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Summary

The twin-arginine translocation system (Tat) transports folded proteins across the cytoplasmic
membrane and is critical to virulence in Sa/monella and other pathogens. Experimental and
bioinformatic data indicate that 30 proteins are exported via Tat in Sa/monella Typhimurium.
However, there are no data linking specific Tat substrates with virulence. We inactivated every
Tat-exported protein and determined the virulence phenotype of mutant strains. Though a fat
mutant is highly attenuated, no single Tat-exported substrate accounts for this virulence
phenotype. Rather, the attenuation is due primarily to envelope defects caused by failure to
translocate three Tat substrates, the N-acetylmuramoyl-L-alanine amidases, AmiA and AmiC, and
the cell division protein, Sufl. Strikingly, neither the amiA amiC nor the sufl mutations alone
conferred any virulence defect. Although AmiC and Sufl have previously been localized to the
divisome, the synthetic phenotypes observed are the first to suggest functional overlap. Many Tat
substrates are involved in anaerobic respiration, but we show that a mutant completely deficient in
anaerobic respiration retains full virulence in both the oral and systemic phases of infection.
Similarly, an obligately aerobic mutant is fully virulent. These results suggest that in the classic
mouse model of infection, S. Typhimurium is replicating only in aerobic environments.

Introduction

Salmonella enterica serovar Typhimurium is a facultative intracellular pathogen that is a
leading cause of foodborne illness. Disease ranges from self-limiting gastroenteritis to acute
systemic infection in susceptible hosts (Pegues and Miller, 2010). Following ingestion, S.
Typhimurium travels through the small intestine until it reaches the distal ileum, where
environmental signals trigger the expression of the type three secretion system (T3SS)
encoded on Sa/monella pathogenicity island 1 (SPI1). Injection of effector proteins into host
epithelial cells triggers invasion by Salmonella of the intestinal mucosa and induction of
inflammatory diarrhea (Ellermeier and Slauch, 2007; Winter et al., 2010a; Golubeva et al.,
2012). Following invasion, S. Typhimurium is taken up by macrophages and disseminated
throughout the body (Carter and Collins, 1974; Jones et al., 1994). Survival in macrophages
requires the T3SS encoded on Sa/monella pathogenicity island 2 (Hensel et al., 1995; Shea
et al., 1996) and several additional virulence regulons (Linehan et al., 2005; Kato and
Groisman, 2008; Fass and Groisman, 2009).
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The envelope structure of Salmonellais the interface between pathogen and host and serves
to protect the bacterium from many of the immune defenses. Assembly of the envelope
structure requires the coordinated and delicate interplay of numerous machineries in the cell.
The export of fully folded proteins across the cytoplasmic membrane is carried out by the
Twin Arginine Transport (Tat) system (Settles et al., 1997; Weiner et al., 1998). Tat
substrates have unusually long N-terminal signal sequences that contain a twin-arginine
consensus sequence (S/TRRXFLK) (Chaddock et af., 1995; Berks, 1996). In £. coliand
Salmonella, the components necessary for a functional Tat translocase are TatA, TatB, and
TatC (Palmer et al., 2010; Palmer and Berks, 2012). Substrates associate with complexes of
TatBC, which then results in assembly of a translocation channel formed by multiple
subunits of TatA (Bolhuis et a/., 2001; Alami et al., 2003; Gohlke et al., 2005; Orriss et al.,
2007; Lange et al., 2007; Leake et al., 2008). Many anaerobic respiratory chain proteins
contain complex centers or cofactors, such as iron-sulfur clusters or molybdopterin, and
must fold and assemble in the cytoplasm before crossing the inner membrane (Berks, 1996;
Rodrigue et al., 1999; Berks et al., 2003). Hence, anaerobic respiratory chain proteins are a
sizable fraction of predicted Tat-exported proteins in S. Typhimurium (Dilks et a/., 2003;
Palmer et al., 2010). Additional proteins exported by Tat include proteins involved in cell
septation. N-acetylmuramyl-L-alanine amidases are enzymes that remove cross-links in
peptidoglycan and are involved in separating daughter cells. Two of the three enzymes of
this type, AmiA and AmiC, are Tat substrates (Heidrich ef a/., 2001; Bernhardt and de Boer,
2003). The Tat-exported protein Sufl (FtsP) is thought to play a structural role in assembly
of the divisome (Samaluru et al., 2007; Tarry et al., 2009; Peters et al., 2011)

The physiological consequences of mutations in the Tat transport system have been most
extensively studied in E. coli. Since the Tat system transports several anaerobic respiratory
chain proteins, at mutants are unable to utilize certain electron acceptors (Dilks et al., 2003;
Lee et al., 2006). Also, fat mutants have impaired motility, septation defects, and are
sensitive to detergents and bile (Stanley et al., 2001; Ize et al., 2003; Reynolds et al., 2011).
The Tat system is conserved in numerous pathogens (Yen et al., 2002; Dilks et al., 2003),
but the role of Tat in virulence has been studied only in a limited number of organisms. In
some cases, the contribution of Tat export to virulence is at least partially direct. For
example, the phospholipase toxins in Pseudomonas aeruginosa (Voulhoux et al., 2001;
Ochsner et al., 2002) and Pseudomonas syringae (Bronstein et al., 2005) rely on the Tat
system for transport to the periplasm, where these proteins can interact with the type I1
secretion apparatus. In other pathogenic organisms in which faf mutations attenuate, the role
of this system in virulence is likely indirect. In enterohemorrhagic £. colj, loss of the Tat
system led to a decrease in Shiga toxin 1 secretion, despite the fact that the toxin proteins do
not have Tat-dependent signal sequences (Pradel et a/.,, 2003). The phospholipase A of
Legionella pneumaophila is Tat-dependent, but this does not explain the virulence defect of
Legionella tat mutants (Rossier and Cianciotto, 2005). In addition to lacking phospholipase
activity, Pseudomonas syringae pv. tomato DC3000 zafC mutants display a slight decrease in
type Il secretion (Bronstein et al., 2005). A tatC mutant of Yersinia pseudotuberculosis is
non-motile and is highly attenuated in mice when administered both orally and
intraperitoneally, but the specific defect that decreases virulence was not determined. Type
I11 secretion was shown to be unaffected in this mutant, and only a slight sensitivity to low
pH was observed (Lavander et al., 2006). A fat mutant of the plant pathogen Agrobacterium
tumefaciens was shown to be highly attenuated, but again, no molecular basis for this loss of
virulence was described (Ding and Christie, 2003). Similarly, when the effect of farBC
mutations on Sal/monella Enteriditis virulence was examined, it was found that this organism
had many of the physiological defects observed for £. coli tat mutants. These mutants were
also shown to be impaired for survival in polarized epithelial cells and in chickens (Mickael
et al., 2010). The Tat system of S. Typhimurium has also been shown to be important for
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virulence in mice (Reynolds ef a/., 2011). However, the mechanism by which loss of the Tat
export system impaired virulence in Sa/monella serovars has not been determined.

In this study, we show that the virulence defect of a fat mutant of S. Typhimurium is due
primarily to envelope defects associated with failure to translocate three Tat substrates:
AmiA, AmiC, and Sufl. Loss of all three is required to see the effect and the triple mutant
recapitulates many of the envelope defects of the far mutant. Although faf mutants show
decreased type Il secretion in vitro, we provide evidence that defects conferred by loss of
Tat during oral infection are apparently independent of SP11, while SP12-dependent
secretion must be partially functional during systemic infection in the faz mutant. In contrast,
the Tat-exported proteins involved in respiration are not required for infection. Indeed, we
show that a mutant completely deficient in anaerobic respiration, moaDE nrfA frdA, retains
full virulence in both the oral and systemic phases of infection in BALB/c mice. Similarly,
an obligate aerobic mutant, nrdDG, retains full virulence in both the oral and systemic
phases of infection, while strains containing mutations in the aerobic respiratory chain
components cytochrome oxidases bo3 and bd3, encoded by ¢yoABCD and cydAB, are
attenuated. These results suggest that in the normal course of infection in the classic mouse
model of infection, S. Typhimurium is replicating only in aerobic environments.

A small subset of Tat-exported proteins contribute to virulence of S. Typhimurium

It has been shown that fafC mutants of S. Typhimurium are attenuated in both oral and i.p.
competition assays and show impaired survival in J774 macrophages (Reynolds et a.,
2011). We confirmed that a zatC deletion mutant is >100-fold attenuated after either oral or
i.p. inoculation in BALB/c mice (Table 1), consistent with the previous results (Reynolds et
al., 2011). The attenuation of a fatmutant is not surprising since loss of this system should
lead to mislocalization of numerous envelope proteins (Dilks et al., 2003; Palmer et al.,
2010). We wanted to more precisely define the virulence defect(s) conferred by the fat
mutation.

Experimental and bioinformatic data reveal 30 Tat-exported proteins in S. Typhimurium
(Berks et al., 2000; Dilks et al., 2003) (Table S1). Sixteen of these proteins are involved in
some aspect of anaerobic respiration, most of which either have a molybdopterin cofactor or
are in a complex that requires a molybdopterin cofactor for function. Therefore, we took two
approaches to inactivate these various Tat substrates. For the molybdopterin-independent
proteins, we constructed deletions of the individual genes. In the case of the molybdopterin-
dependent proteins, we inactivated molybdopterin biosynthesis, along with the additional
genes required for anaerobic respiration, as described below.

Strains containing single deletion mutations in individual Tat substrates or multiple
mutations in genes with similar functions were competed against the isogenic wild type
strain after i.p. infection in BALB/c mice. As shown in Table 2, only the triple hydrogenase
mutant and a mutant lacking the putative outer membrane protein YcbK were significantly
attenuated relative to the wild type strain, 5 fold and 3 fold, respectively. The former result
is consistent with that of Maier et al. (Maier et al., 2004), who previously showed that the
hydrogenases were important for Sa/monella virulence. However, in neither mutant is the
virulence defect severe enough to explain the phenotype conferred by the fafC deletion
(>200 fold attenuated i.p.).

Salmonella does not grow in anaerobic environments of BALB/c mice

The Tat system is required for export of numerous cofactor-containing anaerobic respiratory
chain proteins (Table S1), and £. coli tat mutants are unable to grow anaerobically on non-
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fermentable carbon sources in the presence of the terminal electron acceptors TMAO or
DMSO (Sargent et al., 1998; Weiner et al., 1998). In addition to these compounds,
Salmonella Typhimurium is capable of utilizing thiosulfate and tetrathionate for anaerobic
respiration (Unden and Dunnwald, 2008). Enzymes involved in reduction of thiosulfate,
TMAO, DMSO, tetrathionate and nitrate utilize a molybdenum-containing cofactor, and
they are therefore inactive in a strain that does not produce molybdopterin (Amy, 1981;
McNicholas et al., 1998). By deleting genes that encode nitrite reductase and fumarate
reductase, along with genes in the molybdopterin biosynthesis pathway, we constructed a
mutant that cannot perform anaerobic respiration, moaDE nrfA frdA. This mutant should,
therefore, be defective in all 15 Tat-dependent protein complexes listed in the second part of
Table S1 as well as the Nrf nitrite reductase complex. The inability of this strain to grow
anaerobically on glycerol with several of the above listed terminal electron acceptors was
confirmed (Figure S1). Note that the fazC mutant is actually leaky and did show some
growth on DMSO and nitrate, whereas the moaDE nrfA frdA mutant did not grow under
these conditions. The fatC mutant, as expected, was able to utilize fumarate as a terminal
electron acceptor when grown on glycerol, in contrast to the triple mutant.

To examine the role of anaerobic respiration during infection, competitive virulence assays
were performed in BALB/c mice both orally and intraperitoneally. The mutant deficient in
anaerobic respiration, moaDE nrfA frdA, was fully virulent and recovered at levels equal to
the wild type from either the small intestine or the spleen (Table 3). This suggests that S.
Typhimurium is not utilizing anaerobic respiration during growth in the host in this classic
mouse model of infection.

To further examine the physiology of Sa/monellain the host, we asked if other mutations
that affected growth under anaerobic conditions were required for virulence. FNR is a global
regulator that controls the transition to anaerobic metabolism (Kang et al., 2005; Green et
al., 2009). An farmutant was constructed, and growth of this strain relative to the wild type
was tested in laboratory medium using competition assays. The fnr mutant grew well under
aerobic in vitro conditions, but a significant growth defect was observed under anaerobic
conditions in vitro competition assays performed in LB (Table S2). When similar
competitions were performed in BALB/c mice intraperitoneally, the f7r mutant was fully
virulent. An oral infection showed loss of FNR did confer a slight virulence defect in the
small intestine (Table 3).

To further test if Salmonellais growing in an anaerobic environment in the intestine, an
obligately aerobic mutant was constructed. Ribonucleotide reductase is required for the last
step of deoxynucleotide biosynthesis. The enzyme encoded by nrdAB functions only
aerobically, leaving the enzyme encoded by nrdDG to function anaerobically (Fontecave ef
al., 1989; Garriga et al., 1996). An nrdDG mutant has no in vitro phenotype aerobically, but
it does not grow anaerobically in rich medium (Table S2). In both orally and
intraperitoneally administered competitive virulence assays, the nrdDG mutant was
recovered equally well as wild type, even in the large intestine, the lumen of which is
anaerobic (Table 3). Purine or pyrimidine auxotrophs of Sa/monella cannot survive in the
host, indicating that de novo synthesis is required for survival (Fields et a/.,, 1986; Mahan et
al., 1993). Therefore, since the nrdDG mutant does not have a virulence defect in the host,
Salmonella must be growing solely in aerobic environments in BALB/c mice; bacteria not
associated with aerobic host tissue are not replicating.

Aerobic respiratory chain components are required for full virulence

The above data indicate that Sa/monellais growing aerobically in the murine host. If so, loss
of components of the aerobic respiratory chain would negatively impact virulence. We
tested this hypothesis in both the intestine and during the systemic phase of infection.
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NADH dehydrogenase | is encoded by nuoA-N, and NADH dehydrogenase 11 is encoded by
nadh (Unden and Dunnwald, 2008). Both are used under aerobic conditions, but NADH
dehydrogenase 1l predominates in fully aerobic conditions (Spiro et al., 1989; Spiro and
Guest, 1990). Table S2 shows that both a nuoA-N mutant and an ndh mutant have an in vitro
growth defect compared to wild type when grown aerobically, but not anaerobically in LB
medium. We then asked what the effects of these mutations would be in the host. The data in
Table 4 show that, in an orally administered competitive virulence assay, a nuoA-N mutant
is attenuated 10-fold compared to wild type in the small intestine, while an nd/h mutant is 4-
fold attenuated. This suggests that both NADH dehydrogenase | and 11 are important for
growth in the small intestine.

During aerobic respiration, the quinol oxidases transfer electrons to oxygen. Quinol oxidase
bozhas a lower affinity for oxygen and is maximally expressed under aerobic conditions
(Rice and Hempfling, 1978; D’Mello et al., 1995), while quinol oxidase bdz has a higher
affinity for oxygen and is maximally expressed under microaerophilic conditions (D’Mello
et al., 1996; Tseng et al., 1996). We deleted the cydAB genes encoding bd’;or the cyoABCD
genes encoding bozand determined the effects in vitro and in vivo. Both the cyoABCD and
cydAB mutants displayed growth defects in aerobic in vitro competitions, but not in
anaerobic competitions (Table S2), consistent with the role these enzymes play in aerobic
respiration. In in vivo competitions in mice, the ¢cyoABCD mutant did not have an
appreciable virulence defect in the intestine when administered orally, but it did display a
defect systemically (Table 4). The cydAB mutant was significantly attenuated in the small
intestine. This is consistent with the hypothesis that Sa/monella is replicating in an aerobic
environment in the small intestine, albeit at an oxygen tension where quinol oxidase 6dis
critical (He et al., 1999).

Loss of AmiA, AmiC, and Sufl accounts for most of the virulence defect observed in tat

mutants

The above results indicate that loss of neither the entire set of molybdopterin-dependent Tat
substrates nor any single Tat-exported molybdopterin-independent protein accounts for the
role of Tat during infection. It seemed likely that multiple factors in the latter class are
contributing to the virulence defect observed in a fatC mutant. Therefore, we began
constructing strains with multiple mutations based on perceived common function. Loss of
AmiA and AmiC, two N-acetylmuramyl-L-alanine amidases involved in septation, has been
shown in E. colito cause pleiotropic cell envelope defects (Stanley et al., 2001; Ize et al.,
2003). It is also know that amiA amiC mutants of Sa/monella show increased sensitivity to
antimicrobial peptides (Weatherspoon-Griffin et al., 2011). Sufl (also called FtsP) is a cell-
division protein that also localizes to the septal ring (Reddy, 2007; Tarry et al., 2009). Given
the fact that all three of these proteins were implicated in cell septation, we constructed an
amiA amiC sufi triple mutant and tested its phenotypes in vivo and in vitro.

We tested the relative virulence of an amiA amiC suff mutant in mice. As shown above, the
amiA amiC double mutant and the suf/ single mutant competed evenly with wild type in i.p.
competition assays (Table 2). In contrast, the triple mutant amiA amiC suflf was about 60-
fold attenuated compared to wild type in an i.p. competition assay (Table 5). This is a
synthetic genetic interaction, suggesting that these three gene products are acting in a
common process. Indeed, this phenotype is approaching that observed for a fatC mutant,
which is approximately 220-fold down compared to wild type after i.p. infection. To
confirm that the majority of the fatC phenotype is due to mislocalization of AmiA, AmiC,
and Sufl, we asked what effect a zafC mutation would have in the amiA amiC sufl
background. In the i.p. competition of amiA amiC sufl tatC versus amiA amiC sufl, the
quadruple mutant is 4-fold down compared to the triple mutant. After oral infection, the two
strains competed evenly in the intestine, but the amiA amiC sufl tatC was still slightly
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attenuated compared to the triple mutant in the spleen. These data indicate that most of the
tatC virulence phenotype in systemic infection and all of the virulence defect in the intestine
can be attributed to loss of AmiA, AmiC, and Sufl.

To further confirm the above phenotypes, we complemented the triple mutant with each of
the amiA, amiC, and suff genes. Each gene was PCR amplified along with downstream Kan
resistance cassette and integrated downstream of the purA gene. The data in Table 5 show
that these constructs conferred no phenotype in the animal in an otherwise wild type
background, indicating that neither gene dosage nor insertion downstream of purA had any
effect on virulence. Each of these constructs was moved into the amiA amiC suff mutant and
the complemented strains were competed against wild type. Interestingly, amiA and sufl
complemented the virulence defect of the triple mutant, whereas amiC partially
complemented; the amiC complemented strain was still statistically attenuated compared to
wild type.

The results above show that the phenotype conferred by loss of Tat can be largely explained
by mislocalization of the AmiA, AmiC and Sufl proteins. However, it is formally possible
that in the absence of AmiA, AmiC and Sufl, the Tat export system is itself nonfunctional
and, thus, the amiA amiC sufi triple mutant is defective in proper localization of additional
proteins. To test this hypothesis, we directly assayed for Tat-dependent export using a GFP
construct encoding the TorA Tat signal sequence on the N-terminus. In the wild type
background, GFP is localized to the periplasm, apparently concentrated at the cell poles
(Figure S2). This is consistent with previous data (Berthelmann and Bruser 2004). In the
tatC deletion mutant, this localization is lost and the GFP is found diffusely in the
cytoplasm. The amiA amiC suff triple mutant resembles the wild type. This indicates that
the Tat export system remains functional in this background, strongly suggesting that the
remaining Tat-dependent proteins are appropriately exported in the triple mutant
background.

Loss of Tat confers a number of in vitro phenotypes, including impaired septation, decreased
motility, and sensitivity to detergents (Stanley et al., 2001; l1ze et al., 2003; Reynolds et al.,
2011). We therefore compared the relative phenotypes of the fafC mutant with the amiA
amiC sufi triple mutant under various conditions. As has been observed previously in S.
Enteriditis (Mickael et al., 2010) and £. coli (Stanley et al., 2001), fat mutants of S.
Typhimurium had an increased percentage of cells that were apparently undivided when
grown in low salt rich medium (Figure 1); this phenotype was exacerbated at higher
temperatures (not shown). The amiA amiC double mutant showed a slight but significant
septation defect compared to the wild type. The suf/ mutant showed a phenotype
indistinguishable from the far mutant, whereas the amiA amiC sufi triple mutant showed
more pronounced phenotype, even compared to the fafC mutant.

Motility is also affected in zafC mutants and less flagellin was detected on the surface of farC
cells (Reynolds et al., 2011). Figure 2 shows the relative motility of the fat, amiA amiC,

sufl, and amiA amiC sufl mutants. The zat mutants were partially defective in this motility
assay. Both the amiA amiC mutant and suf/ mutant also showed a motility defect, but not as
severe as the zat mutant. Interestingly, combining the amiA amiC sufl mutations did not
seem to confer a more severe phenotype. Production of flagella is down-regulated during
systemic infection and dispensable for S. Typhimurium virulence in the mouse model, so
this decreased motility is unlikely to explain the i.p. virulence defect of fafC mutants
(Schmitt et al., 2001).

We also tested our fafC mutant for sensitivity to detergents using in vitro competition assays.
Both the fatC mutant and the amiA amiC sufl mutant grew equally with the wild type strain
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in the absence of detergents (Figure 3A). Thus, the virulence phenotypes cannot be
explained by simple growth defects. However, our data show that both the fatC mutant and
amiA amiC sufl triple mutant were equally sensitive to SDS compared to wild type;
approximately 500-fold more wild type cells were recovered in competition assays
performed in LB containing 5% SDS. Addition of the amiA, aimC, or sufl genes into the
triple mutant partially complemented the SDS phenotype, indicating that all three gene
products are contributing to the SDS resistance. As has been shown previously, we observed
that zat mutants are also sensitive to bile (Reynolds et a/., 2011). When grown in aerated LB
supplemented with 1% or 2% bile salts, fewer zatC mutant cells are recovered compared to
wild type after 18 hours growth. Again, the amiA amiC suff triple mutant was
indistinguishable from the fafC mutant in this assay (Figure 3B). But interestingly, while
complementation with am/iC completely rescued the bile sensitivity phenotype, addition of
neither amiA nor suff had any significant effect. Thus, the sensitivity of the fafC mutant to
SDS can be explained by mislocalization of AmiA, AmiC and Sufl, whereas the sensitivity
to bile seems to be solely due to loss of AmiC. These data suggest first that SDS and bile act
via different mechanisms to damage cells, and that, second, AmiA and AmiC are not simply
redundant.

Loss of Tat affects type Ill secretion but this is independent of virulence

In the plant pathogen Pseudomonas syringae, a tatC mutation conferred a 30% decrease in
translocation of a type 111 secreted effector (Bronstein ef a/., 2005). Since type 111 secretion
is important for S. Typhimurium survival in the host, both in the intestine and systemically
(Mills et al.,, 1995; Hensel et al., 1995; Shea ef al., 1996), we asked what effect a tatC
mutation has on type Il secretion and whether the amiA amiC suff mutations recapitulate
these phenotypes. First, we determined the effect of a zafC deletion on A//A transcription.
The level of expression of the SPI1 type I11 secretion system, involved in invasion in the
intestine, is directly dependent on the level of /ilA expression (Ellermeier et al., 2005), and
the SPI1 regulatory system responds to a number of envelope defects (Golubeva ef a/.,
2012). The data in Figure 4A show that deletion of fafC decreased ///A expression nearly 4-
fold, and the triple amiA amiC sufl mutations decreased ///A expression approximately 2-
fold. This level of effect on AilA expression might be enough to impact type 111 secretion
and virulence, since deletion of 7/i.Z, a regulator of SPI1 type 111 secretion, has a 4-fold effect
on hilA expression and the mutant is approximately 60-fold down in oral competition assays
in mice (Chubiz et al., 2010).

To test directly if the virulence defect of a fatC mutant can be explained by loss of SPI1 type
I11 secretion, we examined the virulence phenotype of a fafC mutation in a strain deleted for
the SPI1 locus. If the virulence defect conferred by the fatC mutation is due to loss of SPI1
type Il secretion, then it should not confer any additional phenotype in the SP11 deletion
background. As a control, we tested the phenotype conferred by the SPI1 locus deletion after
oral infection and recovery of bacteria from the small intestine. The ASPI1 mutant was 67-
fold attenuated in this assay (Table 6). Deletion of zatC in this background conferred an
additional 63-fold attenuation. This is not significantly different than the phenotype
conferred by loss of a functional Tat export system in the wild type background (Table 1).
Importantly, introduction of the amiA amiC sufl deletions into the ASPI1 background
conferred a phenotype statistically indistinguishable from that conferred by the tatC
mutation. Thus, the virulence defects conferred by the tatC or the amiA amiC sufl mutations
are largely independent of any effect on SPI1 type Il secretion.

We also examined the effect of a fafC deletion on SPI12 type 111 secretion, necessary for
survival in macrophages, by measuring the level of ssaG transcription. SsaG encodes a
structural protein in the SPI2 type 111 secretion apparatus and has been used to monitor
expression of SPI12 (Walthers et al., 2007). Figure 4B shows that deletion of farC decreased
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ssaG expression nearly 5-fold, and the triple amiA amiC sufl mutations decreased ssaG
expression approximately 2-fold. This is similar to the effect seen on AilA expression.

We were unable to perform in vivo tests of epistasis with the SP12 mutant because the strain
is severely attenuated (> 100,000-fold in an i.p. competition assay). Therefore, we directly
measured secretion of a tagged effector protein in vitro. We used a fusion of an N-terminal
portion of SspH2, a known SPI12 type Il secreted effector (Miao and Miller, 2000), to the
catalytic domain of the adenylate cyclase toxin of Bordetella perusssis, CyaA, which
converts ATP to cAMP in the presence of calmodulin in host cells (Hanski, 1989). cAMP is
only produced if the fusion protein is translocated into host cells. We infected J774
macrophages with strains expressing this fusion and measured the level of cCAMP after 6
hours. Figure 4C shows that translocation of the SspH2-CyaA fusion protein is decreased in
the farC background, but it is not abolished, since more cAMP is detected in this strain than
in the negative controls. Importantly, however, SPI2 type 111 secretion must be largely
functional in the far mutant /n7 vivo because the level of attenuation in the faf mutant is not
nearly as severe as in a SPI2 mutant.

Discussion

The Twin Arginine Transport system (Tat) translocates folded proteins across the
cytoplasmic membrane (Settles et al.,, 1997; Weiner et al., 1998). The Tat system has been
shown to be important for virulence in several organisms, and where a molecular
mechanism has been offered, attenuation has been attributed to mislocalization of a specific
secreted toxin (Voulhoux et al., 2001; Ochsner et al., 2002; Pradel et al., 2003; Bronstein et
al., 2005; Rossier and Cianciotto, 2005). Since Sa/monellais not known to secrete any Tat-
dependent toxins, the specific role of the Tat pathway in virulence was less obvious.

To more precisely define the nature of attenuation in a Sa/monella tat mutant, we inactivated
each of the genes encoding Tat-exported proteins and determined the virulence phenotype of
each mutant. No single mutation caused the virulence phenotype equivalent to the fat
deletion. Indeed, only loss of the outer membrane protein YcbK caused any measurable (2-
fold) virulence defect. This putative outer membrane protein is a peptidase in the M15
family. As previously shown (Maier et al., 2004), deletion of the genes encoding three
periplasmic hydrogenases Aya, iiyb, and hyd, also conferred a significant virulence defect,
but only 5-fold compared to the 220-fold attenuation conferred by the fat mutation; deletion
of the individual hydrogenase genes does not attenuate Sal/monella (Maier et al., 2004).

Deletion of the two N-acetylmuramyl-L-alanine amidases, amiA and amiC, also did not
significantly attenuate virulence. However, combining these mutations with deletion of suf/
(also called fsP), encoding a divisome protein, conferred a significant virulence defect
approaching that observed in the faf mutant. Indeed, the faf mutation conferred only a 4- fold
defect in the amiA, amiC, sufl background during systemic infection. This remaining
attenuation is easily explained by the loss of the hydrogenases and YcbK.

AmiA, AmiB, and AmiC are periplasmic enzymes that cleave the peptide from the N-
acetylmuramyl moiety of the glycan chain of peptidoglycan, thereby breaking the crosslink
between glycan strands (Heidrich et al., 2001; Typas et al., 2012). These enzymes have been
implicated primarily in cell septation and separation. It is not clear why AmiA and AmiC
require Tat for export, whereas AmiB does not (Bernhardt and de Boer, 2003; Ize et al.,
2003). In some cases, they would appear to be redundant. In £. coli, significant phenotypes,
including biochemical changes in peptidoglycan structure, are observed in double or triple
mutants. Moreover, over-expression of AmiB will suppress the SDS sensitivity phenotype of
an amiA amiC double mutant in £. coli (1ze et al., 2003). However, AmiC and AmiB are
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localized to the septal ring in dividing cells, whereas AmiA is distributed throughout the
periplasm (Bernhardt and de Boer, 2003; Peters et al., 2011), although AmiA activity
requires the divisome associated FtsSEX (Yang et al., 2011)(see below). Our results with
complemented strains suggest that both AmiA and AmiC contribute to SDS resistance,
whereas only AmiC can confer resistance to bile.

In E. coli, tat mutants, amiA amiC mutants, and suff mutants, all show septation defects and
elongated chains of cells (Stanley ef a/., 2001; Heidrich et al., 2001; Samaluru et al., 2007).
Cultures of Salmonella Enteritidis faf mutants similarly showed a significant fraction of
elongated cells (Mickael et al., 2010). We also observed septation defects in S.
Typhimurium strain 14028 mutants lacking Tat, AmiA and AmiC, or AmiA, AmiC and
Sufl. The amiA amiC sufl triple mutant had a slightly exacerbated phenotype that was
significantly different than the fafC mutant, suggesting that, similar to what we observed for
anaerobic respiration, the far mutant could be slightly leaky. Perhaps a small fraction of Tat-
dependent proteins can be exported via the Sec system. This could be particularly true for
these divisome proteins that do not have any complex centers that need assembly in the
cytoplasm. However, the septation defects do not strictly correlate with attenuation,
suggesting that either this phenotype is not manifest during infection in the amiA amiC or
sufl mutants or that impaired septation per se does not have a significant impact in the host.

Loss of Tat or AmiA and AmiC in £. coli or Salmonella affects membrane integrity and
confers sensitivity to SDS, bile, certain antimicrobial peptides, and vancomycin (Stanley et
al., 2001; lze et al., 2003; Weatherspoon-Griffin et al.,, 2011). Indeed, the amiA amiC suf!
mutant shows equal sensitivity to SDS and bile as the fat mutant (Fig 3). It is not
mechanistically clear why the inability to break peptidoglycan crosslinks should affect outer
membrane permeability. Interestingly, amiA and amiC are transcriptionally induced above
the basal level of expression by CpxR, apparently in response to periplasmic stress
(Weatherspoon-Griffin et al., 2011), further connecting these enzymes with overall envelope
integrity. One can easily imagine that this membrane permeability and increased sensitivity
to various compounds could explain attenuation in the animal. However, if true, it would
seem likely that the mutant is sensitive to different compounds in the various niches in the
animal, given that the mutants are attenuated both orally and i.p. Perhaps the triple mutant
has additional envelope defects directly or indirectly caused by loss of the divisome
proteins. Although we show that in vitro Type Il secretion (T3S) could be affected in the fat
mutant and, to a lesser extent, the triple mutant, loss of SPI1 T3S does not account for the
oral defect conferred by loss of Tat, or AmiA, AmiC, and Sufl (Table 6), while SPI2 T3S
must remain at least partially functional in the fat mutant during systemic infection.

Sufl (FtsP), like AmiC, is localized to the septal ring (Tarry et al., 2009). The protein is
structurally similar to the multicopper oxidase CueQ, another Tat-exported protein, but Sufl
does not bind copper (Tarry et al., 2009). Rather, it is proposed to play a structural role in
the divisome. Localization of Sufl and AmiC requires FtsN, and, as such, both proteins are
thought to be assembled into the divisome complex only during cell constriction to restrict
their activities to cell separation and prevent cell rupture that could occur if the amidases
acted at inappropriate times or places (Peters ef al., 2011).

Sufl was identified as an overproduction suppressor of an f#s/ mutation (Samaluru et al.,
2007). Ftsl is a transpeptidase that is also localized to the divisome (Weiss ef al., 1999).
Overproduction of Sufl also suppresses loss of FtsEX and mutations in suf/and ftsEX or
sufl and envC are synthetically lethal (Samaluru et al.,, 2007). Yang et al. (Yang et al., 2011)
have provided evidence that the ABC-transporter like complex, FtsEX, controls EnvC via
ATP-dependent conformational changes. EnvC then activates both AmiA and AmiB, the
latter being localized to the divisome (Peters et al., 2011). Thus, although the exact role of
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Sufl in the divisome complex is unknown, there are genetic and structural ties between Sufl
and the amidases. Our data provide an additional functional connection between Sufl, AmiA
and AmiC in that loss of the three, although not synthetically lethal in vitro, does confer a
synthetic virulence defect. But what is the nature of this synthetic defect? Perhaps AmiB or
EnvC are not localized or functioning appropriately in the suf/ mutant. This defect would be
exacerbated by loss of AmiA and AmiC.

A large fraction of Tat-exported proteins are involved in anaerobic respiration. To test the
role of these systems during infection, we created a strain that is incapable of using any
alternative electron acceptor (moaDE nrfA frdA). Interestingly, complete loss of anaerobic
respiration had no effect on the virulence of S. Typhimurium in the classic BALB/c mouse
model, either in the intestine or during systemic infection. As a further test, we deleted the
genes encoding the anaerobic ribonucleotide reductase, nrdDG (Fontecave et al., 1989;
Garriga et al., 1996), creating an obligately aerobic mutant. This mutant was also fully
virulent, even in the intestine after oral infection. In contrast, mutants lacking components of
the aerobic respiratory chain are significantly attenuated. These data are consistent with
previous reports that the full TCA cycle, not the reductive path, is needed for virulence
(Yimga et al., 2006). Taken together, our results strongly suggest that Sa/monella replicates
only in aerobic tissues in the animal, both during systemic infection and in the intestine.
Although there are data suggesting a thin layer of oxygen is present at the surface of
intestinal epithelial cells (Marteyn et al., 2010), it is likely, in the classic mouse model, that
the bacteria colonize the Peyer’s patches, and this constitutes the primary site of replication
(Carter and Collins, 1974; Jones et al., 1994). Salmonella cells are clearly present in the
lumen (and can be easily isolated from stool samples, for example), but our data suggest that
the bacteria are not significantly replicating in the lumen, certainly not in the large intestine.
The bacteria are also likely sensing the environment of the intestine to control gene
expression, for example, to regulate the SP11 T3SS invasion apparatus (Golubeva et al.,
2012). An FNR mutant is slightly attenuated orally, which could reflect effects on virulence
gene expression in the intestine (Fink ef a/., 2007). But these potential changes in gene
expression are seemingly independent of replication.

Baumler and associates (Winter et al., 2010b; Thiennimitr et a/., 2011) have shown that
inflammatory diarrhea provides both a carbon source (ethanolamine) and an alternative
electron acceptor, namely tetrathionate, which Sal/monella uses to replicate in the anaerobic
lumen of the intestine. But this inflammatory response occurs in mice only after pre-treated
with streptomycin. This mouse colitis model likely mimics the inflammatory diarrhea
conferred by non-typhoid Sa/monellain humans. The classic mouse model, in contrast, is
more indicative of typhoid fever in humans. Neither ethanolamine utilization (Stojiljkovic et
al., 1995; Thiennimitr ef al., 2011) nor tetrathionate respiration (Hensel et a/., 1999; Winter
et al., 2010b); Table 3) contribute to the virulence of S. Typhimurium in normal mice.
Interestingly, in the human-specific Sa/monellaserovars, S. Paratyphi A strain ATCC 9150
has lost the ability to respire tetrathionate (Liu et a/., 2009) and S. Paratyphi C strain
RKS4594s has a mutation in the ethanolamine utilization operon (McClelland et a/., 2004).
S. Typhi strain CT18 has a mutation in the regulator of tetrathionate operon (Parkhill et al.,
2001). Several additional Tat-dependent systems, including anaerobic respiratory systems
contain pseudogenes in these serovars. These data suggest that, like S. Typhimurium in
normal mice, the human-specific pathogens are replicating in solely aerobic tissues and not
in the lumen of the intestine (Winter and Baumler, 2011).
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Experimental procedures

Bacterial strains and growth conditions

Bacterial strains and plasmids are described in Table S3. Except for JS198, all Sa/monella
enterica serovar Typhimurium strains used in this study are isogenic derivatives of strain
14028 (American Type Culture Collection) and were constructed using P22 HT105/1
int201 (P22) mediated transduction (Maloy et al., 1996). Deletion of various genes and
concomitant insertion of an antibiotic resistance cassette was carried out using lambda Red-
mediated recombination (Datsenko and Wanner, 2000) as described (Ellermeier et al.,
2002). Primers were purchased from IDT Inc. The endpoints of each deletion are indicated
in Table S3. In all cases, the appropriate insertion of the antibiotic resistance marker was
checked by PCR analysis and the construct was moved into a clean wild type background
(14028) by P22 transduction. In some cases, antibiotic resistance cassettes were removed
using the temperature sensitive plasmid pCP20 encoding the FLP recombinase (Cherepanov
and Wackernagel, 1995). The TorA-GFPuv expression plasmid (pAT100) was constructed
as described in the supporting information.

For complementation studies, a fragment containing the gene of interest and a downstream
Kan resistance cassette (from pKD4 but without FRT sites) (Datsenko and Wanner, 2000)
was integrated as a single copy via lambda Red-mediated recombination 40 bp downstream
of the purA stop codon and 116 bp upstream of the yjeB gene start codon, resulting in a
deletion of 20 bp. We knew from previous studies that insertions at this site did not affect
virulence. The amiA gene was complemented with a fragment corresponding to 459 bp
upstream of the start codon to 50 bp downstream of the stop codon. The amiC gene fragment
corresponded to 500 bp upstream of the start codon to 46 bp downstream of the stop codon.
The sufl gene was complemented with a fragment extending from 220 bp upstream of the
start codon to 45 bp downstream of the stop codon. DNA sequencing showed that all
constructs were wild type.

Luria-Bertani (LB) medium (Silhavy ef a/., 1984) was routinely used for growth of bacteria,
except where noted. Bacterial strains were grown at 37°C except for strains containing the
temperature sensitive plasmids, pCP20or pKD46 (Datsenko and Wanner, 2000), which were
grown at 30°C. Antibiotics were used at the following concentrations: 20 ug ml=1
chloramphenicol; 50 pg mi~1 kanamycin; and 12 pg mI~1 tetracycline.

For tests of anaerobic respiration, we used a supplemented MOPS defined medium
(Neidhardt et al., 1974), called EZ (Teknova). Plates were made with either 0.4% glucose or
0.4% glycerol and supplemented with 1uM NaySeO3z and 1uM (NH4)gM07024-4H,0.
Alternative electron acceptors were added, when indicated, at 0.4% nitrate, 0.4% fumarate
or 0.4% DMSO. Plates were incubated at 37° in an anaerobic glove box.

Competition assays

BALB/c mice (BALB/cAnNHsd) were purchased from Harlan Sprague Dawley, Inc. For
most intraperitoneal infections, isogenic strains were constructed in 14028; for most oral
experiments, isogenic strains were constructed starting with the tetracycline-resistant strain
JS135 (Stanley et al., 2000). Bacterial strains were grown overnight (16 h) in LB medium.
Cultures of the two strains of interest were mixed 1:1 and the mixture was washed and
diluted in sterile 0.15 M NaCl (for intraperitoneal infections) or 0.1 M sodium phosphate
buffer, pH 8.0 (for oral infections). Female mice were inoculated in groups of 4 to 6 either
intraperitoneally (i.p.) with approximately 1000 total bacteria or orally with approximately
109 total bacteria. Inocula were plated on LB and then replica plated onto the appropriate
selective medium to determine the total number and percentage of the two strains used for
the infection. Mice were sacrificed after 3 to 5 days of infection and the indicated organs
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were removed. Unless otherwise indicated, the entire tissue was homogenized and the
homogenate was diluted and plated on LB medium (for i.p.) or LB/Tetracycline (for oral
infections). The resulting colonies were replica plated onto selective medium to determine
the relative percent of each strain recovered. The competitive index (Cl) was calculated as
(percent strain A recovered/percent strain B recovered)/(percent strain A inoculated/percent
strain B inoculated). The CI of each set of assays was analyzed statistically using the
Student’s t test. In most cases, the strains were rebuilt by P22 transduction, and the mouse
assay was repeated to ensure that the virulence phenotypes were the result of the designated
mutations. All animal work was reviewed and approved by the University of Illinois IACUC
and performed under protocols 04137 and 07070.

For aerobic /n vitro competitions, bacteria were grown as above for inoculation, but 0.1 ml
of the bacterial mixture was introduced into 5 ml of LB in a 50 ml flask. If SDS or bile were
part of the experiment, they were added at this time. Flasks were incubated at 37°C on a
platform shaker rotating at 225 RPM for 18 hr. For anaerobic competitions, bacteria were
inoculated into 18 mm tubes containing 5 ml LB with 0.2% glucose which had been in the
anaerobic chamber for at least two days. The cells were incubated without agitation at 37°C
for 24 hr in an anaerobic chamber. In both cases, cells were subsequently diluted and plated
on LB medium, and the resulting colonies were replica plated onto the selective medium to
determine the relative percent of each strain recovered. Competitive index was calculated as
above and the Student’s t-test was used for statistical analyses.

Morphology analysis

S. Typhimurium cells were observed by light microscopy using an Olympus 1X70
microscope at a magnification of 600x. All strains were grown overnight at 37°C in LB. The
next day cells were washed with dH,O twice and then diluted to OD600 0.05 and grown in 5
ml LB with no NaCl in 18 mm tubes, at 37°C, 200 rpm. After 6 hr, cells were washed twice
with dH,0 and diluted to 0.01 OD mi~1. A 10 pl aliquot of cells was placed on a slide to
dry. The cells were fixed with cold Methanol (-20°C) for 30 minutes. Gram staining was
performed using an HT90A kit (Sigma-Aldrich) according to the manufacturer’s
instructions. At least 250 S. Typhimurium cells in at least 5 random non-overlapping
microscopic fields were counted for calculation of an average number of bacilli in a chain.

Motility assay

Strains were tested for ability to swim on 0.3% agar Luria-Bertani (LB) plates supplemented
with 0.5% glucose. Bacteria were inoculated into motility agar by transferring 2 pl of
overnight culture with a pipette tip and incubated 3 hours at 37° C.

Assay of B-galactosidase activity

[-galactosidase assays were performed using a microtiter plate assay as previously described
(Slauch and Silhavy, 1991) on strains grown under the indicated conditions. $-galactosidase
activity units are defined as (umol of ONP formed min~1) x 106/ (ODggo x ml of cell
suspension) and are reported as mean * standard deviation where n = 4. For log phase
cultures, bacteria were grown overnight in LB, diluted 1 to 100 in the indicated medium and,
upon reaching ODggg of 0.2, diluted 1 to 4 and grown to ODggg of 0.2-0.3. Cultures grown
in SP11-inducing conditions were initially inoculated into LB (0.5% NaCl), grown for 8-12
hours, then subcultured 1 to 100 and grown statically for 18-22 hours in 3 ml LB with 1%
NaCl (high salt LB) in a 13 x 100 mm tubes. For SPI2 inducing conditions, cells were
grown overnight in LB with aeration then diluted 1 to 100 in 2 ml of N minimal medium
with 0.2% glycerol and 8 mM MgCI2 and grown 16 h with aeration.
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Type lll secretion system assays

To assay SPI2-dependent type I11 secretion, cultures of serovar Typhimurium strains
producing a SspH2-CyaA fusion were grown under SP12-inducing conditions (described
above). Bacteria were washed in 0.15 M NaCl and opsonized with 50% mouse serum
(Equitech-Bio) for 20 min at 37°C. The opsonized bacteria were then used to infect
RAW264.7 cells at a 10:1 ratio. After 1 h, the macrophages were washed three times with
phosphate buffered saline and 1 ml of RPMI 1640 containing 10% fetal bovine serum, and
6.25 pg of gentamicin per ml was added. The infection was allowed to proceed for 5 h.
Infected macrophages were then washed three times with phosphate buffered saline. The
cells were lysed with 200 pl of 0.1 M HCI and heated for 10 min at 95°C. The levels of
cAMP were determined using a Direct cCAMP Correlate-EIA kit (Assay Designs). The
protein content of each sample was determined by a BCA assay (Pierce) relative to a bovine
serum albumin standard curve. All cAMP assays were performed in triplicate and repeated
at least two times; the results of a representative experiment are shown.

Fluorescence microscopy

Strains were grown overnight in LB at 37°C, diluted 1:100 in fresh LB medium and grown
for 8 hours to an OD600 of ~3.5. Aliquots equivalent to O.2 OD600 of cells were collected
by centrifugation and washed twice with dH,0O and re-suspended in 1 ml of dH,0. Cells
were diluted 1 to 10 and 10 pl were applied to a microscope slide (FisherFinest). The slides
were dried at room temperature, fixed in cold methanol (-20°C) for 30 minutes, dried and
covered with a cover glass mounted with Fluoromount-G (SouthernBiotech). The slides
were examined using a Zeiss LSM 510 Meta confocal fluorescence microscope. Emission
was detected with a filter specific for GFP (488 nm).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Microscopic analysis of strains following growth in no salt LB. Strains were grown for 6 h.
Cells were washed before fixation and Gram staining and observation by light microscopy at
a magnification of x600. Scale bar=10 pm. At least 250 cells in at least 5 random non-
overlapping microscopic fields were counted for calculation of an average number of bacilli
in a chain and % single cells. Lines designate statistical comparisons of Avg cells/chain
using a Student’s T test. *, p<0.05; **, p<0.005; NS, Not significant. Strains used were
14028, JS1194, JS2002, JS1198, and JS2019.
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Figure 2.

Motility in LB with 0.3% agar. The plates were grown at 37° for 3 hours. The strains tested
are clockwise: (Left plate)14028, JS1194, JS1185, and JS557; (Right plate) 14028, JS2019,
JS2002, JS1198, and JS1194.
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Figure 3.
SDS and hile sensitivity of mutants in aerobic LB. Mixed cultures of the indicated mutant

and isogenic wild type strain were grown for 18 hours shaking in the presence of SDS (N=2)
or bile (N=4) as indicated. Competitive indices is calculated as % mutant output/ % mutant
input. Strain used were 14028, JS1194, JS2019, JS2034, JS2035, and JS2036.
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Figure4.

Role of Tat in type 111 secretion systems. Loss of TatC or the exported substrates AmiA
AmiC and Sufl decreases expression of a AilA-lac fusion (A) and an ssaG-/ac fusion (B). B-
galactosidase activity units are defined as (umol of ONP formed/min) x 108/ (ODggg x ml of
cell suspension) and are reported as mean + standard deviation where n=4. Loss of TatC
affects translocation of the SP12 effector SspH2 (C). Strains were grown in SP12 inducing
conditions and then assayed as described in Materials and Methods. The LacZ-CyaA fusion
is not competent for type 111 secretion. Type I11 secretion is also non-functional in a dshA
mutant background (Ellermeier and Slauch, 2004; Lin et a/., 2008). Strains uses were JS749,
JS2023, JS2024, JS2025, JS2026, JS2027, 14028 pCE39, 14028 pSG161, JS1194 pSG161,
and JS362.
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Table 2

Virulence characteristics of strains with mutations in specific Tat substrates.

Relevant genotype & Function Median CI ® Number of mice  pvalue®

hyaAB hybABC hydBC Hydrogenases 0.20 9 0.039
yebK Putative outer membrane protein; Peptidase M15 family 0.32 4 0.018

suft Suppressor of fzs/; cell division 0.71 8 NS

STM0084 Putative sulfatase 0.43 5 NS

cueO Multicopper oxidase 0.61 5 NS

PSLT46 Putative carbonic anhydrase 0.73 3 NS

amiA amiC N-acetylmuramoyl-L- alanine amidases 1.09 11 NS

fhuD Fe3* Hydroxamate siderophore transporter 1.72 3 NS

wcaM Colanic acid biosynthesis 2.23 5 NS

Page 24

a . . . I . . - . .
The listed mutant was competed against the isogenic wild type strain 14028 with an i.p. inoculation. Bacteria were recovered from spleens. The

strains used were 14028, JS1196, JS1197, JS1198, JS1199, JS2000, JS2001, JS2002, JS2003, and JS2004.
bThe competitive index (CI) was calculated as described in the experimental procedures.

c . N
The student’s #test was used to compare the output and the inoculums. NS, not significant.
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Table 6
Competition assays with SPI1 mutants.
Strain A @ StrainB2 Median CI P Number of Mice  pvalue®
Aspil wt 0.015 7 <0.005
AtatC Aspil Aspil 0.016 8 <0.005
DamiAC Asufl Aspil Aspil 0.0065 5 <0.005

aThe strains used were JS135, JS2028, JS2029, and JS2030. Mice were infected orally with 109 bacteria/mouse. Bacteria were recovered from the
distal portion of the small intestine.

b S I .
The competitive index (CI) was calculated as described in the experimental procedures.

C. . .
The student’s #test was used to compare the output and the inoculums. NS, not significant.
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