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ABSTRACT Salmonella enterica serovar Dublin is adapted to cattle but is able to in-
fect humans with high invasiveness. An acute inflammatory response at the intestine
helps to prevent Salmonella dissemination to systemic sites. Flagella contribute to
this response by providing motility and FliC-mediated signaling through pattern rec-
ognition receptors. In a previous work, we reported a high frequency (11 out of 25)
of S. Dublin isolates lacking flagella in a collection obtained from humans and cattle.
The aflagellate strains were impaired in their proinflammatory properties in vitro and
in vivo. The aim of this work was to elucidate the underlying cause of the absence
of flagella in S. Dublin isolates. We report here that class 3 flagellar genes are re-
pressed in the human aflagellate isolates, due to impaired secretion of FliA anti-
sigma factor FlgM. This phenotype is due to an in-frame 42-nucleotide deletion in
the fliE gene, which codes for a protein located in the flagellar basal body. The dele-
tion is predicted to produce a protein lacking amino acids 18 to 31. The aflagellate
phenotype was highly stable; revertants were obtained only when fliA was artificially
overexpressed combined with several successive passages in motility agar. DNA se-
quence analysis revealed that motile revertants resulted from duplications of DNA
sequences in fliE adjacent to the deleted region. These duplications produced a FliE
protein of similar length to the wild type and demonstrate that amino acids 18 to
31 of FliE are not essential. The same deletion was detected in S. Dublin isolates ob-
tained from cattle, indicating that this mutation circulates in nature.
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Nontyphoidal Salmonella enterica (NTS) is one of the main etiologic agents of
foodborne diseases worldwide, with an estimated burden of 154 million cases per

year (1–3; National Salmonella Centre [NSC] and Ministry of Health, Uruguay, unpub-
lished data). NTS serovars normally cause gastroenteritis in healthy humans, but in
immunocompromised hosts and children they can cause bloodstream infections, with
high morbidity and mortality rates (4–7). It is estimated that 3.4 millon cases of invasive
NTS (iNTS) diseases occur annually, with a case fatality rate of 20%, yielding 681,316
deaths per year (8). The highest incidence and number of cases are seen in sub-Saharan
Africa, where iNTS is associated with HIV infection in adults and malaria, anemia, and
malnutrition in children and is caused by strains of S. enterica serovars Typhimurium
and Enteritidis with a genotype different than that of the classical strains that affect
industrialized countries (9–11).

Salmonella enterica serovar Dublin is a nontyphoidal serovar adapted to cattle but
is able to infect humans, in whom it is reported with an invasive index (the percentage
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of isolates obtained from blood to total isolates recovered for one serovar) as high as
71.4% (12–14). Among the serovars involved in iNTS infections, S. Dublin is among the
most relevant serovars after Enteritidis and Typhimurium, the two serovars with the
highest prevalence globally and ubiquitous in terms of host range (15–17; NSC,
unpublished). However, when the invasive index is considered, S. Dublin shows a
substantially higher invasive index than S. Enteritidis and S. Typhimurium globally (33%
for S. Dublin and 1.8% and 1.6% for S. Enteritidis and S. Typhimurium, respectively) (14).
The genetic bases for the high invasiveness exhibited by S. Dublin are not completely
understood. Mohammed and Cormican postulated that two different type VI secretion
systems encoded on Salmonella pathogenicity islands 6 and 19 (SPI-6 and SPI-19), a
Gifsy-2-like prophage and a virulence plasmid, may contribute to the high capacity of
S. Dublin to cause invasive disease in humans (18). In addition, it has been observed
that Salmonella serovars adapted or restricted to a particular host show higher levels of
genome degradation through genomic rearrangement and pseudogene formation and
cause more severe disease than broad-host-range serovars (18–24).

For Salmonella, it is postulated that an acute inflammatory response at the intestine
would contribute to maintaining the infection localized, preventing bacterial dissemi-
nation to systemic sites (25–27). Flagellin (encoded by fliC and by fljB in Salmonella
diphasic serovars) is the main structural unit of the flagellum filament and the agonist
of Toll-like receptor 5 (TLR5) and NAIP5/NLRC4 receptors (28, 29). It has also been
demonstrated that flagellin is one of the main determinants of the inflammatory
response at the intestine, by providing motility and activation of innate immune
responses (30–34).

The flagellum is a macromolecular complex composed of three structures: a basal
body containing the motor, a universal joint known as the hook, and a helical filament
composed of up to 20,000 molecules of flagellin (35). Expression of flagellar genes
follows a hierarchical cascade in which three classes of genes are distinguished: early,
middle, and late genes (also named class 1, 2, and 3 genes, respectively), which code
for regulators and proteins involved in the different stages of flagellar assembly (36, 37).
FlhD4C2 (encoded by class 1 genes flhC and flhD) is the master regulator for transcrip-
tion of all flagellar genes and drives expression of class 2 genes. Among them, genes
coding for proteins composing the basal body and the hook are found, as well as fliA
and flgM. fliA codes for the flagellum-specific sigma factor (�28) responsible for expres-
sion of class 3 genes, whereas flgM codes for the FliA anti-sigma factor that inhibits FliA
function in the early phase of flagellar assembly, through direct binding. When assem-
bly of the hook-basal body (HBB) is completed, the type III flagellar protein export
apparatus contained in it drives secretion of FlgM from the cell, resulting in release of
FliA and the consequent transcription of class 3 genes (35, 38, 39). Among late genes,
those coding for proteins forming the hook-filament junction, the filament (fliC), the
stator complex (motAB), and the chemotaxis system are found.

Previously, we reported a high frequency of S. Dublin human isolates lacking flagella
(4 out of 10), a phenotype due to significantly reduced levels of fliC mRNA compared
to those in flagellated isolates, while fliA mRNA levels were not affected (40). Interest-
ingly, the aflagellated isolates were impaired in their proinflammatory properties, as
tested both in vivo and in vitro, and were all isolated from bloodstream infections,
suggesting that a lack of flagella could promote systemic dissemination of S. Dublin
through evasion of innate immune defenses. In this work, we sought to elucidate the
mechanism underlying impaired fliC expression in S. Dublin isolates and evaluate its
reversibility, in order to predict if it would revert under certain environmental condi-
tions.

RESULTS
(i) Analysis of class 2 and 3 flagellar genes mRNA levels in S. Dublin isolates. We

previously reported that fliC mRNA levels were 2 orders of magnitude lower in
nonmotile S. Dublin isolates than in motile ones, while fliA mRNA levels were not
affected (40). In addition, the fliC coding sequence as well as adjacent regions (includ-
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ing promoter sequences) were identical between a nonmotile and a motile isolate,
ruling out the possibility that impaired fliC mRNA levels were due to mutations in its
regulatory regions leading to lower transcription efficiency or to differences in se-
quence leading to mRNA instability in the aflagellate isolates.

In order to evaluate if this impaired expression was specific for fliC or a general
feature of late flagellar genes, we quantified mRNA levels for motB and cheB (class 3
genes) and fliN and flgB (class 2 genes [41]), using quantitative reverse transcription-
PCR (qRT-PCR), in our collection of human S. Dublin isolates (Fig. 1A and B, respectively).
Similar to the case with fliC, mRNA levels for motB and cheB were significantly lower in
nonmotile isolates. However, no significant differences were observed in fliN and flgB
mRNA levels between the two classes of isolates, suggesting that class 3 genes
(controlled by FliA sigma factor), but not class 2 genes, were affected.

In order to add support to this suggestion, we analyzed mRNA levels of one
additional class 2 gene (fliF) and one additional class 3 gene (tsr) (41), and we verified
that while fliF mRNA levels were not statistically different between the two groups of
isolates, tsr mRNA levels were significantly lower in nonmotile than in motile ones (see
Fig. S4 in the supplemental material).

As fliA mRNA levels were not affected in nonmotile isolates (40), and as FliA function
depends on release of FlgM-dependent inhibition, we analyzed the mRNA levels of
flgM, which is reported as a class 2 and 3 gene. flgM mRNA levels were not statistically
different between the two groups of isolates (Fig. 1C).

(ii) Analysis of FlgM protein levels and subcellular localization. FliA inhibition is
released when FlgM is secreted outside the cell, a process that is initiated when HBB
assembly is completed and there is a switch in secretion through the flagellar export
apparatus from rod/hook-type to filament-type substrates (35, 42). Thus, we analyzed
the cellular and secreted levels of FlgM and FliC proteins in our collection of S. Dublin
clinical isolates (Fig. 2).

Consistent with our previously reported results (40), we found that the aflagellate
isolates (SDu1 to -3 and SDu9) did not produce FliC in either the cellular or the secreted
fraction. Surprisingly, FlgM was also not detected in the secreted fractions of aflagellate
isolates (Fig. 2A), indicating that FlgM secretion is impaired in these isolates. Accord-
ingly, FlgM was enriched in the cellular fractions of aflagellate isolates compared to
flagellated ones (Fig. 2B), which would explain the lower levels of class 3 gene
expression in the former.

(iii) In trans fliA overexpression in an aflagellate isolate. In order to verify if
motility impairment could be reversed by artificially increasing FliA levels, we trans-
formed an aflagellate isolate (SDu3) with an expression plasmid harboring fliA under
the control of an isopropyl-�-D-thiogalactopyranoside (IPTG)-inducible promoter (PTac).
The resulting strain (SDu3/pJfliA) was grown in the absence or presence of IPTG, and
fliC and motB mRNA levels were quantified using qRT-PCR (Fig. 3A). In the presence of
the inducer, fliC and motB mRNA levels increased significantly compared to those under
the noninduced condition, even reaching higher levels than in a naturally motile strain.
FliC protein levels were also evaluated by Western blotting, and this analysis revealed
that it was being synthesized in SDu3/pJfliA in an IPTG-dependent manner (Fig. 3B).
However, even if FliC was produced to high levels intracellularly in the IPTG-induced
SDu3/pJfliA strain, it was almost undetectable in the secreted fraction (Fig. 3B). More-
over, FlgM intracellular levels were also increased in the IPTG-induced SDu3/pJfliA
strain, probably due to fliA overexpression, but it was not detected in the secreted
protein fraction (Fig. 3B).

These results indicate that in the aflagellate isolate, when fliA is overexpressed, the
inhibition of transcription of class 3 flagellar genes is released and flagellin is synthe-
sized, suggesting that silencing of late flagellar genes is a result of impaired secretion
of FlgM that leads to permanent inhibition of FliA function. However, no motility was
observed in SDu3/pJfliA strain at any IPTG concentration tested (data not shown),
probably due to impaired FliC secretion. These results suggest that there is a general

Mutated FliE in Aflagellate S. Dublin Isolates Infection and Immunity

January 2018 Volume 86 Issue 1 e00517-17 iai.asm.org 3

http://iai.asm.org


impairment of secretion of late flagellar products in the SDu3 isolate, so even if flagellin
is produced at the cytosol level, it is not able to reach the extracellular location, where
is assembled into the filament.

Finally, to force the strain SDu3/pJfliA to express the motility phenotype, we
performed successive passages every 24 h in motility agar containing IPTG concentra-

FIG 1 Flagellar gene mRNA levels quantification in S. Dublin isolates grown in LB medium to mid-log
phase. Results (means and standard errors) from three independent experiments are shown. (A) motB
and cheB (class 3); (B) fliN and flgB (class 2); (C) flgM (class 2 and 3). *, significant difference relative to SDu5
(P � 0.05). SGal is a strain of the aflagellate serovar S. Gallinarum. The dashed line indicates value 1,
arbitrarily assigned to isolate SDu5.
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tion gradients (from 0 to 0.05 mM). In three independent experiments, a motility halo
was observed after 8 (1st experiment), 6 and 7 (2nd experiment), and 7 (3rd experi-
ment) passages at intermediate IPTG concentrations but not at concentrations close to
0, indicating that induction of FliA synthesis was required to revert to the motile
phenotype (Fig. 3C). It is important to note that in a previous work we reported that the
SDu3 nonmotile phenotype was not reversible, at least after 12 daily passages in
motility agar (40).

Fluorescent flagellar staining of an isolated revertant SDu3/pJfliA strain (named
SDu3/pJAmot�) revealed a flagellated phenotype both in the presence and in the
absence of the inducer, suggesting a capacity to assemble flagella independent of fliA
overexpression (Fig. 3D).

(iv) Analysis of the nucleotide sequence of all flagellar operons in S. Dublin
isolates. We comparatively analyzed the nucleotide sequence of all flagellar operons
(regions I, II, IIIa, and IIIb [36]) from nonmotile (SDu1 to -3 and SDu9) versus motile
isolates (SDu4 to -8 and SDu10). The only difference found was a 42-nucleotide internal
deletion in fliE (named fliEΔ42) (Fig. 4A), which codes for a protein postulated to be
located in the junction zone between the MS ring and the rod in the flagellar basal
body (43, 44). It was reported that secretion of FlgE (hook) and FlgD (hook-cap) through
the flagellar export apparatus is impaired in fliE mutant strains (42, 45, 46). Interestingly,
in fliEΔ42 the open reading frame (ORF) is not altered; thus, it is plausible that a protein
lacking amino acids 18 to 31 could be synthesized. Indeed, qRT-PCR quantitation of fliE
mRNA levels revealed no statistical differences between nonmotile and motile S. Dublin
human isolates, although the transcripts were of different sizes (see Fig. S1 in the
supplemental material).

The deletion corresponds to a less conserved region among FliE proteins from
different serovars of Salmonella enterica subsp. enterica and from different Salmonella
enterica subspecies (Fig. 4B). This region was also less conserved among FliE proteins
from other species in the Enterobacteriaceae family (Fig. 4C).

(v) In trans complementation of an aflagellate isolate with wild-type fliE res-
cues the nonmotile phenotype and recovers proinflammatory properties in vivo.
To verify that the cause of the aflagellate phenotype in S. Dublin isolates studied in this
work resides in the mutant fliE gene, a complementation assay was performed. Strain
SDu3 was transformed with a plasmid carrying fliE from SDu5 cloned under the control

FIG 2 Western blot analysis of secreted (A) or cellular (B) protein extracts of S. Dublin isolates grown in
LB medium to mid-log phase, using anti-FliC and anti-FlgM antisera. Detection of DnaK (69.1 kDa), a
cytosolic protein, was used to verify equal loading quantities in cellular fractions (B) and the presence of
protein in the secreted fraction due to cell lysis (A); as expected, it was not detected in secreted fractions
(no signal is seen in panel A around 69.1 kDa). Sizes of molecular mass markers are indicated. FliC and
FlgM are 53 kDa and 10.6 kDa, respectively. Nonmotile isolates are in red.
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of an arabinose-inducible promoter (PBAD). The resulting strain, designated SDu3/pBfliE,
displayed motility dependent on the arabinose concentration (Fig. 5), reaching motility
levels similar to those of a naturally motile isolate at medium arabinose concentrations.
Western blotting analyses revealed that in strain SDu3/pBfliE induced with arabinose,
FlgM was secreted and FliC was synthesized to levels similar to those in the naturally
motile isolates (see Fig. S2 in the supplemental material). This indicates that mutation
fliEΔ42 is the cause of the aflagellate phenotype in SDu3 and presumably also in SDu1,
SDu2, and SDu9, which harbor the same deletion.

In a previous study, we demonstrated that the aflagellate isolate SDu3 had impaired
proinflammatory properties in vivo at the cecum level, in streptomycin-pretreated
C57BL/6 mice, in comparison with the naturally motile SDu5 isolate (40). In order to test
if the fliE-complemented SDu3 strain that recovered motility was able to trigger a
proinflammatory response at the intestine similar to that of SDu5, we tested them in
the same in vivo model. For this purpose, streptomycin-resistant SDu3 was transformed
with a plasmid carrying wild-type fliE (from SDu5) under the control of the PTac

promoter, which exhibits higher basal leakage than PBAD. The resulting strain, named
SDu3/pJfliE, showed IPTG-dependent motility, with approximately 70% of SDu5 motility
in the absence of the inducer (see Fig. S3). The stability of the pJfliE plasmid was tested
by growing SDu3/pJfliE in Luria-Bertani (LB) medium without antibiotic selection for 23
generations, with no apparent plasmid loss (data not shown).

The proinflammatory response in the ceca of streptomycin-pretreated mice 24 h
after oral infection with SDu3, SDu5, and SDu3/pJfliE was evaluated in comparison with
that in mock-infected animals (Fig. 6).

FIG 3 (A) fliC and motB mRNA level quantification in strain SDu3/pJfliA (SDu3pJA) grown in the absence (�) or presence (�) of the inducer. As
controls, isolates SDu3 (not transformed) and SDu5 (naturally flagellated) were also evaluated. Results (means and standard errors) from two
independent experiments are shown. *, P � 0.01 to 0.05; **, P � 0.001 to 0.01; ***, P � 0.001, compared to noninduced SDu5. (B) Western blot
analysis with anti-FliC and anti-FlgM antisera of cellular or secreted proteins fractions of SDu3, SDu5, and SDu3 supplemented in trans with fliA
(3pJA). A plus sign indicates growth in the presence of the inducer. Detection of DnaK was used to verify equal loading of samples in cellular
protein fractions or absence of lysis in secreted protein fractions. Sizes of molecular mass markers are indicated. FliC and FlgM are 53 kDa and
10.6 kDa, respectively. Vertical lines between lanes of secreted protein fractions were included because the gel image was spliced for convenience
(additional samples not related to this work were removed). (C) Image of 7th passage of SDu3/pJA in motility agar containing a gradient of IPTG
concentrations. Each spot is subjected to a different inducer concentration, from 0 to 0.05 mM (see Materials and Methods). At this passage, the
spot in the middle (corresponding to an IPTG concentration around 0.025 mM) showed a halo of motility. (D) Fluorescence labeling of flagellar
filaments of isolate SDu3 (left) and SDu3/pJAmot� grown in the absence (middle) or presence (right) of IPTG. Magnification, �1,000.
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Cecal response at 24 h postinfection (p.i.) was chosen for analysis because it was
previously determined that severe pathological changes upon Salmonella oral infection
are restricted to this organ, and at early time points the differences in proinflammatory
responses against aflagellate versus flagellate strains are more pronounced (31, 47). The
genes selected for evaluation were those coding for proinflammatory cytokines (inter-
leukin 17 [IL-17], tumor necrosis factor alpha [TNF-�], and gamma interferon [IFN-�]), a
chemokine involved in neutrophil recruitment (CXCL-1), and antimicrobial proteins
involved in iron and zinc deprivation (lipocalin 2, encoded by Lcn-2, and calprotectin,
one of its subunits encoded by S100.a9, respectively), which were reported previously
to be induced in the murine intestine upon S. Typhimurium infection (32, 48).

All three isolates colonized efficiently the ceca of infected mice at 24 h p.i.; the only
statistical difference in Salmonella counts in cecum content was found between SDu3

FIG 4 Sequence alignments of fliE genes from isolates described in this study (A) or FliE proteins from different Salmonella serovars (B) or different species from
Enterobacteriaceae (C). (A) Sequence alignments of fliE genes from two Uruguayan isolates representative of each phenotype (SDu1, nonflagellated, and SDu5,
flagellated). The nucleotide sequence of FliE from S. Dublin CT_02021853 (gi�198241740) is included as a reference. In gray the region deleted from Uruguayan
nonmotile isolates is shown. The sequences of the rest of the Uruguayan isolates are identical to those of the representative isolates shown, depending on the
phenotype (SDu2, SDu3, and SDu9 are identical to SDu1; SDu4, SDu6 to -8, and SDu10 are identical to SDu5). Asterisks indicate sequence identity. (B and C)
Amino acid sequence alignment of FliE from Salmonella enterica serovars and subspecies (B) and from diverse species of Enterobacteriaceae (C), including
Shigella boydii, E. coli, Enterobacter cloacae, Yersinia pestis, Morganella morganii, and Proteus mirabilis. In gray the region deleted from Uruguayan nonmotile
isolates is shown. Asterisks indicate fully conserved residues, colons indicate conservation between groups of residues of strongly similar properties, and periods
indicate conservation between groups of weakly similar properties; the absence of a symbol indicates an absence of conservation. NCBI Protein database
accession numbers for proteins in panel B: S. Heidelberg, KKE18834.1; S. Typhimurium strain LT2, NP_460921.1; S. Typhimurium D23580, CBG24957.1; S.
Enteritidis strain P125109, B5R0Z0.1; S. Infantis, EHB41345.1; S. Dublin strain CT_02021853, B5FRW4.1; S. Paratyphi A strain ATCC 9150, AAV76882.1; S. Newport
strain SL254, YP_002041232.1; S. Choleraesuis strain SC-B67, Q57N33.1; S. Lubbock, KIV43438.1; S. Typhi strain CT18, NP_456529.1; S. enterica subsp. arizonae,
serovar 62:z4,z23:-, A9MML1.1; Salmonella enterica subsp. houtenae strain ATCC BAA-1581, EHY70991.1; and Salmonella enterica subsp. indica serovar
6,14,25:z10:1,(2),7, ESE86582.1. NCBI Protein database accession numbers for proteins in panel C: S. Weltevreden strain 2007-60-3289-1, CBY95195.1; S.
Gallinarum strain SG9, EGE33731.1; S. Dublin strain CT_02021853, B5FRW4.1; S. Typhimurium strain 14028S, ACY88841.1; S. Typhi strain CT18, NP_456529.1;
Shigella boydii, P95713.3; Escherichia coli O104:H4 strain C227-11, EGT69930.1; Shigella boydii Sb227, ABB65717.1; Enterobacter cloacae subsp. cloacae strain ATCC
13047, ADF62754.1; Yersinia pestis strain CO92, CAL20472.1; Morganella morganii subsp. morganii KT, AGG30849.1; and Proteus mirabilis strain HI4320,
CAR43400.1.
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and SDu3/pJfliE (SDu3, 2.1 � 109 � 3.9 � 108 CFU/g; SDu5, 1.3 � 109 � 3.6 � 108

CFU/g; and SDu3/pJfliE, 0.84 � 109 � 1.9 � 108 CFU/g; values are means � standard
errors of the means [SEMs]). However, the cecal mRNA levels of genes coding for
proinflammatory cytokines, chemokines, and antimicrobial proteins in mice infected
with the SDu3 isolate were similar to those in mock-infected animals and significantly
lower than in SDu5-infected animals, as expected (Fig. 6A and B). Mice infected with the
SDu3 fliE-complemented strain showed cecal mRNA levels for all six genes evaluated
significantly higher than in mock-infected mice and similar to the levels observed in
SDu5-infected mice, indicating that the SDu3 isolate harboring wild-type fliE recovered
not only motility but also proinflammatory capacity in the mouse intestine. The analysis
of motility and ampicillin resistance in isolates recovered from ceca and spleens
revealed that isolate SDu3 was still nonmotile after passage through the host, whereas
isolate SDu3/pJfliE was still motile and ampicillin resistant, indicating plasmid mainte-
nance (data not shown).

(vi) Analysis of fliE nucleotide sequences in revertants SDu3/pJAmot�. The
elucidation of the molecular basis for the nonmotile phenotype in S. Dublin clinical
isolates prompted us to analyze fliE sequences in SDu3 revertant strains (SDu3/
pJAmot�). We selected four revertants obtained in three independent experiments
(SDu3/pJAmot � 6, 7, 8, and 9; see Table 3), for which the fliE gene was PCR amplified
and sequenced (Fig. 7A and B).

The results revealed that in the four revertants, the deletion was filled up with
duplications of adjacent regions that did not alter the coding frame, thus rendering
proteins with sizes similar to that of the wild type (107 or 100 amino acids [aa],
compared to 104 for the wild type and 90 for the protein with the deletion). However,
the identities of residues 18 to 31 in the revertants were completely different from
those in the wild type.

Revertants 6 and 8 have identical fliE sequences, in spite of being obtained in
independent experiments. In these strains, two regions were duplicated: one of 21 bp,
named region I, and one of 30 bp, named region II. Region I comprises nucleotides 7
to 27 and codes for 7 residues, AIQGIEG (highlighted in sky blue in Fig. 7A and B).
Region II spans from nucleotides 37 to 66 and codes for 10 amino acids, QLQATVSFAG
(highlighted in orange in Fig. 7A and B). Therefore, the resulting protein is 17 residues
longer than the originally protein with the deletion (107 aa versus 90 aa) and 3 residues

FIG 5 Motility assay of strains SDu3/pBfliE (3BE), SDu3/pBAD22 (SDu3/BAD), and SDu5/pBAD22 (SDu5/
BAD) at increasing arabinose concentrations. The diameter of the halo of growth after 6 h at 37°C is
shown.
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longer than the wild-type protein (104 aa). In revertant 7, one duplication occurred
corresponding to region II, rendering a protein of 100 amino acids, 4 residues shorter
than the wild type. Finally, in revertant 9, one 30-bp duplication occurred, named
region III, which codes for 10 residues (ATVSFAGQLH, in green in Fig. 7A and B),

FIG 6 mRNA variation at 24 h p.i. in the cecal mucosae of mice infected with S. Dublin isolates, as evaluated by
qRT-PCR. Values are expressed as fold changes of mRNA levels for the indicated genes in infected mice relative to that
in mock-infected animals (n/i). Means and standard errors from two independent experiments combined are shown.
(A) mRNA quantification of genes coding for proinflammatory cytokines and chemokines. (B) mRNA quantification of
genes coding for antimicrobial proteins. *, P � 0.05; **, P � 0.01; ***, P � 0.001. ns, not statistically significant.
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rendering a protein 100 residues long. The fact that these four revertants recovered
motility to normal levels suggests that the identities of amino acid residues 18 to 31 are
not essential for function, but instead a protein of similar size to the wild type is
required.

In order to demonstrate that the identity of the region from residues 18 to 31 of FliE
is dispensable for its function and discard the possibility that extragenic suppressor
mutations had occurred in the isolated revertants, we cloned fliE from revertants 6, 7,
and 9 in pBAD22. The resulting plasmids, named pBfliEmot � 6, 7, and 9, were

FIG 7 Nucleotide (A) and amino acid (B) sequence alignment of fliE/FliE from SDu3 revertant strains. In both alignments, the
region highlighted in yellow corresponds to the region deleted in fliEΔ42 (42 bp, 14 amino acids), in sky blue duplicated region
I, in orange duplicated region II, in green duplicated region III, and in yellow the deleted region in S. Dublin aflagellate isolates.
Only the first 117 nucleotides of fliE are shown in panel A. Red arrows indicate the beginning of the deletion. Sequences of
SDu5 (flagellated) and SDu3 (nonfagellated) are included as references. (C) Motility assay of strain SDu3 complemented in trans
with fliE from SDu3 isolated revertants. Overnight cultures of SDu3/pBfliE (3BE), SDu3/pBAD22 (SDu3/BAD), SDu5/pBAD22
(SDu5/BAD), SDu3/pBfliEmot � 6 (3BEmot � 6), SDu3/pBfliEmot � 7 (3BEmot � 7), and SDu3/pBfliEmot � 9 (3BEmot � 9)
were spotted in motility agar plates containing increasing arabinose concentrations, and the diameter of the halo of growth
after 6 h at 37°C was measured.
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transformed into SDu3 and transformants were subjected to motility assays at increas-
ing arabinose concentrations. fliE genes from all three revertants rescued the nonmotile
phenotype in an arabinose-dependent manner, similarly to the pBAD-cloned wild-type
fliE gene (Fig. 7C). Note that in all cases, at higher inducer concentrations motility was
reduced, probably due to an excess of FliE synthesis that interferes with growth rate.
This result indicates that FliE proteins from the revertants are functional and suggests
that no additional genetic changes occurred in the isolated revertants.

(vii) fliE�42 screening in a collection of S. Dublin isolates obtained from cattle.
In a previous study we detected 10 S. Dublin isolates devoid of motility in a collection
of 15 isolates obtained from cattle, the natural host of this Salmonella serovar. In 7 of
the nonmotile isolates we also observed a lack of FliC in their total protein extracts (40).
To investigate if in these isolates the deletion in fliE was responsible for the aflagellate
phenotype, a PCR screening was applied, using primers designed to hybridize at
deletion-flanking regions. A deletion with a size similar size to that of fliEΔ42 was
observed in 4 of the 10 nonmotile cattle strains (SDuG2, SDuG3, SDuG6, and SDuG7),
coincidently with a lack of FliC synthesis (Fig. 8). Analysis of the fliE nucleotide sequence
in isolate SDuG6 indicated that this isolate harbors exactly the same deletion as
observed in human isolates. Interestingly, in addition to these four isolates that
displayed the fliEΔ42 mutation, there are three other isolates from cattle (SDuG5,
SDuG8, and SDuG9) that lack FliC in their total protein extracts but do not harbor the
deletion in fliE. Moreover, isolates SDuG10, SDuG12, and SDuG13 showed increased FliC
levels in their protein extracts but no motility at all (40).

(viii) Analysis of fliE sequence in S. Dublin genomes available at Enterobase. In
order to investigate whether fliE	42 mutation is a frequent event worldwide in this
Salmonella serovar, we analyzed fliE sequence in 1,230 S. Dublin genomes available at
Enterobase (http://enterobase.warwick.ac.uk). These were all the strains assigned as
serovar Dublin by Enterobase according to whole-genome sequencing (20 August
2017). We did not find the fliEΔ42 deletion in any of the genomes analyzed. However,
we found one strain (SAL_DA4720AA) that has no identity to fliE in its genome and
another strain (SAL_NA6662AA_AS) that harbors a 4-nucleotide insertion at positions
115 to 118 of fliE that generates a stop codon rendering a truncated FliE protein of 46
amino acids. No evidence of reversion of the fliEΔ42 deletion as described in the
present study was found in the S. Dublin genomes from Enterobase.

(ix) Whole-genome phylogenetic analysis of Uruguayan S. Dublin isolates. The
availability of the complete genomic sequences of 14 S. Dublin Uruguayan isolates (5
out of 14 carrying the fliEΔ42 deletion) allowed us to evaluate the phylogenetic
relationship among them, in order to investigate if the aflagellate strains described in
this study are clonal or the deletion emerged several times as independent events.

In silico 7-gene multilocus sequence typing (MLST) analysis revealed that all 14
isolates belong to sequence type 10 (ST10), the main ST of serovar Dublin strains in
Enterobase. Then, a whole-genome comparative single nucleotide polymorphism (SNP)
analysis considering homologous regions (coding and noncoding regions) was per-
formed. We identified a range of 114 to 306 SNPs of difference between all these

FIG 8 fliEΔ42 PCR screening of S. Dublin isolates from cattle. Lanes 1 to 15 show strains SDuG1 to
SDuG15, respectively; control strains SDu5 (fliE�) and SDu3 (fliEΔ42) are also shown for reference.
Motility and the absence or presence of FliC in total protein extracts analyzed by Western blotting (from
reference 40) are indicated.
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isolates, and then we used the obtained SNP matrix to infer the phylogenetic related-
ness of the strains, using the CT_02021853 S. Dublin strain as an outgroup and isolate
SDu10 as a reference (see Fig. S5 in the supplemental material). Different phylogenetic
methods (maximum likelihood and neighbor joining) and evolutionary models (HKY
and Kimura 2P) were applied to test if the mutation emerged once or several times in
different lineages. From the results of these analyses, it was not possible to establish if
the strains having the deletion belong to a unique lineage, mainly because in all cases
the key nodes showed very low or null statistical support (branch node support,
bootstrap, and SH-like test; see Fig. S5).

DISCUSSION

In this work, we elucidated the molecular basis of the lack of flagella in isolates of
S. enterica serovar Dublin causing invasive infections in humans. Dublin is a nontyphoi-
dal serovar adapted to cattle, in which it usually causes systemic infections and
abortion (19). In humans, S. Dublin frequently causes severe invasive infections, which
may be fatal (49). As it is generally accepted that an acute inflammatory response at the
intestine helps to prevent systemic dissemination of Salmonella, and as flagellin is one
of the main determinants triggering this response, it is reasonable to speculate that the
lack of flagella might contribute to the high invasiveness displayed by Salmonella
Dublin. In fact, it has been reported that Salmonella Typhi, a human-restricted serovar
that causes a severe systemic disease, represses fliC expression when interacting with
the intestinal epithelium (25). In addition, the avian-restricted serovar Gallinarum,
responsible for invasive typhoid-like disease in chickens, is nonflagellated, and a
strain of S. Gallinarum engineered to express flagella causes overt intestinal pa-
thology and is less pathogenic than the wild-type strain (34). In line with this, it was
previously shown that typhoidal serovars (Typhi, Paratyphi A, and Sendai) are
significantly less motile than S. Typhimurium, which in the case of serovar Paratyphi
A was demonstrated to be due to a lower expression of the entire flagellar regulon
than in S. Typhimurium (50–52). Moreover, the Salmonella Typhimurium variant ST313,
which emerged in sub-Saharan Africa as an unusually invasive genotype in humans,
was reported to show lower flagellin expression and lower proinflammatory capacity
than S. Typhimurium ST19 (51, 52).

In this work we demonstrate that in human S. Dublin aflagellate isolates, there is a
general silencing of expression of class 3 flagellar genes, which results in the absence of the
flagellar appendage (Fig. 1A). We identified a 42-nucleotide deletion in fliE, coding for a
protein located in the flagellar basal body, as the underlying cause of impaired FlgM
secretion resulting in permanent FliA inhibition. Thus, trans-complementation of an aflag-
ellate isolate with wild-type fliE recovered motility immediately, as well as secretion of
FlgM and consequently expression of class 3 genes (Fig. 5; see also Fig. S2 in the
supplemental material). The fact that the fliE mutants resulted from the identical
42-base in-frame deletions and appear in several isolates from different sources and
periods of time suggests that this mutation was present in the strains before their
isolation.

Our results show that the fliEΔ42 deletion is harbored by 4 out of 10 isolates of
human origin (SDu1 to -3 and SDu9, all four nonmotile isolates from this source) and
4 out of 15 isolates from cattle (SDuG2, SDuG3, SDuG6, and SDuG7). In spite of the small
sample size, this result suggests a high prevalence of this mutation in S. Dublin isolates
from our country. As this deletion causes a general silencing of class 3 genes, the
significant metabolic cost of synthesizing the flagellar filament would be saved. Thus,
it is tempting to speculate that this mutation could provide an advantage over the
flagellated wild type in the different environments that Salmonella encounters. The
deletion in fliE seems not to be a rare trait but rather to be circulating in our country,
as strains harboring this mutation were isolated from different sources (human and
animals) and during an extended period (from 1995 to 2011). However, the fliEΔ42
deletion was not found in any other S. Dublin genome available in Enterobase. This
result, together with the fact that the phylogenetic trees constructed with genomic
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data are not conclusive with regard to a clonal or independent origin of the fliEΔ42-
harboring strains (see Fig. S5 in the supplemental material), suggests that this deletion
emerged once in a common ancestor of all of them and thereafter persisted and dissem-
inated through different hosts. However, the deletion in fliE is only one mechanism
leading to the aflagellate phenotype, and many others may exist. Indeed, 3 addi-
tional cattle isolates (SDuG5, SDuG8, and SDuG9) showed an absence of FliC
synthesis but did not harbor the deletion in fliE (Fig. 8), indicating the existence of
distinct mechanisms leading to nonflagellated strains in this serovar and convergent
functional evolution. In addition, the existence of important numbers of Salmonella
isolates belonging to serovar Dublin devoid of flagella was previously reported in the
United States (53) and Sweden (54). It would be very interesting to elucidate the
mechanisms responsible for this phenotype in those isolates.

In a previous study, we showed significantly lower levels of fliC expression in
aflagellate S. Dublin human isolates than in flagellate ones (40). In this work, we
demonstrated that this silencing is not specific to fliC but instead seems to be general
for class 3 genes, because motB, cheB, and tsr were also silenced in all nonmotile human
isolates (Fig. 1A; see also Fig. S4). Conversely, mRNA levels of class 2 genes fliN, flgB, fliE,
and fliF were unaffected (Fig. 1B; see also Fig. S4), indicating impairment of FliA function
and not of the master regulator FlhD4C2. We then demonstrated that the impairment
of FliA function is due to impaired FlgM secretion to the extracellular compartment (Fig.
2A and B). Accordingly, fliA overexpression in an aflagellate isolate resulted in titration
of FlgM cytosolic levels and release of FliA inhibition, leading to increased expression
of class 3 flagellar genes (Fig. 3A); however, no motility was observed. This could be
explained by a defect in secretion of filament-type substrates through the flagellar
export apparatus in the presence of the FliE protein with the deletion (designated
FliEΔ18-31); thus, both FlgM and FliC secretions were impaired in the fliA-induced
aflagellate isolate (Fig. 3B). Our results indicate that FliEΔ18-31 is a lack-of-function
mutant and are in agreement with results reported previously for the spirochete
Borrelia burgdorferi, for which a complete absence of the rod, hook, and filament in a
fliE null mutant was demonstrated by cryo-electron tomography, whereas the rotor,
stator, and export apparatus were normally assembled (44). Thus, as no hook is
assembled, the switch in secretion from rod/hook-type to filament-type substrates
(where FlgM and FliC are included) is impaired. Remarkably, a central channel visualized
in the MS ring was closed in the B. burgdorferi ΔfliE mutant compared to the same
channel open in the wild-type strain, providing a molecular explanation for the absence
of secretion of substrates. The authors postulate that upon secretion of FliE and FlgB,
the central channel adopts an open conformation and serves as the template for
assembly of the rest of rod components (44). Moreover, work done with Salmonella
Typhimurium by Macnab and others postulated FliE as an structural adaptor between
the MS ring and the rod and demonstrated that FliE assembly is required for export of
other substrates, such as the hook-capping protein FlgD and the hook protein FlgE (43,
46, 55). Thus, we can hypothesize that in the S. Dublin nonflagellated isolates studied
in this work, FliEΔ18-31 is not assembled on the MS ring or that it is assembled but does
not support assembly of the rod proteins. Minamino et al. also reported a direct
interaction between FliE and proximal rod protein FlgB by affinity blotting and dem-
onstrated that a FliE-V99G mutant (lying close to the C terminus of this 104-aa protein)
that showed extremely poor flagellation and swarming motility reverted its phenotype
due to extragenic suppressor mutations in flgB (43). Minamino et al. tentatively sug-
gested that the N-terminal region of FliE would be important for its own export and its
C-terminal region would be important for structural interactions with the proximal rod
(43). Based on this suggestion, the FliE mutant protein reported here that harbors the
deletion close to its N-terminal end would be impaired in its own secretion and thus
would not be able to reach its location in the flagellar basal body. This is supported by
the fact that FliEΔ18-31 showed no negative dominant effect over the wild-type protein,
as a fliEΔ42 isolate was readily trans-complemented by wild-type fliE even under
noninducing conditions (note that SDu3/pJfliE showed approximately 70% of SDu5
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motility in the absence of IPTG [see Fig. S3 in the supplemental material]). Osorio-
Valeriano et al. (56) reported the in silico prediction of FliE tertiary structure from
Rhodobacter sphaeroides, suggesting that this protein folds into three packed �-helices,
similar to the predicted structure of the inner rod component (PscI) of the injectisome
type III secretion system from Pseudomonas aeruginosa (57). According to this predic-
tion, the deletion described here would shorten the first �-helix of the protein.
Interestingly, both FliE and PscI were reported to polymerize in vitro when purified, into
long and flexible fibers with regular twists (57, 58). In the case of PscI, this polymer-
ization was dependent on the integrity of the C-terminal �-helix, but the role of the
N-terminal �-helix in polymerization or function of these proteins is unknown.

Remarkably, the aflagellate phenotype described here was hardly reversible; motile
revertants of a naturally aflagellate isolate were obtained only after overexpression of
fliA (and the class 3 genes controlled by it) with concomitant several passages in
motility agar (both conditions imposing pressure in favor of the motility phenotype).

Interestingly, the revertants obtained in this work filled up the deletion with
adjacent DNA sequences, rendering FliE proteins with a size similar to that of the wild
type but with completely different amino acids at positions 18 to 31 (Fig. 7A and B). The
revertant proteins (107, 100, and 100 residues long, compared to 104 residues for the
wild type) rescued the nonmotile phenotype of a naturally aflagellate isolate similarly
to the wild-type protein, indicating that these “patched” proteins are functional. This
result indicates that the identities of residues 18 to 31 are not essential for functionality
but instead a specific length of the N-terminal region is required, suggesting a
structural role of this region for FliE functionality. Indeed, alignment of amino acid
sequences of FliE proteins from diverse Salmonella serotypes and from different
bacterial species among Enterobacteriaceae revealed that this region displays relatively
low homology compared to the C-terminal moiety (Fig. 4B and C).

The aflagellate isolates reported here constitutively and irreversibly lack not only
flagella but also flagellin production, meaning that they will not be able to activate
extracellular innate immune receptor TLR5 (which leads to NF-�B translocation to the
nucleus) or intracellular NAIP5/NLRC4 receptors (which lead to caspase 1 inflam-
masome activation). Thus, even if there are other pathogen-associated molecular
patterns (PAMPs) able to activate these responses, the innate immune response
mounted against these isolates would be dampened. Indeed, our results show that the
aflagellate isolate SDu3 triggered significantly lower proinflammatory responses in
murine ceca than did a flagellated strain, and this was fully reverted when SDu3 was
complemented with wild-type fliE (Fig. 6A and B). This is in contrast to results obtained
by our group with serovar Enteritidis, in which we found mutations in motor genes that
render nonmotile but fully flagellate strains, which maintain their proinflammatory
capacities (59). In addition, our results confirm previous results obtained by Reed et al.,
who reported that an S. Typhimurium mutant with a Tn10 insertion in fliE was unable
to secrete flagellin, assemble flagella, or induce IL-8 secretion by cultured epithelial cells
(60).

Together, the results presented here indicate that the absence of flagella is not
unusual in strains belonging to serovar Dublin, suggesting that this feature is not
essential for its biological cycle. This can be seen as another example of genomic
degradation in a host-adapted Salmonella serovar that could contribute to its high
invasive capacity.

MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. S. Dublin Uruguayan clinical isolates were

obtained from the NSC and the Bacteriology Unit of the Ministry of Health collections (Table 1). These
were all the human isolates of this serovar available in both collections in the period of study (1995 to
2011) and included seven isolated from blood (considered invasive) and three from other sources (feces
or urine). An isolate obtained from urine was not considered invasive because we lacked the clinical data
to distinguish between invasive infection and colonization or contamination of urine. S. Dublin cattle
isolates (Table 2) were obtained from the NSC and were all S. Dublin isolates available from cattle in the
period of study. All isolates had already been analyzed for motility (40).
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Luria-Bertani (LB) agar (Sigma) and LB broth were used for routine cultures of Salmonella and
Escherichia coli at 37°C; when grown in liquid medium, cultures were incubated at 200 rpm in an orbital
shaking incubator. Isolates were stored in replicates at �80°C in LB broth containing 16.6% glycerol.
Ampicillin and streptomycin were used at 100 �g/ml and 50 �g/ml, respectively.

Non-Salmonella Dublin strains, plasmids, and bacterial constructions are listed in Table 3.
For animal studies, strains were made streptomycin resistant by P22 phage transduction of the aadA

gene from the streptomycin-resistant serovar Typhimurium strain SL1344 (http://www.sanger.ac.uk/
Projects/Microbes/). The resulting transductants were able to grow in 500 �g/ml of streptomycin
(although they were routinely grown in 50 �g/ml of this antibiotic) and were verified by anti-O antigen
serum agglutination and motility testing. In addition, growth curves were performed to verify that
genetic manipulation did not affect the growth properties of the original isolates.

For mouse infection experiments, bacteria were grown overnight (o/n) at 200 rpm at 37°C in LB broth
containing 50 �g/ml of streptomycin; the o/n cultures were diluted 1:20 in the same medium plus 0.3
M NaCl and subcultured for 4 h with mild aeration (100 rpm).

Plasmid constructs and DNA manipulation. Plasmids pBAD22, pJF119EH, and pGEX4T were used
as cloning vectors in this study (Table 3). E. coli strain DH5� was used as a host for cloning, and E. coli
strain MC1061 was used as a host for protein production for purification.

For fliA supplementation in trans into a nonmotile strain, fliA from a motile strain (SDu5) was cloned into
pJF119EH. Genomic DNA was purified using a DNeasy blood and tissue kit (Qiagen) and used as the template
for fliA PCR amplification using primers fliA3-F and fliA3-R (see Table S1 in the supplemental material). Final
concentrations in a 50-�l mixture were 2 mM MgCl2, 0.3 mM deoxynucleoside triphosphates (dNTPs), 0.5 �M
each primer, 0.3 �l of a mixture of Taq polymerase and Pfu polymerase (10 U and 1 U, respectively), and 2 �l
of DNA. The cycling program was 5 min at 94°C and 30 cycles of 30 s at 94°C, 30 s at 50°C, and 90 s at 72°C.
The PCR product was purified using a QIAquick PCR purification kit (Qiagen), digested with MfeI and HindIII,
and ligated into pJF119EH previously cut with EcoRI and HindIII (note that MfeI produces cohesive ends
compatible with those generated by EcoRI). The resulting recombinant plasmid contained fliA under the
control of the PTac promoter and lacIq and was named pJfliA.

TABLE 1 S. Dublin human isolates used in this study

Isolate Yr of isolation Source Patient information Motilitya

SDu1 1995 Blood NDb �
SDu2 2004 Blood ND �
SDu3 2006 Blood Female, 41 yrs old, asthmatic, diabetic �
SDu4 2008 Blood Young man, drug addict �
SDu5 2000 Feces ND �
SDu6 2005 Feces Male, 40 yrs old �
SDu7 2008 Blood Male, 1 yr old �
SDu8 2011 Blood Male, 76 yrs old �
SDu9 2011 Blood Female, 50 yrs old �
SDu10 2011 Urine Male �

aFrom reference 40.
bND, no data were available.

TABLE 2 S. Dublin cattle isolates used in this study

Isolatea

Date of isolation
(mo/yr) Source

Animal
identification no.b Motilityc

SDuG1 (75/95) 06/1995 NDd 0341 �
SDuG2 (56/96) 08/1996 Calf lymph 0467 �
SDuG3 (57/96) 08/1996 Calf lung 0467 �
SDuG4 (69/96) 10/1996 Calf ND �
SDuG5 (72/96) 12/1996 Calf 0645 �
SDuG6 (73/96) 12/1996 Bile 7110 �
SDuG7 (74/96) 12/1996 Liver 7110 �
SDuG8 (75/96) 12/1996 Calf 0645 �
SDuG9 (76/96) 12/1996 Calf 0645 �
SDuG10 (79/98) 07/1998 ND 0847 �
SDuG11 (210/00) 09/2000 Calf ND �
SDuG12 (73/04) 06/2004 Calf calf104 �
SDuG13 (74/04) 06/2004 Calf calf107 �
SDuG14 (75/04) 06/2004 Calf calf108 �
SDuG15 (99/04) 07/2004 Fetus fetus018 �

aIn parentheses the isolate names used in reference 40 are shown.
bAnimal identification number from origin (National Division of Veterinary Laboratories).
cFrom reference 40.
dND, no data were available.
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For fliE complementation of a nonmotile strain, fliE from SDu5 was amplified using primers fliE2-F and
fliE2-R (see Table S1). Final concentrations in a 50-�l mixture were 1.75 mM MgCl2, 0.3 mM dNTPs, 0.5
�M each primer, 0.4 �l of a mixture of Taq polymerase and Pfu polymerase (10 U and 1 U, respectively),
and 2.5 �l of DNA. The cycling program was 5 min at 95°C and 30 cycles of 30 s at 95°C, 30 s at 48°C,
and 30 s at 72°C. The PCR product was purified, digested with EcoRI and HindIII, and ligated into pBAD22
previously cut with the same enzymes. The resulting recombinant plasmid contained fliE under the
control of a PB promoter and araC and was named pBfliE. Cloning of fliE from motile revertants 6, 7, and
9 of isolate SDu3 into pBAD22 (resulting in plasmids named pBfliEmot � 6, 7, and 9, respectively) was
done by following the same strategy.

For fliE complementation of a nonmotile strain for mouse infection experiments, fliE was cloned into
pJF119EH, using exactly the same strategy as used for cloning into pBAD22. The resulting construct
contained wild-type fliE under the control of the PTac promoter and lacIq and was named pJfliE.

Plasmid DNA extracted from E. coli DH5� was first modified by transformation into S. Typhimurium
strain SL5338 (r� m�) and then electroporated into S. Dublin isolates.

For FlgM protein production and purification, SDu5 gene flgM was cloned into pGEX4T-1, which
allows the expression of N-terminal fusions to glutathione S-transferase (GST) protein, controlled by the
PTac promoter and lacIq. flgM was PCR amplified using primers flgM3-F/flgM3-R (see Table S1). Concen-
trations and cycling programs were the same as used in fliA amplification. The flgM PCR product was
digested with EcoRI and XhoI and ligated into pGEX4T-1 previously cut with EcoRI and XhoI. The resulting
recombinant plasmid was named pGEXM.

All recombinant plasmids were verified by restriction analysis and insertion sequencing to discard the
presence of mutations in cloned genes.

Motility tests. For motility tests, motility agar (LB medium containing 0.3% agar) was used. Two
microliters of an overnight culture in LB medium were spotted in the center of a motility agar plate and
incubated at 37°C. Values are expressed as the diameter of growth (in millimeters) obtained after 6 h of
incubation at 37°C.

To obtain motile revertants of SDu3, successive passages of SDu3/pJfliA were done on motility agar plates
containing IPTG concentration gradients (from 0 to 0.05 mM). Briefly, 10 ml of motility agar containing 0.05
mM IPTG was poured on a petri dish and kept at an incline. After solidification, 10 ml of motility agar was

TABLE 3 Non-Salmonella Dublin strains, bacterial constructions, and plasmids used in this study

Strain or plasmid Description Reference

Strains
Escherichia coli MC1061 F� Δ(ara-leu)7697[araD139]B/rΔ(codB-lacI)3 galK16 galE15 �� e14�mcrA0 relA1 rpsL150 (Strr)

spoT1 mcrB1 hsdR2(r� m�)
63

Escherichia coli DH5� F� endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG 	80dlacZΔM15 Δ(lacZYA-argF)U16
hsdR17(rK

� mK
�), ��

64

Salmonella enterica serovar
Typhimurium SL5338

galE r� m� 65

MC1061/pGEXM E. coli MC1061 containing flgM cloned into pGEX4T-1 for protein production This work
SDu3/pJfliA SDu3 containing fliA cloned into pJF119EH This work
SDu3/pJAmot � 6 SDu3/pJfliA motility revertant after 6 successive passages (2nd expt) This work
SDu3/pJAmot � 7 SDu3/pJfliA motility revertant after 7 successive passages (2nd expt) This work
SDu3/pJAmot � 8 SDu3/pJfliA motility revertant after 8 successive passages (1st expt) This work
SDu3/pJAmot � 9 SDu3/pJfliA motility revertant after 7 successive passages (3rd expt) This work
SDu3/pBAD SDu3 containing empty vector pBAD22 This work
SDu5/pBAD SDu5 containing empty vector pBAD22 This work
SDu3/pBfliE SDu3 containing fliE cloned into pBAD22 This work
SDu3 StrR/pJfliE SDu3 containing pJfliE and aadA (Strr) This work
SDu3 StrR SDu3 containing aadA (Strr) 40
SDu5StrR SDu5 containing aadA (Strr) 40

Plasmids
pBAD22 Expression vector containing the PBAD promoter of the arabinose operon and its regulatory

gene; araC Ampr

66

pGEX4T-1 Expression vector with GST ORF under the control of Ptac promoter and lacIq; Ampr 67
pJF119EH Expression vector containing the PTAC promoter and lacIq; Ampr 68
pBfliE pBAD22 containing wild-type fliE under the control of the PBAD promoter and araC; Ampr This work
pBfliEmot � 6 pBAD22 containing fliE from revertant SDu3/pJAmot � 6 under the control of the PBAD

promoter and araC; Ampr

This work

pBfliEmot � 7 pBAD22 containing fliE from revertant SDu3/pJAmot � 7 under the control of the PBAD

promoter and araC; Ampr

This work

pBfliEmot � 9 pBAD22 containing fliE from revertant SDu3/pJAmot � 9 under the control of the PBAD

promoter and araC; Ampr

This work

pGEXM pGEX4T-1 containing flgM fused to GST under the control of the PTac promoter and lacIq; Ampr This work
pJfliA pJF119EH containing fliA under the control of the PTac promoter and lacIq; Ampr This work
pJfliE pJF119EH containing fliE under the control of the PTac promoter and lacIq; Ampr This work
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poured carefully on the plate and the plate was kept horizontal. Overnight culture was diluted 1/50 in LB
broth containing 0.01 mM IPTG. After 2 h at 37°C and orbital shaking (200 rpm), 5 drops of 2 �l were spotted
along the IPTG gradient with equal distance between each other and incubated for 24 h at 37°C. Every 24 h,
a suspension of each spot was done in 50 �l of LB and 2 �l of this suspension was immediately spotted in
the same place of a new IPTG gradient motility agar plate. In this way, we intended to maintain constant
pressure conditions in favor of expression of a motility phenotype for bacteria in each spot. We used an IPTG
gradient because a priori we did not know which IPTG concentration would be optimal for motility (too much
fliA expression may be detrimental for growth, while expression at too low a level may be insufficient for FlgM
titration and therefore expression of class 3 genes).

Motility of SDu3/pBfliE (and SDu3 complemented with a revertant’s fliE gene cloned into pBAD22)
was tested in individual plates of motility agar containing 0.005%, 0.02%, 0.05%, 0.1%, and 0% arabinose,
and the diameter of the halo of growth was measured after 6 h at 37°C.

Production of specific polyclonal anti-FlgM antibodies. For FlgM protein production and purifi-
cation, overnight cultures of MC1061/pGEXM in LB broth with ampicillin (100 �g/ml) were diluted 1/100
in the same medium and grown for 2 h until they reached an optical density at 600 nm (OD600) of 
0.4
to 0.6. Then 0.5 mM IPTG was added and growth continued for 2 h (to an OD600 of 
1). Induced cultures
were centrifuged and resuspended in phosphate-buffered saline (PBS) with 0.15 mM phenylmethylsul-
fonyl fluoride (PMSF), 5 mM EDTA, and 0.1 mg/ml of lysozyme. After sonication, Triton X-100 was added
to a 0.5% final concentration, and the extracts were centrifuged. The supernatants (soluble extracts) were
incubated with glutathione agarose (Sigma), flow through separated, and column washed with PBS
containing Triton X-100 at 0.5%. Finally, the purified proteins were treated in column with 20 U of
thrombin (Sigma) for 2 h at room temperature and elution fractions were collected. Purified protein
fractions were analyzed by polyacrylamide gel electrophoresis (SDS-PAGE) and the band corresponding
to FlgM (10.6 kDa) was excised from the gel.

For mouse immunizations, each gel band piece was pulverized with liquid nitrogen, resuspended in
700 �l of PBS (
0.4 �g/�l) and 233 �l of alumina, and inoculated in 4 female 8- to 10-week-old BALB/c
mice (2 subcutaneously and 2 intraperitoneally, 150 �l each) every 7 days. After the 3rd inoculation, sera
were positive for specific recognition of FlgM in Western blotting analyses.

Analysis of FliC and FlgM protein levels and subcellular localization. Total protein extracts and
secreted proteins were obtained as described by Yim et al. (59). The protein extracts were quantified by
Bradford assay (Sigma).

For identification of FliC by Western blot analysis, 50 �g of total protein extracts or 30 �g of secreted
protein fractions were loaded onto a 12% SDS-PAGE gel and analyzed using mouse anti-flagellar antigen
Hg antibody (Bio-stat, UK) and ECL Prime Western blotting detection reagent (GE Healthcare). As an
internal control, anti-DnaK monoclonal antibody was used (Abcam, UK). For identification of FlgM, 16%
Tricine gels were used as described by Schägger (69) and revealed with antiserum anti-FlgM obtained in
this work plus ECL Prime Western blotting detection reagent.

Flagellar staining. For detection of flagella in live cells, we performed a previously described
method using Alexa Fluor 594 carboxylic acid succinimidyl ester (Molecular Probes), an amino-specific
fluorescent dye (70) with the modifications described in reference 59.

Sequencing and analysis of nucleotide sequences. To obtain the nucleotide sequences of fliE in
the motility revertants of SDu3, we purified genomic DNA from overnight bacterial cultures grown in LB
using the DNeasy blood and tissue kit (Qiagen). One hundred nanograms of this DNA was used as the
template to PCR amplify the complete gene, using primers fliE2-F and fliE2-R (see Table S1), and the
resulting amplicon was sequenced at the Institut Pasteur of Montevideo Molecular Biology Unit (using
Sanger technology) with primers fliE1-F and fliE1-R (Table S1). Before sequencing, all PCR products were
purified using a QIAquick PCR purification kit (Qiagen).

The complete genome sequences of the 10 human isolates and 4 isolates from cattle (SDuG6, SDuG9,
SDuG12, and SDuG14) were obtained thanks to collaboration with the Sanger Institute (Cambridge, UK).
Genomes were sequenced as 50- to 76-bp paired-end runs on an Illumina Hiseq2000. High-quality reads
were selected using sickle (available at https://github.com/najoshi/sickle), and then the quality was
checked using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). De novo assembly
was performed with Velvet (http://www.ebi.ac.uk/~zerbino/velvet/) and SPAdes (http://cab.spbu.ru/
software/spades/).

All flagellar regions of these isolates and S. Dublin strain CT_02021853, available in the NCBI database
(gi�198241740), were compared using Bioedit software. Nucleotide and residues alignments were
performed using Clustal 2.1 (61).

fliE�42 PCR screening. For fliEΔ42 screening in S. Dublin isolates obtained from cattle, primers
fliE1-F and fliE1-R were designed for PCR analysis, using genomic DNA of the corresponding strains as the
template. Final concentrations were 2 mM MgCl2, 0.2 mM dNTPs, and 0.4 �M each primer. The cycling
program was 5 min 95°C and 30 cycles of 30 s at 95°C, 30 s at 60°C, and 30 s at 72°C. PCR products were
separated by electrophoresis in a 2.5% agarose gel.

Quantitative real-time PCR. For bacterial mRNA quantifications, strains were grown to mid-log
phase in LB medium and total RNA was extracted using the RNeasy minikit (Qiagen) with a pretreatment
with the RNAprotect bacterial reagent (Qiagen). One microgram of this RNA was DNase treated
(Invitrogen) and reverse transcribed using Moloney murine leukemia virus (MMLV) reverse transcriptase
(Invitrogen) and random primers in a 20-�l reaction, and 2 �l of a 1/32 dilution of the resulting cDNA
was used for real-time PCR using Sybr green (QuantiTect; Qiagen) in a Corbett thermocycler. Primer
sequences used are in Table S1; the final concentration of each primer in the reaction was 0.3 �M. The
cycling program for fliC and icdA quantification was as follows: 15 min at 95°C and 45 cycles of 15 s at
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95°C, 30 s at 57°C, and 30 s at 72°C. For motB, cheB, fliN, flgB, fliE, tsr, and fliF the annealing temperature
was 60°C. For analysis, we used the comparative threshold cycle (CT) method for relative mRNA
quantitation, using icdA as the normalizing gene and an arbitrarily selected motile strain (SDu5) as the
calibration condition (62). Each isolate was assayed in triplicate. Non-reverse-transcribed controls ren-
dered no detectable CT values or were amplified at least 10 cycles later than the corresponding
reverse-transcribed samples.

For fliC and motB mRNA level quantification in SDu3/pJfliA, the strain was grown in the absence or
presence of 0.1 mM IPTG for 2 h until reaching an OD600 of 
0.8, and RNA extraction, DNase treatment,
reverse transcription, and qRT-PCR were performed as described above.

For mRNA quantification in the ceca of infected mice, fractions of the middle ceca were immediately
removed after sacrifice, embedded in TRIzol (Invitrogen), and stored at �80°C. For total RNA extraction,
the samples were homogenized using a TissueRuptor (Qiagen) and then the protocol indicated by the
manufacturer was followed. One microgram of the resulting RNA was DNase treated and reverse
transcribed using MMLV reverse transcriptase as described above. Two microliters of a 1/5 dilution of this
reaction was used for real-time PCR using Sybr green (QuantiTect; Qiagen) in an ABI 7900HT thermocycler
(Applied Biosystems). Primer sequences used are shown in Table S1; the final concentration of primers
in the reaction was 0.9 �M. The cycling program was as follows: 15 min at 95°C, followed by 40 cycles
at 95°C for 15 s and 60°C for 1 min. We applied the CT method for relative mRNA quantitation, using the
�-actin gene as the housekeeping gene, and the mRNA levels for each group of infected mice were
compared to the levels obtained for the uninfected (streptomycin-pretreated) group.

Animal experiments. Animal experiments were performed as described in reference 47. Briefly,
groups of five 6- to 8-week-old female C57BL/6 mice (provided by the National Division of Veterinary
Laboratories, Uruguay) were pretreated with 25 mg of streptomycin 24 h prior to infection with 
5 �
107 CFU of the desired bacterial strain. Twenty-four hours postinfection (p.i.), mice were sacrificed, and
fractions of the middle ceca were immediately removed, embedded in TRIzol (Invitrogen), and stored at
�80°C for subsequent total RNA extraction and qRT-PCR analysis as described above. For bacterial count
determination in organs, cecal contents and spleens were collected and weighed, resuspended in PBS
containing 0.5% Tergitol, and homogenized for subsequent dilution and plating in MacConkey lactose
agar plates (Oxoid) containing 50 �g/ml of streptomycin (ceca) or in LB plates (spleens).

Experiments with animals were performed according to national guidelines for animal experimen-
tation that meet the guidelines in International Guiding Principles for Biomedical Research Involving
Animals (https://grants.nih.gov/grants/olaw/guiding_principles_2012.pdf), and all protocols were ap-
proved by the University Ethics Committee.

Statistical analysis. For analysis of differences in bacterial mRNA levels, the one-way analysis of
variance (ANOVA) plus Dunnett’s multiple-comparison posttest was used (GraphPad Prism 4.0 software),
considering a P value of �0.05 to be statistically significant. For analysis of differences in the transcrip-
tional response to the infection in mice, we used the Mann-Whitney U test (GraphPad Prism 4.0 software),
considering a P value of �0.05 (two-tailed) to be statistically significant.

Accession number(s). The complete genomic sequence data are freely available in the EMBL
database (http://www.ebi.ac.uk) with the accession numbers ERR036125 to ERR036131 (SDu1 to SDu7,
respectively), ERR405765 (SDu8), ERR405670 (SDu9), ERR405767 (SDu10), and ERR405672 to ERR405675
(SDuG6, SDuG9, SDuG12, and SDuG14, respectively).
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