previ-
ously identified a novel E. coli adhesin, referred to as TosA, which
was expressed only in vivo during experimental infection (27, 48).
At that time, it was unclear how the tos operon was regulated.
Here, we have shed light on tosA regulation and its function in the
reciprocal regulation between adherence and motility. TosR neg-
atively regulates expression of the tos operon, while TosEF down-
regulate motility when the TosA adhesin is expressed.

We previously found that TosA contains an internal repetitive

region of about 1,675 amino acids comprised of five repeats of 335
amino acids each. Protein structure prediction revealed that these
internal repeats may have a structure similar to that of the bacterial
immunoglobulin-like domain group 3 (BIg 3) repeats found in an-
other nonfimbrial adhesin of S. enterica, SiiE (57). These immuno-
globulin folds mediate protein ligand interactions, which endow
SiiE with adhesive properties (65). In addition, these immuno-
globulin folds, coupled with Ca2� binding, could also promote
SiiE length extension (57), bringing it into proximity with its cog-
nate receptor on the host cell. However, whether the BIg 3 repeats
found in TosA mediate adherence, extend TosA such that an ele-
ment in the carboxyl terminus can mediate adherence, or some
combination of these two is still unknown.

tosR, tosE, and tosF, in addition to tosCBDA, are part of the tos

FIG 8 TosEF downmodulate motility. (A) E. coli CFT073 harboring either pBAD-tosEF or pBAD-myc-HisA was stabbed into soft agar and incubated for 17 h with
33.3 mM L-arabinose. White lines, swimming zone diameter for each induced construct. (B) Average swimming zone diameters are represented by black or gray
bars (n 
 9). Error bars represent the SD about the mean, and significance between the differences in diameters was determined using Student’s t test (P values
are indicated). (C) Average (n 
 9) swimming zone diameters of strains with the indicated deletion backgrounds or wild-type CFT073, measured after 17 h, are
represented by black, gray, or white bars (n 
 9). Significance, indicated by the associated P values, was determined by using Tukey’s multiple-comparisons test
following ANOVA (p 
 0.002). Error bars indicate the SD about the mean. (D) Growth curves of the indicated constructs were traced over a period of 8 h. Each
point represents an average A600 reading at a given time point (n 
 12). (E) E. coli K-12 MG1655 harboring either pBAD-myc-HisA or pBAD-tosEF was stabbed
into soft agar and incubated for 17 h with 33.3 mM L-arabinose. Average (n 
 9) swimming zone diameters of each overexpression construct are represented by
a black or gray bar. Error bars represent the SD about the mean, and the significance between the differences in the diameters was determined using Student’s t
test (the P value is indicated). (F) Western blotting with polyclonal anti-FliC serum reveals that FliC (�65 kDa) (black arrow) levels are reduced in wild-type CFT073
harboring pBAD-tosEF induced with L-arabinose at the indicated concentrations compared to the level in a strain of the same background harboring pBAD-myc-HisA.
All lanes of this Western blot were loaded with equal amounts of whole-cell protein, as determined by using a Pierce BCA protein assay kit (Thermo Scientific).
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locus and are well conserved among UPEC strains harboring tosA.
As differences in GC content often demarcate operon boundaries
(58), the GC content differences between the tos regulatory and
structural genes suggest that tosCBDA might be modular, where
the respective regulator genes might be deleted from or inserted
into the tos operon. However, we do not preclude the possibility
that these GC content differences also reflect a poorly understood
tos operon regulatory mechanism, such as differential nucleoid
structuring or differential RNA stability. Nonetheless, all three
regulator genes are broadly conserved among UPEC strains also
carrying tosA, and the typical operon structure is represented by
tosRCBDAEF.

The tos operon is conserved among UPEC strains. The vast
majority of these tos operons carried by UPEC strains fit tightly
into one of five closely related variants, on the basis of the pre-
dicted TosR amino acid sequence encoded by the respective
operon. Further support for this clonal nature of the tos operon
comes from the fact that TosR variants are associated with specific
TosE and TosF variants. We conclude that the tos operon present
in E. coli CFT073 represents the archetype of the tos operon, as its
TosR and TosEF sequence variants are the most prevalent among
UPEC strains. However, the origin of the tos operon in its present
form is still a matter of conjecture. Nevertheless, its presence on
the E. coli CFT073 aspV PAI makes acquisition by horizontal gene
transfer likely. PAIs, such as the aspV PAI, are often acquired in
such a manner.

The gene encoding TosR is located immediately upstream of
tosCBDA. Deletion of tosR results in robust tosA expression, which
leads us to conclude that TosR is a negative regulator of tosA ex-
pression. Phage transduction of the original �tosR mutation into a
clean background resulted in high levels of expression of tosA,
suggesting that this phenotype is not the result of an unknown
secondary mutation. In addition, a His-tagged version of TosR
complements the tosR deletion mutation, demonstrating that
TosR itself mediates this negative regulation.

Members of the PapB family regulate adhesin operons by bind-
ing in the DNA minor groove (60, 61). Minor groove binding
proteins often take advantage of the inherent DNA structure of
AT-rich regions to mediate target recognition and binding (66–
69), which is likely the case for PapB family members (61–63).
Indeed, the region upstream of the tos operon, which contains the
tos promoter, is an AT-rich sequence. A biologically active His-
tagged TosR specifically binds an AT-rich sequence within PtosR.
Therefore, we propose that TosR mediates its negative regulatory
effect by binding in the minor groove of an AT-rich sequence
within the tos operon promoter.

Based on the findings from the present study, we can begin to
speculate about how tos regulation fits into other genetic networks
within uropathogenic E. coli. While focusing on these underlying
networks, such as motility, provides a more complete picture of
tosA regulation, determination of this broad mechanism was be-
yond the scope of the present study. Nevertheless, TosA is an ad-
hesin, and the reciprocal regulation that exists between adhesins
and flagellar motility (34–36, 38, 39) represents a starting point for
understanding the relationship between tosA and the complete E.
coli virulence network. Immediately downstream of tosRCBDA
are the two genes encoding TosE and TosF, whose predicted
amino acid sequences qualify them to be members of the LuxR
helix-turn-helix family of transcriptional regulators (27). Simul-
taneous deletion or overexpression of tosEF does not affect tosA

expression. However, genes encoding factors that downmodulate
motility are often found downstream of adhesin operons (34–36).
When a respective adhesin operon is induced, these motility-
downmodulating genes are also expressed. This, in turn, leads to
the downregulation of motility. Indeed, consistent with this pre-
diction, TosE and TosF overproduction results in the downmodu-
lation of motility. Motility repression has also been observed
among other LuxR family members, such as CsgD, FimZ, RcsB,
and RcsA (70–72).

It was previously unknown, however, whether tosE and tosF
were transcriptionally coupled to tosRCBDA under any condi-
tions; it was only known that their expression, like that of
tosRCBDA, was poor in vitro (27). We predict that expression of
tosRCBDA and tosEF is coordinated to support the reciprocal reg-
ulation of adherence and motility. For example, it is possible that
the loss of tosR results in increased expression of tosCBDA and
tosEF, consistent with the tos transcript structure described above.
The subsequent loss of tosE in the �tosR background results in
enhanced swimming motility by virtue of the loss of tosEF. This
increased expression and possible cotranscription are also sup-
ported by the fact that a mutant with the �tosE �tosF mutations
alone does not replicate the phenotypes of a �tosR �tosE �tosF
mutant.

The reason for the modest differences in motility observed be-
tween the tos operon deletion mutants and the tosEF overexpres-
sion construct remains unclear. Nevertheless, one intriguing pos-
sibility might be that tosEF expression in tos operon mutants is not
as uniformly high as that in an overexpression vector construct. In
this hypothesis, only certain cell subpopulations might express
sufficiently high levels of tosEF to suppress motility, and others
expressing lower levels of tosEF might not fully suppress motility.
Thus, the composite of these two phenotypes is a swim zone with
a reduced, but not a severely reduced, diameter. It is also possible
that the more modest expression of tosEF from the chromosome is
insufficient to override the dependency for an additional, yet un-
defined, signal to mediate motility suppression. Therefore, the
effect that TosEF has on motility in this scenario would be more
modest.

We postulate that, in the case of TosEF, motility repression is
an event that occurs upstream of fliC expression, as evidenced by
the fact that TosEF overproduction results in reduced FliC syn-
thesis. However, fliC is expressed as a class III gene late in the
flagellar assembly gene network (73). Thus, while the tos operon
and its expression appear to be part of the network underlying
reciprocal regulation between adherence and motility, more work
is required to elucidate the precise mechanism of TosEF regula-
tion of the flagellar assembly gene network.
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