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Abstract

Bacteria can communicate with each other through the production, release, and
detection of small molecules called N-acyl homoserine lactones (AHLS). In a subset of
the family Enterobacteriaceae, including the well-known genera Salmonella and
Escherichia, AHLSs are not produced but these bacteria retain the ability to detect them
through the LuxR-type protein SdiA. This strategy is referred to as eavesdropping: where
one species may listen in on the communication of another. The role of SdiA-mediated
eavesdropping in the lifecycle of these bacteria is unknown.

To determine the function of eavesdropping, we first reviewed the available
literature on SdiA. Since the initial discovery of SdiA, many studies have attempted to
gain insight into its role by looking for mutant defects in various host systems,
elucidating the SdiA regulon, or finding in vitro phenotypes. The literature on each topic
is complex and interpretation must be measured and considerate of the methodology
used.

We next examined the role of Salmonella SdiA in several host systems, including
house flies, mice, and plants. We also determined the SdiA regulons of Salmonella, E.
coli, and Enterobacter cloacae. The house fly is a known mechanical vector of
Salmonella with some evidence of a more dynamic interaction between host and bacteria.

Based on the abundance of AHL synthase homologs in insect metagenomes, we



hypothesized that SdiA played a role in the survival of Salmonella within house flies.
After a series of experimental infections, the evidence suggests that sdiA mutants are
highly advantaged over their wild-type competitor and that SdiA may have a negative
effect on survival within house flies. Using a randomly barcoded transposon library
(Barseq), we examined Salmonella fitness in mice that were co-infected with the AHL
producing pathogen Yersinia enterocolitica. Consistent with previous reporting, sdiA and
its regulon suffered no fitness defects during gastroenteritis. Finally, an experimental
infection of plants indicated that SdiA is not active in either Angiosperms or soybeans.

The regulon of SdiA is poorly understood. We sought to elucidate the SdiA
regulons of two clinically relevant Salmonella serovars, Typhimurium and Typhi, using
RNA-seq. Although more than two-hundred genes were suggested to be sdiA regulated
by expressing sdiA from a plasmid, only 13-20 genes across 5-6 loci are sdiA regulated
when expressed from its native position on the chromosome. Most sdiA regulated genes
are hypothetical or have no known function or phenotype. We also determined that sdiA
regulons in other species, specifically E. coli and E. cloacae, have some overlap with
each other. The partial overlap of regulons suggests a common response to foreign AHLSs.
It remains to be determined what phenotype or phenotypes when these sdiA regulated
genes are activated.

Antibiotic resistance is a growing threat to the welfare of mankind. One of many
approaches to tackling this great challenge is the identification of novel antimicrobial
targets. One currently unexplored strategy is to attenuate bacteria by inducing sugar-

phosphate toxicity. Bacterial metabolism uses many phosphorylated intermediates that



are quickly interconverted in the cell. Inhibiting enzymes in the cell essential for the
processing of certain intermediates leads to their accumulation and subsequent growth
defects: the phenomenon of sugar-phosphate toxicity. We evaluated the therapeutic
potential of mannitol-1-phosphate (Mtl-1P) toxicity, which is induced by inactivation of
Mannitol-1-phosphate 5-dehydrogenase (MtID) and the exogeneous introduction of
mannitol. We found that mtID mutants in the genera Cronobacter, Escherichia,
Salmonella, and Pseudomonas are all inhibited in vitro by mannitol at micromolar
concentrations. In vivo, we observed that both gastrointestinal and systemic infections of
Salmonella mtID mutants could be attenuated by providing mannitol to mice in their
drinking water, suggesting a hypothetical MtID inhibitor would be effective in treating
infections. While investigating the mtID mutant in vitro, we discovered a previously
unreported phenotype in mtID mutants, termed recovery. Recovery is the resumption of
growth following intoxication and the delay between intoxication and recovery is
dependent on the initial quantity of mannitol in the solution.

Overall, the work in this thesis provides new insights into SdiA-mediated
eavesdropping by identifying new regulon members in Salmonella, E. coli, and E.
cloacae and investigating the role of SdiA in different host systems. In addition, we
investigate the scope and therapeutic potential of mannitol sensitivity as a therapeutic
target in bacteria, finding that all tested mtID mutants are attenuated by the presence of

mannitol and mtID mutants are attenuated in multiple mouse models of infection.
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Chapter 1. Introduction

1.1 Quorum sensing is a phenomenon of bacteria mediated by the production and

detection of small molecules

Quorum sensing (QS) is a process of cell-to-cell communication in bacteria
enabling them to coordinate behaviors in response to changes in population density. This
behavior is well documented and reviewed by excellent researchers in the field 1°. QS is
mediated by autoinducers (often a small peptide or modified metabolite) that are
produced by the cell using autoinducer synthases and released into the extracellular
space. The accumulation of autoinducers occurs as a function of population density and
time. External factors, including volume of the extracellular space, flow rate, pH, the
presence of degrading enzymes (e.g. lactonases) or autoinducer analogs, etc, all factor
into the overall autoinducer concentration 8°. At sufficient concentration, autoinducers
are detected by response regulators. QS has been found to regulate a wide variety of
biological processes, including bioluminescence *°, virulence 5%, horizontal gene transfer
1213 “and phage biology 46, It is thought these processes require sufficient bacterial
population density (and coordination) to be effective, necessitating a mechanism like QS.

QS, originally proposed by Fuqua et al. *’, is an evolutionary explanation of the

observed behavior of these bacteria. Diffusion Sensing (DS) was later proposed by



Redfield as an alternative interpretation 8. In the DS paradigm, autoinducers are secreted
to “figure out” if the more expensive extracellular molecules (e.g. proteases, virulence
factors) would simply diffuse away and be ineffective to the cell. Another hypothesis,
efficiency sensing, was proposed as a solution to the two competing ideas ° though
others consider QS and DS to not be mutually exclusive 2°. There have been several
studies on the evolution and maintenance of cheaters within QS populations (i.e. mutants
who do not produce autoinducers but still detect them) 2122, These observations suggest
autoinducer production and detection is a social behavior (i.e. QS, not DS).
Distinguishing QS from DS has also been discussed in terms of mathematical modeling
(see 192023),

Regardless of the underlying evolutionary mechanism at play, the number of
factors (mentioned above) that influence autoinducer concentration and whether bacteria
reach their quorum allows them to take in a considerable amount of information about
their environment and channel it into a regulated response. The sheer number of bacterial
species across phyla and diversity of phenotypes regulated by autoinducer production and
detection likely means any single evolutionary explanation is an over-simplification of
the underlying dynamics at play. For simplicity, I will refer to these behaviors as QS in

this document.



1.2 Eavesdropping bacteria use quorum sensing proteins but do not detect their own

population density

Many bacterial QS circuits do not encode a cognate signal synthase (e.g. luxl)
alongside their response regulator (IluxR) 2*. Multiple new paradigms become possible
from losing signal production but not signal detection 2°. One strategy is employed by the
“third-wheel” LuxR solos that sense AHLs synthesized by another AHL synthase within
their genome at a different locus than third-wheel LuxR. A known third-wheel is QscR in
P. aeruginosa. This opportunistic pathogen encodes a complex QS network which
includes two LuxRI pairs: LasRI (using 0xoC12) and RhIRI (using C4). QscR is encoded
elsewhere from either locus and binds oxoC12 and other long-chain length AHLs 2%
The QscR regulon is limited to a single locus, whose genes delay the activation of LasR
and RhIR regulons by an unknown mechanism 2. It is proposed that QscR may act as a
“timing mechanism” in activating Las/Rhl during infection. Its ligand specificity also
suggests it could alter expression in response to other nearby AHL producing species.

Eavesdropping, mediated by LuxR solo SdiA, is one of two major research topics
presented in this document. SdiA is encoded in several genera within the
Enterobacteriaceae, including notable genera Escherichia, Salmonella, Enterobacter,
Klebsiella, Citrobacter, and Cronobacter 2°. SdiA allows bacteria to detect foreign AHL
producing bacterial species and regulate specific genes (the SdiA regulon). Although this
process is straightforward and easily demonstrable in the laboratory setting, its role in the
lifecycles of SdiA™ bacteria is essentially unknown. There are a few reasons for this issue.

First, SdiA regulons mostly encode hypothetical or poorly understood genes. Second,
3



SdiA* genera occupy a diverse range of niches, yielding no immediately obvious relevant
environment in which eavesdropping might occur. Third, clear sdiA mutant defects (both
in vitro and in vivo) are either absent or their results are not easily interpreted. Finally,
SdiA regulates genes in a complex manner: a mix of AHL-dependent and independent
regulation that confuses which responses may be relevant to the detection of foreign
bacteria. These issues are exemplified in the work presented in Chapter 3 on Salmonella
SdiA regulons and expounded upon in Chapter 6.

1.3 Salmonella is a Gram-negative pathogen

The primary organism used in these studies is Salmonella, a genus of Gram-
negative bacteria within the pathogen rich class Enterobacteriaceae. Salmonella is closely
related to another model organism, E. coli *°. Salmonella has two species, enterica and
bongori, and species enterica is further divided into six sub-species 3. S. bongori and the
five subspecies other than S. enterica subspecies enterica are generally associated with
cold-blooded hosts *2. Subspecies enterica encodes over 1,500 serovars, a few of which
have clinical and research significance, particularly Typhimurium and Typhi. The
generalist Salmonella serovars (e.g. Typhimurium) are notable for their large host range.
Other than infecting humans, hosts include livestock (including pigs, cows, chickens),
plants, insects, reptiles, and wild birds 33", Specialized serovars, such as S. Typhi, limit
their scope to one or a few hosts and environmental niches (e.g. humans). Infection and

transmission occur by the fecal-oral route.



1.4 Mouse models of Salmonella pathogenesis

The study of Salmonella pathogenesis relies primarily on mouse models. The
origin of the name Typhimurium, the model organism for most Salmonella researchers,
dates back to 1889 when a strain was isolated from infected mice by Loeffler (see
reference 8 for some interesting history on Salmonella). S. Typhimurium infections can
lead to gastroenteritis and/or systemic illnesses in humans.

To model human infection, the selection of mouse strain is important in the
outcome of infection. The most significant host factor in whether Salmonella incurs a
lethal infection is NRAMP1 (aka SLC11A1). NRAMP1 is a metal transporter which
restricts the growth of Salmonella within macrophages . There is a considerable volume
of research on the mechanism(s) by which this occurs. Recently, it was proposed that
magnesium deprivation is the primary factor *° though others have argued that iron is the
relevant restricted element *1. Mouse strains without a functional copy (NRAMP1") are
highly susceptible to lethal systemic infections, with more than 50% of mice dying to
inoculums as low as 10 CFU 24, NRAMP17~ mouse strains include BALB/c and
C57BL/6. The lethal dose (LDso) of Salmonella in mice that are wild-type at the
NRAMP1 locus is much higher, estimated to be somewhere between 10° and 10* CFU per
mouse “*#7. NRAMP1" mouse strains include Swiss Websters, Cba/J, and 129/SvJ. The
selection of vendor can also influence outcomes: mice from certain facilitates harbor
small populations of Enterobacteriaceae that can protect against Salmonella expansion in

the gut “2.



Mice are generally resistant to Salmonella mediated inflammation of the gut. This
has been attributed to the gut microbiota, whose protective mechanisms are collectively
referred to as colonization resistance (see “°°). In order to study gastroenteritis,
researchers often pre-treat with antibiotics (e.g. streptomycin), colloquially referred to as
“strep-treated”. Broad spectrum antibiotics deplete the host microbiota, allowing
Salmonella to expand %253, Treatment can increase colonization efficiency by a factor of
100,000 °*%5, The strep-treatment approach arguably models pathogen expansion and not
necessarily the interactions that allow Salmonella to overcome initial colonization
resistance. In NRAMP1™ mice, gastrointestinal infections are lethal because of the
invasive subpopulation of Salmonella that reach and replicate within the liver and spleen.
In NRAMP1™ mice, gastroenteritis is typically nonlethal.

Newer models for studying Salmonella gastroenteritis in the absence of antibiotic
perturbation have been developed. The Cba/J mouse allows for long term colonization of
Salmonella by an unknown mechanism. While most mice maintain a small Salmonella
population in the gut, a subset (10-30%) will eventually develop inflammation and a high
Salmonella burden. In these mice, inflammation can be studied in the absence of a
significant perturbation to the microbiota (e.g. antibiotics). Our lab, in collaboration with
other groups, performed a multi-omics study on these inflamed mice . Another
approach is to alter the mouse diet. Laboratory mice are typically maintained on a plant-
based diet. When maintained on a high-fat diet, they become permissive to Salmonella-
mediated inflammation and expansion without the need for antibiotics (unpublished data

and °"). Finally, the use of gnotobiotic mice colonized with small, defined communities



allows for both natural inflammation and controlled experiments to study interactions
between Salmonella and the microbiota %8

The study of human typhoid illness historically relied on infections of mice using
S. Typhimurium as S. Typhi cannot colonize mice. Recently, a collaborative cross study
identified CC003/Unc mice as permissive to colonization >°. This mouse model was used
in Chapter 5 to study mannitol sensitivity in S. Typhi. Other groups have used 129/SvJ
mice, which are defective in clearing S. Typhimurium bacteria, allowing researchers to
model a persistent infection 66, Finally, NRAMP1* mice can be fed a lithogenic diet that
induces the formation of gallstones, then infected with S. Typhimurium. This is used to
model chronic typhoid infections, which is mediated by the colonization of gallstones in

humans 8263,

1.5 Pathogenesis of Salmonella gastroenteritis

Three primary disease states of Salmonella infections have been described:
gastroenteritis, typhoid (or enteric) fever, and bacteremia. The primary virulence factors
of Salmonella are two type 3 secretion systems encoded on Salmonella pathogenicity
islands 1 (SPI1, T3SS1) and 2 (SPI2, T3SS2). SPI1 is a defining genetic trait of
Salmonella compared to Escherichia 8 and SPI2 distinguishes S. enterica from S.
bongori ®°. Additional pathogenicity islands have been identified and characterized to
varying degrees and other virulence factors include a virulence plasmid and adhesins (e.g.

fimbriae) (reviewed in ) as well as the lipocalin resistant siderophore salmochelin ©7.



Salmonella mediated gastroenteritis, for which serovar Typhimurium is the model
organism, is a self-limiting infection of the gut marked by several days of intestinal
inflammation and fecal shedding that can last several weeks 8%°. The pathogenesis of
gastroenteritis is a well-reviewed topic as many excellent researchers occupy the field
SLT0-75 Infections are initiated by the consumption of Salmonella in contaminated food or
drink. Modeling studies suggest the infectious dose of humans in virulent strains like
Typhimurium is low in humans (<1,000 CFU) which is on par with the IDso of
inflammation susceptible mouse models >+°578, It was reported that the acidity of the
stomach Kills a significant percentage of invading bacteria ’’, though more recent work
shows that population bottlenecking occurs after the onset of gut inflammation 8. Within
this location, Salmonella faces considerable competition for attachment and nutrients by
the resident microbiota. The induction of inflammation in the gut invokes the host
immune system to contain the infection, but at the expense of depleting resident flora in
the process (and colonization resistance with it). Thus, inducing inflammation in the gut
can also be considered a strategy by pathogens to facilitate colonization ™. Other
bacterial pathogens have been observed to take advantage of inflammation-mediated
depletion of host microbiota other than Salmonella 4°.

The primary virulence factor responsible for intestinal inflammation is SPI11, with
SPI12 contributing to the overall level of inflammation 7®8°, T3SS1 injects a collection of
effectors that performs two main functions: mediating entry into host cells and inducing
inflammation €. SPI11-mediated entry into host cells occurs by a trigger mechanism,

where effectors modulate host proteins in such a way as to induce cytoskeletal



rearrangement and bacterial engulfment 881, Three effectors, SopB, SopE, and SopE2,
are essential for invasion 82, SopB is a lipid phosphatase whose activity leads to the
recruitment of multiple phosphatidylinositols . The exact mechanism by which this
leads to entry is complex and not fully understood (reviewed in &). Both SopE and
SopE?2 are guanine nucleotide exchange factors (GEFs) 8. The host targets of
SopE/SopE?2 are Cdc42 and Racl, two Rho family GTPases whose downstream activity
is regulated by host (and pathogen) GEFs 8¢, The mechanisms by which effectors
trigger inflammation is also complex, but the pathways appear to converge on central
host regulators NF-kB and AP-1 (see reference " for a detailed review on this subject).
Interestingly, Salmonella activates both pro- and anti-inflammatory pathways through

various effectors, suggesting a fine-tuned manipulation of host signaling.

1.6 Salmonella causes diarrhea by several possible mechanisms

Diarrhea is a defining trait of many gastrointestinal pathogens. The underling
physiological process underling diarrhea the secretion of water into the lumen of the
gastrointestinal tract. The movement of water is secondary to the movement of solutes,
primarily sodium (moving inward) and chloride (moving outward) &. Diarrhea can occur
in non-inflammatory and inflammatory contexts, either mediated by an infectious agent
or through non-infectious disease (e.g. inflammatory bowel disease). Salmonella induces
diarrhea in an inflammatory environment in the gut and three possible contributors to
diarrhea have been investigated: chloride secretion, loss of vascular permeability, and

neutrophil-mediated damage .



Several SPI1 effectors are essential for fluid secretion  but it is difficult to
distinguish the relative contributions of individual effectors as a direct process (i.e.
modulating host targets) or indirectly through induction of inflammation and recruitment
of neutrophils. SopB is an inositol phosphatase 8°, mutants of which are defective in the
induction of both fluid secretion and neutrophil influx into the lumen of calf ileal loops &°.
SopB activity leads to the accumulation of inositol-1,4,5,6-tetrakisphosphate (I1P4), which
counteracts epidermal growth factor inhibition of potassium efflux indirectly by
increasing CI- secretion ®. Mutants of sopB are in fact defective in chloride secretion
through this mechanism . In further support of the chloride secretion explanation of
diarrhea, work from Barrett lab found that epithelial cell proliferation is increased during
infection and immature epithelial cells are less effective in water regulation due to defects
in the expression and function of transporters compared to mature cells ®X. Changes in
cell maturity as a result of infection may therefore be a contributor to fluid secretion as
well.

It has been established that vascular permeability is compromised through the
observation of plasma protein loss during infection and this loss was thought to occur
through neutrophil-mediated damage to the epithelia 8. An early study on the role of
neutrophils in diarrhea used nitrogen mustard to induce neutropenia in rabbit ileal loops,
which reduced fluid secretion resulting from Salmonella infection °2. However, nitrogen
treatment also reduces fluid secretion from cholera toxin, which triggers diarrhea through
chloride secretion, not neutrophil recruitment °>°3. Another study used mice unable to

produce IL-8, which are defective in neutrophil migration into the lumen. Salmonella
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proliferates faster in these mice, but there is no change in inflammation, transporter
expression, or epithelial cell proliferation °*. While these results suggest neutrophils are
irrelevant to diarrhea, it was recently shown that neutrophils are protective against
epithelial cell damage, evidenced by increased epithelial cell efflux in mice treated with
a-Ly6G (an anti-neutrophil antibody) 8. Barrier integrity was also compromised by o-
Ly6G treatment during infection 8,

Chloride secretion, or more generally, defects in solute transport, as a mechanism
in Salmonella mediated diarrhea has several supporting studies. Loss of vascular
permeability during infection has been observed across several groups, and neutrophils
appear to be a protective, not damaging, mechanism against infection and diarrhea. The
intertwined nature of Salmonella pathogenesis makes it difficult to quantify individual
contributors to overall net fluid secretion. Additionally, some of these studies are
performed in mice. Although mice do have increased water content in their feces during
infection %, the differences in feces morphology and consistency between infected and
un-infected mice is indistinguishable to the naked eye. It is fair to say that mice
experience Salmonella-mediated diarrhea much differently than their natural hosts
(humans and livestock) and results derived from mice should take this caveat into

account.

1.7 The efficacy of antibiotics is threatened by antibiotic resistance

The invention of antibiotics represents one of the great advancements in the

control of infectious disease. The concept of antibiotics was developed by Paul Ehrlich,
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who also developed the first synthetic antibiotic, Salvarsan, in the early 20" century °.
Antibiotics are antimicrobial compounds that either kill or inhibit bacterial growth, which
can be classified by structure and mechanism of action. The golden age of antibiotic
discovery (the 1950s and 1960s), in which numerous new classes of antibiotics were
discovered, has since ended ®’. The central issue challenging the gains humanity has
made against infectious disease with antibiotics is antibiotic resistance. It is estimated
that antibiotic resistance will lead to 2 million deaths per year by 2050 %. Another issue
with the use of antibiotics is their unintended effects on gut microbiota. Most antibiotics
are broad-spectrum, meaning their target or mechanism of action works against most or
all bacteria. This is useful clinically: antibiotics can be administered empirically rather
than needing to identify the causative agent and fewer antibiotics need to be developed
overall. The depletion of the microbiota can have negative consequences, such as
Clostridium difficile infections that arise after antibiotic treatment . Ideally then,
antibiotics would be specific against pathogenic bacteria but not host microbiota.
However, mechanisms specific to pathogenic bacteria but broad enough to target all or
many different pathogens are rare.

Treating Salmonella with antibiotics is challenging for multiple reasons. As
discussed above, susceptibility to gastroenteritis in mice is mediated by the depletion of
host microbiota through a broad-spectrum antibiotic. Correspondingly, disease longevity
and severity in humans can increase with antibiotic treatment 21%-1¢ Thys, infections
cannot be easily treated by conventional means. Systemic infections (bacteremia and

typhoid fever) can be treated by broad-spectrum antibiotics but nearly half of isolates
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causing invasive nontyphoidal salmonellosis (iNTS) are multi-drug resistant 1°":1% and
many isolates of multi-drug-resistant S. Typhi are spreading rapidly 1°°. Novel antibiotics
may help combat the rising threat of Salmonella and, as discussed below, could be used

in the treatment of gastroenteritis.

1.8 Sugar-phosphate toxicity could be a new antimicrobial strategy

In bacteria, many sugars are imported into the cytoplasm concurrently with their
phosphorylation, donated by their transporter (who itself receives a phosphate from
phosphoenolpyruvate, also known as the phosphoenolpyruvate transport system or PTS).
This provides an energy source for transport and limits diffusion of sugars back out of the
cell. Phosphorylated sugars and transporters are also important regulators in metabolism
110 Although intermediates quickly interconvert to meet the needs of the cell (further
oxidation to generate energy, synthesis of precursor molecules, etc.), they can accumulate
within the cytoplasm when enzymes essential for their processing are disrupted by
mutation or an inhibitor. Sugar-phosphate toxicity is a phenomenon that occurs when
accumulation of those intermediates leads to defects in the cell 1. Cells that experience
defects upon exposure to the sugar, even in the presence of another carbon source, are
referred to as sugar sensitive.

We have explored these defects as a possible anti-microbial strategy, where an
antibiotic targeting the enzyme that processes the intermediate is co-administered with
the sugar. Recently, our lab reviewed the available literature on sugar-phosphate toxicity,

summarizing 11 identified toxicities and their essential processing genes 1%, Of the
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fifteen enzymes whose mutants lead to some form of toxicity, 8 are encoded in humans
and therefore unsuitable as an antibiotic target 1. We previously screened 9 mutants in
S. Typhimurium. looking for fitness defects in the strep-treated Swiss webster model of
gastroenteritis 112113, Using competitive infections against a wild-type counterpart,
significant defects were observed in mutants sensitive to galactose (galE), mannose
(manA), rhamnose (rhaD), arabinose (araD), fructose-asparagine (fraB), and mannitol
(mtID). The most significant attenuation phenotypes are in mutants conferring sensitivity
to arabinose, rhamnose, and mannitol. The scope and efficacy of MtID as a drug target

against bacteria is evaluated in Chapter 5.

1.9 Mannitol and Mannitol sensitivity

Mannitol is a highly soluble sugar alcohol synthesized by plants and fungi for use
in osmoregulation . Humans do not metabolize mannitol, enabling its use in the food
industry and medicine °. In the food industry, mannitol (and sorbitol) can be used as a
low-calorie sweetener 16, In medicine, mannitol has many uses based on its osmotic
properties. It can be used to treat increased intracranial pressure and promote diuresis in
the oliguric phase of acute renal failure 11”118, It has also been used in the treatment of
cystic fibrosis to reduce mucus viscosity 1*°. This may have implications for the treatment
of the pathogens S. aureus and P. aeruginosa, both of which encode mtID and mutation
leads to mannitol sensitive (Chapter 5 and 12°1?2). Humans excrete circulating mannitol
unaltered in urine within a few hours . Orally and intraperitoneally provided mannitol

appears to be accessible to Salmonella residing within the liver and spleen, as indicated
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by our work in Chapter 5. The excretion of mannitol through the bladder also suggests it
may be a suitable strategy to treat uropathogenic E. coli, which are responsible for most
urinary tract infections and whose mtID mutants are mannitol sensitive (Chapter 5 and
123

In Salmonella and E. coli, mannitol is imported across the inner membrane by
MtlA, the EIICBA component of a phosphoenolpyruvate-dependent sugar
phosphotransferase system 24125 |ts cytosolic product, mannitol-1-phosphate (Mtl-1P) is
the substrate for mannitol-1-phosphate 5-dehydrogenase, whose reaction generates
fructose-6-phosphate and two reducing equivalents (NAD*>NADH). To my knowledge,
no other enzmye has been published to use Mtl-1P as a substrate in E. coli and
Salmonella. Other bacteria have slightly different metabolic processes. For example, S.
aureus two mannitol transporters *?* and P. aeruginosa encodes an ABC family
transporter complex with two nearby kinases. The mtIADR operon is regulated by MtIR,
which does not bind the locus directly and regulates by an unknown mechanism 26130,

Mutants of mtID exposed to mannitol have been shown to accumulate mannitol-1-
phosphate (Mtl-1P) and this correlates to growth defects in vitro 13133, An early mutant
of Salmonella mtID (isolated by a genetic screen) accumulated an intracellular
concentration of ~20 mM Mtl-1P after one hour mannitol exposure in nutrient broth
(leading to lysis shortly after) . Most in vitro assays on mannitol sensitivity in the work
presented here uses defined, minimal medium (M9). We find that mannitol
concentrations up to 300 mM are bacteriostatic, not bactericidal (unpublished data) in

M9. In rich complex media (e.g. LB), decreases in ODegoo during growth, suggestive of
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lysis, can be observed in stationary phase after exposure to mannitol at a concentration of
1 mM (Chapter 5). Bactericidal activity at these timepoints has not been confirmed. |
speculate that this early reported mannitol sensitive mutant could have a nonsense
mutation in mtID, leading to polarity effects on mtIR. Our lab confirmed that polar mtiD
mutations increase mannitol sensitivity phenotypes in vitro 31, The mechanism by which
Mtl-1P intoxicates cells is unknown 3L, In Chapter 5, the kinetics of toxicity in-vitro are
elucidated. In Chapter 6, I discuss the current knowledge and hypothetical mechanisms of

Mtl-1P toxicity.

1.10 Organization of the work presented in this thesis

In this thesis, | lay out a collection of works performed under mentorship of Brian
Ahmer at The Ohio State University. Chapters 2-4 include work on the LuxR solo SdiA
and our efforts to understand its role in the Enterobacteriaceae. Chapter 5 includes work
on mannitol sensitivity, in which disruption of mannitol dehydrogenase leads to
sensitivity. In this chapter, we show that many pathogens mutated for mtID become
mannitol sensitive, and their infections are attenuated when the host is provided mannitol.
Mannitol sensitivity, we propose, could be used as an anti-microbial strategy, with MtID
being the target of a small molecule inhibitor introduced alongside a mannitol solution. In
both studies, the primary organism used is Salmonella, a well-studied, genetically
tractable, model pathogen. In Chapter 6, these works are summarized and future

directions for both projects are discussed.
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Chapter 2: SdiA-mediated eavesdropping in the Enterobacteriaceae

2.1 Contributions

This work is a review article with the first draft written by myself, and then multiple

rounds of editing by myself and Dr. Brian Ahmer.

2.2 Abstract

Bacteria can cooperate to engage in complex behaviors by coordinating their gene
expression through the production, release and detection of small molecules, a
phenomenon known as quorum sensing. Many bacteria encode what are known as LuxR
solos: response regulators with no cognate signal synthase. In a subset of
Enterobacteriaceae, including E. coli and Salmonella, the LuxR solo SdiA is used to
detect the quorum sensing molecules of foreign bacteria, a behavior known as
eavesdropping. Despite significant research on the topic, the role of SdiA-mediated
eavesdropping in these bacteria remains unknown. In this review we discuss the

phenotypes and regulons of SdiA in the Enterobacteriaceae.
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2.3 Introduction

Quorum sensing (QS) is a behavior that allows bacteria to measure their
population density by producing and releasing small molecules into the surrounding
environment. In suitable environments (e.g. sufficient density, areas of low diffusion),
these small molecules reach a detectable threshold concentration, leading to coordinated
behaviors in the population through a ligand bound response regulator. QS itself is a
highly reviewed topic (see references 2#81%), In this review, we refer only to QS in
Gram-negative bacteria utilizing small molecules of the N-acyl-homoserine lactone
(AHL) class. AHLs contain a homoserine lactone ring, amide group, and variable length
acyl side group that can be modified by carbonyl or hydroxyl substitution on the third
carbon 3. A QS circuit encodes an AHL synthase (LuxI or LuxM), response regulator
(LuxR), and regulon whose expression is controlled by the regulator bound to the AHL.
LuxR-type proteins are more abundant in genomes than AHL synthases 24, suggesting
that some bacteria synthesize AHLs with proteins other than Luxl and LuxM. This has
been found in at least one protein, HdtS **”. Ratios of regulator to synthase greater than
one also indicate cells may utilize a LuxR-type protein for functions outside the standard
QS paradigm. Those LuxR proteins that lack a known cognate synthase have been
broadly termed “LuxR solos” °. The LuxR solos have a variety of demonstrated
functions, including regulation of intra-species QS circuits (third-wheels) and inter-
kingdom communication through detection of eukaryote produced AHL analogs .

The subject of this review is one LuxR solo, SdiA, which engages in

eavesdropping. Eavesdropping species do not encode a cognate AHL synthase adjoining
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their LuxR family protein, nor do they participate in other QS circuits within the genome
like third-wheels. Instead, they rely on foreign AHL-producing bacteria for activation
(one-way inter-species communication) 252138141 A |arge subset of the
Enterobacteriaceae family encode sdiA, including the prominent genera Escherichia and
Salmonella (Fig. 1) ?°. At the same locus, related genera like Erwinia and Pantoea also
encode LuxR homologs with a cognate AHL synthase, indicating SdiA was once part of
an ancestral LuxR/LuxI pair 2°. The speciation of Salmonella and Escherichia has been
estimated to be between 60 and 100 million years ago, making the adoption of SdiA-
mediated eavesdropping a relatively old event 8. Despite such a long time frame, SdiA
(and its ability to detect foreign AHLS) appears largely or completely conserved within
these genera, even in recently emerged lineages like Salmonella enterica serovar Typhi
142 (Chapter 3 paper).

The ability of SdiA to detect the AHLs of other bacteria has been clearly
demonstrated 43146 In simple terms, we still do not understand why eavesdroppers
engage in this behavior. This is due in part to the absence of clear-cut phenotypes of sdiA
mutants but also the complex, sometimes contradictory collection of previously published
studies that require more nuanced consideration. In this review, we discuss the current
body of literature on SdiA, focusing on its reported phenotypes and regulons. Each

section is labeled by an important and unanswered question in the field.
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2.4 How is SdiA activity regulated?

SdiA is a LuxR-type protein, a family named for the response regulator which
controls bioluminescence in Vibrio fischeri. This is not to be confused with the LuxR
protein of Vibrio harveyi, which contains a TetR-type helix-turn-helix domain #’. LuxR-
type proteins are two-domain proteins encoding a N-terminal ligand binding domain and
C-terminal helix-turn-helix domain responsible for binding to DNA by recognizing a
specific motif, usually as a homodimer. Depending on the specific protein, transcriptional
activation can occur by both class I and class I mechanisms while repression has been
shown to occur through steric hindrance 31, The regulatory mechanisms for SdiA
activation and repression have not been experimentally determined except for one study
suggesting a class 11 mechanism of E. coli SdiA on the ftsQ promoter *°!. The relevance
of E. coli SdiA’s reported interaction with the ftsQ promoter is questionable (see below).

Schuster and Greenberg proposed a classification scheme for LuxR-type proteins
based on folding and ligand binding characteristics 2. Class | proteins, such as TraR of
Agrobacterium tumefaciens, require AHL for folding and bind them irreversibly 53,
Class Il proteins, such as V. fischeri LuxR, also require AHL for folding but bind them
reversibly 4. Class Ill proteins, such as ExpR of Erwinia, do not require AHLs for
folding and bind them reversibly 1*°. E. coli SdiA can be purified in the absence of AHLs
(possibly requiring an endogenous ligand, 1-octanoyl-rac-glycerol) suggesting it fits into
class 111, alongside its close evolutionary homolog ExpR %1%, Consistent with the
ability to fold in the absence of AHL, orthologs of SdiA in Salmonella, E. coli, and E.

cloacae have both AHL dependent and independent regulatory phenotypes (Chapter 3)
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157,158 Apo-SdiA forms an open ligand-binding pocket that limits the size of the acyl
chain through two residues, F59 and L77 **°. In Salmonella, these residues are flipped
(L59 and F77). Both Salmonella and E. coli SdiA preferably interact with mid chain
length AHLSs, specifically N-Hexanoyl-DL-homoserine lactone (oxoC6) and N-Octanoyl-
DL-homoserine lactone (0xoC8). At least for Salmonella, AHL dependent SdiA activity
can be induced by both shorter and longer chain lengths, suggesting the detectable range
of foreign AHL producing bacteria is relatively large. 1%,

The role of AHLs in regulating SdiA activity remains unclear. It was initially
proposed that AHLs induce a large conformational change in protein structure (a folding
switch mechanism) % but it was later shown that AHLs only have a minor impact on
conformation °. It is possible this small change is sufficient for altering the binding
motif: the ler promoter of E. coli O157::H7 contains two SdiA binding sites: one AHL-
independent and one AHL-dependent **°. A SdiA box has been proposed based on DNase
| footprinting of E. coli SdiA at the ftsSQAZ promoter, but this site cannot be found in the
ler promoter or upstream of Salmonella SdiA regulated genes 1516, AHLs also increase
the stability of SdiA, which could impact regulatory phenotypes 1. The hypothesis that
AHLSs regulate SdiA activation solely through stability is not consistent with the presence
of both AHL-independent and AHL-dependent regulated loci within a single strain’s
regulon . Adding to the confusion is the fact that AHL-dependent regulation at
promoters becomes semi-AHL independent at 30°C (instead of 37°C) in E. coli and

Salmonella *4%%8, The underlying mechanism of temperature dependent effects on
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regulation has not been investigated and no model explains the reported range of sdiA-
dependent regulation.

2.5 When and where is SdiA relevant?

Of considerable significance to understanding SdiA-mediating eavesdropping is
identifying the relevant environment in which it occurs. Eavesdropping bacteria are found
in diverse environmental niches, but experimental data primarily come from infections of
animal models using two intestinal pathogens: Enterohemorrhagic E. coli (EHEC) and
Salmonella enterica subspecies enterica serovar Typhimurium (S. Typhimurium). Below

we describe the techniques used and the relevant studies for each environment evaluated.

2.5.1 Methodology

The preferred method of evaluating an environment for relevance is the
competition assay, where a 1:1 ratio of wild-type and sdiA mutant are inoculated into the
system. Later, the bacteria can be sampled from the environment and their ratio measured
again. Changes from the initial ratio then indicate fitness phenotypes and relevance may
be inferred. In addition, our lab has utilized a reporter strain of S. Typhimurium that
measures if SdiA becomes active during transit through an environment. This reporter
heritably deletes an antibiotic resistance marker from its chromosome in the presence of
AHLs 145161162 By jnoculating environments or hosts with wild-type and sdiA mutant
reporter strains of S. Typhimurium, fitness and activity can be evaluated simultaneously.
The relevance of each site can also be considered indirectly by the presence of AHL

synthase genes within the metagenome of the environment.
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2.5.2 Mice and humans

Humans are a hypothesized site of relevance to SdiA-mediated eavesdropping due
to their role as a host of many SdiA* pathogens. As a proxy, mice have been used as a
model system to determine whether eavesdropping occurs during gastroenteritis. The
only pathogen evaluated in mice is S. Typhimurium, whose pathogenesis includes the
induction of inflammation . Using the aforementioned methodology, the S.
Typhimurium SdiA reporter strain is not active in the gastrointestinal tract of mice nor do
sdiA mutants exhibit significant fitness defects 144145, One explanation for the absence of
colonization defects of sdiA is the lack of AHLs in the mouse gut. This can be solved by
introducing an AHL-producer into the system. By co-infecting S. Typhimurium with
Yersinia enterocolitica (another gastrointestinal pathogen), SdiA becomes active in the
gut 24, Even in this environment, the sdiA mutant has no fitness defect. The first and
most obvious interpretation of these results is that sdiA is not relevant to Salmonella in
the gastrointestinal tract of mice. The co-localization of Y. enterocolitica and S.
Typhimurium may also be insufficient for phenotypes to emerge. Y. enterocolitica
preferably resides in the small intestine while S. Typhimurium colonizes the cecum and
large intestine 163184 Activity of the genetic reporter strain does not increase significantly
after passaging from the small intestine to the cecum, suggesting activation may occur
prior to Salmonella’s arrival at its preferred colonization site. Activation is highest in the
Peyer’s patches and Y. enterocolitica facilitates the survival of Salmonella within this
immune organ. This may be due to the effect of Y. enterocolitica virulence factors that

have anti-phagocytic activity, preventing uptake of Salmonella into host cells 6°.
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Interestingly, there is still no sdiA mutant fitness defect within Peyer’s patches. Given
that at least two Salmonella SdiA regulated genes are virulence factors (rck and srgE,
discussed below), anti-phagocytic activity could prevent the emergence of fitness defects
166,167_

Using a second pathogen as a strategy for introducing AHLSs into the system is
effective at inducing activity but risks pathogen-specific confounding results.
Determining mutant fitness with competitive infections also carries the risk of false
negatives if the mutant’s defect is rescued by the wild-type. The latter can be controlled
by single infection studies (an experimental approach absent in animal studies of
Salmonella SdiA). The former issue was addressed by infecting mice with wild-type and
sdiA mutant Salmonella in a genetic background encoding yenl from Y. enterocolitica,
enabling Salmonella to produce AHLs without the need for another bacteria. In this
model, the sdiA mutant is attenuated in the gut during the infection and it is the largest
observed mutant defect to our knowledge (>100-fold) 4. The fitness advantage
conferred by sdiA requires its regulated virulence factors, pefl-srgC and srgE 44, These
results suggest that the absence of Salmonella sdiA mutant defects in the Yersinia study
was due to Yersinia itself (co-localization defects and/or anti-phagocytic activity) and
that wild-type does not rescue sdiA mutants. It is still unclear if this model is biologically
relevant. During infection, Salmonella reaches very high population densities, and an
AHL-producing genetic background would have a dramatic effect on luminal AHL
concentrations. This could lead to over-activation of SdiA or unintended effects on the

host’s immune response, which can also detect AHLs 68170,
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Humans cannot be tested directly, but the possibility of QS in the human gut was
recently reviewed "%, Bioinformatic searches find almost no Luxl homologs in the
human gut microbiome /2173 yet AHLs have been detected in both the gut and feces "%
175 AHL concentrations are in the low nanomolar range, near the detection limit of SdiA
138,176 put could be effectively increased in microenvironments 3. QS potential is further
complicated by antagonistic compounds in the gut (e.g. indole), quorum quenching
activity (e.g. lactonases), and compositional shifts during infection 853177180 The
relevance of QS in the human/mouse gut to eavesdropping bacteria like Salmonella
remains an open question.

2.5.3 Cattle

Cattle have been explored as a site of SdiA activity using S. Typhimurium and E.
coli 0157::H7. The Salmonella reporter system has only been tested in a single calf, but
there was no activation of SdiA or sdiA mutant defect 1*°. E. coli has been tested in larger
cohorts using competition assays and single infections that indicate fecal shedding and
colonization defects to varying degrees (up to ~4-fold) 81184 AHLs have also been
extracted from the rumen with seasonal and dietary effects on concentration 81183, The
intensity of sdiA mutant defects positively correlates with diets that increase AHL
concentration in the rumen. From these studies, a model has been proposed whereby
pathogenic E. coli sense AHLSs in the rumen to activate their acid response system and
suppress virulence 182183185 synpression of virulence is alleviated upon leaving the
rumen, allowing for colonization of the gastrointestinal tract. Both acid tolerance and

virulence have a degree of AHL-independent regulation by SdiA and the rumen
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microbiota member(s) producing AHLs have yet to be identified. The cattle infection
model is unfortunately difficult to manipulate to clearly establish a causal and

quantifiable contribution of the ruminal AHLSs to SdiA fitness.

2.5.4 Reptiles

Turtles are an asymptomatic carrier of non-typhoidal Salmonella and a source of
outbreaks in the United States 3¢, A study in our lab found that SdiA activation occurs
within the turtle intestine at levels comparable to those observed after growing in the
presence of AHLSs in-vitro 14, The source of AHLs was most likely the co-colonizing
aquatic pathogen, Aeromonas hydrophila, an AHL producer that Salmonella can detect
145 Despite strong activation, sdiA mutants have no fitness defect in this system. Like the
mouse studies, it is possible that mutant defects were occluded by the presence of the
wild-type. The microbiota of turtles appears to be more abundant in proteobacteria than
that of humans though their composition is impacted by many factors including location,
age, and captivity status (reviewed in ). Other Salmonella subspecies (that generally do
not infect humans) are often isolated from turtles and encode sdiA, but in vivo studies are

limited to S. Typhimurium ¢

2.5.5 Insects

Insects are known reservoirs and transmission vectors of SdiA™ genera and
pathogens like Salmonella /187 | Insect microbiota are commonly colonized with

Proteobacteria, the only known phyla that produces AHLs and this includes known AHL
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producers like Pseudomonas and Pantoea . Direct examination of insects as a site of
SdiA activity is limited. AHL producing Rahnella species were isolated from the gut of
wax moth larvae (Galleria mellonella) &, Subsequent infections of G. mellonella with
Salmonella Enteritidis (a serovar similar to Typhimurium) pre-incubated with AHLSs
(C12) increased their persistence in the hemolymph with minor to no significant effects
on host survival or health **. It was not determined if this phenotype was sdiA
dependent, and S. Typhimurium SdiA was previously shown to be unresponsive to C12
138 Qur lab has investigated the potential of Salmonella SdiA activation and fitness in
house flies (Musca domestica). In adult flies raised from vendor acquired pupae, we
observed some activation in experimental infections (the microbiota responsible could
not be identified), though not as much as in turtles or Yersinia infected mice.
Unfortunately, subsequent studies revealed a complex interaction between SdiA,
antibiotic markers, and infectious dose that could not be sufficiently controlled to draw

conclusions (unpublished data).

2.5.6 Plants

A bioinformatic search of metagenomes we performed showed that the
rhizosphere encodes Luxl homologs most frequently, followed by insects (unpublished
data) and plant microbiomes have previously described AHL producing pathogens and
commensals %1194 Plants have been probed for Salmonella SdiA activation in tomato
soft rot caused by plant pathogen Pectobacterium carotorvorum. Although P.
carotovorum produces AHLs detectable by Salmonella in vitro, detection is lost during

co-infection within the plant (and sdiA mutants have no fitness defects) 1“%. The lack of
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detection was attributed to lack of transcription of sdiA 3. Transcription of Salmonella
sdiA is primarily regulated by FliA, Crp, and LeuO. It is unknown if transcription
inhibition in tomato soft rot is inhibited through these regulators %1%, A second study
on a possible plant-sdiA relationship found that rice root extracts have detectable
concentrations of AHLSs (detected via biosensor strains) and a sdiA mutant of
Enterobacter cloacae can better colonize their roots 1°7. The directionality of this mutant
phenotype suggests plants are not the sought after relevant environment. In a small pilot
study, our lab inoculated the soil and leaves of a variety of commercially available
angiosperms (leeks, parsley, tomato, and soybeans) with our Salmonella reporter strain
but found no activation phenotypes or fitness defects in the sdiA mutant (unpublished
data). It is interesting to note that the closest homologs of SdiA, ExpR and PhzR, are
encoded in Erwinia and Pantoea, respectively 2°. Both genera contain known plant

pathogens and have also been isolated from insects 193198199,

2.5.7 Other

Along with those listed, experimental infections of guinea pigs, rabbits, pigs, and
chickens (chicks) have been evaluated as a site of Salmonella SdiA activity 14°. No
activation occurred in any tested host. Mutant phenotypes of sdiA were only found in
chicks, but the mutation was advantageous, and magnitude of the phenotype was small

(<3-fold).
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2.6 What are phenotypes of SdiA?

Other than a role in virulence or colonization of hosts (described above), SdiA has
a small number of reported phenotypes with a significant amount of literature (cell
division, drug resistance, and biofilm formation). Others are either discussed in other
sections or not included in this review. A major source of confusion regarding SdiA
phenotypes comes from issues of reproducibility. Phenotypes have been described using
plasmid-based expression of SdiA or sdiA mutants. The former method often produces
phenotypes and regulatory changes that are not observed when sdiA is expressed on the
chromosome under its own promoter. This disparity can be interpreted as artifacts arising
from increasing the copy number of the gene in question, or the observed behaviors
require environmental conditions that are currently unknown. Studies relying on sdiA
mutants sometimes produce phenotypes and regulatory changes not observed in
independent constructs, other strains/species, or occur only in AHL independent manners.
Thus, discerning behaviors relevant to the eavesdropping paradigm requires a more

nuanced consideration of the data underlying each purported phenotype.

2.6.1 Cell division

SdiA was initially discovered in an early study on nearby gene uvrC in E. coli 2%,
Shanna et al. described it as a “28kd protein” with a LexA binding site in its terminator
region and a higher rate of rare codons suggesting a regulatory protein as proposed by
Konigsberg and Godson 2%, After its initial description, SdiA was identified in a screen

for genes involved in cell division performed by Wang, de Boer, and Rothfield 2%,

29



Specifically, they selected for genes in a plasmid-based E. coli DNA library that could
rescue growth in an inducible minCD genetic background. When over-expressed, MinCD
inhibits assembly of the Z-ring and thus septation and cell division. They observed that
two genes, ftsZ and the 28kd protein, could suppress division inhibition (hence SdiA).
Based on their findings that a) over-expressing sdiA produced mini-cells, b) sdiA mutants
had no cell division phenotypes, and c) sdiA could not complement ftsZ mutants, they
surmised that sdiA was a positive regulator of the ftsQAZ locus 22,

A follow-up study described two promoters of ftsQAZ: one regulated by RpoS and
one by SdiA 2%, The SdiA regulated promoter (P2) could indeed be activated by over-
expression and activity increased by introduction of exogenous AHLS. The P2 promoter
has also been shown to be bound by SdiA directly using gel-shift assays 1°%:1%6204 The
mini-cell phenotype resulting from SdiA interaction with this ftsQ promoter has been
observed by multiple researchers 3°202204 The major caveat to this finding is that the cell
division phenotype as well as the regulation of the P2 promoter has only ever been
observed by plasmid-based over-expression of SdiA in E. coli. When examining a native
expression system (i.e. wild-type E. coli), the introduction of AHLSs has no effect on cell
division nor ftsQAZ expression and a sdiA mutation has no effect on cell division or ftsQ
promoter regulation %8292, Recently, a sdiA mutant of Klebsiella was reported to have a
filamentation phenotype that could be rescued by plasmid complementation 2%. It is not

clear why the presence of foreign AHL producers should be linked to a basic and

essential function like cell division. Other than the obvious interpretation (an artifact of
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plasmid expression of sdiA), it is possible that SdiA manipulates transcription of ftsQAZ

in a specific condition yet to be discovered.

2.6.2 Multiple-drug resistance

The multi-drug resistance phenotype of SdiA was implicated in a microarray
study by Wei et al. comparing E. coli over-expressing SdiA on a plasmid to a vector
control 2%, The AcrAB system, a TolC-dependent efflux pump which confers resistance
to multiple compounds, was upregulated 2°62%7_ Qver-expression of SdiA in E. coli and
Cronobacter has also been shown to increase resistance to several antibiotics 1°8208-210,
Mutation of sdiA alone has little effect on drug resistance in E. coli °32% Salmonella %8,
or Cronobacter 2! and AHLSs have no effect on resistance in E. coli or Salmonella %8
(Chapter 3).

2.6.3 Biofilms

The relationship between SdiA and biofilms was suggested in two studies from
Jintae Lee 212213, Using microarrays and mutant studies in E. coli, there were four
observations: 1) sdiA mutants have increased biofilm formation, 2) mutants differentially
express curli and flagella genes (regulation of flagella but not curli has been
independently observed °8), 3) biofilm formation can be suppressed by indole in a sdiA-
dependent manner, and 4) this occurs primarily at lower temperatures (30°C) 212213, A
later study evaluated the role of SdiA, AHLs, and indole in biofilms of both E. coli and
Salmonella ", For E. coli, mutation of sdiA had no effect on biofilm formation at any

temperature (25, 30, and 37°C) and indole suppressed biofilm formation in E. coli, but in
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a sdiA-independent manner. For Salmonella, neither sdiA nor indole has any effect on
biofilms 7. Interestingly, indole can suppress AHL-dependent activation of SdiA
regulated genes, which may have implications for eavesdropping in the human gut where
indole is at relevant concentrations /7214215 Bjofilm phenotypes have also been reported
in sdiA mutants of Cronobacter 2%?18 Enterobacter ¥, and Klebsiella 2% but no study
has reported significant AHL-dependent changes in biofilm formation. Interestingly,
motility is implicated in both E. coli biofilms and SdiA (SdiA regulates motility) %8217,
In Salmonella motility is also implicated in both biofilms and SdiA (motility, via FliA,
regulates SdiA) 1%>21821% Thys, SdiA is situated in a position where it may regulate
biofilm formation and/or dispersal. These early and late aspects of biofilm phenotypes
may not have been observable in experiments described above.

2.7 What genes does SdiA regulate?

As SdiA is a transcription factor, perhaps the most obvious question is “what does
it regulate?”. Possible regulon members have been identified with microarrays 2°6213,
genetic screens 132157158220 and RNA-seq 2*(Chapter 3). These studies compare wild-
type to mutant 2213 (Chapter 3) or use plasmid over-expression to induce activity 1320
(Chapter 3). Some but not all have used AHLSs as part of their initial screen, either with
(Chapter 3) or without 1571%8.220 3 sdiA mutant control. Screens often identified dozens or

hundreds of putative sdiA regulated genes, but viewed stringently, the size of the regulons

may be much smaller (<20 genes). The regulon of each genus is described below.
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2.7.1 Salmonella

We performed have attempted to identify the SdiA regulon of Salmonella, one
with a genetic screen and one with RNAseq *3° (Chapter 3). A major limitation in
studying Salmonella SdiA is its direct regulation by FliA 1. Activity is strongest in

146 and we have been unable to extract viable RNA from semi-solid media.

motility agar
As an alternative approach, we identified putative hits by expressing sdiA on a plasmid.
In our first study, a genetic screen of MudJ fusions that did not use AHLSs, two loci were
found and validated (i.e. sdiA expressed on the chromosome is sufficient to activate their
promoters in the presence of AHLSs). When comparing wild-type and sdiA mutant S.
Typhimurium transcriptomes in the presence of AHLs using RNA-seq, three putative
sdiA regulated genes were found (and only 1 was validated) (Chapter 3). Plasmid
expression increased the putative number of hits to 209, but after extensive validation
only six loci (representing 18 genes) were validated (Chapter 3). The first genetic screen
had a low frequency of false negatives, but it missed a significant portion of the regulon.
The RNA-seq study re-identified the hits from the genetic screen and found four new
loci, at the expense of a significant frequency of false positives that required individual
validation experiments to distinguish from true positives. Neither approach appears to be
optimal for the identification of regulon members.

As a broad-host range serovar, serovar Typhimurium can be found in numerous
human food related environments and can colonize a wide range of hosts including

humans, livestock, plants, reptiles, and insects 337221, The possible sites where SdiA

could be used to eavesdrop on foreign bacteria is vast. At the same time, the recently
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emerged (~50,000 years ago) serovar of Salmonella, Typhi, is believed to use humans as
its sole host and reservoir 222, S. Typhi also encodes sdiA. The limited niche overlap, we
hypothesized, represented a selective pressure on their sdiA regulons. Interestingly,
Typhimurium and Typhi have semi-conserved regulons: four loci regulated in both
serovars (SrgF, SrgKJ, SrgGH, and MenFDHBCE), two specific to Typhimurium (Pefl-
SrgC and SrgE), and one specific to Typhi (SrgIL) (Chapter 3).

Ideally, identifying the regulon of sdiA would provide insights into its in vivo role
or at least possible phenotypes. The Salmonella sdiA regulon proves to be as nebulous as
the gene itself. SrgF is a putative ATP-dependent RNA helicase like protein, though
bioinformatic tools find no similarity to known protein domains 223224, SrgF has a high
degree of basal expression in S. Typhimurium, especially compared to sdiA and other
regulon members 22°, It appears sparsely in the literature with putative mutant phenotypes
in chicken colonization motility, and phage defense 226-230, We found no srgF fitness
defects in mice, and sdiA mutants of serovar Typhimurium have no motility defects (*4¢
and Chapter 3 paper). SrgKJ encode a band 7/mec-2 family protein and NfeD family
protein, respectively 2%, Previous characterization of E. coli found that SrgK ortholog
QmcA could rescue lethal mutations in proteases, indicating a role in protein turnover
with YbbJ acting as a helper protein 2%, Orthologs of SrgKJ are conserved in Gram-
negative bacteria and sdiA regulation of srgKJ orthologs occurs in E. cloacae and
Salmonella but not E. coli. The protein target(s) of SrgKJ remain unidentified and its
connection to eavesdropping is unclear. SrgGH are both truncated fragments of

hypothetical proteins. SrgG encodes the N-terminus of a full length, putative citrate
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transporter in S. bongori and E. cloacae, and E. cloacae SrgG is sdiA regulated (Chapter
3). SrgH, like SrgG, is a fragment of a nearby protein, UshB (Cdh in E. coli). It is
unknown if SrgG or SrgH are made and if these truncated proteins perform any relevant
functions in Salmonella. The last sdiA regulated locus common to both Typhimurium and
Typhi is the menFDHBCAE operon, which produces menaquinones (aka vitamin K2) that
are involved in electron transport 23223,

Pefl-SrgC is a six gene operon encoding pefl, srgD, srgA, srgB, rck, and srgC
encoded on the virulence plasmid pSLT (reviewed in 24). This regulon member is not
found in Typhi (Typhi does not harbor the virulence plasmid) and, like all members of
the Salmonella SdiA regulon, our understanding of these genes is still limited. SrgB, a
putative lipoprotein, and SrgC, a transcriptional regulator, have yet to be characterized.
Pefl and SrgA are involved in expression of Pef fimbriae through their roles as a
transcriptional regulator and in post-translational maturation of PefA, respectively 2%,
Two studies have suggested a role for Pefl and/or SrgD in regulation of flagellar motility
236,237 Although motility, through FliA, is an essential regulator of SdiA °°, neither
mutation of sdiA nor AHLs have any effect on either transcription of motility genes, or
motility phenotypes (Chapter 3 and 1%6). The best characterized among these six genes is
Rck, an outer membrane protein which confers resistance to complement killing and
mediates invasion of host cells 167238 Rck binds epidermal growth factor receptor
(EGFR) 2% and is only weakly expressed during infection of mice 2%°.

The second S. Typhimurium specific SdiA regulated locus is srgE, which encodes

a secreted effector %6, Salmonella encodes two type three secretion systems involved in
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invasion (SPI11) and intracellular survival and replication (SP12) . SrgE is secreted in a
SPI12 dependent manner, indicating a role in intracellular pathogenesis . S. Typhi
encodes srgE, but it is not regulated by sdiA in serovar Typhi (Chapter 3). Preliminary
studies in our lab suggest SrgE may target retrograde trafficking proteins, a well-known
target of other effector proteins (unpublished data) 24243, Within a host cell, S.
Typhimurium secretes numerous effector proteins that remodel the phagosome in which
it resides 24424, Oddly, srgE is the only known sdiA regulated effector and no others were
implicated in our RNA-seq study (Chapter 3). While SrgE activity alone could alter
intracellular growth or survival, we suspect that expression of other effectors would be
altered as well. RNA was extracted from cells growing in LB, which mimics the
intestinal lumen more than the endosome of a host cell. In media mimicking the
intracellular environment, oxidative stress appears to be a strong inducer of sdiA
transcription 246, A future study focused on intracellular conditions may yield new
virulence related regulon members.

The sole regulon member specific to S. Typhi is the srglL operon, which encodes
two small lipoproteins orthologous to yfgHI in E. coli (Chapter 3). Based on the reported
sensitivity of E. coli yfgl mutants to nalidixic acid 2*7, we examined a possibility
relationship between eavesdropping and resistance to DNA damage. Neither serovar
Typhimurium nor Typhi exhibit any sdiA or AHL-dependent changes in resistance to

nalidixic acid or UV damage (Chapter 3).
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2.7.2 Escherichia

The glutamate dependent acid fitness island (gad, reviewed in 248) and Locus of
Enterocyte Effacement (LEE) are the two best described regulon members of E. coli.
Regulation of gad occurs in both nonpathogenic (K12) and pathogenic (O157::H7)
strains and has been described in multiple labs 158183249 A significant amount of sdiA-
dependent regulation of gad is AHL-independent %883 and acid resistance phenotypes
are stronger at lower temperatures, at least in K12 1220, Regulation of LEE by SdiA
occurs directly at the promoter of virulence regulator ler, with stronger AHL-dependent
phenotypes than gad despite the presence of both AHL-dependent and independent
binding sites on the promoter 15183204 SdiA also represses flagellar genes with in E. coli,
with sdiA mutants reported to have motility defects 15826250 A few other regulon
members have been reported including the transcription factor, uvrY 229251 and the O-
antigen chain length determinant fepE (Chapter 3). The uvrY gene is activated by sdiA,
while fepE is repressed. Although the regulatory mechanism is unknown, it was found

that AHLSs can induce temperate phages in E. coli in an sdiA-dependent manner 22,

2.7.3 Enterobacter

The SdiA regulon of Enterobacter cloacae includes a handful of Enterobacter
specific hypothetical genes, the copper transporter, CopA, the O-antigen chain length
determinant, FepE, signal transduction proteins, components of a putative type 6
secretion system, a phage integrase, SrgKJ, the menaquinone biosynthesis operon, and a

full length version of citrate transporter SrgG (Chapter 3 and *%7). The regulatory action
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of SdiA is more complex: a mix of activation and repression occurring in both AHL-
dependent and independent manners. The strain used in these studies was isolated from a
laboratory mouse (ref). Adding to the complexity is the fact that the genes identified do
not appear related in function and no phenotypes for these genes have been identified

(other than the aforementioned plant study of a different isolate 1°7).

2.7.4 Other eavesdropping genera

Of the other genera encoding sdiA, Klebsiella has one study on the subject 2% and
Cronobacter two 21216, Although no regulon screening experiments were performed, it
was reported that that a sdiA mutation in Klebsiella pneumoniae alters the expression of
rpoS and ftsQ (<2-fold). Additionally, the mutant had increased expression of Type 1
fimbriae, which is also regulated by phase variation 2°3-2%, It is unclear if sdiA has any
effect on phase variation directly. Gel-shift assays support SdiA binding to both ftsQ and
fimA in K. pneumoniae, but it was not determined if regulation was AHL-dependent 2%,
In our most recent study, we tested whether S. Typhimurium regulated type 1 fimbriae
(which is controlled by a different phase variation mechanism 2°3(Chapter 3)). In S.
Typhimurium, plasmid-based expression could repress expression of the operon encoding
structural genes and its three regulators (fimW, fimY, and fimZ), but there was no
regulation under endogenous expression conditions or evidence that sdiA controls phase
variation (Chapter 3 and unpublished data). Cronobacter sakazakii has been examined
with a RNA-seq experiment comparing wild-type to sdiA mutant 211216, The
transcriptome of the sdiA mutant suggested sdiA represses flagellar genes and activation

of biofilm component genes (cellulose and extracellular polysaccharide). Mutant
38



phenotypes were consistent with those changes, but it was not determined if motility or
biofilm formation phenotypes were AHL-dependent.?6,

2.8 Conclusions and future directions in the field of SdiA-mediated eavesdropping

Several genera within the Enterobacteriaceae encode SdiA, a LuxR-type protein.
By loss of the corresponding AHL synthase, these bacteria no longer use AHLSs to
facilitate population-density dependent behaviors (quorum sensing) but instead detect
other AHL-producing bacterial species in their environment (eavesdropping). Here we
have discussed three questions fundamental to the nature of SdiA. If one thing is clear, it
is that there are no clear answers to these questions in the data currently available. Many
studies have probed various hosts as a relevant site of SdiA activation, but significant
mutant defects (a strong indicator of relevance) are lacking. Most in vivo research relies
on model systems, given the amount of control they offer compared to the real world. If
SdiA is detecting foreign bacteria and/or its role in survival comes from an interaction
with something in the environment, the selective pressure placed on the mutant could be
lost in a model system. After evaluating the available literature, we note that two hosts,
insects and plants, are largely unexplored in the literature and may be a suitable venue for
future investigation.

A significant number of studies on the SdiA regulon used plasmid over-
expression for identification of regulon members and in-vitro phenotypes. As discussed
above, current evidence suggests that expressing SdiA on a plasmid is an artifact-prone
approach given their conflicting results with chromosomal expression. Interpretation of

the regulons are further complicated by ligand-independent activity, which demands
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further consideration in interpreting results that are sdiA-dependent versus AHL-
dependent. In some species (e.g. E. coli), SdiA regulated genes are relatively well
characterized. In others (e.g. Salmonella and E. cloacae), the regulons include poorly or
completely uncharacterized genes with no known relationship. Elucidating their function
is complicated by the lack of relevant in vivo and in vitro phenotypes of sdiA that would
normally be used as a starting point for further characterization. Identifying in vivo and in
vitro phenotypes for sdiA rather than its regulon may be a more productive avenue for
future research.

SdiA is conserved in both Salmonella and E. coli, indicating eavesdropping
behavior was likely acquired and subsequently maintained for millions of years 4. This
time frame provided ample opportunity for changes in niches where one might expect
some loss of an eavesdropping environment long enough to allow for loss of SdiA, yet
this did not occur. We interpret this to mean that evolving lineages have always been in
environments where eavesdropping is advantageous. Has this always been the same
environment, did they spread to unique environments, or both? An apparent paradox then
is the conservation of foreign AHL detection and the divergent transcriptional responses
among species. If eavesdropping occurs in a common environment, why are the regulons
so different? SdiA regulons were known to be completely unique between species until
recently, when we found a degree of overlap within E. cloacae, E. coli, and Salmonella
(no regulon member is common to all three species) (Chapter 3). Alternatively, a
phenotype may be common to all bacteria undergoing SdiA-mediating eavesdropping but

each bacteria uses different genes. We hypothesize that responses to phage may be that
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unifying behavior. In E. coli, AHLs can induce temperate phage lysis 2. In Salmonella,
plasmid expression of SdiA represses a significant number of prophage genes and many
regulon members are implicated in phage defense (Chapter 3). A phage integrase is
regulated by SdiA in E. cloacae *’. O-antigen chain length determinant fepE is sdiA

regulated in both E. coli and E. cloacae, which could influence phage adhesion.
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2.9 Figures
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Figure 1. Bacterial genera predicted to undergo SdiA-mediated eavesdropping in the
Enterobacteriaceae

Genomes within the family Enterobacteriaceae were searched with BLAST using Salmonella
enterica subspecies enterica serovar Typhimurium 14028 SdiA as an input. The results were
overlayed using AnnoTree version 214,

For hits outside of the identified subset spanning Atlantibacter to Buttiauxella (e.g. Erwinia
EXpR), genomes were accessed and individually examined to determine whether sdiA was
encoded and if it is adjcantent to an AHL synthase. Those encoding AHL synthases were omitted
from the results.

Numbers in brackets indicate number of humbers per taxonomic group
*only one genome from that Taxonomic group

** Genomes unavailable
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Chapter 3: Identification of new SdiA regulon members of Escherichia coli,

Enterobacter cloacae, and Salmonella enterica serovars Typhimurium and Typhi

3.1 Contributions

This chapter is a first author research article that was published in the journal
Microbiology Spectrum in 2024 2%, | performed all of the experiments and wrote the

paper in collaboration with Dr. Brian Ahmer.

3.2 Abstract

Bacteria can coordinate behavior in response to population density through the
production, release, and detection of small molecules, a phenomenon known as quorum
sensing. Salmonella enterica is among a group of Enterobacteriaceae that can detect
signaling molecules of the N-acyl homoserine lactone (AHL) type but lack the ability to
produce them. The AHLs are detected by the LuxR-type transcription factor, SdiA. This
enables a behavior known as eavesdropping, where organisms can sense the signaling
molecules of other species of bacteria. The role of SdiA remains largely unknown. Here
we use RNA-seq to more completely identify the sdiA regulons of two clinically
significant serovars of Salmonella enterica: Typhimurium and Typhi. We find that their

sdiA regulons are largely conserved despite the significant differences in pathogenic
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strategy and host range of these two serovars. Previous studies identified sdiA-regulated
genes in E. coli and Enterobacter cloacae but there is surprisingly little overlap in
regulon membership between the different species. This led us to individually test
orthologs of each regulon member in the other species and determine that there is indeed
some overlap. Unfortunately, the functions of most sdiA-regulated genes are unknown,

with the overall function of eavesdropping in these organisms remaining unclear.

3.3 Introduction

Quorum Sensing (QS) is a bacterial strategy of coordinating behavior based on
population density through the production, release, and detection of small molecules *'.
In this study, we refer specifically to QS that utilizes the detection of N-acyl-homoserine
lactones (AHLSs) by transcription factors of the LuxR type *. A complete QS circuit of
this type includes an AHL synthase of the Luxl or LuxM type and a corresponding AHL
receptor of the LuxR type. AHLSs can differ based on acyl chain length (4 to 18 carbons)
and acyl chain differences including the degree of saturation, and the presence of
hydroxyl or ketone groups **¢. AHL nomenclature is based on these characteristics (e.g.
N-(3-Oxooctanoyl)-DL-homoserine lactone or oxoC8, shown in Fig. 1A). Each
LuxR/LuxI pair synthesizes and responds to a single (or a few closely related) type of
AHLs, providing a degree of species-specificity. Within a confined space, or in a space
with low diffusion, the AHLs accumulate to a threshold concentration and are detected by
a LuxR-type transcription factor 318153154 | yxR family members often regulate genes

that affect fitness when a species is at a high population density ?”. Numerous QS-
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regulated phenotypes have been described in bacteria, including bioluminescence in
Vibrio fischeri 2°8 and virulence in Pseudomonas aeruginosa 2%°.

A subset of Enterobacteriaceae encode a LuxR homolog named SdiA 2. The
evolutionary history of SdiA appears to have begun as a LuxR/LuxI pair. The Erwinia
and Pantoea still encode this pair where it is called ExpR/Expl and PhzR/Phzl,
respectively 2°. The Luxl homolog is absent in the Escherichia, Shigella, Salmonella,
Klebsiella, Enterobacter, Citrobacter, and Cronobacter, leaving SdiA as a LuxR solo
2529 \Without the cognate signal synthase, SdiA detects the AHLs produced by other
bacterial species 31%° a phenomenon referred to as eavesdropping *4%14L, Interestingly,
sdiA has not been lost in any lineage suggesting a function important to all these
organisms despite their differing environmental niches.

The role of SdiA-mediated eavesdropping remains unknown. One key piece of
information to understanding this behavior is the environment in which SdiA is relevant.
The genera encoding sdiA include many notable gastrointestinal residents and
consequently the gut has been the environment most tested 4414183 The possibility of
quorum sensing in the gut was recently reviewed "X, To briefly summarize, AHLs have
been detected in both the gut and feces at low concentrations 17 but bioinformatic
searches find few to no AHL synthases in the gut microbiome 172173, Although the
reported concentrations of AHLSs are near the detection limit of SdiA (low nanomolar
138,176) ‘microenvironments in the gut could have higher concentrations 2. The implication
of these findings for eavesdropping is complicated by other factors including antagonistic

compounds in the gut (e.g. indole), quorum quenching activity (e.g. lactonases), and
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compositional shifts during infection 8117718 To determine if SdiA becomes active
during bacterial transit through the gut, a reporter of SdiA activity was constructed in
which Salmonella heritably deletes an antibiotic resistance marker from its chromosome
in the presence of AHLs #5161, This reporter was inactive when Salmonella transited the
gastrointestinal tract of an individual guinea pig, rabbit, and cow as well as several mice
and chickens, indicating an absence of AHLSs or a concentration below its detection
threshold in these animals 143145, However, the reporter strain does indicate SdiA activity
when mice are concurrently infected with Yersinia enterocolitica, an organism known to
produce AHLs **4. The reporter strain also indicates activity during transit through the
gastrointestinal tract of turtles (likely due to the presence of Aeromonas hydrophila, a
known AHL producer) *°. However, the sdiA mutant of Salmonella enterica serovar
Typhimurium has no fitness defect during transit through any of these scenarios even
when SdiA is active 14145, Thus, it is unclear if these are scenarios in which SdiA is
relevant.

Another way to determine the function of SdiA is to identify the genes it
regulates. Genetic screens for sdiA-regulated fusions have been performed in three
genera: Escherichia, Enterobacter, and Salmonella 13157158220 Each screen tested
~10,000 transposon-based fusions which is roughly 68% coverage of the genome, so
currently unknown regulon members may reside within the remaining 32%, or among
essential genes. Microarrays and RNA-seq have also been used to identify sdiA-regulated
genes in Escherichia and Cronobacter 183211, Very few genes have been tested for direct

binding by SdiA so their regulons likely include direct and indirect effects (we use sdiA
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regulon throughout, rather than SdiA regulon, to emphasize this). In Salmonella, sdiA
regulates two loci: the pefl-srgD-srgA-srgB-rck-srgC operon (hereafter referred to as the
pefl-srgC operon) and srgE 139260-262 The pefl-srgC operon is known to be directly
regulated by SdiA while srgE has not yet been tested 1°. Pefl and SrgA are involved in
expression of Pef fimbriae through their roles as a transcriptional regulator and in the
post-translational maturation of PefA, respectively 225263264 SrgB, a putative lipoprotein,
and SrgC, a transcriptional regulator, have yet to be characterized. Pefl and/or SrgD are
involved in the regulation of flagellar motility, although mutation of sdiA has no effect on
motility in Salmonella, regardless of the presence of AHLs 462%6:237 Rck mediates
invasion of host cells by binding to epidermal growth factor receptor (EGFR) 167:234:239.265-
267 SrgE is an effector protein of unknown function that is injected into host cells using
the type three secretion system (T3SS) encoded within Salmonella Pathogenicity Island 2
(SP12) 1%, In E. coli, sdiA regulates the acid fitness island, flagellar motility, prophage
induction, and the virulence regulator, ler 15°158:183,204206.249,250.252 '} or js reported to be
directly regulated by SdiA 15183204 |n Enterobacter cloacae, mutation of sdiA affects a
collection of genes encoding hypothetical proteins along with a putative type 6 secretion
system, copper transporter (CopA), O-antigen chain length determinant (FepE), and
phage integrase **'. Interestingly, there is no overlap between the SdiA regulons of these
three genera. The conservation of SdiA and eavesdropping represents an interesting
aspect of evolution. The ligand for SdiA is externally sourced, thus limiting its activity to
environments containing AHL synthesizing microbiota at sufficient population density.

Despite this, sdiA has survived multiple speciation events spanning millions of years
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while maintaining completely unique regulons with no clearly related functions
139,157.158.268 Thjs paradox of simultaneous conservation and diversification across a large
time frame remains one of many unsolved mysteries on the nature of SdiA and
eavesdropping.

In the last 50,000 years, a serovar of Salmonella enterica, Typhi, has emerged and
is currently undergoing reductive evolution as its host range becomes restricted to
humans 222, Serovars Typhi and Typhimurium have significant differences in their
pathogenic strategy. Serovar Typhimurium invades intestinal epithelial cells, inducing
inflammation to eliminate competitors in the lumen 525270 Serovar Typhi limits intestinal
inflammation and replication in the lumen in favor of colonization at systemic sites 26%-21,
Additionally, Typhi infections can develop into a chronic carrier state through the
formation of biofilms on gallstones and gallbladder epithelium 3272, This change in host
range and pathogenesis could impart selective pressure on the response of serovar Typhi
to foreign AHLSs, yet the sdiA regulon of Typhi has not been investigated.

We sought to identify the regulons of sdiA more thoroughly and determine what
effect, if any, the reduction in host range has had on serovar Typhi's transcriptional
responses to foreign AHLs. Using RNA-seq, we measured the sdiA-dependent response
of serovars Typhimurium and Typhi to AHLs. Differentially regulated genes were
validated via the construction and testing of transcriptional fusions, revealing regulons
comprising six loci in Typhimurium and five in Typhi with four common to both. Other
genes were identified that respond to plasmid-based expression of sdiA, but these could

not be validated using sdiA expressed from its native position in the chromosome. These
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may be artifactual or require additional unknown stimuli for expression. Additionally, we
constructed fusions to orthologs of genes in Salmonella, E. coli, and E. cloacae that were
known to be regulated by sdiA in one genus but not the others. No new regulon members
in Salmonella were discovered by this approach, but one new regulon member was found
in E. coli and three new regulon members were found in E. cloacae.

3.4 Results

3.4.1 Identification of SdiA-regulated loci in Typhimurium and Typhi

A genetic screen previously revealed seven members of the Salmonella enterica
serovar Typhimurium (S. Typhimurium) SdiA regulon encoded in two loci: the srgE gene
located in the chromosome and the pefl-srgD-srgA-srgB-rck-srgC (pefl-srgC) operon
located on the virulence plasmid pSLT 113, The sdiA regulon of Salmonella enterica
serovar Typhi (S. Typhi) has never been investigated. To identify additional regulon
members, we performed RNA-seq. Unfortunately, sdiA-dependent regulation is weak in
broth culture and higher in motility agar due to its direct regulation by alternative sigma
factor FIiA 14619 QOther regulators of the sdiA promoter have been described, including
Crp and LeuO 273, RNA for downstream analysis of sdiA-dependent changes would
preferably be sourced from bacteria grown in motility agar but we have not been able to
isolate quality RNA from bacteria grown in this manner. Therefore, we isolated RNA
from wild-type and sdiA mutant bacteria grown in liquid culture containing AHL (oxoC8
is the optimal AHL for SdiA activation * and was the sole AHL used in this study). In a

second experiment, RNA was isolated from sdiA mutant strains containing sdiA under the
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control of an arabinose-inducible promoter on plasmid pBAD18, compared to a vector
control, also in liquid culture containing AHL (Fig. 2). After processing, sequencing, and
analysis, we observed a small number of differentially expressed genes in both serovars
when expressing sdiA from its native position in the chromosome (Fig. 2C and E).
Plasmid-based expression of sdiA increased the number of differentially regulated genes
(Fig. 2D and F). Results from all four RNA-seq experiments can be found in Tables 4-7.

To validate the RNA-seq results, we constructed transcriptional fusions to each
differentially regulated gene (defined as fold change greater than 4 and p-value < 0.05).
Each putative sdiA regulated promoter was cloned upstream of the luxCDABE operon of
plasmid pSB401 or had already been constructed in previous studies (see table 2) 274, In
some cases, multiple regions were cloned for a single locus as it was not always clear
where the promoter might be. Additionally, if a gene was differentially regulated in one
serovar but an ortholog is present in the other serovar, reporters were constructed for both
serovars. This turned out to be a wise choice as some regulon members were identified in
this manner.

For S. Typhimurium, we tested approximately 60 reporters representing 50 loci.
For S. Typhi, we tested 15 reporters representing 15 loci. Each reporter was placed into
wild-type and sdiA mutant strains of the relevant serovar. Some were also placed into
strains with plasmid-encoded sdiA (sdiA mutant strains containing sdiA under the control
of an arabinose-inducible promoter on plasmid pBAD18). Luciferase activity of these
strains was measured over time in the presence or absence of 1 uM AHL. Some fusions

were regulated by plasmid-encoded but not chromosome-encoded sdiA (Fig. 8) while
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others were regulated under neither condition (Fig. 9). Here, genes were only ‘confirmed'
as sdiA-regulated if they respond to sdiA expressed from its native position in the
chromosome. In total, four loci are regulated by sdiA in both serovars, two are
exclusively regulated by sdiA in S. Typhimurium (totaling six), and one is exclusively
regulated by sdiA in S. Typhi (totaling five). Genes of limited characterization were
renamed to srg (sdiA-regulated gene) and are described below. For each reporter, we
calculated the maximum fold activation (wild-type vs sdiA mutant) in both motility agar
and broth with or without AHL. In motility agar, raw luciferase values are shown while
broth culture luciferase readings were normalized to growth (OD600) at that time point
(neither serovar’s sdiA mutant exhibits growth or motility defects). These values are

shown in Table 1.

3.4.2 SrgF, SrgGH, SrgKJ, and MenFDHBCE are regulated by SdiA in both

Typhimurium and Typhi

The first newly identified gene, srgF (STM14_3820 in Typhimurium and T06040
in Typhi), was identified in the RNA-seq results as upregulated by plasmid-based
expression of sdiA in both serovars, but not in either RNA-seq experiment using
endogenous expression of sdiA. Reporter constructs of the srgF promoter were generated
for each serovar and placed into wild-type and sdiA mutant strains. These strains were
grown in the presence or absence of AHL in LB broth or motility agar and luciferase
activity was recorded over time. AHL increased the activity of the reporter in a sdiA-
dependent manner in both media, with higher activation in motility agar (Fig. 3A). The

srgF reporter of S. Typhi behaved similarly (Fig. 3B). As observed with other regulon
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members, there is a small amount of sdiA-dependent but AHL-independent regulation.
SrgF is annotated as a putative ATP-dependent RNA helicase-like protein in serovar
Typhimurium. We examined SrgF using bioinformatic tools HHPred and FoldSeek,
which found no similarity to previously identified protein domains 222224, Phobius
identified a possible transmembrane domain in the first 30 residues and cytoplasmic
orientation of the remaining protein 2’°. Literature searches for SrgF revealed occasional

226 motility 2°72%8, aquatic

hits in genetic screens involving colonization of chickens
survival 2° and phage infection 2°. We have previously observed no effect of AHL or
sdiA on motility 146, We tested a srgF mutant of S. Typhimurium for fitness in mice
rendered susceptible to gastroenteritis by a high fat diet °” and found the mutant to have
little or no phenotype (Fig. 10A). Interestingly, transcriptomic studies indicate a
significant amount of basal expression of srgF during in vitro growth, especially
compared to other regulon members 22246 The role of this gene in Salmonella requires
additional study.

The second locus, which we refer to as srgGH (STM14_4893-4894), was
identified by RNA-seq of Typhimurium expressing sdiA from a plasmid. The PsrgcH
reporter (pPAMS145) exhibits both sdiA and AHL-dependent activation in motility agar
and LB (Fig. 3C). Although not identified in either S. Typhi RNA-seq experiment, a
promoter fusion of the S. Typhi srgGH orthologs (pAMS265) is also regulated (Fig. 3D).
The srgG and srgH genes appear to be remnants of functional genes present in other

bacterial species. SrgG encodes a 55 amino acid fragment of the N-terminus of a putative

citrate transporter in Salmonella bongori (SBG_RS18665) and Enterobacter cloacae (this
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gene is sdiA-regulated, see below). SrgH is a 44 amino acid fragment homologous to the
C-terminal domain of ushB (cdh in E. coli). UshB is non-functional in Salmonella 2 and
no published literature on either SrgG or SrgH was found. A mutant of S. Typhimurium
lacking srgH has no fitness defect during gastrointestinal infection of mice (Fig. 10A).
SrgKJ (ybbKJ in Typhimurium and T2359-2360 in Typhi) was identified in three
RNA-seq experiments and both reporters (pJLD202 and pAMS050) exhibit sdiA and
AHL-dependent regulation (Fig. 3E and F). Previous characterization of E. coli orthologs
gmcA-ybbJ indicates that QmcA is likely involved in protein turnover and YbbJ acts as a
helper protein 23, The protein target(s) of QmcA and its orthologs are unknown. Like
srgF, srgK and sdiA were implicated in phage resistance in a recent Tn-seq study 2%,
Finally, we identified the menFDHBCE operon. This locus was only identified by
RNA-seq using plasmid-based expression of sdiA in S. Typhi but is encoded in both
serovars. Reporters pAMS291 and pAMS202 show weak regulation by sdiA in both
serovars (Fig. 3G and H). E. coli and Salmonella encode two isochorismate synthases,
which make isochorismate for synthesis of both menaquinone (menF) and enterobactin
(entC) 232233277 ‘Menaquinones have a role in respiration induced by anaerobic conditions
while enterobactin is a siderophore used to acquire iron from the environment 2%, It is
unclear what role menaquinones may play in SdiA-mediated eavesdropping. We
observed no sdiA or AHL-dependent regulation of entC or any effect of iron availability

on SdiA activity (data not shown).
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3.4.3 Serovar specific regulon members

A past genetic screen for sdiA regulated genes in Typhimurium yielded two loci:
srgE and pefl-srgC 312 As previously published, the reporters for these loci (pJNS25
and pBA428) are regulated by sdiA and AHL (Fig. 31 and K) 38146 S Typhi does not
harbor the virulence plasmid that encodes pefl-srgC but does encode srgDAB orthologs
(T4538-4540) in the chromosome as well as a srgE ortholog %6278, Neither constructed
fusion exhibited regulation by sdiA (Fig. 3J and L). These two loci have been previously
examined in a third serovar, Enteritidis 1% The virulence plasmid of S. Enteritidis has
lost sdiA-dependent regulation of its pefl-srgC operon and does not encode srgE 6216, |n
the context of these three serovars, sdiA-dependent regulation of the pefl-srgC operon
and srgE is an exclusive trait of S. Typhimurium despite the significant host range
overlap of S. Typhimurium and S. Enteritidis. A competitive infection between wild-type
S. Typhimurium and a srgE mutant revealed no fitness defects in a mouse model of
gastrointestinal infection (Fig. 10A).

A locus encoding T0351-0350 (srglL), orthologous to yfgHI in E. coli,
respectively, was found by RNA-seq to be upregulated by plasmid-based expression of
sdiA in S. Typhi. Orthologs are not found in Typhimurium (Fig. 3M). The reporter for
srglL, pAMS201, is strongly regulated by sdiA and AHL (Fig. 3N). The first gene of the
operon, TO351, is annotated as a pseudogene. However, an alternative reading frame can
be found within this pseudogene that produces a SlyB-like lipoprotein, the same protein
family as YfgH. The original annotation may be incorrect but the expression of the Srgl

protein was not confirmed here. In E. coli, yfgH is predicted to be involved in outer
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membrane integrity 2’° while yfgl mutants have been shown to be susceptible to DNA
damage 2*’. The hypothesis that SdiA could mediate resistance to DNA damage was
assessed for both serovars using two stressors: nalidixic acid and ultraviolet light (UV).
Inhibitory concentrations of nalidixic acid were quantified for wild-type, sdiA mutant,
and plasmid complementation strains grown in AHL or solvent control (Fig. 10B). A
difference (<2-fold) was only observed using plasmid-based expression of sdiA. Given
that sdiA had much stronger effects on PsrgiL in motility agar, we assessed this putative
phenotype using a disk diffusion assay in motility agar, using a two-fold dilution series of
nalidixic acid. No differences in zones of inhibition were apparent (Fig. 10D). The results
of the nalidixic acid challenge are also consistent with our previous report that sdiA has
no effect on antibiotic resistance in S. Typhimurium 8, For UV mediated DNA damage,
we generated survival curves against increasing doses of UV. Differences between wild-
type and sdiA mutant strains were never observed in either endogenous or plasmid-based
sdiA backgrounds (Fig. 10C). Thus, we find no evidence for protection from DNA

damage by sdiA in either serovar.

3.4.4 Unconfirmed regulon members

It is worth noting that several virulence associated loci were found to be regulated
by plasmid-encoded sdiA but not under endogenous expression conditions, including
promoters of Salmonella pathogenicity island 1 (SPI11), flagellar genes, and type 1
fimbriae (Fig. 8). The absence of regulation at the endogenous level could be artifacts

from plasmid-based expression of sdiA, or true regulon members for which the proper
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environmental conditions for sdiA-dependent expression have not yet been found. We
identified several fusions that were also differentially regulated by plasmid-encoded sdiA
that are known to be regulated by other extrinsic elements: Pieua (PAMS173) and leucine,
Porovwx (PAMS172) and osmotic stress, and Papisa (PAMS143) and citrate 289282, \We
manipulated leucine and citrate levels as well as osmolarity of the medium. This did alter
activity of the corresponding reporter, but it did not cause sdiA-dependent regulation at
the endogenous level (data not shown). Based on RNA-seq results, a significant number
of prophage genes were repressed by plasmid-based expression of sdiA in serovar
Typhimurium. These have not yet been tested using fusions and the potential relationship

between sdiA and prophage elements requires further investigation.

3.4.5 Cross screening SdiA regulon members reveals semi-conservation between

species

The published sdiA regulon members are different in E. coli, S. enterica, and
Enterobacter cloacae 3157158, \We hypothesized that at least a portion of the regulons are
evolutionarily conserved. To test this, we identified orthologs of each regulon member in
species where that ortholog is not known to be regulated by sdiA. We then constructed
transcriptional fusions to each and tested them for sdiA-dependent regulation. For clarity,
reporters were tested only in the species from which the promoter was amplified.

In E. cloacae, orthologs of four sdiA-regulated loci of Salmonella enterica were

identified: srgKJ, menFDHBCE, srgF, and srgG. The srgG ortholog, ENC_00800, is full
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length in E. cloacae. One ortholog of the E. coli sdiA regulon was identified in E.
cloacae: fliE.

Using constructed luciferase fusions, we find three to be regulated by sdiA in E.
cloacae: srgKJ, srgG, and menFDHBCE (Fig. 4A). Regulation of PrenrpHace is strongly
sdiA regulated but fully AHL-independent, a trait observed in some other E. cloacae
regulon members ¥, This adds three members to the sdiA regulon of E. cloacae, all of
which are the first regulon members conserved between Salmonella and E. cloacae.

In E. coli, orthologs of three sdiA regulated loci from Salmonella enterica were
identified: gmcA(ybbK)-ybbJ, menFDHBCE, and yfgHI (Fig. 5B). One ortholog of the E.
cloacae sdiA regulon was identified in E. coli: fepE. We were unable to construct a
transcriptional reporter for copA of E. coli. One of the four constructed fusions is
regulated by sdiA: fepE, and this occurs in an AHL-independent manner (Fig. 4B). The
fepE gene is the only sdiA regulon member conserved between E. coli and E. cloacae.

In S. Typhimurium, two orthologs of sdiA-regulated loci from E. cloacae were
identified: fepE and copA. Neither were regulated by sdiA or AHL in either broth or
motility agar (Fig. 4C, motility agar not shown). A fliE reporter was not tested based on
the negative results of other flagella reporters (Fig. 8). The copA gene is regulated by
CueR, whose gene is adjacent and inversely oriented 233, We tested both orientations of
the reporter (i.e. measuring copA or cueR transcription) in broth and motility agar, with
and without copper at stress inducing concentrations, none of which led to AHL- or sdiA-
dependent regulation (data not shown). The regulons of these three species as currently

understood are summarized in Figure 6.
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3.4.5 SdiA affects pSLT conjugation efficiency independent of AHL

A subset of Salmonella serovars, including Typhimurium but not Typhi, harbor
IncF plasmids that range in size from 50-90 kb 284, The 90 kb plasmid of serovar
Typhimurium, pSLT, is self-transmissible 28287 The RNA-seq dataset from plasmid-
based expression of sdiA showed an upregulation of pSLT conjugation genes. To
determine whether or not there was an effect on transmission frequency we used a
conjugation assay 2%°. Wild-type or sdiA mutant donor strains with a spv::MudJ mutation
(kan") on their pSLT plasmid were mated with a recipient strain lacking pSLT (BA770,
nal") in the presence or absence of AHL. The frequency of kan" nal" transconjugants
obtained per donor was 3- to 6-fold lower in the wild-type compared to sdiA mutant,
suggesting that sdiA represses conjugation (Fig. 5B). Expression of sdiA from a plasmid
increases conjugation frequency, though this only occurred in the absence of the inducer
(arabinose) (Fig. 6A). When arabinose was provided to induce sdiA expression, sdiA no
longer had any effect on conjugation efficiency (Fig. 5A). AHL had no significant effect
on conjugation efficiency in either strain background.

Since plasmid-based expression of sdiA gave different effects on conjugation
frequency than expression of sdiA from its native position in the chromosome, we
complemented the chromosomal sdiA mutation with a functional copy of sdiA inserted at
a neutral location in the chromosome located downstream of pagC (strain AMS203, Fig.
5D) 28, To confirm that this strain restored sdiA activity, we measured luciferase activity

from the Psrge reporter plasmid pJNS25 and observed complementation of sdiA function
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(Fig. 5C). Conjugation efficiency is restored to wild-type levels by this method of
complementation (Fig. 5B). We conclude from these findings that sdiA has a small
negative effect on the frequency of pSLT transmission and AHL do not alter this
phenotype. The mechanism(s) by which sdiA regulates plasmid transmission and reasons
for the confounding effects of plasmid-based expression and arabinose are unclear at this
point. It should be noted that the recipient, BA770, encodes sdiA. We did not determine if
sdiA can affect conjugation efficiency as a recipient but a previous study suggests that
sdiA can repress plasmid transmission between a donor Pseudomonas aeruginosa and

recipient E. coli 2,

3.5 Discussion

Quorum sensing is a strategy used by bacteria to coordinate behavior within a
species upon reaching a population density threshold. Bacteria have evolved to link a
diverse array of behaviors to population density, including competence, virulence,
biofilm formation, bioluminescence, and phage defense 71:16:290-292 ' A sypset of
Enterobacteriaceae, including model organisms like Salmonella and E. coli, have lost
their signal synthase to facilitate an alternative behavior: eavesdropping 2°. The LuxR
solo SdiA detects foreign AHL, preferably with acyl chain lengths of 6 or 8 and a ketone
modification on the third carbon (0xoC6, 0xoC8) 146, Experimentally, SdiA has been
shown to detect the AHL produced by a wide range of genera, including Agrobacterium,
Aeromonas, Hafnia, Pantoeae, Pectobacterium, and Yersinia 43146, However, sdiA

mutants have almost no reported in vivo defects (even when AHL are present), leaving it
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unclear in which scenarios sdiA-mediated eavesdropping is relevant. Additionally, the
body of literature on phenotypes is complex and ultimately inconclusive on what exactly
these bacteria do differently when they detect foreign AHL.

The sdiA regulon of Salmonella enterica has only been studied in one serovar,
Typhimurium, and only using a genetic screen that was 68% saturated 3. That study
identified two sdiA-regulated loci: the pefl-srgC operon and srgE 131%°, Here we
investigated the sdiA-dependent transcriptional responses of this same organism using
RNA-seq, allowing for full coverage of the genome. An identical experiment was
performed using serovar Typhi, representing an interesting contrast as a host-adapted
serovar 27°, Salmonella SdiA is most active in motility agar (because FliA directly
regulates the sdiA promoter) 46195, As we have been unable to isolate quality RNA in
semi-solid media, we instead collected RNA from wild-type and sdiA mutants grown in
LB. Additionally, RNA was collected from strains expressing sdiA on a plasmid,
substantially increasing its activity and the number of differentially expressed genes.
Over 200 potential members of the Salmonella sdiA regulon in serovars Typhimurium
and Typhi were found, mostly from plasmid-based expression of sdiA in serovar
Typhimurium. Increasing the copy number of sdiA on a plasmid is a commonly used
approach as it bypasses the need for AHL entirely 3. This is also quite risky given the
propensity for phenotypes that occur in plasmid-based expression backgrounds to
disappear under endogenous expression conditions (e.g., multiple drug resistance and
mini-cell formation) 58208293 sing transcriptional fusions, we tested almost all of the

genes identified using plasmid-based expression of sdiA. Most were confirmed to be
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regulated by sdiA expressed from a plasmid but not by sdiA expressed from its native
position in the chromosome (Fig. 8). However, in this study, we considered a gene to be a
verified member of the sdiA regulon only if the gene has been confirmed to be regulated
by sdiA expressed from its native position in the chromosome. This greatly limits the size
of the regulon and is likely excluding real members. It is probable that our in vitro growth
conditions are not permissive for expression of some of the regulon members. Thus, the
list of genes that respond to plasmid-based sdiA should not be dismissed entirely. It
should also be noted that we have not yet determined which genes are directly regulated
by SdiA and which are indirect (which is why we refer to the sdiA regulon rather than the
SdiA regulon). Thus, our current understanding of the regulons of these different species
includes the direct and indirect effects.

In serovar Typhimurium, the regulon includes four new loci (six total). In serovar
Typhi, five loci are sdiA regulated (all newly discovered here), four of which are shared
with serovar Typhimurium (Fig. 4). The first two regulon members identified in
Typhimurium, pefl-srgC and srgE, were not regulated in serovar Typhi *3°. Another
broad host range non-typhoidal serovar, Enteritidis, has lost the SdiA-specific promoter
of its pefl-srgC operon and does not encode srgE at all 6%, Host-range reduction alone
therefore may not be sufficient to explain this change in regulon membership. In addition,
sdiA regulates transmission of the virulence plasmid, pSLT, independently of AHL.
Transmission is known to be regulated by multiple factors, including nutrient availability,
osmolarity, and microaerophilic conditions and occurs both in vitro and in vivo 285287.294,

SrglL is the single Typhi-specific regulon member found in this study. The four
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conserved regulon members include an ATP-dependent RNA helicase-like protein
(SrgF), two proteins likely involved in protein turnover (SrgKJ), truncated versions of a
CDP-diacylglycerol pyrophosphatase and citrate transporter (SrgGH), and the
menaquinone biosynthesis operon (menFDHBCE). The evolutionary maintenance of
sdiA-dependent regulation at four loci suggests a common response to an AHL-laden
environment.

Some sdiA regulon members have orthologs in other sdiA* genera, but these have
not been tested specifically for sdiA-dependent regulation in those genera. Therefore, we
constructed transcriptional fusions to genes hypothesized to be regulated by sdiA, based
on sdiA-dependent regulation in other genera. This led to three newly identified sdiA
regulated loci in E. cloacae (citrate transporter ENC 00800, srgKJ, menFDHBCE), one
in E. coli (fepE), and none in Salmonella (Fig. 5). This is the first reported instance of
inter-genus conservation of the sdiA regulon. We have speculated on the existence of a
“core regulon” common to all SdiA-mediated eavesdroppers that could link these
apparently disparate responses to AHL together. While we were successful in identifying
loci conserved between two genera, no locus was identified that was conserved among all
three.

Understanding the purpose of SdiA-mediated eavesdropping is hampered by the
absence of in vivo and in vitro phenotypes. We hypothesized that one or both may be
deduced from the sdiA regulon: applying known roles or functions of regulated genes to
SdiA and elucidating environments from there. Although we were able to find new

regulon members, there is very little known about them. SrgKJ, likely involved in protein
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turnover based on the activity of E. coli orthologs gqmcA-ybbJ, has no reported defects or
targets 231, The menaquinone biosynthesis operon (menFDHBCE) is known to be
activated in anaerobic conditions, but we have no hypothesis as to its relationship to sdiA-
mediated eavesdropping 233277, SrgF, a putative ATP-dependent RNA helicase-like
protein, has not been characterized, but has been hit in several genetic screens 226-2%,
Those genetic screens suggested roles in colonization, motility, aquatic survival, and
phage defense 226230, We tested mutants lacking srgF or two other sdiA regulon members
in serovar Typhimurium (srgE, srgH) for colonization defects in a mouse gastroenteritis
model and observed no fitness defects (Fig. 9). Transcriptional fusions of flhDC, fliA, and
fliC promoters had no sdiA or AHL-dependent differential expression in serovar
Typhimurium (Fig. 8), and sdiA mutants of Typhimurium 46 and Typhi (data not shown)
have no motility defects. Therefore, while sdiA is regulated by FliA, sdiA does not
regulate motility in Salmonella. In E. coli, mutants of yfgl (orthologous to srgL) are
reported to have a DNA repair defect. We tested both Typhi and Typhimurium for sdiA-
dependent changes in sensitivity to DNA damage caused by either nalidixic acid or UV
(Fig. 10) 2. No significant differences were found.

One explanation for the absence of colonization defects of sdiA and regulon
mutants could be the lack of AHL in the mouse gut. Our lab has previously found that
SdiA is not active in the mouse gut and sdiA mutants have no fitness defect 144145, AHLs
can be introduced into the gastrointestinal tract by co-infection with an AHL-producing
pathogen (Yersinia enterocolitica) 4. Although Salmonella can detect those AHLS, sdiA

mutants still have no fitness defects. An interesting effect is observed when wild-type and
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sdiA mutant Salmonella are co-infected in a genetic background encoding yenl from Y.
enterocolitica, enabling Salmonella to produce AHL without the need for another
bacteria. The sdiA mutant is attenuated in the gut during the infection and it is the largest
observed phenotype of sdiA to our knowledge (>100-fold) 4. The differences in fitness
phenotypes in an infection from foreign AHLSs versus those endogenously produced may
be due to Yersinia specific factors (e.g. limited co-localization with Salmonella, anti-
phagocytic activity) 1%°. Additional studies are needed to determine if AHLs are relevant
to Salmonella in the gastrointestinal tract.

The study of SdiA-mediated eavesdropping has proven to be challenging.
Numerous studies relating to in vivo and in vitro phenotypes have been performed with
no clear answer as to the role of SdiA in the lifecycle of these bacteria. In terms of
relevant environments, mammals and livestock are the most studied 44145181-183 ‘\/gry
few studies have been performed in insects ** and plants 14397, which are colonized by
both sdiA* genera and AHL-producers (including Erwinia and Pantoea) 33:191-194.198,199,295
Experiments in our lab indicate that serovar Typhimurium SdiA is active within house
flies but elucidating the fitness of the sdiA mutant requires additional study (unpublished
data). We have also tested for sdiA-mediated gene regulation or fitness phenotypes in
plants and rhizomes with no activity observed so far (unpublished).

Most sdiA-regulated genes are uncharacterized. We interpret this to mean that
SdiA-mediated eavesdropping is part of a relatively unexplored aspect of these
organisms' lifestyle. There may be an interesting connection in Enterobacter, E. coli, and

Salmonella: phage infection. Previous studies found sdiA-dependent regulation of a
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phage integrase in E. cloacae as well as prophage induction in E. coli ¥72°2, In this study,
we found several pieces of circumstantial evidence linking Salmonella sdiA to phage
biology. First, expressing sdiA from a plasmid in serovar Typhimurium induces the
downregulation of dozens of prophage genes (Supplemental Table 4). Second, we found
that sdiA represses transmission of the virulence plasmid pSLT, whose pilus is a likely
phage target 2°¢. We also found sdiA-dependent regulation of O-antigen chain length
determinant fepE in both E. coli and E. cloacae (but not Salmonella), which could
potentially impact phage attachment. Finally, a transposon screen identified differential
fitness of mutants during infection against certain phages: including srgB, srgF, srgG,
and sdiA 2%°. Quorum sensing phage interactions have been previously reported in both
directions (host regulation of phage defense and phage regulation of lysis-lysogeny
decision making using quorum sensing receptors 1°162%) Further study is needed to

determine if sdiA plays a role in phage biology.

3.6 Methods
3.6.1 Bacterial strains and media

Bacteria were grown in Lysogeny Broth (LB) or on LB agar (1.5% w/v) unless
otherwise stated. For motility experiments, agar was used at a final concentration of
0.25% wi/v. Antibiotics were used at the following final concentrations: tetracycline (tet)
at 10 pg/mL, kanamycin (kan) at 50 pg/mL, chloramphenicol (cam) at 30 pg/mL,

ampicillin (amp) at 100 pg/mL, nalidixic acid (nal) at 50 pg/mL. Arabinose (ara) was
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used at a final concentration of 0.2%. N-(3-Oxooctanoyl)-DL-homoserine lactone
(oxoC8) was obtained from Sigma Aldrich (Cat# 01639) and dissolved in ethyl acetate
(EA) acidified with glacial acetic acid at a concentration of 0.1 mL per Liter 2. OxoC8
was used at a final concentration of 1 uM and acidified EA at 0.1% v/v. Ethylene glycol-
bis(B-aminoethyl ether)-N,N,N’,N'-tetra-acetic acid (EGTA) was used at a final
concentration of 10 mM. Anhydrotetracycline (AHT) was used at a final concentration of
5 ug/mL. Evan’s Blue Uranine (EBU) plates were made by adding tryptone (10 g/L),
yeast extract (5 g/L), NaCl (5 g/L), glucose (2.5 g/L), and agar (15 g/L) to water,
autoclaving, cooling to roughly 50°C, and then adding KoHPO4 (40 mL/liter of 12.5%
wi/v), Evans Blue (1.25 mL/L of 1% wi/v), Uranine (also known as sodium fluorescein,

2.5 mL/L of 1% w/v) 2%,

3.6.2 Strain and plasmid construction

Strains and plasmids used in this study are listed in Supplemental Table 1.
Primers used in this study are listed in Supplemental Table 2. New mutations were
constructed as described below. Other strains were created by moving existing mutations
into new strain backgrounds via P22 phage transduction. For P22 transductions, phage
lysates were first grown on strains encoding the desired mutation. Recipient strains were
then infected with the phage lysate for 25 minutes. The infection was halted by addition
of LB + EGTA and outgrown for 1-3 hours before plating on selective media. Isolates
were sub-cultured twice on selective media with EGTA, then cross-struck on EBU to

confirm a lack of P22 pseudolysogeny and no P22 resistance mutations. The specific
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donor and recipients for each strain are described in Table S1. Plasmids were constructed

as described below and moved into strains via electroporation 2%°.

3.6.3 Chromosomal complementation strain AMS203

For chromosomal complementation, we inserted sdiA and its surrounding
intergenic sequences between pagC and STM14_1503, which has been previously
identified as a neutral insertion site 28, This position is depicted in Figure 4D. Insertion
of sdiA into the pagC-STM14_1503 intergenic region was engineered by allelic exchange
with suicide vector pFOK 3%, The construct was assembled using Gibson assembly of
four fragments: vector, the upstream region of pagC homology, the sdiA gene, and the
downstream region of STM14_1503 homology 3°%. The vector was linearized by PCR
with primers BA3875 and BA3876. The upstream homology fragment was constructed
by PCR with primers BA3883 and BA3884, which bind upstream of STM14 1499 and
downstream of pagC, respectively. The sdiA fragment was construct by PCR with
primers BA3885 and BA3886, which bind immediately downstream of yecC and
immediately downstream of yecF, respectively. The downstream homology fragment was
constructed by PCR with primers BA3887 and BA3888, which bind downstream of pagC
and within pliC, respectively. Primers include overhangs with homology to their adjacent
fragments. PCR was performed with Q5 Polymerase; fragments were purified by gel
extraction and quantified by Nanodrop. Gibson assembly was performed per

manufacturer’s instruction.

68



Gibson product was transformed into TransforMax EC100D pir® E. coli by
electroporation (Lucigen ECP09500). The resulting plasmid, pAMS150, was moved into
mating strain Jke201 by electroporation. Allelic exchange was performed by mating
Jke201 + pAMS150 with BA612 on LB agar containing DAP then resuspending colonies
and selecting on LB Kan to obtain single crossovers. Isolates were grown without
selection and dilution plated on LB + AHT + 10% sucrose to select for a second
crossover that eliminates the vector. Individual colonies were screened for loss of kan
resistance and the insertion of sdiA was confirmed by PCR. The final strain is named

AMS203.

3.6.4 Construction of strains AMS001, AMS002, and JLD1221

Mutants of Typhi sdiA and Typhimurium srgE were created using Wanner
mutagenesis 3°2. Chloramphenicol and kanamycin cassettes were amplified from pKD3
and pKD4, respectively. Primers BA3454 and BA3455 were used to generate insertions
for mutants AMS001 and AMS002. Primers BA1563 and BA1564 were used to generate
the insertion for JLD1221. Strains Ty2 and 14028 carrying helper plasmid pKD46 were
transformed with gel purified DNA and isolated on selective media as previously
described 3%, The helper plasmid was eliminated from the strains by growth at 42°C.
Mutations were confirmed by PCR. Strain AMS001 encodes the cam" cassette oriented
opposite sdiA while AMS002 encodes the kan" cassette oriented with sdiA. Strain

JLD1221 encodes the cam" cassette oriented opposite srgE.
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3.6.5 Reporter plasmid construction

Transcriptional reporters of genes of interest were made by subcloning into
luciferase reporter plasmid pSB401 274, Promoters were amplified with Q5 Polymerase
using primers listed in Table S2. Genomic DNA from strains 14028, Ty2, K12, and
JLD401 served as the templates. DNA fragments were cloned into TOPO vector pCR2.1
(Invitrogen), and then removed by digestion with EcoRI and gel purified. The vector
pSB401 was digested with EcoRI (NEB) and gel purified to remove the fragment
encoding luxR. The vector and insert were ligated using T4 DNA ligase (NEB) and then
transformed into chemically competent E. coli. Transformants were screened for insertion
and orientation by PCR using forward primers binding the desired promoter and a
universal reverse primer binding luxC downstream of the EcoRlI site (BA1090). For
transformation of plasmids into Salmonella, plasmids were first passaged through the
restriction” modification® strain JS198.

The conditional expression plasmid pAMS130, encoding the sdiA gene from
strain Ty2, was made by restriction cloning. The sdiA gene was amplified from the
genome with primers BA3601 and BA3602. Vector pBAD33 was digested with Smal.
The digested vector and PCR product was blunt-end ligated using T4 DNA ligase, then
transformed into competent cells (Stellar) and grown on selective media. Isolates were
screened for insertion and orientation using two primer pairs: BA3601-BA2475 and

BA3602-BA2474. Purified plasmid was transformed into strains by electroporation.
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3.6.6 RNA-seq and analysis

Overnight cultures of 14028, BA612, Ty2, and AMS001 were grown in LB Broth
at 37°C shaking. At a 1:100 dilution, they were sub-cultured in LB oxoC8 then incubated
at 37°C shaking until late exponential phase. For plasmid over-expression, cultures of
BA612 + pJVR2 and BA612 + pBAD33, AMS002 + pAMS130, and AMS002 +
pBAD33 were grown overnight, supplemented with cam then sub-cultured in LB cam ara
0xo0C8. Three biological replicates were collected per strain. RNA was extracted from
cell pellets by affinity purification using the PureLink RNA Mini Kit (Invitrogen
#C12183018A) followed by DNase | treatment using TURBO DNA-free Kit (Invitrogen
#AM2238). RNA quantity and quality was confirmed by Bioanalyzer. RNA was sent to
the OSU Genomics Shared Resources center for cDNA library synthesis and sequencing.
Reads were assessed for quality and trimmed with FastQC and Trimmomatic,
respectively 33394 Reads were mapped to Salmonella reference genomes (14028 —
accession number CP001363; Ty2 — accession number AE014613) with Bowtie2 3%,
Mapped reads were assembled, quantitated, and assigned to annotations using Stringtie
306 Differential expression analysis was performed using DESeq2 in R Studio 3%, Results
from the differential gene expression analysis provided log. fold-changes, p-values, and
adjusted p-values for all genes. The adjusted p-value was calculated using the Benjamin-

Hochberg method.
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3.6.7 Liquid and motility agar assays for lux reporter activity

Cultures of wild-type and sdiA mutants harboring reporter plasmids were grown
shaking in LB with appropriate antibiotics at 37°C overnight. They were then sub-
cultured 1:100 in LB broth or motility agar containing appropriate antibiotics and
supplements (e.g. arabinose). For liquid assays, the bacteria were grown in a white plate
with clear bottom, reading both ODeoo and luminescence (Fisher Scientific, Catalog #
265302). Measurements were taken every hour for 20 hours in the SpectraMax i3x at
37°C. Each sample was tested in technical triplicate per run, with three independent runs
per strain or condition. For motility agar assays, only luminescence was measured. In
both serovar Typhimurium and Typhi, no growth or motility defects were observed in

sdiA mutants in either oxoC8 or a solvent control (data not shown).

3.6.8 Conjugation assays

Conjugation assays for transmission of virulence plasmid pSLT were performed
as previously described 2. Briefly, donor strains encode a plasmid marker, spv::MudJ
(kan") and the recipient strain BA770 is a spontaneous nalidixic acid resistant mutant
(nal"). Overnight cultures of donor and recipient were washed once in PBS and mated on
LB agar (+ supplements) on a 0.45 um filter disk at a MOI of 0.1. Disks were incubated
overnight at 37°C. Filter disks were removed from the plate, resuspended in 3 mL PBS,

and dilution plated on LB Kan and LB Kan Nal to enumerate donors and transconjugants,
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respectively. Conjugation efficiency was calculated as the ratio of transconjugants to

donors.

3.6.9 DNA damage assays

To evaluate resistance to nalidixic acid, strains were grown overnight in LB at
37°C shaking. Cells were washed and diluted 1:100 into growth media (2 pL into 198
ML) in a 96-well plate. Endogenous expression strains were grown in LB + oxoC8 or LB
+ EA. Plasmid expression strains were grown in LB cam +/- ara + oxoC8 or EA.
Nalidixic acid was added into the media in a two-fold dilution series from 50 to 0.15
pg/mL and a no nal control. ICso was calculated using GraphPad software (Prism Version
10) as the relative growth at 20 hours (ODsoo) compared to a no-antibiotic control and
maximum concentration of antibiotic (no growth). Each strain and condition were tested
on three separate occasions. For the disk diffusion assay, each strain was grown overnight
in LB, washed, and inoculated into motility agar containing 1 uM oxoC8. Disks were
inoculated with nalidixic acid in a two-fold dilution series, starting at 250 pg (7 dilutions,
1 control) in a volume of 5 uL per disk. Plates were incubated overnight at 37°C and
images were taken in the morning. This was performed on three separate occasions.

To evaluate UV Damage, strains were grown overnight in LB at 37°C shaking.
Each strain was drip plated onto LB agar in a ten-fold dilution series. Once dry, plates
were placed in a UV Crosslinker (HybriLinker HL-2000 UVP Laboratory Products).

Plates were challenged with zero to 150 x 100 pJ/CM? in intervals of 25 pJ/CM? (6
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conditions and 1 control). Plates were then grown overnight at 37°C and quantified.

Survival was calculated as the ratio of CFU at dose to CFU at no UV.

3.6.10 Mouse experiments

All mice used in this study were six-to-eight-week-old female CBA/J mice
purchased from Jackson Labs. This study used mice maintained on a high-fat diet, which
confers susceptibility to inflammation and pathogen expansion in C57BL/6 °” and CBA/J
mice (unpublished data). The high-fat diet was purchased from vendor Research Diets
Inc. (Cat#1705i) and provided three days prior to infection. Mice were maintained on the
diet throughout the duration of the study. Wild-type and mutant strains were grown
overnight in LB, washed in water, and mixed in a 1:1 ratio. Mice were orally gavaged to
deliver 1x10° CFU (day 0). Fecal pellets were collected and plated on LB containing
selective media to quantify wild-type and mutant on days 1, 3, and 5. On day 7, mice
were humanely euthanized, ceca were harvested and plated for CFU on selective media.
The fitness of Salmonella mutants was compared to that of the wild-type by calculating
the ratio of the mutant to the wild-type divided by initial ratio of mutant to wild-type

(~1:1). Values below one (or negative logi0(Cl)) indicate fitness defects in the mutant.
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3.6.11 Animal assurance

All animal work was performed using protocols approved by our Institutional
Animal Care and Use Committee (IACUC; OSU 2009A0035) and in accordance with the

relevant guidelines set forth in the Guide for the Care and Use of Laboratory Animals %,

3.6.12 Data availability

The RNA-seq data have been deposited in the NCBI Gene Expression Omnibus

repository under accession number GSE275322.
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3.7 Figures
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Figure 2. RNA-seq of Salmonella enterica serovars Typhimurium and Typhi to identify putative

sdiA-regulated genes.

A) RNA was isolated from serovar Typhimurium wild-type strain 14028 or sdiA mutant BA612,
or serovar Typhi strain Ty2 or sdiA mutant AMS001. All strains were grown in LB with 1 mM

AHL (0xoCS8) to late exponential phase.

B) RNA was isolated from serovar Typhimurium strain BA612 + pJVR2 (sdiA+),, which is a
sdiA mutant expressing sdiATYPhimurium from the ParaBAD promoter, or the vector control strain,
BA612 + pBAD33, or from serovar Typhi strain AMS002 + pAMS130 (sdiA+), which is a sdiA
mutant expressing sdiA™"" from the ParaBAD promoter, or the vector control strain AMS002 +
pBAD33. All strains were grown in LB with 1 mM AHL (oxoC8) and arabinose (0.2%) to late

exponential phase.

(C-F) Volcano plots of gene expression differences between wild-type and sdiA mutant strains
described in panel A (C, E), or between strains described in panel B (D, F). Each dot represents
one gene. X-axes are Log, fold-change in gene expression (wild-type/sdiA mutant or sdiA*/vector
control) and Y-axes are -logio of p values (padj). Red line indicates p = 0.05. See supplemental
tables 3-6 for values of specific genes. Figures 1A and 1B were designed in Biorender.
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Figure 3. Validation of sdiA-reguIated genes in serovars TyphimL]rrium
and Typhi.

Dependence of luciferase reporters on sdiA and AHL. Each reporter
was tested in motility agar (left graph) and LB (right graph) for
luciferase activity in wild-type (circles) and sdiA mutant (squares)
backgrounds. Each media was supplemented with either AHL (oxoc8)
at 1 uM (closed symbols) or solvent (EA) at 0.1% v/v (open symbols).
Diagrams of genes identified using RNA-seq (in blue) and their
genomic context (not to scale) are shown under their corresponding
luciferase data. The cloned promoter is displayed as an orange arrow.
Graphs 2A, C, E, G, |, K, and M show data in S. Typhimurium whose
wild-type is 14028, sdiA mutant is BA612. Graphs 2B, D, F, H, J,L, N
show data in S. Typhi, whose wild-type is Ty2 and sdiA mutant is
AMS002. In each graph, X-axes is time (in hours). Y-axes is either raw
luciferase activity (motility agar) or luciferase activity normalized to
growth (ODeoo) at the corresponding time point. Each time point
represents the mean +/- standard deviation of 9 replicates (3 technical x
3 biological replicates).
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Figure 4. Cross-species validation of sdiA-regulated genes in Salmonella, E. coli and E. cloacae.

Dependence of luciferase reporters on sdiA and AHL. Each reporter was tested LB (right graph) for
luciferase activity in wild-type (circles) and sdiA mutant (squares) backgrounds. Each media was
supplemented with either AHL (oxoc8) at 1 uM (closed symbols) or solvent (EA) at 0.1% v/v (open
symbols). In each graph, X-axes is time (in hours). Y-axes is luciferase activity normalized to growth
(ODgoo) at the corresponding time point. Diagrams of genes of interest (in blue) and their genomic context
(not to scale) are shown under their corresponding luciferase data. The cloned promoter is displayed as an
orange arrow. Figure 2A indicates promoters and activity in E. cloacae, whose wild-type is JLD401 and
sdiA mutant is ASD401. Figure 2B is E. coli, whose wild-type is MG1655 and sdiA mutant is INS21.
Figure 2C is S. Typhimurium, whose wild-type is 14028 and sdiA mutant is BA612. Each time point
represents the mean +/- SD of 9 replicates (3 technical x 3 biological replicates).
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Figure 5. Repression of pSLT self-transmission by sdiA.

A, B) Conjugation efficiency (transconjugants per donor) was determined for matings between
donor strains carrying pSLT***Mu and recipient strain BA770. Matings were performed
overnight on LB agar with indicated supplements: AHL +/- (oxoC8 at 1 mM or EA at 0.1% v/v)
and +/- arabinose (0.2% or none) A) SdiA+ uses donor BA612 + pJVR2; SdiA- uses donor
BA612 + pBAD33. B) SdiA+ uses donor BA1541; SdiA- uses donor AMS171; SdiA+* donor is
AMS246 (complemented sdiA).

C) Activity of PsrgE reporter plasmid in wild-type 14028 (circle), sdiA mutant BA612 (square)
and complemented sdiA mutant AMS203 (triangle) in motility agar or LB, + AHL (closed) or EA
(open). Fold-activation of each strain was calculated as the expression in AHL vs solvent. The
highest value is listed in the table.

D) Graphical representation of placement of sdiA into the intergenic region between pagC and
STM14 1502 (see methods for details of construction)
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Figure 6. Summary of the sdiA regulons

Diagram of known sdiA regulons of Salmonella, E. coli, and E. cloacae based on this study and
previous literature. Arrows indicate transcriptional activation or increased phenotype. Blunt
arrows indicate transcriptional repression or decreased phenotype. Abbreviations: EHEC
(Enterohemorrhagic E. coli), LEE (Locus of Enterocyte Effacement).
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Figure 7. Reporters that responawto plasrh"id-based
expression of sdiA, but not sdiA expressed from its natural
position in the chromosome.
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Diagrams of reporter fusion constructs and their expression data for
putative sdiA-regulated genes in serovar Typhimurium. This figure
includes reporter constructs that are regulated by sdiA expressed from a
plasmid but not from the chromosome. Diagrams show the genomic
context of each gene of interest identified by RNA-seq (blue) and the
putative promoter region cloned into pSB401 to measure transcriptional
activity (orange arrow). Size of each figure is not to scale with length
of region represented. Each reporter was tested for sdiA-dependent
regulation in strain backgrounds expressing sdiA from a plasmid or
from the chromosome in motility agar or LB. In motility agar graphs,
Y-axes represent raw light units. In LB graphs, Y-axes represent raw
light units normalized to growth (ODeoo) at the corresponding time
point. Each time point is mean +/- SD of 9 replicates (3 technical x 3
biological).

For sdiA expressed from a plasmid, the strains are: sdiA* — BA612 +
pBA321, sdiA mutant — BA612 + pBAD18. For sdiA expressed from
the chromosome, the strains are: sdiA* — 14028, sdiA mutant - BA612
Open circles: sdiA* + solvent (EA). Closed circles: sdiA* + AHL. Open
squares: sdiA mutant + solvent (EA). Closed squared: sdiA mutant +
AHL. When using sdiA expressed from a plasmid, all media were
supplemented with arabinose (0.2%).
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Figure 8. Reporters that do not respond to plasmid-based expression of sdiA, or
sdiA expressed from its natural position in the chromosome.

Diagrams of reporter fusion constructs and their expression data for putative
sdiA-regulated genes in serovar Typhimurium. This figure includes reporter
constructs that are not regulated by sdiA under any condition tested to date.
Diagrams show the genomic context of each gene of interest identified by
RNA-seq (blue) and the putative promoter region cloned into pSB401 to
measure transcriptional activity (orange arrow). Size of each figure is not to
scale with length of region represented. Each reporter was tested for sdiA-
dependent regulation in strain backgrounds expressing sdiA from a plasmid or
from the chromosome in motility agar or LB. In motility agar graphs, Y-axes
represent raw light units. In LB graphs, Y-axes represent raw light units
normalized to growth (ODsego) at the corresponding time point. Each time point
is mean +/- SD of 9 replicates (3 technical x 3 biological).

For sdiA expressed from a plasmid, the strains are: sdiA* — BA612 + pBA321,
sdiA mutant — BA612 + pBAD18. For sdiA expressed from the chromosome,
the strains are: sdiA* — 14028, sdiA mutant - BA612

Open circles: sdiA* + solvent (EA). Closed circles: sdiA* + AHL. Open squares:
sdiA mutant + solvent (EA). Closed squared: sdiA mutant + AHL. When using
sdiA expressed from a plasmid, all media were supplemented with arabinose
(0.2%).
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Figure 8 continued
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Figure 9. Tested phenotypes of SdiA and regulated genes.

A) Competition assays between wild-type (14028) and mutants of sdiA-regulated
genes. SrgE competition (EFB051 vs JLD1221), SrgF competition (JLD1214 vs
AMS254), SrgH (EFB051 vs AMS264). Mice were inoculated orally with both
strains in a 1:1 ratio. Fecal pellets were collected and CFU quantified (squares, right
axis) and competitive index (circles, left axis). Cecum was collected and CFU
quantified on Day 7. Competitive index at each time point was calculated as the ratio
of mutant to wild-type divided by the ratio of mutant to wild-type in the inoculum.
Each competition was performed with five female CBA/J mice. Statistical
significance was evaluated using a one-sample student’s t-test. * P < 0.05

B) Minimum inhibitory concentration of nalidixic acid for serovars Typhimurium and
Typhi. See methods for details on growth conditions and 1Cs calculations. Strains
used in assay: Typhimurium — 14028, BA612, BA612 + pJVR2, BA612 + pBAD18;
Typhi — Ty2, AMS002, AMS002 +pAMS130, AMS002 + pBAD33. The left four
strains utilize endogenous expression of sdiA. The right four strains utilize sdiA
expressed from a plasmid. Mean and standard deviation was calculated from three
independent experiments. Significance was evaluated using a student’s t-test. * P <
0.05

C) Resistance of serovars Typhimurium and Typhi to UV-mediated Killing. See
methods for details on assay. Circles — 14028 and Ty2, squares — BA612 and
AMS002, upward triangle BA612 + pJVR2 and AMS002 + pAMS130, downward
triangle BA612 + pPBAD33 and AMS002 + pBAD33. No timepoints were significant
as determined by student’s t tests. Mean and standard deviation was calculated from
three independent experiments.

D) Resistance of serovars Typhimurium and Typhi to nalidixic acid in motility agar.
Strains were inoculated into motility agar containing 1 mM AHL. Disks were
implanted with indicated quantities of Nalidixic Acid in 5 mL of water. Plates were
incubated overnight at 37 °C. Images are representative of three independent
experiments.
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Table 1. sdiA-dependent regulation of transcriptional fusions in S. enterica, E. coli, and
E. cloacae.

a. Value is the largest fold change in sdiA-dependent expression of each fusion
throughout the time course in the media of each column (kinetics shown in Figures 2 and
3). Positive values indicate a sdiA-dependent increase in expression while negative values
indicate sdiA-dependent decrease in expression.

b. The AHL is 1 uM oxoC8

c. The solvent control is 0.1% EA

d. ND = not determined

Motility agar? LB?

Species/Serovar Gene(s) Plasmid | AHLP | Solvent® | AHLP" | Solvent®
Salmonella srgE pJNS25 19 2.3 5.2 1.2
enterica serovar srgF pAMS148 | 5.0 1.6 1.6 1.5
Typhimurium srgGH PAMS145 | 4.5 2.2 2.1 1.6
srgkJ pJLD202 3.0 1.3 1.6 15
menFDHBCE | pAMS291 | 1.8 1.1 1.6 1.8
pefl-srgC pBA428 8.2 1.3 4.9 2.5
Salmonella srglL pAMS201 | 14 2.3 1.7 1.4
enterica serovar srgF pAMS205 | 6.3 3.7 3.2 2.0
Typhi srgGH pAMS265 | 2.5 1.0 4.4 11
srgKJ pAMS050 | 2.8 1.1 15 1.1
menFDHBCE | pAMS202 | 2.7 1.2 15 1.4
srgE™Phimurium 1 5INS25 | NDY ND¢ 2.8 2.1
E. coli fepE pAMS366 | ND¢ ND¢ -7.3 -8.0
E. cloacae srgkJ pAMS228 | ND¢ NDd 1.9 1.7
menFDHBCE | pAMS362 | ND¢ ND¢ -105 -70
srgG pAMS368 | ND¢ ND¢ 4.2 3.6
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Table 2. Strains and plasmids used in this study

Strain

Genotype or Description

Source, Construction, or
Reference

ATCC 14028 (14028)

Wild-type Salmonella
enterica subspecies
enterica serovar
Typhimurium strain 14028

American Type Culture
Collection (ATCC)

ilv452 trpB2 hisC527(am)
galE496 xyl-404 rpsL120
flaA66 hsdL6 hsdSA29
zjg8103 : : pir+ recAl

BAG612 14028 sdiA::mTn3 139
JSG624 (Ty2) Wild-type Salmonella John Gunn
enterica subspecies enterica
serovar Typhi strain Ty2
AMS001 Ty2 sdiAl::cam. Made by This Study
Wanner mutagenesis with
primers BA3454 and
BA3455
AMS002 Ty2 sdiA2::kan. Made by This Study
Wanner mutagenesis with
primers BA3454 and
BA3455
AMS203 BA612 pagC IG::sdiAl This Study
AMS246 AMS203 spv154::MudJ. This Study
P22 transduction P22pa1s41
X AMS203
AMS171 BA612 spv1541::MudJ. P22 | This Study
transduction P22ga1s41 X
BA612
BA1541 14028 spv1541::MudJ 285
BA770 14028 — pSLT nal® 285
Jke201 Mating strain of E. coli, see | Gift from Dirk Bumann,
reference 3% for full 309
genotype and description
JLD401 Enterobacter cloacae Nal®? | 17
ASD401 JLD401 sdiA32::mTn5-FC | *¥/
MG1655 Wild-type Escherichia coli | E. coli Genetic Stock
K-12 strain MG1655 Center
JNS21 MG1655 sdiA25::EZ- 158
Tn5,kan-2.
JS198 LT2 metE5S51 metA22 810
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AMS254

14028 srgF1::kan.
P22 transduction
PzzsrgFl::kan X 14028

This Study

AMS264

14028 srgH1::kan.
P22 transduction
Pzzsrng::kan X 14028

This Study

JLD1214

14028 1G(pagC-
STM14_1502)::Cam

113

EFBO051

14028 1G(pagC-
STM14 1502)6::Kan

131

JLD1221

14028 srgE42::cam.
Constructed by wanner
mutagenesis. Insertion
amplified with primers
BA1563 and BA1564.
Transduced into a clean
14028 background by P22

This Study

srgF1::kan

Mutation from McClellend
Collection

311

srgH1::cam

Mutation from McClellend
Collection

311

Plasmid

Genotype or Description

Source, Construction, or
Reference

pKD46

PBAD gam bet exo pSC101
oriTS

302

pKD3

FRT-cam-FRT oriR6K

302

pKD4

FRT-kan-FRT oriR6K

302

PBAD33

pACYC vector for
arabinose-conditional
expression

312

PAMS130

pBAD33 sdiA* (Typhi).
Insert amplified with
primers BA3601 and
BA3602

This Study

pJVR2

pBAD33 sdiA*
(Typhimurium)

139

PBAD18

ColEL1 origin vector for
arabinose-conditional
expression

312

pSB401

luxR™ luxl::luxCDABE

274

PBA321

pBAD18 sdiA*
(Typhimurium)

138
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pFOK

Suicide vector for allelic
exchange.

Dirk Bumann 3%

PAMS150

pFOK-SdiA. See methods

This Study

PAMS148

Reporter Plasmid of
Typhimurium srgF
(STM14_3820). Insert
amplified with primers
BA3869 and BA3870.

This Study

PAMS145

Reporter Plasmid of
Typhimurium srgGH
(STM14_4893-4894). Insert
amplified with primers
BA3863 and BA3864

This Study

pJLD202

Reporter Plasmid of
Typhimurium srgKJ
(STM14_0589-0588). Insert
amplified with primers
BA1218 and BA12109.

313 disseration

PAMS291

Reporter Plasmid of
Typhimurium menFDHBCE
(STM14_2848-2843). Insert
amplified with primers
BA4031 and BA4032

This Study

pINS25

Reporter Plasmid of
Typhimurium srgE
(STM14_1877).

146

pBA428

Reporter Plasmid of
Typhimurium pefl-srgC.

138

pAMS205

Reporter Plasmid of Typhi
srgF (T06040). Insert
amplified with primers
BA3953 and BA3964

This Study

pPAMS265

Reporter Plasmid of Typhi
srgGH (T3549-3548). Insert
amplified with primers
BA4025 and BA4026

This Study

PAMS050

Reporter Plasmid of Typhi
srgKJ (T2359-2360). Insert
amplified with primers
BA3710 and BA3711

This Study

PAMS202

Reporter Plasmid of Typhi
menFDHBCE (T0553-
0558). Insert amplified with

This Study
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primers BA3950 and
BA3961

PAMS048

Reporter Plasmid of Typhi
srgE (T1468). Insert
amplified with primers
BA3706 and BA3707

This Study

PAMS347

Reporter Plasmid of Typhi
srgDAB (T4538-4540).
Insert amplified with
primers BA4075 and
BA4076

This Study

PAMS201

Reporter Plasmid of Typhi
(T0351-0350). Insert
amplified with primers
BA3949 and BA3960

This Study

PAMS042

Reporter Plasmid of
Typhimurium yjiXA
(STM14_5444-5443). Insert
amplified with primers
BA3722 and BA3723

This Study

pAMS055

Reporter Plasmid of
Typhimurium yjiA
(STM14_5443). Insert
amplified with primers
BA3720 and BA3721

This Study

PAMS096

Reporter Plasmid of
Typhimurium yjiYXA
(STM14_5445-5443). Insert
amplified with primers
BA3828 and BA3829

This Study

pAMS043

Reporter Plasmid of
Typhimurium ybdNM
(STM14_0704-0703). Insert
amplified with primers
BA3724 and BA3725

This Study

PAMS097

Reporter Plasmid of
Typhimurium ybdO
(STM14_0705). Insert
amplified with primers
BA3830 and BA3831

This Study

PRG38

Reporter Plasmid of
Typhimurium flhD
(STM14_2341).

262
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PRG34

Reporter Plasmid of
Typhimurium fliA
(STM14_2374).

262

PRG39

Reporter Plasmid of
Typhimurium fliC
(STM14 _2378).

262

pDL05

Reporter Plasmid of
Typhimurium rtsA
(STM14_5188). Insert
amplified with primers
BA1631 and BA1632

314

pDL83

Reporter Plasmid of
Typhimurium invF
(STM14_3498). Insert
amplified with primers
BA1978 and BA1979

314

pBA409

Reporter Plasmid of
Typhimurium sopB
(STM14 _1237).

262

PAMS144

Reporter Plasmid of
Typhimurium yecF
(STM14_2367). Insert
amplified with primers
BA3861 and BA3862

This Study

PAMS146

Reporter Plasmid of
Typhimurium yciG
(STM14_2091). Insert
amplified with primers
BA3865 and BA3866

This Study

PAMS147

Reporter Plasmid of

Typhimurium STM14_1829.

Insert amplified with
primers BA3867 and
BA3868

This Study

pAMS188

Reporter Plasmid of
Typhimurium ybdM
(STM14_0703). Insert
amplified with primers
BA3946 and BA3948

This Study

PAMS187

Reporter Plasmid of
Typhimurium pdxJ-acpS
(STM14_3158-3157). Insert
amplified with primers
BA3945 and BA3947

This Study
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PAMS143

Reporter Plasmid of
Typhimurium dpiA
(STM14_0728). Insert
amplified with primers
BA3859 and BA3860

This Study

PAMS184

Reporter Plasmid of
Typhimurium citA
(STM14_0804). Insert
amplified with primers
BA3860 and BA3859

This Study

PMT45

Reporter Plasmid of
Typhimurium fimA
(STM14_0635).

315

PAMS154

Reporter Plasmid of

Typhimurium STM14_0979.

Insert amplified with
primers BA3889 and
BA3890

This Study

PAMS156

Reporter Plasmid of
Typhimurium ynfL
(STM14_1798). Insert
amplified with primers
BA3893 and BA3894

This Study

PAMS172

Reporter Plasmid of
Typhimurium proVWX
(STM14_3391-3393). Insert
amplified with primers
BA3902 and BA3914

This Study

PAMS178

Reporter Plasmid of
Typhimurium rnc-acpS
(STM14_3161-3157). Insert
amplified with primers
BA3908 and BA3920

This Study

PAMS179

Reporter Plasmid of
Typhimurium acpS
(STM14_3157). Insert
amplified with primers
BA3909 and BA3921

This Study

pMT47

Reporter Plasmid of
Typhimurium fimyY
(STM14_0642).

315

pPMT48

Reporter Plasmid of
Typhimurium fimwW
(STM14_0644).

315
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PAMS173

Reporter Plasmid of
Typhimurium leuABCD
(STM14_0134-0131). Insert
amplified with primers
BA3903 and BA3915

This Study

PAMS174

Reporter Plasmid of
Typhimurium btuCED
(STM14_1627-1629). Insert
amplified with primers
BA3906 and BA3918

This Study

PAMS175

Reporter Plasmid of
Typhimurium btuED
(STM14_1628-1629). Insert
amplified with primers
BA3905 and BA3917

This Study

PAMS362

Reporter Plasmid of E.
cloacae menFDHBCE.
Insert amplified with
primers BA4081 and
BA4082

This Study

pAMS228

Reporter Plasmid of E.
cloacae ybbKJ. Insert
amplified with primers
BA4003 and BA4004

This Study

PAMS360

Reporter Plasmid of E.

cloacae srgF (ENC_32410).

Insert amplified with
primers BA4077 and
BA4078

This Study

PAMS368

Reporter Plasmid of E.
cloacae ENC_00800. Insert
amplified with primers
BA4093 and BA4094

This Study

PAMS367

Reporter Plasmid of
Typhimurium fepE
(STM14_0687). Insert
amplified with primers
BA4091 and BA4092

This Study

pPAMS231

Reporter Plasmid of
Typhimurium copA
(STM14_0586). Insert
amplified with primers
BA4001 and BA4002

This Study
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PAMS364

Reporter Plasmid of E. coli
menFDHBCE. Insert
amplified with primers
BA4085 and BA4086

This Study

PAMS227

Reporter Plasmid of E. coli
ybbKJ. Insert amplified with
primers BA3999 and
BA4000

This Study

PAMS363

Reporter Plasmid of E. coli
yfgHI. Insert amplified with
primers BA4083 and
BA4084

This Study

pAMS361

Reporter Plasmid of E.
cloacae fliE. Insert
amplified with primers
BA4079 and BA4080

This Study

PAMS366

Reporter Plasmid of E. coli
fepE. Insert amplified with
primers BA4089 and
BA4090

This Study
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Table 3. Primers used in this study.

Pri
mer

Sequence

Description

BA1l
090

GAATGTATGTCCTGCGTCTTGAGTA

Universal
reverse
verification
primer for
pSB401
reporter
constructs

BAl
218

AGGGCTTATTAACGAGGCCACCATT

Primer for
amplification
of insert in
reporter
plasmid
pJLD202

BAl
219

TTGGTCATGGTCAGGTTAATGATCG

Primer for
amplification
of insert in
reporter
plasmid
pJLD202

BAl
563

AGTGAAGCTATACCTAACGTGGCTGTTCCTGCAAAAT
GTGTAGGCTGGAGCTGCTTCG

Primer for
generating
mutant
JLD1221

BAl
564

TAGATTCATCCTGAAAGAGCTAATTAGCTCTCCCGAC
ATATGAATATCCTCCTTAG

Primer for
generating
mutant
JLD1221

BA1l
631

TACCTCATGCTAACTACCTCC

Primer for
amplification
of insert in
reporter
plasmid
pDLO5

BA1l
632

TGGGGCCGAAAAGTCTGCATGTT

Primer for
amplification
of insert in
reporter
plasmid
pDL0O5
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BAl
978

GAAGAAGGTGAGCGCCTGTTCTTTG

Primer for
amplification
of insert in
reporter
plasmid
pDL83

BAl
979

CGATCTTGCCAAATAGCGCGAAACTC

Primer for
amplification
of insert in
reporter
plasmid
pDL83

BA2
474

ACCACCCCCTGACCGCGAATGGTGA

Verification
primer for
insertions
into
pBAD18 and
pBAD33
vectors

BA2
475

AAGCATTTATCAGGGTTATTGTCTC

Verification
primer for
insertions
into
pBAD18 and
pBAD33
vectors

BA3
454

GACCATAAAATATGCAGGAAAATGATTTCTTCACCTG
GCGGTGTAGGCTGGAGCTGCTTC

Primer for
generating
mutants
AMS001 and
AMS002

BA3
455

CGTCAGCACGTCATATCAGACCTGTCGCCGCAGCGTA
GCACATATGAATATCCTCCTTAG

Primer for
generating
mutants
AMS001 and
AMS002

BA3
601

ATGCAGGAAAATGATTTCTT

Primer for
amplifying
Typhi sdiA
in
construction
of pAMS130

BA3
602

TCATATCAGACCTGTCGCCG

Primer for
amplifying
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Typhi sdiA
in
construction
of pAMS130

BA3
706

GACATCATAAGCTTCACATAATAAAA

Primer for
amplification
of insert in
reporter
plasmid
pAMS048

BA3
707

ATAAGTAGCGTAATCCATTTTTCTAT

Primer for
amplification
of insert in
reporter
plasmid
pAMS048

BA3
710

CTGTAGATTACGAATTAGAGCAATAC

Primer for
amplification
of insert in
reporter
plasmid
pAMS050

BA3
711

AATTTCGATACGGGTAACTTTAATTC

Primer for
amplification
of insert in
reporter
plasmid
pAMS050

BA3
720

ATCATTGAACCGGGTCTCTACTTC

Primer for
amplification
of insert in
reporter
plasmid
pAMS055

BA3
721

CATAATACGTCATGGGAGAAAAAG

Primer for
amplification
of insert in
reporter
plasmid
pAMS055

BA3
722

CTTTGTGATTTCCCCGGAACAAATC

Primer for
amplification
of insert in
reporter
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plasmid
pAMS042

BA3
723

TAGTCCGGAATACCAATCAACATTTT

Primer for
amplification
of insert in
reporter
plasmid
pAMS042

BA3
724

AATAATCGTTCTATTGTTTGTACTCA

Primer for
amplification
of insert in
reporter
plasmid
pAMS043

BA3
725

TGATACATCAAATTATACAAAGGGTT

Primer for
amplification
of insert in
reporter
plasmid
pAMS043

BA3
828

TGGTAGATATCATAGGTTCGTTTGAT

Primer for
amplification
of insert in
reporter
plasmid
pAMS096

BA3
829

CGAGGATGATGATCATGATTAAGAAG

Primer for
amplification
of insert in
reporter
plasmid
pAMS096

BA3
830

TCATTAATCAGAATCAGCAGCTAATG

Primer for
amplification
of insert in
reporter
plasmid
pAMS097

BA3
831

AATTCCTTTGCCTGAACGAATAAATA

Primer for
amplification
of insert in
reporter
plasmid
pAMS097
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BA3
859

CATCACAATACAGCCAATTTTCTTTC

Primer for
amplification
of insert in
reporter
plasmid
pPAMS143/p
AMS184

BA3
860

ATTTTACTGACCAGATAGCCAATTGA

Primer for
amplification
of insert in
reporter
plasmid
pAMS143/p
AMS184

BA3
861

CATGATCACTTTGATATCCGCTGTC

Primer for
amplification
of insert in
reporter
plasmid
pPAMS144

BA3
862

TACCATAAGCTACGCTAAAAATAGCA

Primer for
amplification
of insert in
reporter
plasmid
pPAMS144

BA3
863

ACTATCTCTATATTTCGCGTATTCGT

Primer for
amplification
of insert in
reporter
plasmid
pAMS145

BA3
864

AAAAATAGCAGTGCGGTCATAAACTC

Primer for
amplification
of insert in
reporter
plasmid
pAMS145

BA3
865

TTGTGAACAGGTTGGCGTAGATTC

Primer for
amplification
of insert in
reporter
plasmid
pAMS146
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BA3
866

GTTGCGGATCGTTTTTGAAATTC

Primer for
amplification
of insert in
reporter
plasmid
pPAMS146

BA3
867

GGTGGCTTGATTGCCAAAGATTTATT

Primer for
amplification
of insert in
reporter
plasmid
pPAMS147

BA3
868

CTTCTGAGGCTTTCTCTTTATCTTCT

Primer for
amplification
of insert in
reporter
plasmid
pPAMS147

BA3
869

GTTTCAATTTTAGCCACACAATACAG

Primer for
amplification
of insert in
reporter
plasmid
pAMS148

BA3
870

ATTAATACTGAGAAATGATCTTCGCC

Primer for
amplification
of insert in
reporter
plasmid
pAMS148

BA3
875

ATCGAATTCCTGCAGCCCGGGGGATCCACT

Primer for
construction
of suicide
vector
pAMS150.
See methods

BA3
876

ATCAAGCTTATCGATACCGTCGACCTCGAG

Primer for
construction
of suicide
vector
pAMS150.
See methods

BA3
883

CTCGAGGTCGACGGTATCGATAAGCTTGATATCGGAG
CGGGAATAAAGCG

Primer for
construction
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of suicide
vector
pAMS150.
See methods

BA3
884

AGCGTTGAAAAGGCAGAGAGAAAAGACAGGCAGGT

Primer for
construction
of suicide
vector
pAMS150.
See methods

BA3
885

CCTGTCTTTTCTCTCTGCCTTTTCAACGCTCGC

Primer for
construction
of suicide
vector
pAMS150.
See methods

BA3
886

ACATTGTGATTAATTTAAAAAACCGGCTGTTAGCATC
G

Primer for
construction
of suicide
vector
pAMS150.
See methods

BA3
887

ACAGCCGGTTTTTTAAATTAATCACAATGTCATCAAG
A

Primer for
construction
of suicide
vector
pAMS150.
See methods

BA3
888

AGTGGATCCCCCGGGCTGCAGGAATTCGATAAATTAC
GAAGCCATAGACA

Primer for
construction
of suicide
vector
pAMS150.
See methods

BA3
889

[TTTTATTTTTTCCGAATGCAATGTG

Primer for
amplification
of insert in
reporter
plasmid
pAMS154

BA3
890

ACAATATGTTTACCACAAAATATATTCG

Primer for
amplification
of insert in
reporter
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plasmid
pPAMS154

BA3
893

AATAGCTGAAAAGATAAAGTGACGAG

Primer for
amplification
of insert in
reporter
plasmid
pAMS156

BA3
894

GTATTCATTTCACGCGTTTGCATAT

Primer for
amplification
of insert in
reporter
plasmid
pAMS156

BA3
902

AGATTATTTTAGCTCATTACGTCAGC

Primer for
amplification
of insert in
reporter
plasmid
pAMS172

BA3
903

TCTACACGATTATAAATCTGTGACGT

Primer for
amplification
of insert in
reporter
plasmid
pAMS173

BA3
905

TAATGTACTGGATGATGGGAGGATTT

Primer for
amplification
of insert in
reporter
plasmid
pAMS175

BA3
906

CGTCTTTATTGAGCATAACGATAACT

Primer for
amplification
of insert in
reporter
plasmid
pAMS174

BA3
908

CGAGCGATTTTGTACAGACTTTT

Primer for
amplification
of insert in
reporter
plasmid
pAMS178
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BA3
909

ATCCAGGTTTCGCTCTTTATCGAT

Primer for
amplification
of insert in
reporter
plasmid
pPAMS179

BA3
914

GGAAAACGCTTCATCCATTAATAAGA

Primer for
amplification
of insert in
reporter
plasmid
PAMS172

BA3
915

CTGGCGTCATGATTTCATAGTTTT

Primer for
amplification
of insert in
reporter
plasmid
pAMS173

BA3
917

CACAATAGGTTTTAATCTCCTCTTCG

Primer for
amplification
of insert in
reporter
plasmid
pAMS175

BA3
918

GTTAGAGGTACACAGCACGTTAC

Primer for
amplification
of insert in
reporter
plasmid
pAMS174

BA3
920

GGAATCCGCCGCTTTTTAATTC

Primer for
amplification
of insert in
reporter
plasmid
pAMS178

BA3
921

ATCGTTAAACACTTCGAACTGATTG

Primer for
amplification
of insert in
reporter
plasmid
pAMS179

BA3
945

TCATCTGGGGTATGGCGTCAAT

Primer for
amplification
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of insert in
reporter
plasmid
pAMS187

BA3
946

TTATGGCTGTATCATGTTATCGAACC

Primer for
amplification
of insert in
reporter
plasmid
pAMS188

BA3
947

CGATAAAGAGCGAAACCTGGAT

Primer for
amplification
of insert in
reporter
plasmid
pPAMS187

BA3
948

AAAACCGTCTACAATCTCGTACTC

Primer for
amplification
of insert in
reporter
plasmid
pAMS188

BA3
949

TTAAGGAACCCTTTGTAAGTCAGG

Primer for
amplification
of insert in
reporter
plasmid
pAMS201

BA3
950

CTTGTCATGTTCAACAACGCGATATC

Primer for
amplification
of insert in
reporter
plasmid
pAMS202

BA3
953

TATTGGTTTCGCGAGTGATTAAATTA

Primer for
amplification
of insert in
reporter
plasmid
pAMS205

BA3
960

GAGCCCACGTTATGACCAGTAAC

Primer for
amplification
of insert in
reporter
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plasmid
pAMS201

BA3
961

GGCTTAATACCGACCAGAGAAG

Primer for
amplification
of insert in
reporter
plasmid
pAMS202

BA3
964

ATTAATACTGAGAAATGATCTTCGCC

Primer for
amplification
of insert in
reporter
plasmid
pAMS205

BA3
999

CCAGGGAAAGATCAGATTATCGTATA

Primer for
amplification
of insert in
reporter
plasmid
pAMS227

BA4
000

CTTTCAGGATTTGCGACTGTTTTTC

Primer for
amplification
of insert in
reporter
plasmid
pAMS227

BA4
001

CATCATGTTATCGCCGATCATC

Primer for
amplification
of insert in
reporter
plasmid
pAMS231

BA4
002

GGATCGTTAAACAGATTGACCAGTTC

Primer for
amplification
of insert in
reporter
plasmid
pAMS231

BA4
003

CAATGCTAATGAATTCCCTACCCTA

Primer for
amplification
of insert in
reporter
plasmid
pAMS228
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BA4
004

CTTCAAGAATATAGGCACGCTTGGTA

Primer for
amplification
of insert in
reporter
plasmid
pAMS228

BA4
025

CGATAGAAAAAGTTGAGGCGATTTTA

Primer for
amplification
of insert in
reporter
plasmid
pAMS265

BA4
026

GATAGTAATGCCAACGATGATGGAAG

Primer for
amplification
of insert in
reporter
plasmid
pAMS265

BA4
031

CTGATAAAAATGCGCTCAAGCTTA

Primer for
amplification
of insert in
reporter
plasmid
pAMS291

BA4
032

AAAAGTGGTAGCAGTTGAGATTTAAA

Primer for
amplification
of insert in
reporter
plasmid
pAMS291

BA4
075

TTCCACTGTCGGTTATAATAAAAACC

Primer for
amplification
of insert in
reporter
plasmid
pAMS347

BA4
076

GTTTGTAATGATGGATTCACCCATAA

Primer for
amplification
of insert in
reporter
plasmid
pAMS347

BA4
077

GCGTTTTCTCGGTCATTATTTGA

Primer for
amplification
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of insert in
reporter
plasmid
pAMS360

BA4
078

CCTCCTCTTTCGACATCAATTCAG

Primer for
amplification
of insert in
reporter
plasmid
pAMS360

BA4
079

GTATTTCAGCTGGGCGTCATTG

Primer for
amplification
of insert in
reporter
plasmid
pAMS361

BA4
080

CTCTGATTACGTGCGGTCATCG

Primer for
amplification
of insert in
reporter
plasmid
pAMS361

BA4
081

GCCTCCGACAATTACTACTACC

Primer for
amplification
of insert in
reporter
plasmid
pAMS362

BA4
082

AGATACGGGTGTCATTGGCTAC

Primer for
amplification
of insert in
reporter
plasmid
pAMS362

BA4
082

AAAAAGAAGCTCAGCAATCCAC

Primer for
amplification
of insert in
reporter
plasmid
pAMS363

BA4
084

TTTGCGGGAAGAATGGAAATAATATT

Primer for
amplification
of insert in
reporter
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plasmid
pAMS363

BA4
085

CAGTTTATCGTGCTGATGACTAC

Primer for
amplification
of insert in
reporter
plasmid
pAMS364

BA4
086

ATAAATTCTTTTGCCTGAATCGCATC

Primer for
amplification
of insert in
reporter
plasmid
pAMS364

BA4
089

AACTTCCACAGTTACCACTTAGC

Primer for
amplification
of insert in
reporter
plasmid
pAMS366

BA4
090

GACTGAAACTTCTTGATAAACAGGTT

Primer for
amplification
of insert in
reporter
plasmid
pAMS366

BA4
091

CAGGAAAAATTACGCCAAAAACTTC

Primer for
amplification
of insert in
reporter
plasmid
pAMS367

BA4
092

TAATAAACAGATTAAATACGCTGCCC

Primer for
amplification
of insert in
reporter
plasmid
pAMS367

BA4
093

GTTTCGCTGACCATCAACTCCC

Primer for
amplification
of insert in
reporter
plasmid
pAMS368
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BA4
094

ATGTTCGACGGCATCACGAATG

Primer for
amplification
of insert in
reporter
plasmid
pAMS368

110




Table 4. Differentially expressed genes in S. Typhimurium 14028 vs sdiA mutant BA612

Gene symb | log2FoldCha | padj | product_access | Description

name ol nge ion

STM14_18 |srgE | 3.08 3.70 | WP_000987828 | hypothetical protein

77 E-07 | .1

STM14 54 |yjiA |8.15 2.19 | WP_000187839 | GTPase

43 E-06 |.1

STM14 07 | ybdM | 6.96 9.39 | WP_001164756 | ParB-like nuclease

03 E-03 | .1 domain-containing
protein

STM14 23 |sdiA | 2.19 2.54 | WP_001157166 | transcriptional

68 E-02 |.1 regulator SdiA
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Table 5. Differentially expressed genes in S. Typhimurium expressing plasmid sdiA (pJVR2) vs

vector (pBAD33)

Gene symb | log2FoldCh | padj | product_acce | Description

name ol ange ssion

STM14 0 | ybbj |45 4.40 | WP_0005611 | NfeD family protein

588 E-83 | 77.1

STM14 0 | ybbk | 4.1 5.90 | WP_0009061 | SPFH/Band 7/PHB

589 E-83 | 46.1 domain protein

STM14 2 | yecF | 5.3 1.20 | WP_0001064 | DUF2594 family protein

367 E-41 | 83.1

STM14 5 |srgD | 6.5 1.90 | WP_0015268 | helix-turn-helix

537 E-31 | 11.1 transcriptional regulator

STM14_3 | srgF | 4.7 1.10 | WP_0004330 | RNA helicase

820 E-29 | 46.1

STM14_1 | srge | 9.3 3.00 | WP_0009878 | hypothetical protein

877 E-27 | 28.1

STM14 5 | pefl |6.1 3.80 | WP_0000043 | transcriptional regulator

538 E-27 | 13.1 Pefl

STM14 3 |sipC | -3.4 7.90 | WP_0009090 | SPI-1 type Il secretion

483 E-24 | 19.1 system needle tip complex
protein SipC

STM14 2 | fliC |-25 2.70 | WP_0000798 | FIiC/FIjB family flagellin

378 E-19 | 05.1

STM14 3 | aer -4 3.60 | WP_0000946 | PAS domain-containing

894 E-18 | 51.1 methyl-accepting
chemotaxis protein

STM14 2 | fliD |-3.5 3.00 | WP_0001468 | flagellar filament capping

380 E-17 | 02.1 protein FliD

STM14 3 | prow | 3.2 1.50 | WP_0007750 | glycine betaine/L-proline

392 E-16 | 22.1 ABC transporter permease
Prow

STM14 2 | sdiA | 3.5 6.90 | WP_0011571 | transcriptional regulator

368 E-16 | 66.1 SdiA

STM14 2 | tar -4.2 7.20 | WP_0004832 | methyl-accepting

334 E-16 | 74.1 chemotaxis protein |1

STM14 0 | hupB | 1.9 1.90 | WP_0010435 | DNA-binding protein HU-

534 E-12 | 44.1 beta

STM14 5 | rck 5.3 1.90 | WP_0007250 | complement resistance

534 E-12 | 62.1 protein Rck

STM14 5 | tsr -3.2 5.20 | WP_0009195 | methyl-accepting

446 E-11 | 19.1 chemotaxis protein

STM14 2 | che -3.2 6.60 | WP_0001472 | chemotaxis protein CheW

335 w E-11 | 95.1
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STM14 5 | traY |4 1.40 | WP_0016766 | conjugal transfer

596 E-10 | 55.1 relaxosome protein TraY

STM14 1 |sige | -5.2 2.20 | WP_0004447 | type Il secretion system

236 E-10 | 24.1 chaperone SigE

STM14 2 | motA | -4.6 4.30 | WP_0009063 | flagellar motor stator

338 E-10 | 12.1 protein MotA

STM14 3 | proV | 3.1 4.30 | WP_0009855 | glycine betaine/L-proline

391 E-10 | 29.1 ABC transporter ATP-
binding protein ProV

STM14 1 | adhP | 1.5 5.20 | WP_0006424 | alcohol dehydrogenase

891 E-10 | 47.1 AdhP

STM14 1 | sopB | 4.1 5.90 | WP_0011669 | SPI-1 type Il secretion

237 E-10 | 46.1 system effector inositol
phosphate phosphatase
SopB

STM14 2 | yecF |5 8.20 | WP_0005461 | hypothetical protein

366 budd E-10 | 86.1

y

STM14_4 | tcp -3.2 3.10 | WP_0007896 | methyl-accepting

305 E-09 | 83.1 chemotaxis citrate
transducer

STM14 2 | oppA | 1.9 6.50 | WP_0015210 | oligopeptide ABC

110 E-09 | 98.1 transporter substrate-
binding protein OppA

STM14_2 | fliA | -5.1 6.50 | WP_0010874 | RNA polymerase sigma

374 E-09 | 53.1 factor FliA

STM14_1 -3.9 1.40 | WP_0005284 | Tar ligand binding

966 E-08 | 84.1 domain-containing protein

STM14 3 | proX | 2.6 1.80 | WP_0012166 | glycine betaine/L-proline

393 E-08 | 22.1 ABC transporter substrate-
binding protein ProX

STM14 9 5.4 1.80 | WP_0109889 | DUF4261 domain-

79 E-08 | 85.1 containing protein

STM14 1 | flgL |-2.9 3.20 | WP_0012230 | flagellar hook-associated

355 E-08 | 33.1 protein FlgL

STM14 2 | oppC | 2.2 3.60 | WP_0009796 | oligopeptide ABC

108 E-08 | 53.1 transporter permease
OppC

STM14 5 | srgA | 3.5 4.30 | WP_0001785 | DsbA family protein

536 E-08 | 92.1

STM14 2 | fIhC |-2.4 1.20 | WP_0006059 | flagellar transcriptional

340 E-07 | 87.1 regulator FIhC
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STM14 2 | cheB | -3.2 5.60 | WP_0000363 | protein-glutamate

332 E-07 | 92.1 methylesterase/protein
glutamine deamidase

STM14 3 -2.9 9.90 | WP_0004784 | MCP four helix bundle

893 E-07 | 72.1 domain-containing protein

STM14 1 |omp |1.1 1.70 | WP_0007690 | porin OmpD

898 D E-06 | 35.1

STM14_3 -1.5 1.80 | WP_0000190 | SDR family

823 E-06 | 32.1 oxidoreductase

STM14 5 | rtsA | -7.5 1.80 | WP_0009216 | AraC family

188 E-06 | 74.1 transcriptional regulator

STM14 2 | oppB | 2.1 2.30 | WP_0009110 | oligopeptide ABC

109 E-06 | 97.1 transporter permease
OppB

STM14 4 | mioC | 2.3 2.60 | WP_0007637 | FMN-binding protein

672 E-06 | 22.1 MioC

STM14 5 | traA | 4.7 4.40 | WP_0012742 | type IV conjugative

597 E-06 | 01.1 transfer system pilin TraA

STM14_5 |srgB | 2.9 4.70 | WP_0109999 | YjiK family protein

535 E-06 | 38.1

STM14 2 | cheR | -7.4 4.80 | WP_0002043 | protein-glutamate O-

333 E-06 | 62.1 methyltransferase CheR

STM14 3 | stpA | 14 4.80 | WP_0010511 | DNA-binding protein StpA

377 E-06 | 00.1

STM14 2 | motB | -3.2 5.80 | WP_0007956 | flagellar motor protein

337 E-06 | 53.1 MotB

STM14 2 -2.4 1.10 | WP_0007792 | hypothetical protein

443 E-05 | 18.1

STM14 2 | flhD | -1.6 2.70 | WP_0015181 | flagellar transcriptional

341 E-05 | 46.1 regulator FIhD

STM14 4 |yiaG | -1.5 2.70 | WP_0004557 | HTH-type transcriptional

398 E-05 | 90.1 regulator

STM14_2 | arnT | 2.1 2.90 | WP_0009780 | lipid IV(A) 4-amino-4-

839 E-05 | 38.1 deoxy-L-
arabinosyltransferase

STM14 1 | icd 1.2 3.30 | WP_0004445 | NADP-dependent

416 E-05 | 07.1 isocitrate dehydrogenase

STM14_1 2.5 4.10 | WP_0002010 | Lacl family DNA-binding

878 E-05 | 80.1 transcriptional regulator

STM14_2 | oppF | 1.3 4.90 | WP_0009946 | murein

106 E-05 | 96.1 tripeptide/oligopeptide
ABC transporter ATP
binding protein OppF
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STM14 2 -2.3 4.90 | WP_0005159 | phage tail tube protein

440 E-05 | 52.1

STM14 3 |sicA |-3.1 7.40 | WP_0003863 | SycD/LcrH family type IlI

485 E-05 | 09.1 secretion system
chaperone SicA

STM14 0 | proA | 1.7 7.80 | WP_0008932 | glutamate-5-semialdehyde

379 E-05 | 31.1 dehydrogenase

STM14 3 | sipA | -3.4 7.80 | WP_0002588 | SPI-1 type Il secretion

481 E-05 | 12.1 system effector SipA

STM14 2 -1.3 8.00 | WP_0011916 | helix-turn-helix

473 E-05 | 66.1 transcriptional regulator

STM14 4 | glgB | -1.3 1.20 | WP_0000985 | 1,4-alpha-glucan

258 E-04 [ 43.1 branching enzyme

STM14 2 |ugd |24 1.50 | WP_0007048 | UDP-glucose 6-

574 E-04 | 31.1 dehydrogenase

STM14 5 2.2 1.70 | WP_0007508 | YjbH domain-containing

079 E-04 | 04.1 protein. Outer membrane?

STM14 0 | rsmH | 0.9 1.80 | WP_0009704 | 16S rRNA

146 E-04 | 44.1 (cytosine(1402)-N(4))-
methyltransferase RsmH

STM14 1 1.6 1.90 | WP_0012181 | Hsp20 family protein

509 E-04 | 18.1

STM14 0 | stfC |25 2.80 | WP_0009516 | fimbrial biogenesis outer

235 E-04 | 87.1 membrane usher protein

STM14 2 | yciE |-3.8 3.40 | WP_0011099 | ferritin-like domain-

093 E-04 | 77.1 containing protein

STM14 0 -1.6 3.90 | WP_0008297 | pyrroloquinoline quinone-

201 E-04 | 30.1 dependent dehydrogenase

STM14 2 -1.8 4.30 | WP_0009971 | hypothetical protein

475 E-04 | 90.1

STM14 4 | yhjH | -5.4 4.70 | WP_0005956 | cyclic-guanylate-specific

346 E-04 | 26.1 phosphodiesterase

STM14 2 1.4 5.10 | WP_0000588 | ABC transporter ATP-

107 E-04 | 57.1 binding protein

STM14 2 | yciG | -2.7 6.00 | WP_0008076 | general stress protein

091 E-04 | 57.1

STM14 1 | treY |-1.7 7.20 | WP_0006131 | malto-oligosyltrehalose

882 E-04 | 45.1 synthase

STM14 3 | invC | -2.8 7.60 | WP_0008567 | SctN family type IlI

493 E-04 | 66.1 secretion system ATPase
InvC

STM14 3 | fljB | -2 8.10 | WP_0000797 | FIiC/FIjB family flagellin

338 E-04 | 94.1
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STM14 0 | ftsL | 1.1 8.80 | WP_0006256 | cell division protein FtsL

147 E-04 | 51.1

STM14 1 | flgK | -3.3 8.80 | WP_0000964 | flagellar hook-associated

354 E-04 | 25.1 protein FIgK

STM14_2 | nuoN | 0.8 8.80 | WP_0001566 | NADH-quinone

857 E-04 | 71.1 oxidoreductase subunit
NuoN

STM14 3 | prgH | -2.2 8.80 | WP_0004501 | type Il secretion system

473 E-04 | 92.1 inner membrane ring
protein PrgH

STM14_5 | spvA | -3.1 8.80 | WP_0015269 | virulence protein SpvA

563 E-04 | 90.1

STM14 5 | spvB | -4.9 1.00 | WP_0016766 | SPI-2 type Il secretion

562 E-03 | 48.1 system effector NAD(+)--
protein-arginine ADP-
ribosyltransferase SpvB

STM14 1 1.4 1.10 | WP_0012590 | DUF3313 domain-

945 E-03 | 25.1 containing protein

STM14_4 0.6 1.10 | WP_0015412 | hypothetical protein

813 E-03 | 09.1

STM14 3 | invF | -25 1.40 | WP_0016748 | type Ill secretion system

498 E-03 | 74.1 transcriptional activator
InvF

STM14 0 | proB | 1.5 1.50 | WP_0012852 | glutamate 5-kinase

378 E-03 | 75.1

STM14 2 | acnA |-1.3 1.50 | WP_0000994 | aconitate hydratase AcnA

070 E-03 | 75.1

STM14 2 -2 1.50 | WP_0010079 | phage tail sheath

441 E-03 | 91.1 subtilisin-like domain-
containing protein

STM14 3 | invA | -2.1 1.70 | WP_0009272 | type Il secretion system

495 E-03 | 19.1 export apparatus protein
InvA

STM14 5 -1.3 1.70 | WP_0003314 | NAD-dependent succinate-

430 E-03 | 11.1 semialdehyde
dehydrogenase

STM14 2 | ribA | 4.6 1.90 | WP_0011925 | hypothetical protein

069 E-03 | 57.1

STM14 3 1.7 1.90 | WP_0002487 | SEC-C domain-containing

305 E-03 | 94.1 protein

STM14 4 |igaA | 1.1 1.90 | WP_0001040 | intracellular growth

208 E-03 | 94.1 attenuator protein IgaA
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STM14 1 |omp |-0.7 2.00 | WP_0016749 | porin OmpA

214 A E-03 | 65.1

STM14 2 -1.6 2.00 | WP_0004883 | manganese catalase family

094 E-03 | 49.1 protein

STM14 4 | nanK | -2.1 2.10 | WP_0002089 | N-acetylmannosamine

027 E-03 | 76.1 kinase

STM14 0 | mitD | 1.4 2.30 | WP_0006447 | murein transglycosylase D

305 E-03 | 06.1

STM14 0 | secD | 0.9 2.30 | WP_0009348 | protein translocase subunit

482 E-03 | 11.1 SecD

STM14 3 | tal -1.4 2.30 | WP_0010724 | transaldolase

033 E-03 | 48.1

STM14_1 | glgX |-1.5 2.50 | WP_0002106 | glycogen debranching

881 E-03 | 01.1 protein GlgX

STM14 2 | sopE | -2.7 3.10 | WP_0001820 | SPI-1 type Il secretion

244 2 E-03 | 72.1 system guanine nucleotide
exchange factor SopE2

STM14 0 | cspE | 0.6 3.20 | WP_0000348 | transcription

732 E-03 | 26.1 antiterminator/RNA
stability regulator CspE

STM14_3 1.5 3.30 | WP_0001787 | VirK family antimicrobial

352 E-03 | 33.1 peptide resistance protein

STM14 2 -2.2 3.50 | WP_0007853 | phage tail tape measure

438 E-03 | 85.1 protein

STM14 0 | leuA | 3.7 3.60 | WP_0000828 | 2-isopropylmalate

134 E-03 | 19.1 synthase

STM14 4 1.1 4.40 | WP_0015751 | protein bax

418 E-03 | 19.1

STM14 4 | uvrD | 1.2 4.40 | WP_0003834 | DNA helicase Il

752 E-03 | 41.1

STM14 2 |ada |-1.3 4.60 | WP_0009759 | bifunctional DNA-binding

795 E-03 | 56.1 transcriptional
regulator/O6-
methylguanine-DNA
methyltransferase Ada

STM14_3 |sipD | -1.9 4.60 | WP_0009322 | SPI-1 type Il secretion

482 E-03 | 46.1 system needle tip complex
protein SipD

STM14 2 | mepS | 0.9 4.90 | WP_0002410 | bifunctional murein DD-

737 E-03 | 15.1 endopeptidase/murein LD-
carboxypeptidase

STM14 2 -2 5.10 | WP_0000881 | terminase large subunit

452 E-03 | 82.1
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STM14_ 1 | kate | -1.1 5.40 | WP_0000191 | catalase HPII

600 E-03 | 19.1

STM14 5 | deoB | -0.8 5.60 | WP_0008164 | phosphopentomutase

489 E-03 | 54.1

STM14 2 | cheA | -4.4 5.70 | WP_0000613 | chemotaxis protein CheA

336 E-03 | 02.1

STM14 2 | Che |-15 5.90 | WP_0003685 | chemotaxis protein CheV

852 \ E-03 | 58.1

STM14 3 1.8 6.20 | WP_0004393 | TIGR00645 family

818 E-03 | 35.1 protein. Unknown
function, predicted
transmembrane

STM14 2 -2.1 6.60 | WP_0000804 | DUF2303 family protein

476 E-03 | 15.1

STM14 2 | flil -3.3 6.70 | WP_0002132 | flagellum-specific ATP

393 E-03 | 57.1 synthase Flil

STM14 3 | prgd |-34 7.20 | WP_0000204 | type IlI secretion system

471 E-03 | 31.1 inner rod protein PrgJ

STM14_4 | FraB | 2.2 7.50 | WP_0109890 | SIS domain-containing

331 E-03 | 80.1 protein

STM14_2 -5.8 8.10 | WP_0002754 | tail fiber assembly protein

266 E-03 | 18.1

STM14 2 -2.3 8.10 | WP_0012078 | DUF2313 domain-

432 E-03 | 32.1 containing protein

STM14 0 -1.1 8.70 | WP_0015392 | DUF1889 family protein

383 E-03 | 27.1

STM14 0 | lon 0.7 8.80 | WP_0010677 | endopeptidase La

533 E-03 | 23.1

STM14 2 -1.8 9.50 | WP_0002575 | phage major capsid protein

448 E-03 | 28.1

STM14 2 1.3 1.00 | WP_0002754 | hypothetical protein

019 E-02 | 93.1

STM14 0 | dnaJ | 1.1 1.10 | WP_0011190 | molecular chaperone Dnal

014 E-02 | 09.1

STM14 0 1.3 1.10 | WP_0016516 | type Il restriction-

418 E-02 | 66.1 modification system
endonuclease

STM14 0 | speF |-2.8 1.10 | WP_0012924 | ornithine decarboxylase

818 E-02 | 00.1 SpeF

STM14 2 2.1 1.10 | WP_0007024 | phage head closure protein

445 E-02 | 08.1

STM14 2 -2 1.10 | WP_0011352 | HNH endonuclease

454 E-02 | 25.1
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STM14 3 | tkt -1.3 1.10 | WP_0000873 | transketolase
034 E-02 | 23.1
STM14 3 | mutH | 1.7 1.10 | WP_0012749 | DNA mismatch repair
627 E-02 | 30.1 endonuclease MutH
STM14 0 | dapB | -1.5 1.20 | WP_0005440 | 4-hydroxy-
075 E-02 | 31.1 tetrahydrodipicolinate
reductase
STM14 0 | mur | 0.8 1.20 | WP_0000166 | undecaprenyldiphospho-
154 G E-02 | 13.1 muramoylpentapeptide
beta-N-
acetylglucosaminyltransfer
ase
STM14_1 | flge | -4 1.20 | WP_0000105 | flagellar hook protein FIgE
348 E-02 | 67.1
STM14 1 | btuE |-3.1 1.20 | WP_0011815 | glutathione peroxidase
628 E-02 | 65.1
STM14_4 | yrbL | -1.8 1.20 | WP_0006021 | PhoP regulatory network
013 E-02 | 96.1 protein YrbL
1.1 1.20 | WP_0018047 | type I toxin-antitoxin
E-02 | 76.1 system Ibs family toxin
STM14 0 | cueR | 1.2 1.30 | WP_0010267 | Cu(l)-responsive
587 E-02 | 60.1 transcriptional regulator
STM14_2 -1.8 1.30 | WP_0157013 | tail fiber assembly protein
430 E-02 | 31.1
STM14 4 | nudE | 1.8 1.30 | WP_0000457 | ADP compounds
206 E-02 | 25.1 hydrolase NudE
STM14 4 | glgC | -1.1 1.30 | WP_0002539 | glucose-1-phosphate
256 E-02 | 95.1 adenylyltransferase
STM14 1 | ppsA | -0.8 1.40 | WP_0000693 | phosphoenolpyruvate
639 E-02 | 40.1 synthase
STM14 5 | srgC | 2 1.40 | WP_0004178 | AraC family
533 E-02 | 98.1 transcriptional regulator
STM14 0 | ftsA | 0.8 1.50 | WP_0005884 | cell division protein FtsA
158 E-02 | 63.1
STM14 1 | flgM | -2.8 1.50 | WP_0000208 | anti-sigma-28 factor FIgM
342 E-02 | 93.1
STM14 3 | spaN | -2.7 1.50 | WP_0005030 | SPI-1 type Il secretion
491 E-02 | 98.1 system protein SpaN
STM14_3 | invG | -3.2 1.50 | WP_0008481 | type Il secretion system
497 E-02 | 13.1 outer membrane ring
protein InvG
STM14 0 -1.1 1.60 | WP_0007798 | YbaY family lipoprotein
549 E-02 | 03.1

119




STM14 2 -1.9 1.70 | WP_0009291 | phage terminase small

453 E-02 | 91.1 subunit P27 family

STM14 5 |traL |55 1.70 | WP_0000121 | type IV conjugative

598 E-02 | 29.1 transfer system protein
TraL

STM14 0 | secF | 0.8 1.80 | WP_0000466 | protein translocase subunit

483 E-02 | 29.1 SecF

STM14 0 | nagB | -1.4 1.80 | WP_0012370 | glucosamine-6-phosphate

796 E-02 | 59.1 deaminase

STM14 1 | flgN | -1.9 1.80 | WP_0001975 | flagella biosynthesis

341 E-02 [ 47.1 chaperone FigN

STM14 3 | invE | -4.6 1.80 | WP_0006121 | type Il secretion system

496 E-02 | 71.1 gatekeeper InvE

STM14 4 | rhaT |6 1.80 | WP_0000635 | L-rhamnose/proton

871 E-02 [ 41.1 symporter RhaT.

STM14 1 15 1.90 | WP_0002618 | L-cystine transporter

662 E-02 | 66.1

STM14 4 | glgA | -1.1 1.90 | WP_0011976 | glycogen synthase GIgA

255 E-02 | 69.1

STM14 2 -1.8 2.00 | WP_0008638 | DNA circularization N-

437 E-02 | 18.1 terminal domain-
containing protein

STM14 3 |sipB | -4.2 2.00 | WP_0002457 | SPI-1 type Il secretion

484 E-02 | 88.1 system needle tip complex
protein SipB

STM14 5 | pmrR | 1.9 2.00 | WP_0008443 | LpxT activity modulator

162 E-02 | 99.1 PmrR

STM14 0 | murk | 0.8 2.10 | WP_0007750 | UDP-N-acetylmuramoyl-

149 E-02 | 77.1 L-alanyl-D-glutamate--
2,6-diaminopimelate ligase

STM14 0 | degP | 0.8 2.10 | WP_0007539 | serine endoprotease DegP

249 E-02 | 58.1

STM14 1 -2.7 2.10 | WP_0008076 | general stress protein

829 E-02 | 42.1

STM14 2 -1.8 2.20 | WP_0004662 | phage portal protein

450 E-02 | 54.1

STM14 3 |cysl | 3.7 2.30 | WP_0012906 | assimilatory sulfite

552 E-02 | 60.1 reductase (NADPH)
hemoprotein subunit

STM14 3 | ygiX | -5.7 2.30 | WP_0012215 | two-component system

849 E-02 | 74.1 response regulator QseB
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STM14 0 | ybdR | -2.6 2.40 | WP_0006461 | glutathione-dependent
716 E-02 | 13.1 formaldehyde
dehydrogenase
STM14 1 | ynfL | 2.9 2.40 | WP_0010195 | LysR family
798 E-02 | 77.1 transcriptional regulator
STM14 1 | mcbh |-2.4 2.40 | WP_0011195 | colanic acid/biofilm
921 R E-02 | 92.1 transcriptional regulator
McbR
STM14_2 | chez | -2.1 2.40 | WP_0009835 | protein phosphatase CheZ
330 E-02 | 86.1
STM14 2 -1.8 2.40 | WP_0009273 | phage gp6-like head-tail
446 E-02 | 78.1 connector protein
STM14_2 -2.3 2.40 | WP_0015270 | phage holin, lambda
460 E-02 | 46.1 family
STM14 3 -3 2.40 | WP_0009860 | holo-ACP synthase
157 E-02 | 43.1
STM14_1 | wrbA | -0.8 2.50 | WP_0010628 | NAD(P)H:quinone
272 E-02 | 99.1 oxidoreductase
STM14 2 | yciF |-3.2 2.50 | WP_0010228 | ferritin-like domain-
092 E-02 | 22.1 containing protein
STM14 0 | ftswW |1 2.60 | WP_0012398 | cell division protein FtsW
153 E-02 | 03.1
STM14 0 0.7 2.60 | WP_0007639 | D-alanine--D-alanine
156 E-02 | 05.1 ligase
STM14 1 | flgD | -4.4 2.70 | WP_0000204 | flagellar hook assembly
347 E-02 | 50.1 protein FlgD
STM14 2 | fbaB | -1 2.70 | WP_0001295 | class I fructose-
642 E-02 | 90.1 bisphosphate aldolase
-1.6 2.70 | WP_0143438 | baseplate J/gp47 family
E-02 | 56.1 protein
STM14 2 -2 2.80 phage tail assembly
439 E-02 protein
STM14 3 | purM | 4.4 2.80 | WP_0001304 | phosphoribosylformylglyci
064 E-02 | 77.1 namidine cyclo-ligase
STM14 4 | mnm | 1.2 2.80 | WP_0004998 | tRNA uridine-5-
671 G E-02 | 72.1 carboxymethylaminometh
yl(34) synthesis enzyme
MnmG
STM14 2 | fliS | -4.6 2.90 | WP_0002877 | flagellar export chaperone
381 E-02 | 64.1 FliS
STM14 0 | nhaA | 0.8 3.00 | WP_0006813 | Na+/H+ antiporter NhaA
048 E-02 | 40.1
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STM14 4 | cpxP | 1.8 3.00 | WP_0012334 | cell-envelope stress

883 E-02 | 63.1 modulator CpxP

STM14 0 | yajC | 1.1 3.10 | WP_0000076 | preprotein translocase

481 E-02 | 28.1 subunit YajC

STM14 2 -1.9 3.10 | WP_0004977 | DUF2635 domain-

442 E-02 | 39.1 containing protein

STM14 9 | dps -1 3.20 | WP_0001008 | DNA starvation/stationary

66 E-02 | 05.1 phase protection protein
Dps

STM14 0 | psiF | -1.3 3.30 | WP_0007051 | phosphate starvation-

454 E-02 | 65.1 inducible protein PsiF

STM14 1 | ybjG | 1.6 3.50 | WP_0017381 | undecaprenyl-diphosphate

015 E-02 | 10.1 phosphatase

STM14 2 -1.6 3.50 | WP_0012928 | hypothetical protein

455 E-02 | 90.1

STM14_3 | spaM | -4.3 3.50 | WP_0015207 | SPI-1 type Il secretion

492 E-02 | 141 system protein SpaM

STM14 0 -1.5 3.60 | WP_0003937 | cytochrome ubiquinol

422 E-02 | 11.1 oxidase subunit |

STM14 5 -0.8 3.60 | WP_0007289 | Rpn family recombination-

574 E-02 | 17.1 promoting
nuclease/putative
transposase

STM14 2 {nuo | 0.9 3.80 | WP_0009264 | NADH-quinone

858 M E-02 | 31.1 oxidoreductase subunit M

STM14 5 |siiC | -5.5 3.80 | WP_0015413 | SPI-4 type | secretion

119 E-02 | 06.1 system protein SiiC

STM14 1 1.4 3.90 | WP_0009299 | cytochrome b

512 E-02 | 82.1

STM14 2 -1.9 3.90 | WP_0005547 | hypothetical protein

431 E-02 | 37.1

STM14 2 | htpX |1 4.00 | WP_0009844 | protease HtpX

231 E-02 | 98.1

STM14 2 -2.1 4.00 | WP_0010508 | lysis protein

458 E-02 | 25.1

STM14_2 |elaB | -0.8 4.00 | WP_0015223 | stress response protein

849 E-02 | 08.1 ElaB

STM14 4 | glgP | -0.7 4.00 | WP_0009934 | glycogen phosphorylase

254 E-02 | 28.1

STM14 0 | dpiB | 6.5 4.40 | WP_0012778 | sensor histidine kinase

727 E-02 | 36.1 DpiB
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STM14 0 | murF | 0.8 4.60 | WP_0006266 | UDP-N-acetylmuramoyl-

150 E-02 | 30.1 tripeptide--D-alanyl-D-
alanine ligase

STM14 3 | spaP |-5.4 4.60 | WP_0005260 | SPI-1 type Il secretion

489 E-02 | 16.1 system export apparatus
protein SpaP

STM14 5 0.9 4.60 | WP_0012403 | membrane protein

404 E-02 | 60.1

STM14 0 | fimA | -2.2 4.70 | WP_0006810 | type 1 fimbrial protein

635 E-02 | 30.1 subunit FimA

STM14 1 | solA | 1.1 4.70 | WP_0008727 | N-methyl-L-tryptophan

329 E-02 | 73.1 oxidase

STM14 3 -5.5 4.70 | WP_0001042 | Ldh family

724 E-02 | 31.1 oxidoreductase. putative

malate/L-lactate
dehydrogenase
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Table 6. Differentially expressed genes in S. Typhi Ty2 vs sdiA mutant AMS001

Gene | symb | log2FoldChan | padj | product_accessi | name

name | ol ge on

T092 | sdiA | 3.49 2.10E | WP_001157173. | transcriptional regulator

6 -15 1 SdiA

T092 |yecC |-1.78 1.80E | WP_001273033. | L-cystine ABC

7 -05 1 transporter ATP-
binding protein YecC

T235 | ybbK | 0.98 2.70E | WP_000906145. | SPFH/Band 7/PHB

9 -02 1 domain protein
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Table 7. Differentially expressed genes in S. Typhi Ty2 expressing plasmid sdiA (pAMS130) vs

vector (pBAD33)

Gene | symb | log2FoldCha | pad | product access | hame

Name | ol nge ] ion

T0926 | sdiA | 11.7 4.3 | WP_001157173 | transcriptional regulator
E- 1 SdiA
47

T0350 | srgJ 9.6 1.3 | WP_000755800 | DUF5384 family protein
E- 1
11

T4028 | cysG | -8.7 6.0 | WP_000349908 | uroporphyrinogen-111 C-
E- 1 methyltransferase
09

TO0553 | menF | 2.9 1.0 | WP_000555672 | isochorismate synthase
E- 1 MenF
08

TO0554 | menD | 2 6.5 | WP_000116387 | 2-succinyl-5-enolpyruvyl-
E- 1 6-hydroxy-3-cyclohexene-
08 1-carboxylic-acid synthase

T2359 | YbbK | 3.1 2.5 | WP_000906145 | SPFH/Band 7/PHB
E- 1 domain protein
06

T2835 | cysN |7.4 1.9 | WP_001092273 | sulfate adenylyltransferase
E- 1 subunit CysN
05

T0167 | ygbK | -2.8 1.7 | WP_000783298 | D-threonate kinase
E- 1
04

T2360 | Ybb) | 2.2 1.7 | WP_000561177 | NfeD family protein
E- 1
04

T0199 | fhuA | -1 1.5 ferrichrome porin FhuA
E-
03

TO604 | srgF | 2.5 1.5 | WP_000433048 | hypothetical protein

0 E- 1
03

T4011 |igaA | 1.2 9.1 | WP_000104086 | intracellular growth
E- 1 attenuator protein lgaA
03

T0351 | srgl 6.2 2.6 | WP_001131774 | glycine zipper 2TM
E- 1 domain-containing protein
02

125




T2456 | secD | 0.7 3.3 | WP_000934811 | protein translocase subunit
E- 1 SecD
02

T2528 | proA |1 3.3 | WP_000893213 | glutamate-5-semialdehyde
E- 1 dehydrogenase
02
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Chapter 4: The in vivo relevance of SdiA in house flies, mice, and plants

4.1 Contributions

The work presented in this chapter was carried out by me. | thank Dr. Sarah Short
for her assistance in developing and carrying out the work on house flies and for the use
of her insectary. Without her, none of the house fly experiments would have been
possible. I thank Dr. Brian Ahmer for his guidance in the development of hypotheses and
experimental design while performing these studies and for purchasing the plants used in
this study. | thank Dr. Adam Deutschbauer for aiding in the development of the barcoded
transposon library used in this study and for performing and analyzing the Bar-seq
results. | thank the Department of Microbiology for their feedback and ideas given at

seminars throughout the duration of this study.

4.2 Abstract

SdiA is a LuxR family protein found in a subset of Enterobacteriaceae, including
model pathogen Salmonella. Unlike other LuxR encoding bacteria, those encoding SdiA
have no cognate AHL synthase. Thus, these bacteria rely on foreign bacterial species for
the activation of SdiA and eavesdrop on the communication of those bacteria. Despite
significant effort, no relevant environment in which SdiA detects foreign AHLs has been
identified. In this study, we examine three host sites as potentially relevant sites to
Salmonella SdiA-mediated eavesdropping: house flies, mice co-infected with Yersinia

enterocolitica, and plants. Using a combination of a genetic reporter strain and
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competitive infections between wild-type and sdiA mutant, we find that SdiA is active
within house flies. The effect of sdiA mutation on survival within house flies is unclear
due to complex results in different genetic backgrounds. To study a possible role for
SdiA in the gut of mice co-infected with Y. enterocolitica, we screened a barcoded
transposon library of Salmonella in mice both with and without a co-infecting Y.
enterocolitica. No mutant phenotypes were observed for sdiA or its known regulon
members. Finally, we looked for SdiA activity in Angiosperms and soybeans using the

genetic reporter strain and found no evidence of SdiA activity.

4.3 Introduction

As discussed in Chapter 2, the LuxR solo SdiA is conserved in a group of
Enterobacteriaceae including the genus Salmonella. SdiA detects the AHLSs produced by
foreign species, leading to activation of its regulon 2%°. A major limitation in our
understanding of SdiA-mediated eavesdropping is lack of a clearly relevant in vivo site of
activity. Salmonella is a highly versatile organism: colonization occurs in humans,
livestock (including chickens, pigs, and cows), reptiles, wild birds, plants, and
wastewater 3334221316322 Some potentially relevant sites have been previously
investigated; the literature is discussed in detail in Chapter 2. In this study, we evaluate a
sparsely examined host, the insect, as a site of SdiA activity as well as the previously
examined Yersinia-Salmonella co-infection model and a pilot study on plants.

Insects (class Insecta) are a group within the phylum Arthropoda with the

following traits: six-legged, three-part bodies (head, thorax, and abdomen), compound
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eyes, and antennae. Insects were initially divided by number of wings (wingless Aptera,
2-winged Diptera, and 4-winged) though modern classification is more complex 2. For
Salmonella, Arthropods can act as both a reservoir and transmission vector 3. The most
important hosts to Salmonella include flies (Diptera) and beetles (Coleoptera). In this
study, we used the house fly (Musca domestica) based on its ease of use, availability, and
previously described interactions with Salmonella 3243%, We did not use the more
commonly used fruit fly model as SdiA appears inactive in this host (Ahmer lab,
unpublished data).

The house fly, Musca domestica, is a relevant pest in livestock and agriculture
implicated in the transmission of Salmonella and other enteric pathogens 7. Salmonella
and other enteric pathogens are frequently isolated from house flies associated with
livestock 318324331 Associations between house flies and E. coli 0157:H7 (another sdiA*
species) have been described as well 33232, 1n 1964, Greenberg demonstrated the vector
potential of house flies experimentally 333, Salmonella exposed house flies were allowed
to contaminate a beverage subsequently consumed by volunteers. Later, Salmonella was
recovered from their fecal samples. In this scenario, the house fly acts as a mechanical
vector: a vessel for the movement of a pathogen to a host with no underlying biological
relationship in the intermediary. This stands in contrast with biological vectors, which
develop more intertwined biological relationships like Yersinia pestis and the rat flea
Xenopsylla cheopis 4.

Although the Salmonella-fly relationship is considered mechanical, some studies

suggest otherwise. S. Typhimurium can proliferate within house flies 33%3% and horn flies
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326 An interesting yet abandoned topic is the putative relationship between typhoidal
Salmonella (S. Typhi) and insects, which is believed to have no environmental reservoir
other than humans 33¢-3% 1n 1900, a military camp undergoing an outbreak of typhoid
fever was investigated, revealing an abundance of flies with internalized S. Typhi 33,
Greenberg later demonstrated that flies reared on contaminated media can maintain both
Typhi and Paratyphi B into the larval phase and Paratyphi B survives in flies all the way
into adulthood 33, A preliminary experiment in our lab also found that S. Typhi CT18
could be introduced into house flies by free feeding (this method is discussed in depth
below) and recovered from those flies 3 days later (N=5 flies, range 10-7,500 bacteria per
fly). Additionally, another SdiA-mediated eavesdropping organism, E. coli 0157::H7,
has also been shown to be capable of multiplication in the mouthparts of house flies
339340 A critical missing element in establishing a biological relationship between
Salmonella and flies is one or more genes relevant to bacterial survival on or within the
fly itself. To my knowledge, no such gene has been reported and the insect as a site of
SdiA relevance is almost entirely unexplored in the literature %,

We hypothesized that SdiA promotes fitness (or transmission) of Salmonella in
house flies through its detection of AHL-producing host microbiota and subsequent
regulation of relevant proteins. If true, this would demonstrate a new dynamic in
Salmonella’s (and possibly other eavesdroppers’) lifecycle. Here we evaluate the
relevance of SdiA-mediated eavesdropping in insects using the house fly as a model. In
addition, we re-evaluated animals as a relevant host in SdiA-mediated eavesdropping

using high throughput genetic screening (Barseq). Finally, the largely unexplored host
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system of plants was evaluated by challenging commercially available plants with genetic
and luciferase reporters of SdiA activity. In this chapter, we exclusively use S.

Typhimurium in experiments, referred to as Salmonella.

4.4 Results

4.4.1 The microbiome of hosts

Literature evidence on the relevance of SdiA and AHL-mediated quorum sensing
in different niches is discussed in Chapter 2. In examination of the potential of
environments for relevance, a collaborator at Joint Genome Institute (JGI), Simon Roux,
ran a bioinformatic search of metagenomes for homologs of the AHL synthase lux|
(Table 8). Results were considered positive if at least one member of the metagenome
encoded a luxl ortholog. These results therefore do not serve as predictors of AHL
abundance but merely as suggested sites where AHLs may be. The most frequent luxI*
sites are in plants, followed by fish, arthropods, and segmented worms. In humans, a
mere 0.8% of the 2,364 gut metagenomes encodes at least one luxl. These findings
support our lab’s earlier assessment of AHL synthases being absent in the human gut
microbiome 172, but stands in contrast with direct measurements of very low
concentrations of AHLSs in the human gut, suggesting synthesis by an enzyme other than

Luxl 173-175
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4.4.2 Approach to infecting flies with Salmonella

To determine the relevance of sdiA in the house fly, we used a previously
developed genetic tool named RIVET (recombination-based in vivo expression
technology). Determining the expression of specific genes during infection is inherently
difficult and several techniques have been developed 162341, The RIVET tool was
originally developed by James Slauch and adapted for specific use in our lab 145162342 Tq
study sdiA, a resolvase was transcriptionally fused to the sdiA regulated gene srgE. Once
transcribed, the resolvase targets and removes a tetracycline resistance gene flanked by
two resolution sites, leaving one behind. The loss of this gene (and its resistance
phenotype) is heritable. Thus, any activation within AHL containing environments is
quantifiable as a percentage of isolates sensitive to tetracycline, aka percent resolution. A
limitation of this approach is the loss of precision. Transcription that occurs either for a
short period of time or continuously would register as positive. Numerous in vivo and in
vitro experiments show that transcription of srgE and its fused resolvase is extremely
dependent on both sdiA and AHLs, and maximal resolution hovers around 25% 43145, |t
is unknown why only ~25% of isolates resolve in activating conditions. This system is
considered a reliable indicator of whether Salmonella detects AHLSs by SdiA.

The infection protocol is summarized in Figure 10 and described in detail in the
methods. In brief, a 1:1 mix of wild-type and sdiA mutant RIVET strains were introduced
into flies by allowing them to free feed on a solution of sucrose for 2-4 hours. Infected
flies were sampled back and enumerated for CFUs and competitive fitness calculations.

A limitation of our methodology was the delivery of bacteria by free-feeding, leading to
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no defined infectious dose. There are methods for delivering a specific volume of liquid
to flies, which involves anesthetizing, immobilizing, and delivery via a pipette. As these
studies only used competitive infections, which deliver identical ratios of bacteria per

unit volume, we elected to use the less precise but more time efficient approach of free-

feeding.

4.4.3 Infectious dose determines Salmonella fitness in house flies

We initially infected flies with our wild-type and sdiA::mTn3 (amp") mutant
RIVET strains via infected sucrose water containing 108 CFU/mL Salmonella. For
simplicity, I will refer to these concentrations as doses, though they are not strictly a dose
in the traditional sense of the word. On days 1 and 3, a subset (5 flies) were collected,
homogenized, and plated for enumeration of CFU and strain fitness. The per fly recovery
of Salmonella was between 102 and 10° CFU (Fig. 11A). A significant defect in the sdiA
mutant was observed on both day 1 and 3 (1.7-fold, Fig. 11B). The wild-type resolved in
30% of flies (9 of 30) on day 3, indicating the presence of AHLs in some flies (Fig. 11C).
As expected, no sdiA mutants resolved. Salmonella burden was plotted against resolution,
revealing a negative relationship between SdiA activity and burden (i.e. activation only
occurs in flies with low overall burden) (Fig. 11D). There was no correlation between
Salmonella burden and competitive index (data not shown). I hypothesized that the high
feeding concentration of 108 CFU/mL, and presumably high inoculum, was leading to an
over-representation of Salmonella in the fly gut compared to the host microbiota. By

reducing the feeding dose, | hypothesized that fewer initial Salmonella may be able to
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interact more dynamically with the fly gut and microbiota, perhaps increasing resolution.
Additionally, if the fly gut indeed imposed a negative selective pressure on sdiA mutants,
fitness phenotypes may be higher in a smaller initial population that could expand over
the course of the infection.

The infection was repeated, reducing the feeding concentration to 108, 10°, and
10* CFU/mL. This had little effect on Salmonella burden on day 1 but appears to trend
the Salmonella burden downward by day 3 (Fig. 11A). The magnitude of the fitness
phenotype was indeed altered by this change, and dramatically so (Fig. 2B).
Unexpectedly however, it was the wild-type experiencing defects, not the sdiA mutant. In
the lower doses (10* and 10° CFU/mL), there was almost no detectable wild-type in any
flies. Due to the lack of wild-type isolates, resolution could not be determined to any
degree of significance in these low-dose infected flies. In the few wild-type isolates | was
able to recover, many were resolved (data not shown). Around two-hundred (hon-
Salmonella) isolates were screened for AHL production by cross streaking against a
biosensor (wild-type Salmonella harboring pJNS25). No isolates were confirmed to be
AHL producers (data not shown).

Two hypotheses were developed to explain the sdiA mutant advantages over the
wild-type. One, SdiA is a toxic gene in flies (i.e. its expression leads to survival defects
or death of the bacteria itself). As a transcription factor, this would likely be mediated by
one or more of its regulon members. The second hypothesis is that the beta-lactamase
encoded in the mutant (sdiA::mTn3) confers a significant advantage within the fly during

carriage. This may also explain the effect of inoculum on wild-type fitness: sdiA::mTn3
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Salmonella produce and secrete beta-lactamases to protect the wild-type which might be
achieved only at high population densities within the fly itself, but this could be incorrect
as fitness was unrelated to over Salmonella burden on days 1 and 3. This hypothesis
requires that beta-lactams or beta-lactam like antibacterial compounds are in the house fly
gut. The beta-lactamase hypothesis was selected for further investigation, as it seemed

unlikely that SdiA would confer such toxic effects within the fly.

4.4.4 Beta-lactamase not responsible for Salmonella survival or sdiA mutant

fitness in house flies

To investigate the role of beta-lactamase in Salmonella survival, the sdiA::mTn3
RIVET strain was replaced with a sdiA::cam RIVET strain, removing beta-lactamase
from the system entirely. Flies were infected by feeding at 10° CFU/mL. In this
competition between wild-type and sdiA::cam RIVET, almost no Salmonella could be
recovered on day 1 (Fig. 12). The lack of Salmonella isolates prevented quantification of
fitness and resolution, but these results are consistent with the beta-lactamase hypothesis.

The putative relevance of beta-lactamase to survival prompted us to engineer
additional strains more conducive to the fly gut. The beta-lactamase gene and promoter
from sdiA::mTn3 was cloned and moved in the intergenic region between pagC and
STM14 1502, a commonly used site in our lab that confers no fitness defects in mouse
models of infection 2. This mutation was moved into the wild-type and sdiA::cam

RIVET strains, generating wild-type (AMS039) and sdiA::cam RIVET (AMSO040) strains
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resistant to ampicillin and carbenicillin (Fig. 13A-D). Strain construction had no effect on
RIVET function (Fig. 4E).

Using this new background, we infected flies, sampling at 2 hours as well as 1-
and 3-days post infection. No Salmonella was recovered at 3 days. After 2 hours,
Salmonella was only noticeably recovered in the 10° and 10’ CFU/mL feeding
concentrations (Fig. 5A). In flies with recoverable quantities of Salmonella, the sdiA::cam
RIVET strain was defective compared to the wild-type (Fig. 14B). At 1 day, flies free-
feeding on a concentration of 108 CFU/mL of the bla* background strains led to identical
Salmonella recovery as the original strain pair (Fig. 14C). Salmonella was sparsely
recovered from those feeding on lower concentrations, despite the presence of bla. Thus,
beta-lactamase is unlikely to explain the fitness of sdiA::mTn3 RIVET Salmonella at low
feeding doses.

The slight increase in overall Salmonella recovery at the 10° cfu/mL dose allowed
us to measure strain fitness at 24 HPI. Interestingly, the sdiA::cam RIVET strain in the
bla* background phenocopies the sdiA::mTn3 RIVET strain from the original experiment
(Fig. 14D). At high feeding concentrations, the wild-type is slightly advantaged against
either sdiA mutant. At the lower concentration (10° CFU/mL), either mutant will win
against the wild-type, regardless of the antibiotic marker used to inactivate sdiA. We
conclude from this that the antibiotic markers used in this study are unlikely to be the
source of sdiA mutant fitness phenotypes in house flies, though bla may slightly

contribute to survival.
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In addition to these assays, fungal isolates from Salmonella infected flies were
recovered by plating homogenized flies on acidified potato dextrose agar. Five unique
morphologies were abundant and sub-cultured for further analysis. Their identities were
not determined. To determine if any fungi made antimicrobial compounds, each isolate
was grown in LB and YPD for several days at 30°C. Filtered supernatant was
supplemented into fresh media at 10% v/v and inoculated with Salmonella. No growth
defects were observed during regrowth, indicating no antimicrobial compounds present
(data not shown) Fungal isolates were also cross-struck against wild-type and sdiA::mTn3
Salmonella. No zones of inhibition were observed at the intersection of fungus and wild-
type Salmonella, indicating no antimicrobial compounds (data not shown).

These experiments evaluated my hypothesis that beta-lactamase was the source of
sdiA mutant phenotypes in house flies. Based on the results of these experiments, this
appears to be incorrect. By disproving the beta-lactamase hypothesis, my “SdiA is a toxic
gene” hypothesis remains as the sole explanation for the observed results. Unfortunately,
the only strain in these experiments capable of survival in house flies is the sdiA::mTn3

RIVET strain. Further considerations and future approaches are in the discussion section.

4.4.5 The relevance of SdiA in mammals

Currently, no strong evidence supports the notion that SdiA is relevant in
mammalian gastrointestinal infection. The possibility of quorum sensing in the gut has
been recently reviewed and is also discussed in Chapter 2 1. However, there are aspects

to SdiA biology that suggest the opposite. In E. coli O157::H7, SdiA regulates both an
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acid resistance island and virulence regulator ler, suggesting a role in mammalian
pathogenesis 262343, The S. Typhimurium SdiA regulon includes an effector protein
secreted within host cells, SrgE, that is strongly regulated by SdiA and preferably at
mammalian body temperature (37°C) 138146166 An outer membrane protein, Rck, is also
SdiA regulated, preferably at 37°C 138146160 Rck protects against complement mediated
killing and mediates entry into host cells by binding epidermal growth factor receptor 234,
Neither srgE nor rck are SdiA-regulated in S. Typhi or S. Enteritidis and found only

selectively within the Salmonella (Chapter 3 and 160:166.278344) "gyggesting this regulon

module may be specific to S. Typhimurium or just a few serovars.

4.4.6 The genetic fitness of Salmonella in mice co-infected with Yersinia

enterocolitica

It was previously found that AHL-producing gastrointestinal pathogen Yersinia
enterocolitica activates Salmonella SdiA during co-infections but a sdiA mutant has no
fitness defect in this infection model 4. The standard approach of studying Salmonella
gastroenteritis is an antibiotic pre-treated mouse 2. Mice are generally regarded as
resistant to Salmonella-mediated inflammation of the gut due to the protective effect of
their microbiota (the mechanisms by which this occurs is collectively referred to as
colonization resistance) 3. A single dose of a broad-spectrum antibiotic (e.g.
streptomycin) administered one-day prior to infection clears away the microbiota,

allowing Salmonella to expand and outcompete residual microbiota 2. The previous
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study in our lab did not use any method of inducing susceptibility (i.e. antibiotic pre-
treatment) and thus sdiA fitness was determined in a non-inflamed environment.

To re-examine this interaction, we first induced susceptibility to infection by
switching the mice to a high-fat diet. This approach bypasses the need for antibiotics,
which may negatively impact Yersinia that colonize prior to Salmonella *’. On this diet,
mice were infected with Y. enterocolitica by oral gavage. The next day, mice were
infected with Salmonella. Rather than test mutants individually, we opted to infect with a
barcoded transposon library containing ~100,000 independent insertions in the wild-type
strain 14028, referred to as AMS100K (manuscript in preparation). This allowed us to
examine all non-essential genes for fitness in a single assay. Both Salmonella and
Yersinia burden were tracked in the feces for four days. On day 5, organs were harvested
for bacterial quantification and downstream assessment of genetic fitness by sequencing
(Barseq).

Based on the work of our lab and others, the high-fat diet produces an expected
Salmonella fecal burden of ~10” CFU/g on day 1, rising to 10° CFU/g on day 3
(unpublished data and °7). However, the burden in this experiment remained between 10°
and 108 CFU/qg in feces (Fig. 15A). The age of the mouse chow may have contributed to
this outcome. Interestingly, the Yersinia co-infection drastically increased Salmonella
burden in the feces, with a Salmonella burden of ~10° CFU/g. The mice displayed signs
of severe infection toward the end of the experiment, which is unusual for Cbha/J mice
infected with Salmonella via the oral route. Y. enterocolitica can cause lethal infections in

mice, but the median time to death is later than seen here 164,
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The Salmonella to Yersinia ratio in the feces ranged between 10:1 and 100:1
throughout the study (Fig. 15A). In the gastrointestinal organs, including the cecum, large
intestine, and ileum, the co-infection potentiated Salmonella colonization and reduced
variability between mice. Yersinia preferentially resided in the ileum as has been
previously reported 38, In systemic organs, the co-infection aided Salmonella recovery
from Peyer’s patches, which we previously observed 4. This is likely due to the anti-
phagocytic effects of Yersinia virulence factors 165,

There was no apparent effect of Yersinia in the mutant fitness of sdiA or any of its
regulon members, consistent with our previous study (Fig. 16) *4. Mutants of srgF and
srgH appear to have fitness defects in the gastrointestinal tract independent of Yersinia,
but a follow-up experiment found neither gene has fitness defects in the high-fat diet
mouse model (Chapter 3). Although SdiA is strongly activated by Yersinia in the mouse
gut during co-infection 144, the interaction appears to confer no selective pressure on sdiA
or its regulon.

Other than the SdiA regulon, we also looked for any putative Salmonella genes
with differential fitness in the cecum after co-infection (Fig. 17). The most prominent
were involved in maltose utilization. Specifically, inactivation of transport genes was
advantageous in single infection but not during co-infection. We have previously
observed this mutant phenotype in the cecum of mice in two other genetic screens (**3
and unpublished data). Three other genes of interest were identified: ynfL, rob, and yaiZ.

Both ynfL and rob are transcriptional factors while yaiZ is a protein of unknown function.
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4.4.7 No evidence of SdiA activity in commercially available angiosperms

Based on the findings of our metagenomic search (Table 8) and the paucity of
studies on SdiA-plant interactions 1431%7 we screened commercially available
Angiosperms for SdiA activity using RIVET strains. A collection of Angiosperms was
purchased from Lowe’s. Plants used in this experiment included Leeks, Parsley, Oregano,
Sage, Tomato, and Cauliflower plants as well as Soybeans sourced both commercially
and from a farm. Plants were inoculated with two Salmonella strains. One was the wild-
type RIVET strain. The second was a wild-type Salmonella harboring luciferase reporter
plasmid pJNS25, which measures the transcriptional activity of the srgE promoter. Plants
were inoculated in the soil near the root and on leaves (both intact and wounded by a
pipette tip). Activity was measured over 10 days. To measure RIVET activity, soil and
leaves were sampled on days 3 and 10 and plated for Salmonella. No isolates resolved in
any plants. To measure luciferase activity, Plants were photographed in the Kino
(Spectral Instruments Imaging). There was no indication of significant luciferase activity
inany plant at 1, 3 or 10 days. In summary, we find no evidence of SdiA activity in any

tested plant.

4.5 Discussion

Salmonella can be isolated from a diverse set of environmental niches. SdiA-
mediated eavesdropping could hypothetically occur in any of these; the relevant site of

activity is not easily elucidated by our current understanding of the Salmonella lifecycle
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alone. In the body of literature on SdiA, no host or environment has been conclusively
shown to be relevant experimentally (Chapter 2). Insects, a known vector and reservoir of
Salmonella and other Enterobacteriaceae, have not been examined in this regard. SdiA in
not active in laboratory mice, but the presence of a secondary, AHL-producing pathogen
such as Yersinia enterocolitica can induce activation. Plants, like insects, are largely
understudied. A search of metagenomes revealed that insects and plant microbiomes
frequently encode homologs of AHL synthase Luxl while mammals do not (Table 8).
Thus, we investigated these three systems in hopes of identifying activation of SdiA and

a co-occurring fitness defect.

4.5.1 Insects

To evaluate the potential of insects as a relevant site of SdiA activity in
Salmonella, we infected house flies with Salmonella encoding an in vivo reporter of SdiA
activity (RIVET). The resulting experiments revealed two important factors in both
Salmonella burden and sdiA mutant fitness that were not initially anticipated: Infectious
dose and antibiotic markers. Salmonella was introduced into house flies by allowing them
to free feed on contaminated sucrose water for a set period. By doing so, we uncovered
an odd effect of feeding concentration on sdiA mutant fitness: the mutant was
significantly advantaged over the wild-type at lower feeding doses but neutral or slightly
disadvantaged at high doses. Two hypotheses were developed to explain this effect. First,
sdiA is a toxic gene in house flies (i.e. the genes it regulates mediate the elimination of
Salmonella from the host). This would explain why the sdiA mutant is advantaged over

the wild-type. The loss of this defect at high feeding doses may be due to changes that a
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larger initial Salmonella burden may induce in the fly environment, but how this occurs is
unknown. The second hypothesis was that the beta-lactamase gene that inactivates sdiA
confers a significant fitness advantage. In support of this second hypothesis, we found
that Salmonella recovery from flies was lost in competitions between wild-type and
sdiA::cam RIVET strains. However, a competition between wild-type and sdiA::cam
RIVET Salmonella where both strains encode bla on another locus led to only minor
increases in Salmonella recovery at lower feeding doses. The sdiA mutant phenotypes
were also identical at high (108 CFU/mL) and low (10° CFU/mL) feeding doses
regardless of the antibiotic marker used. The bla gene alone is insufficient to explain the
ability of Salmonella to colonize at low feeding doses and the fitness advantage conferred
by the sdiA::mTn3 mutation.

From these results, | suspect that the sdiA::mTn3 RIVET strain is uniquely suited
for survival in the house fly. The toxic gene hypothesis is not disproven by the
experiments presented in this study, and both the inactivation of sdiA and the presence of
a beta-lactamase may be positive contributing factors. Beta-lactamase activity and
inactive sdiA cannot explain survival, as a bla encoding sdiA::cam RIVET strain (which
has both phenotypes) fails to colonize at low feeding doses. Therefore, an unknown
phenotype of sdiA::mTn3 RIVET Salmonella is likely to be a fly colonization factor. The
genomes of wild-type and sdiA::mTn3 (BA612) have been sequenced in our lab, but no
mutations unique to BA612 were identified by variant analysis (unpublished data). If
there is a mutation, it may have been acquired during the addition of the RIVET

components to the BA612 background.
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he mutation may have been acquired during the construction of sdiA::mTn3
RIVET from the BA612 background.

Going forward, a series of experiments may unwind these complex observations.
First, the suitability of each strain in colonizing house flies can be determined by single
infections of each strain and lineages (e.g. sdiA::mTn3, RIVET, and sdiA::mTn3 RIVET).
By comparing the capacity of each strain to colonize, the underlying genetic factor and
possible point of secondary mutation may be deduced and further examined by whole
genome sequencing and SNP analysis.

Second, determining whether sdiA is a toxic gene in house flies through new
genetic constructs. Based on the premise that the sdiA::mTn3 RIVET strain is a uniquely
suitable colonizer, intact sdiA can be moved into the pagC IG locus by allelic exchange
(this mutation was constructed in Chapter 3) into this background. As a control, a
chloramphenicol resistance gene (or the sdiA::cam allele) can be moved into the same
location. Competitive infections between these two strains would allow for quantification
of sdiA mutant fitness independent of the genetic background necessary for colonization
of house flies. If this works, further experiments can be performed by mutating sdiA
regulon members to determine which are necessary or sufficient for the observed fitness
phenotypes.

Finally, A causal relationship between the detection of AHLs from underlying
microbiota and mutant defects can be established using gnotobiotic house flies. These
flies would be colonized with AHL-producing isolate and a mutant unable to produce

AHLs. We were unsuccessful in identifying the bacterial species responsible for SdiA
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activity in these studies. Alternatively, collecting the metagenome of these flies would
allow for identification of putative AHL producing microbiota. Another isolate of the
same species or strain could be acquired commercially or through another researcher and
used as an alternative to the uncultured native isolate, which may have issues with
genetic tractability. Mutant phenotypes should be dependent on the production of AHLs
by that microbiota member.

Regardless of whether sdiA itself is a survival factor in house flies, these studies
suggest Salmonella does have intrinsic factors involved in colonization of house flies.

Identifying these factors will require additional studies.

4.5.2 Mice

Studies from our lab have probed various mammalian hosts for SdiA activity and
fitness by competitively infecting them with the wild-type and sdiA::mTn3 RIVET strains
144,145 Activity has only been found in mice when they are co-infected with the AHL-
producing pathogen Yersinia enterocolitica 1**. Mice are resistant to Salmonella-mediated
inflammation of the gut and establish an infection without a reduction in microbiota-
mediated colonization resistance. Traditionally, this is achieved by pre-treating mice with
a broad-spectrum antibiotic like streptomycin, allowing Salmonella to induce
inflammation and expand to high concentrations by day one post infection (~108-10°
CFU/qg in the cecum/feces) 2. More recently, two other strategies have been developed
that make mice permissive to inflammation: gnotobiotic mice colonized in low-

complexity microbiomes 347 and high-fat diets %'. In antibiotic-pretreatment models,
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Salmonella inflames and reaches maximal burden within 24 hours of inoculation, a rate
more like a typical human infection. The infection Kinetics in the other two models are
slower, establishing a fecal burden of ~10” CFU/g 1 day after inoculation and expanding
to ~10° CFU/g on day 3, with inflammation occurring between 3-4 days post infection.
Despite their differences in approach, both models have similar infection kinetics.

Here we used a high-fat diet as a means of inducing susceptibility as it has been
used in other studies in our lab and is easier to implement than gnotobiotic mice.
Unfortunately, our model failed to establish a strong Salmonella burden (Fig. 15A). The
reason for this is unknown, but | suspect there may have been an issue with mouse chow
quality. Although this weakened our Salmonella infection, it revealed that Y.
enterocolitica could rescue whatever defect occurred and increase day 1 fecal burden
closer to 10° CFU/g, exceeding our estimated day one burden (Fig. 15A). The intestinal
organ burden was consistent with our observations in the feces (Fig. 15B). The co-
infection also seems to facilitate colonization of the intestinal immune sites (Peyer’s
Patches and Mesenteric Lymph Nodes) but not in deeper systemic organs (Fig. 15C).
Although not quantified here, co-infected mice were noticeably sicker by the end of the
study and would likely have reached early removal criteria within 1-3 more days of
infection. There are very few studies on co-infections between Salmonella and Y.
enterocolitica and none involving a high-fat diet. It is possible that severity was mediated
by Salmonella, though this is often attributed to sepsis after Salmonella reaches higher
burdens in systemic organs than observed here. Alternatively, severity may have been

caused by Yersinia bacteria. More study is needed to determine how these two factors,
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Yersinia and high-fat diet, might work independently or together to facilitate Salmonella
infections in mice.

The goal of this study was to identify genetic factors in Salmonella that contribute
to survival in mice during a co-infection with Y. entercolitica, with special consideration
to sdiA and its regulon. After analysis, we saw no fitness defect in sdiA (Fig. 16). Two
members of the regulon, srgF and srgH, were defective in mice independent of the
presence of Y. enterocolitica. When these two mutants were tested individually, this
defect did not reproduce (Chapter 3). Our results concur with the findings of our lab’s
previous study: although Salmonella can detect Y. enterocolitica AHLs during a co-
infection with SdiA, there is no appreciable advantage or disadvantage in doing so 44,

By doing a genome-wide genetic selection, we were able to identify Salmonella
genes that may interact with Y. enterocolitica during co-infection other than sdiA and its
regulon. The primary finding was genes involved in maltose utilization. Maltose is a
disaccharide of two glucose molecules with an a 1-4 linkage. The utilization of maltose
and maltodextrins (o 1-4 linked glucose chains larger than 4 monomers) has been
previously reviewed 348, Transport genes are encoded on two adjacent and divergent
operons (Fig. 8A). Within the cytoplasm, amylomaltase (malQ) and maltodextrin
phosphorylase (malP) metabolize maltose. These two genes form an operon, next to
regulator malT (Fig. 17B). Maltose acts as a substrate for MalQ, which transfers one
glucose onto existing maltose chains (e.g. maltotriose, maltosetetraose, etc), forming a

larger chain and one glucose monomer. MalP, alternatively, liberates glucose monomers
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from the chain as glucose-1-phosphate (which then enters glycolysis as glucose-6-
phosphate via phosphoglycerate mutase).

All transport gene mutations (except malM) were advantageous within the cecum
of Salmonella infected mice but neutral in Salmonella — Yersinia co-infected mice (Fig.
17A). MalM is a periplasmic protein of unknown function 348, The cytoplasmic genes
were neutral in both conditions (Fig. 17B). The regulator MalT (essential for expression
of the transport genes) had an identical pattern to the transport genes (Fig. 17B). A
previous genetic screen in our lab also suggested that maltose transport mutants were
advantageous to Salmonella during gastroenteritis **3. More recently, another study in our
lab using the AMS100K library in mice suggested the same result, but also indicated that
malQ and malP mutants may be attenuated in the same environment (unpublished data).
We hypothesize malQ mutant attenuation in vivo could be caused by its inability to
maintain maltose chain lengths, a defect reported to occur in vitro during growth on
maltose 349351,

It is unclear why mutations in the transport of maltose and maltodextrins would
be advantageous in an infection. Maltodextrin is a significant component of the high-fat
diet and thus is the likely source of the nutrient itself. Y. enterocolitica encodes maltose
utilization genes. If they consumed enough maltodextrin, this may have been sufficient to
alleviate the negative selective pressure imposed on Salmonella. Alternatively, Y.
enterocolitica may have altered the environment in such a way to eliminate the negative
selective pressure mediated by maltose transport in Salmonella. Y. enterocolitica could

potentially also benefit from maltose transport mutations, though this does not appear to
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be universal to all gastrointestinal pathogens. Maltose transport mutations in E. coli
0157::H7 and Vibrio cholerae leads to fitness defects, not advantages, in vivo 31%2, One
hypothesis on the mechanism of maltose transport mutant fitness is that the maltose
transport proteins act as a receptor of cryptic prophages encoded within the Salmonella
genome (LamB is a known receptor of phage lambda in E. coli). This hypothesis has not

been confirmed.

4.6 Methods

4.6.1 Bacteria strains and media

Strains and plasmids used in this study are listed in Table 2. Primers used in this
study are listed in Table 3. Bacteria were grown in Lysogeny Broth (LB) or on LB agar
(1.5% wi/v) unless otherwise stated. For motility experiments, agar was used at a final
concentration of 0.25% wi/v. Antibiotics were used at the following final concentrations:
kanamycin (kan) at 50 pg/mL, chloramphenicol (cam) at 30 pug/mL, ampicillin (amp) at
100 pg/mL, carbenicillin (carb) at 50 pg/mL. Diaminopimelic acid (DAP) was used at a
final concentration of 100 uM. Sucrose was used at a final concentration of 10%.
Anhydrotetracycline (AHT) was used at a final concentration of 0.5 pg/mL. Minimal
media (M9) contained 1X M9 Salts, 2 mM MgSOs, 0.1 mM CaCl,, 0.01 mM Thiamine,
and trace elements 353, N-(3-Oxooctanoyl)-DL-homoserine lactone (0xoC8) was obtained
from Sigma Aldrich (Cat# 01639) and dissolved in ethyl acetate (EA) acidified with

glacial acetic acid at a concentration of 0.1 mL per Liter 2. OxoC8 was used at a final
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concentration of 1 UM and acidified EA at 0.1% v/v. Ethylene glycol-bis(p-aminoethyl
ether)-N,N,N’,N'-tetra-acetic acid (EGTA) was used at a final concentration of 10 mM.
Evan’s Blue Uranine (EBU) plates were made by adding tryptone (10 g/L), yeast extract
(5 g/L), NaCl (5 g/L), glucose (2.5 g/L), and agar (15 g/L) to water, autoclaving, cooling
to roughly 50°C, and then adding KoHPO4 (40 mL/liter of 12.5% w/v), Evans Blue (1.25

mL/L of 1% w/v), Uranine (also known as sodium fluorescein, 2.5 mL/L of 1% wi/v) 2%,

4.6.2 House fly infections

House flies were purchased from a vendor as pupae, the penultimate stage of their
life cycle. Within 2-4 days, adults emerge from the pupae. Adult flies had no Salmonella
prior to infection (data not shown). The experimental protocol is visualized in Figure 10.
Cages containing ~50 fly pupae and cotton fiber soaked in sterile 5% sucrose were
assembled. To infect, the two strains used in each experiment were resuspended in 5%
sucrose and applied to cotton fiber. Bacterial viability was not lost in any strain over a
period of 4 hours in 5% sucrose (data not shown). The sterile sucrose cotton fiber was
replaced with the infected one for a period of 2-4 hours, allowing the flies to free feed
upon it. Flies were observed to interact with the fiber almost immediately upon
placement. After infection, the fiber was removed and replaced with a new sterile
sucrose-soaked fiber. Cages were then moved into a secondary containment system and
incubated. The incubator was maintained at 27°C, 80% relative humidity in a 12-hour
day/night cycle. Although this temperature is lower than what is traditionally used in

SdiA experiments (normally 37°C), activity is observable in vitro at 30°C under motile
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conditions ¢, At indicated timepoints, a random sampling of flies was collected from
each cage for analysis (5 flies per time point).

To quantify Salmonella, flies were first removed from the cage and anesthetized
by a short freezing period. They were then washed in a bleach solution (1%) followed by
PBS to remove external bacteria. This method does not kill internal bacteria (data not
shown). Flies were then individually homogenized in PBS and dilution plated on XLD
kan (selecting for RIVET Salmonella). No fly microbiota that grow on XLD produce
black colonies, a phenotype found only in Salmonella and a few other bacterial species
(data not shown). Isolates were then patched on either LB amp (selecting for sdiA::mTn3)
or LB cam (selecting for sdiA::cam) as well as LB tet (identifying resolved isolates).
Fitness was calculated as the ratio of mutant to wild-type divided by in the initial mutant
to wild-type ratio. Resolution (%) was calculated as the percent of each strain that did not

grow on LB tet.

4.6.3 Screening insects for AHL producing bacterial isolates

House flies were purchased from a vendor as pupae. After reaching adulthood.
Flies were knocked out and surface sterilized as described above, then moved into sterile
phosphate buffered saline (PBS). Flies were then homogenized using sterile plastic
pestles. Homogenate was dilution plated on LB Agar and MacConkey Agar. Isolates
were then screened in sets of 8 using cross streak assays with 14028 + pJNS25 on LB
agar. Presumptive positive plates, indicating by increased light production at the

intersection of Salmonella and an isolate, were individually streaked against 14028 +
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pJNS25 and BA612 + pJNS25 for confirmation. No isolates were confirmed to produce

AHLs.

4.6.4 Strain and plasmid construction

A strain of Salmonella encoding beta-lactamase at the pagC IG locus was
constructed by allelic exchange. A suicide plasmid, pAMSO015, was constructed in the
pTOX6 vector backbone ***. This plasmid was constructed using Gibson assembly of
four components. The first component is the backbone (vector pTOX6), amplified by
primers BA3666 and BA3667 (template was purified pTOX6). The second fragment,
approximately 1kb of upstream homology of pagC, was amplified by primers BA3668
and BA3669 (template was 14028 gDNA). The third fragment, encoding bla and its
promoter, was amplified with BA3670 and BA3671 (template was BA612 gDNA). The
fourth fragment, approximately 1kb of downstream homology from the pagC IG insertion
site, was amplified with primers BA3672 and BA3673 (template was 14028 gDNA). The
fragments were amplified by PCR with polymerase Q5, gel purified, and assembled
according to manufacturer’s instructions (NEB, catalog # E2611). The plasmid was
transformed into TransforMax EC100D pir* E. coli by electroporation (Lucigen
ECP09500), selecting on LB + 2% glucose + cam. The resulting plasmid, pAMSO015, was
moved into mating strain BW20767 by electroporation, selecting on LB + 2% glucose +
cam.

Allelic exchange was performed by first mating BW20767 + pAMS015 with

BA612 on LB agar containing 2% glucose. Single crossovers were selected for on M9 +
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2% glucose + cam. Individual colonies were outgrown in LB + 2% rhamnose (which
induces toxicity) overnight then plated on LB. Isolates were patched on LB (master
plate), LB cam (confirming loss of integrated plasmid), M9 + glucose (confirming isolate
is not mating strain), and LB carb (indicating acquisition of bla). Isolates growing on LB,
M9 + glucose, and LB carb, but not LB cam, were screened for the desired mutation by
PCR. the final isolate, AMS037, was selected for use.

A P22 lysate was made of sdiA::cam. Strain AMS3206 was made by transduction
of P22sdia::cam X JINS3206. To transduce, the recipient strain was mixed with the lysate at
MOiIs of 0.1, 1, and 10 for 25 minutes. The reaction was halted by addition of LB + 10
mM EGTA and incubated at 37°C for 1 hour. Outgrowths were dilution plated on LB
EGTA cam. Individual isolates were sub-cultured twice on LB cam + 10 mM EGTA,
then cross-struck against P22 on EBU plates. An isolate still sensitive to P22 and
containing no residual phage were kept as AMS3206.

A P22 lysate was made of AMS037. Strain AMS039 was made by transduction of
P22amso37 X JNS3206. Strain AMS040 was made by transduction of P22amso37 X
AMS3206. To transduce, the recipient strain was mixed with the lysate at MOIs of 0.1, 1,
and 10 for 25 minutes. The reaction was halted by addition of LB + 10 mM EGTA and
incubated at 37°C for 3 hours. Outgrowths were washed 3 times in fresh LB, then
dilution plated on LB Carb. Individual isolates were sub-cultured twice on LB agar + 10
mM EGTA, then cross-struck against P22 on EBU plates. Isolates still sensitive to P22

and containing no residual phage were kept as AMS039 and AMS040.
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4.6.5 Growth assays

Growth was measured over time in the Spectramax i3x (Molecular Devices) in
flat, clear-bottom plates (Corning, catalog # 3370). Readings of the optical density at
600nm (ODs0o) were taken at the times indicated in each figure. Overnight cultures of
strains were washed and resuspended in water, then inoculated into designated media at a
dilution of 1:100 (2 pL of culture and 198 pL of media). A Breathe-easy membrane film
(Sigma, catalog # Z380059) was placed over the top of each plate to allow for gas
exchange. All experiments were incubated at 37°C. All growth assays were performed on

at least three separate occasions.

4.6.6 Mouse experiments

All mice used in this study were six-to-eight-week-old female CBA/J mice
purchased from Jackson Labs. This study used mice maintained on a high-fat diet, which
confers susceptibility to inflammation and pathogen expansion in C57BL/6 ° and CBA/J
mice (unpublished data). The high-fat diet was purchased from vendor Envigo and
provided three days prior to infection. Mice were maintained on the diet throughout the
duration of the study. An overnight culture of Yersinia enterocolitica was washed and
resuspended in water. A total of 107 CFU of bacteria in 200 pL of water was delivered to
each mouse by oral gavage. The next day, an overnight culture of the AMS100K library
was washed and resuspended in water. A total of 10° CFU was delivered in a total

volume of 200 pL to each mouse by oral gavage. On each indicated day, a sample of
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feces was collected and plated for bacterial burden on XLD. Salmonella was
differentiated from Yersinia by color (black and yellow, respectively). On day 5, mice
were euthanized by CO and cervical dislocation. Organs were harvested and plated for
CFU on XLD. Remaining organ homogenate was outgrown in LB Kan. gDNA was
harvested from outgrowths using the Quick-DNA Fecal/Soil Microbe Microprep Kit

(Zymo Research). DNA was sent for sequencing and analysis to the Deutschbauer lab.

4.6.7 Animal assurance

All animal work was performed using protocols approved by our Institutional
Animal Care and Use Committee (IACUC; OSU 2009A0035) and in accordance with the

relevant guidelines set forth in the Guide for the Care and Use of Laboratory Animals %,
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4.7 Figures
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Figure 10. Overview of the fly infection protocol

Preparation. Vendor-acquired pupae were added to an unassembled cage,
along with sterile 5% sucrose on cotton fiber. The nylon sock was tied to
prevent escape. Cotton fiber soaked with sterile water was applied to the
top of the cage and kept in place with sarin wrap and a rubber band. This
forms the assembled cage. Infection. A 1:1 mix of strains was resuspended
in 5% sucrose and applied to cotton fiber. The cage’s sterile sucrose is
removed and replaced with the contaminated sucrose. After 2 hours, the
contaminated sucrose was removed and replaced with new sterile sucrose.
Incubation. Cages were kept in the incubator in a secondary containment
vessel to reduce risk of escape.
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Figure 11. Free-feeding inoculum concentrations alter Salmonella fitness in house flies.

Cages of adult house flies were infected by allowing them to free feed on sucrose
containing RIVET Salmonella (wild-type and sdiA::mTn3 in a 1:1 ratio) in concentrations
ranging from 10* to 102 CFU/mL. Flies were sampled back out at 24 and 72 hours post
infection (HPI). A) Total recovery of Salmonella (wild-type and mutant) from each fly
from each feeding concentration. B) Competitive indices (mutant to wild-type ratio) in
each fly at the indicated time point and feeding concentration. Competitive fitness was first
normalized to the initial mutant to wild-type ratio. Significance was determined using a
one-sample t-test. **** p<0.0001, *** p<0.001. C) Resolution of wild-type and
sdiA::mTn3 Salmonella in each fly. Resolution data comes from 108 CFU/mL group. D)
Total burden of Salmonella in 108 CFU/mL group in each fly (X-axis) and their
corresponding resolution (Y-axis). Each symbol represents one fly. Data comes from two
independent experiments, with two or three cages per experiment, and five flies sampled
per cage per time point.
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Figure 12. Loss of sdiA::mTn3 allele prevents recovery of Salmonella from house fly.

Cages of adult house flies were infected by allowing them to free feed on sucrose containing
RIVET Salmonella (wild-type and sdiA mutant) in concentrations ranging from 10 to 108
CFU/mL. In red, wild-type and sdiA::mTn3 RIVET strains were used. In blue, the sdiA::mTn3

RIVET strain was replaced with the sdiA::cam RIVET strain. Data in red is the same as shown in
Figure 2.
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Figure 13. Engineered RIVET strains are resistant to beta lactam antibiotics.

A-C) The final ODego Of different strains of Salmonella grown in the presence of carbenicillin for
20 hours. Strains include A) ancestral wild-type (14028) and sdiA::mTn3 (BA612) backgrounds,
B) RIVET strains used in house fly infections shown in Figures 2 and 3, C) engineered RIVET
strains encoding a beta-lactamase at a neutral location on the chromosome. D) Calculated mean
ICso of ampicillin for strains used in house fly studies. E) Resolution of RIVET strains after
growth in the presence of AHL (0xoC8)
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Figure 14. Beta-lactamase is not sufficient for colonization of house flies.

The engineered strains of RIVET Salmonella encoding bla at the pagC IG locus were inoculated
into house flies by free-feeding at the indicated concentration on the X-axes in a 1:1 ratio
(AMS039 and AMS040). A) Total recovery of Salmonella at 2 hours. B) Competitive fitness at 2
hours. C) Recovery and D) competitive fitness at 24 hours of indicated strains. Data includes
previous findings shown in Figures 2 and 3. Competitive indices (mutant to wild-type ratio) in
each fly at the indicated time point and feeding concentration. Competitive fitness was first
normalized to the initial mutant to wild-type ratio.
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Figure 15. Yersinia enterocolitica co-infection facilitates Salmonella
colonization in mice.

Chba/J mice maintained on a high-fat diet were infected with 10’ CFU of Y.
enterocolitica by oral gavage or not at all (day -1). One day later, 10° CFU of
a Salmonella transposon library (AMS100K) was administered to each mouse
by oral gavage (day 0). Burden of Salmonella was tracked in mice infected
with Salmonella alone (single infection, black) or with both bacteria (co-
infection, red). The burden of Y. enterocolitica in the co-infection was also
determined (blue). A) Burdens in feces on days 1-4. B) burden of each
bacteria in gastrointestinal organs on day five. C) Burden of each bacteria in
systemic organs on day five.
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Gene fitness, a measurement of fitness based on barcode abundance mapping to the
indicated genes, of each indicated mutant in the ceca of mice infected with either
Salmonella alone (black) or Salmonella and Y. enterocolitica (red). Negative values
indicate fitness defects * p<0.05, ** p<0.01. Symbols and bars indicate mean +/-

standard deviation.
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Figure 17. Maltose utilization genes exhibit Y. enterocolitica dependent changes in mutant
fitness.

Gene fitness, a measurement of fitness based on barcode abundance mapping to the
indicated genes, of each indicated mutant in the ceca of mice infected with either
Salmonella alone (black) or Salmonella and Y. enterocolitica (red). A) a schematic of
maltose transport genes in Salmonella, and their corresponding gene fitness. B) A
schematic of the cytoplasmic components of maltose utilization and their corresponding
gene fitness. C) Three genes in Salmonella (unrelated to maltose) which also exhibit Y.
enterocolitica dependent changes in mutant fitness Significance was not determined for
graphs in A-C). Symbols and bars indicate mean +/- standard deviation.
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Table 8. The frequency of luxl orthologs in metagenomes.

Metagenomes of the indicated hosts were searched for homologs of AHL synthase luxl
(V. fisheri). Any metagenome with at least one hit was considered positive. Searches
were performed by Simon Roux of the Joint Genome institute.

Host Number of Number of Percent of
Metagenomes metagenomes with | metagenomes with
(total) 1 or more Luxl 1 or more Luxl

homologs homologs

Annelida 149 33 22.1%

(segmented worms)

Arthropoda 124 21 17.0%

(Digestive)

Arthropoda (Other) | 231 67 29.0%

Birds 38 6 15.8%

Fish 11 6 54.4%

Human (Digestive) | 2,364 20 0.8%

Human (Skin) 674 121 18.0%

Human (other) 356 4 1.1%

Non-human 734 24 3.3%

mammal

(Digestive)

Non-human 21 8 38.0%

mammal (other)

Plants 572 138 24.1%

(Phyllosphere)

Plants (Rhizome) 180 138 76.7%

Plants (roots) 630 392 62.2%

Plants (other) 62 20 32.2%
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Table 9. Strains and plasmids used in this study

Strain

Genotype or Description

Source, Construction, or
Reference

ATCC 14028 (14028)

Wild-type Salmonella
enterica subspecies
enterica serovar
Typhimurium strain 14028

American Type Culture
Collection (ATCC)

JNS3206

14028 zjg8103::resl-tetRA-
reslsrgel0-tnpR-laczZY
(kanr)

145

JNS3226

BAG612 zjg8103::resl-tetRA-
reslsrgel0-tnpR-lacZY
(kanr ampr)

145

sdiA::cam

14028 sdiA::cam

311

AMS3206

JNS3206 sdiA::cam.
Made by transduction.
P22sdiA::cam X JNS3206

This Study

AMS037

14028 pagC IG::bla

This Study

AMS039

JNS3206 pagC IG::bla.
Made by transduction.
P22AMS037 X JNS3206

This Study

AMS040

AMS3206 pagC IG::bla.
Made by transduction.
P22AMS037 X AMS3206

This Study

BAG612

14028 sdiA::mTn3

139

JB580v

Wild type Yersinia
enterocolitica
Serogroup O:8; Nalr yenR

355

BW20767

E. coli RP4-2tet::Mu-
lkan::Tn7-integrant
uidA(deltaMlul)::pir+
recAl creB510 leu-63
hsdR17 endAl zbf-5 thi

ATCC

Plasmids

pINS25

Luciferase reporter plasmid
of PsrgE from 14028

146

PAMS015

Suicide vector for
construction of strain
AMS037

This study

pTOX6

Suicide vector backbone

354
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Table 10. Primers used in this study
Prim | Sequence Descript
er ion
BA36 | ACAGGACACTTGGTATACGT pTOX6
66 lineariza
tion
primer
BA36 | TTTCTTGCCGCCAAGGATCT pTOX6
67 lineariza
tion
primer
BA36 | ATCGGACCGCGGCCGCTAGCACGTATACCAAGTGTCCTGTTAAT | pAMSO
68 GACATGTTTTTAGCCG 15
construc
tion
primer
BA36 | GAGAGAAAAGACAGGCAGGTACGTGTCACTGGTAAAGAAGCCC | pAMSO
69 TGTTTTATTGACTGGCG 15
construc
tion
primer
BA36 | CTTCTTTACCAGTGACACGTACCTGCCTGTCTTTTCTCTCAATTC | pAMSO
70 TTGAAGACGAAAGGG 15
construc
tion
primer
BA36 | CGAAGGCGGTCACAAAATCTTGATGACATTGTGATTAATTGGAT | pAMSO
71 TTTGGTCATGAGATTA 15
construc
tion
primer
BA36 | AATTAATCACAATGTCATCAAGATTTTGTGACCGCCTTCGCATA | pAMSO
72 TTGTACCTGCCGCTGA 15
construc
tion
primer
BA36 | TCTTGATCCCCTGCGCCATCAGATCCTTGGCGGCAAGAAATTAA | pAMSO
73 GAAATGCCTGAAGACT 15
construc
tion
primer
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Chapter 5: Mannitol can be used to inhibit a mtID mutant of Salmonella enterica serovars

Typhimurium and Typhi in mouse models of gastroenteritis and systemic infection

5.1 Contributions

The work presented in chapter 5 is a manuscript accepted for publication in the
Journal of Bacteriology. | am the first author of this work, in collaboration with the co-
authors listed below. | would like to thank Drs. Anice Sabag-Daigle and Erin Boulanger
for their work on the topic of sugar-phosphate toxicity and mannitol sensitivity that is not
included in this work. I also would like to thank Dr. Sheryl Justice for her assistance in
experiments on uropathogenic E. coli that were not included in this work. I would also
like to thank Sabrina Lamont and Daniel Wozniak for providing Pseudomonas

aeruginosa and guidance in its growth and manipulation.
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5.2 Abstract

The ability to treat infections is threatened by the rapid emergence of antibiotic
resistance among pathogenic microbes. Therefore, new antimicrobials are needed. Here
we evaluate mannitol-1-phosphate 5-dehydrogenase (MtID) as a potential new drug
target. In many bacteria, mannitol is transported into the cell and phosphorylated by
MtIA, the EIICBA component of a phosphoenolpyruvate-dependent sugar
phosphotransferase system. MtID catalyzes the conversion of mannitol-1-phosphate (Mtl-
1P) to fructose-6-phosphate, which enters the glycolytic pathway. Mutants lacking mtID

are sensitive to mannitol due to accumulation of Mtl-1P. Here, we constructed mtID
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mutants in four different bacterial species (Cronobacter sakazakii, Pseudomonas
aeruginosa, five serovars of Salmonella enterica, and three strains of Escherichia coli),
confirming and quantifying their mannitol sensitivity. The quantification of mannitol
sensitivity in vitro was complicated by an inoculum effect and a resumption of growth
following mannitol intoxication. The rate of resumption at different mannitol
concentrations and cell population densities is fairly constant and reveals what is likely a
mannitol processing rate. Provision of mannitol in drinking water, or by intraperitoneal
injection, attenuates infection of a Salmonella enterica serovar Typhimurium mtlD
mutant in mouse models of both gastroenteritis and systemic infection. Using CC003/Unc
mice, we find that a mtID mutant of Salmonella enterica serovar Typhi is also attenuated
by provision of mannitol in drinking water. Therefore, we postulate that MtID could be a

valuable new therapeutic target.

5.3 Introduction

Bacterial infections are becoming harder to treat due to the growing prevalence of
antibiotic resistance, motivating the need to identify new drug targets. We highlight here
the difficulties in treating Salmonella enterica, a Gram-negative bacterial species
comprising over 2500 serovars that cause diseases ranging from gastroenteritis to typhoid
fever. Non-typhoidal serovars like Typhimurium typically cause self-limiting
gastroenteritis with severe inflammation lasting 4-10 days %8 and shedding of bacteria
continuing for up to five weeks °. Serovar Typhimurium induces inflammation in the gut

using two type 3 secretion systems, T3SS1 and T3SS2, encoded on separate
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pathogenicity islands (SP11 and SP12, respectively) "47°3%_ Inflammation is
advantageous for the pathogen as it eliminates competing microbial species and generates
respiratory electron acceptors such as nitrate 37 and tetrathionate **® (reviewed in -/1:/4),
Paradoxically, antibiotic treatment can prolong shedding and worsen outcomes,
presumably due to the depletion of the protective host microbiota °21%°-10¢ Therefore,
antibiotic use is typically reserved for those with severe illness or at risk for invasive
disease, with treatment focusing instead on hydration therapy to replace lost water and
salts 3%,

Strains of non-typhoidal serovars are evolving rapidly to cause invasive systemic
disease in Africa, where invasive disease is coincident with malaria, sickle cell disease,
and AIDS %0381 Two sequence types (ST) currently predominate in infections leading to
salmonellosis: serovar Typhimurium ST313 and serovar Enteritidis ST11 362, These
invasive non-typhoidal Salmonella (iNTS) are now the most common cause of
bacteremia in Africa, and they have a high prevalence of multiple drug resistance (>47%
of isolates) 19":1% The typhoidal serovars (Typhi, Paratyphi A, and a few others) are
adapted to humans and cause typhoid (or enteric) fever. The case fatality rate was 10-
20% prior to the discovery of antibiotics, which subsequently reduced mortality to 1%
primarily through the use of chloramphenicol 3%, Between 2% and 5% of people infected
with serovar Typhi become chronic carriers that shed the bacterium in their stool for
years, a condition recalcitrant to chloramphenicol treatment 52363365 Multi-drug resistant
(and recently, extensively-drug resistant) strains of serovar Typhi have emerged and are

spreading rapidly %°. These strains are particularly concerning as they are resistant to the
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once successful fluoroguinolones (e.g. ciprofloxacin) and third generation cephalosporins
366 Every year there are more than 10 million cases of typhoid fever that result in
100,000 deaths *¢7:3%8  The CDC and the WHO have listed both the typhoidal and non-
typhoidal Salmonella serovars as a threat because multiple-drug resistance is prevalent
and increasing among these organisms 369370,

Sugar-phosphate toxicity is a phenomenon in which the blockade of a sugar
utilization pathway, either with a mutation or an inhibitor, leads to the accumulation of a
toxic phosphorylated intermediate that attenuates growth 1, These toxicities were first
observed in the late 1950s during the initial discoveries of sugar utilization pathways in
Escherichia coli (E. coli) and Salmonella 31376, The phenotypic defects suffered by
mutants that accumulate a toxic intermediate can vary and include both bacteriostatic and
bactericidal outcomes !, Sugar sensitive mutants are inhibited by the presence of the
sugar (e.g., mtID in Fig. 18C) as opposed to those that simply cannot utilize the sugar,
which are referred to as sugar negative (e.g., mtlA in Fig. 18C). The mechanisms
underlying sugar-phosphate toxicity remain largely unknown (reviewed in ) and their
induction as a therapeutic strategy has not been widely explored 2L,

Mannitol is a sugar alcohol widely present in nature and synthesized by plants and
fungi for use in osmotic regulation and redox protection. Mannitol is metabolically inert
in humans *’. In Salmonella and E. coli, mannitol is catabolized by two gene products:
MtIA and MtID (Fig. 18A). MtIA is the EIICBA component of a phosphoenolpyruvate-
dependent sugar phosphotransferase system (PTS) that imports and phosphorylates D-

mannitol (hereafter, mannitol), forming mannitol-1-phosphate (Mtl-1P) 124125 Mtl-1P is
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converted to fructose-6-phosphate by mannitol-1-phosphate 5-dehydrogenase (MtID,
M1PDH) 37837 Some differences in metabolism among species exist, such as
Staphylococcus aureus (which encodes a second mannitol dehydrogenase) and
Pseudomonas aeruginosa, which appears to use an ABC transporter complex and may
phosphorylate intracellular mannitol with a separate kinase or kinases 21133380 (Fig,
18B). The sensitivity of mtID mutants to mannitol has been previously demonstrated in
Salmonella enterica serovar Typhimurium, E. coli, and S. aureus 121:122:134:380,381 |
serovar Typhimurium and E. coli, toxicity appears to be bacteriostatic in vitro, though
lysis has been reported in some mutants %2,

MtID is encoded by many pathogenic species, suggesting it may be a suitable
drug target against a variety of infectious bacteria **. However, there is limited
information on the conservation of mannitol sensitivity and the degree of attenuation of
mtlD mutants in vivo. Here, we report on mutants of mtlA and mtID in serovars of
Salmonella representing typhoidal, nontyphoidal, and invasive nontyphoidal (iNTS)
lineages. Mutations of mtlA and mtID were also constructed in enterohemorrhagic and
uropathogenic E. coli (EHEC and UPEC, respectively), Cronobacter sakazakii, and P.
aeruginosa. We find that all mtID mutants are sensitive to mannitol and all mtlIA mutants
are unable to catabolize mannitol. We discovered that quantifying mannitol sensitivity is
complicated by both an inoculum effect and the ability of mtID mutants to recover from
intoxication.

We previously found that serovar Typhimurium mtID mutants are highly

attenuated in the gastrointestinal tract of streptomycin-treated mice while in competition
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against their wild-type counterpart 31, However, the presence of the wild-type precluded
the measurement of inflammation caused by the mutant. By infecting mice with only the
mtlD mutant, we find that the provision of mannitol in the drinking water can drastically
reduce both burden and inflammation. Next, we examined the potential of mannitol to
treat systemic infections and find that mannitol provided either intraperitoneal (IP) or in
drinking water attenuates a mtID mutant in the spleen and liver. Providing mannitol in
drinking water also enhanced the survival of mice infected with the mtID mutant. Finally,
a pilot experiment using a recently described typhoidal mouse model >° suggests that
mannitol can attenuate systemic infections by a mtID mutant of serovar Typhi. In
conclusion, we find that mannitol sensitivity is conserved among mtID mutants, and
providing mannitol to infected hosts attenuates infections in the gastrointestinal tract,

spleen, and liver.

5.4 Results

5.4.1 mtID mutants of four species are mannitol sensitive while mtlA mutants are

mannitol negative.

In the 1970s, it was reported that mtID mutants of Salmonella enterica serovar
Typhimurium are sensitive to mannitol *321** and we recently confirmed this with serovar
Typhimurium strain 14028 3!, Mutation of mtID by insertion of antibiotic resistance
genes can influence mannitol toxicity phenotypes, likely by altering the expression of the

downstream regulatory gene, mtIR (Fig. 18B) *2°13!, To avoid this issue, we constructed
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non-polar, in-frame deletions of mtID and mtlA using allelic exchange. Mutations of this
type were made in several strains. For Salmonella, these included serovar Typhimurium
strains 14028 and ST4/74, the invasive nontyphoidal (iNTS) strain D23580 (ST313
lineage 2), serovar Typhi strain Ty2, and three paratyphoid serovars (A, B, and C). We
constructed mtlA and mtID mutations in E. coli K12 strain MG1655 and two pathogenic
E. coli strains (enterohemorrhagic strain 700927 (EHEC) and uropathogenic strain UT189
(UPEC)). We also constructed mutants of C. sakazakii MZ0686 lacking mtlA or mtID, as
well as a mutant of P. aeruginosa PA01 lacking mtID. Along with the phenotyping and
quantification of mannitol sensitivity below, we complemented the 14028 DmtiD2
mutation (Fig. 18D). This restored growth of the mutant on mannitol as a sole carbon
source and eliminated the sensitivity phenotype, confirming that mannitol sensitivity is
due to the loss of mtID.

Each wild-type strain and its isogenic mtlA and mtID mutant were assayed for in
vitro growth phenotypes (Fig. 24). When grown in rich media (LB) either with or without
mannitol, mtlIA mutants grew comparably to wild-type. In the presence of mannitol, all
mtlD mutants have growth defects by late exponential phase. In some cases (e.g. 14028,
Paratyphi B), mtID mutants have subtle growth defects in LB that occur during mid-
exponential phase of growth and resolve by stationary phase. This growth defect may be
due to the presence of mannitol in LB broth, which we measured at 67 + 2.3 uM. In some
cases (e.g. 14028, ST4/74), mtID mutants grown in LB with 5 mM mannitol have

decreases in ODgoo during stationary phase. This decrease may be from lysis of
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intoxicated cells, as was previously observed in nutrient broth supplemented with
mannitol 132,

Each strain was also assayed in a defined minimal medium (M9) containing either
glucose, fructose, or mannitol as a sole carbon source (Fig. 24). For auxotrophic strains,
the media were supplemented with casamino acids and tryptophan (referred to as M9
Supp). The presence of mannitol in cultures growing on fructose inhibited the growth of
all mtID mutants (but not mtlA mutants), indicating that they are mannitol sensitive.
Growth inhibition of the mtID mutants is not as severe when glucose is used as the
primary carbon source, possibly due to catabolite repression 12627, When the strains are
grown with mannitol as the sole carbon source, neither mtlA nor mtID strains can grow,
indicating they are mannitol negative and that both genes are essential for mannitol
utilization (Fig. 18C, 24). For strains grown in M9 Supp, mannitol increases growth of
wild-type but not mtlA mutants. In defined media, mannitol is bacteriostatic to mtID
mutants even at mannitol concentrations up to 300 mM (data not shown).

While each strain background behaved similarly, there are four exceptions worth
noting. First, the EHEC mtlD mutant has a partial growth defect in M9 fructose (but not
M9 glucose). Second, the mtlA mutant of serovar Paratyphi A grows in M9 Supp with no
primary carbon source added but fails to grow in M9 Supp containing 5 mM mannitol.
Third, wild-type UPEC strain UTI189, but not its mtlIA mutant, exhibits apparent
sensitivity to mannitol at high concentrations (5 mM) and lyses beginning 5 hours into
growth. This sensitivity in the wild-type strain is unlike that seen in mtID mutants which

are unable to grow at all. Interestingly, the UTI89 mtID mutant exhibits a similar drop in
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ODsoo after recovering from intoxication (Fig. 25). Finally, P. aeruginosa mtID mutants
(both our constructed strain and a transposon mutant from the Manoil collection 3%?) lack
significant mannitol sensitivity when grown in LB or M9 glucose but display typical
mannitol sensitivity in M9 fructose. These four observations were not investigated further
in this study. In conclusion, mtlA is essential for mannitol catabolism and mutation of

mtID confers sensitivity to mannitol in all strains tested.

5.4.2 The serovar Typhimurium mtID mutant is attenuated in C57BL/6 mice at

systemic infection sites when mannitol is provided

The extraintestinal sites of infection are of major importance in Salmonella
pathogenesis, particularly for the typhoidal and iNTS lineages. It has been previously
noted that a mtID mutant of Staphylococcus aureus is attenuated in the liver of C57BL/6
mice 2!, To determine if Salmonella mtID mutants are attenuated during systemic
infection, a competition experiment was performed. C57BL/6 mice were infected IP with
14028 mtlA and mtID mutants together in a 1:1 ratio. The mtlA mutant was used instead
of wild-type to avoid the wild-type gaining an advantage from utilizing mannitol as a
carbon source. Mice were then treated with mannitol by two routes, IP and through
drinking water. In human medicine, IV bags contain between 5% and 25% mannitol w/v
(274 mM to 1.37 M), with 20% mannitol being the most common. A human dose ranges
between 0.5 to 2.0 g/kg; 1.0 g/kg was used here (Fig. 19A). After four days, mice were
euthanized, and the number of each mutant present in the spleen and liver was

determined by plating homogenized organs (Fig. 19B). The mtlA and mtID mutants had
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equal fitness in the absence of mannitol treatment. Providing mannitol in either drinking
water or by IP injection led to the mtlA mutant outnumbering the mtID mutant in both the
liver and spleen by >100-fold. These results indicate that mannitol is accessible to
Salmonella in both the liver and spleen and that inactivation of mtID confers significant,
mannitol-dependent defects during systemic infections.

To determine if Mtl-1P intoxication could promote survival of infected mice, we
performed infections in which each mouse was infected with only one strain. C57BL/6
mice were infected IP to initiate systemic infection and then treated with mannitol in
drinking water at three different concentrations (10 mM, 100 mM, or 320 mM), or not
treated (Fig. 19C). We arrived at the 320 mM concentration by using as reference the
typical concentration of sugar in a can of soda. On day 4, half of the mice were
euthanized for enumeration of bacterial burden in spleen and liver. The remaining mice
were tracked for survival. The highest dose was required to significantly reduce bacterial
burden in the liver and spleen (Fig. 19E and F). Both 100 mM and 320 mM mannitol
treatments delayed mortality compared to the other groups (Fig. 19D).

The survival experiment was repeated using Swiss Webster mice (Fig. 20A). The
untreated groups infected with either wild-type or mtID were unable to survive past day
5. In the treatment groups, survival rates increased in a dose-dependent manner: 20% at
10 mM, 40% at 100 mM, and 60% at 320 mM mannitol (Fig. 3B). In the surviving mice,
there were some residual bacteria in the spleen and liver at 21 days post-infection (Fig.
20C). In a repeat of this experiment at a 10-fold higher infectious dose, treatment

significantly prolonged survival, but only one treated mouse reached the end of the study
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(Fig. 20D and E). Treatment with mannitol had no apparent adverse effects on the
surviving animals, even after 21 days. Swiss webster mice have an intact Nramp1l
(SLC11A1) gene and are more resistant to systemic infection than C57BL/6J mice, which
may explain their differences in survival rates 333 In conclusion, mannitol in drinking
water can reduce bacterial burden, prolong survival, and reduce mortality in mice

infected IP with a serovar Typhimurium mtID mutant.

5.4.3 Mannitol in drinking water can prevent serovar Typhimurium mtID mutant

expansion and inflammation in the gastrointestinal tract

In a previous study, we determined that serovar Typhimurium mtID mutants are
highly attenuated in the gastrointestinal tract of streptomycin-treated Swiss Webster mice
during competitive infection against the wild-type 3%, This attenuation was largely
independent of the presence of mannitol in the drinking water 3. The lack of mannitol-
dependence could be due to the mtID mutant having additional defects beyond mannitol
sensitivity or due to the presence of mannitol in mouse chow, which we have measured at
1.6 £ 0.057 mM. An unresolved question in this competition experiment was whether the
mtID mutant can cause inflammation of the gastrointestinal tract 3,

To answer this question, we inoculated mice with either the wild-type or mtID
mutant alone. The Swiss Webster mice were pre-treated with streptomycin, which
disrupts the microbiota and renders them susceptible to Salmonella-mediated
inflammation 2. One day later they were infected with serovar Typhimurium by oral
gavage. Mannitol was provided in the drinking water. Feces were collected daily and

mice were euthanized on day five for enumeration of bacteria in the cecum and for
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histopathology of the proximal colon. As expected, the mice infected with wild-type
Salmonella had high bacterial counts and severe inflammation (Fig. 41B and C). The
mtlD mutant burden in mice treated with 320 mM mannitol dropped below the detection
limit (1 CFU/mg) by day 2 and was not detected in the cecum on day 5. All treatment
groups (and the untreated mtID mutant) had significantly lower inflammation than the
wild-type, dramatically so in the 320 mM mannitol group (Fig. 41C). In conclusion,

mannitol can inhibit a Salmonella mtID mutant in the gut and prevent inflammation.

5.4.4 Pilot study on the in vivo efficacy of mannitol treatment against a mtID

mutant of S. Typhi.

Based on our in vitro and in vivo findings above, we hypothesized that mtiD
mutants of other pathogens could also be attenuated by mannitol during infection. We
performed a small pilot study using a recently developed typhoidal mouse model °°.
CC003/Unc mice were infected with serovar Typhi by the IP route to initiate a systemic
infection and then provided mannitol in drinking water at 100 mM. This treatment led to
an 18-fold reduction in burden of the mtID mutant in the spleen but no change in the liver

or gallbladder (Fig. 22B).
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5.4.5 Bacterial inoculum density and recovery from mannitol intoxication both

affect 1Csp

To determine the minimal inhibitory concentration (MIC) of mannitol, we grew each mtID
mutant in M9 fructose (or M9 Supp fructose) supplemented with mannitol at various
concentrations. These assays revealed that intoxicated mtlID mutants eventually resume
growth, a phenotype we refer to as recovery. The recovery phenotype occurs in a mannitol
concentration-dependent manner: growth resumes faster when the mannitol concentration
is lower (Fig. 23A). Additionally, beginning the growth assays with fewer cells appears to
delay the onset of recovery (Fig. 23B and C). Changes in MIC from changes in initial
population size, referred to as inoculum effects, have been observed in the study of
antibiotics (particularly beta-lactams) 38-3%, Both phenotypes complicate the calculation
of a mannitol MIC because the inhibitory concentration (ICso) changes as a function of
both the initial population size and the time point selection.

We first determined the effect of inoculum size on MIC. The ICsp of a 1:100 diluted
AmtID2 mutant (AMS302, ~10” CFU/mL) is 27.4 uM after 20 hours of growth (Fig. 23D).
When the inoculum is diluted further, the ICso is reduced 6-fold at a 1:1,000 dilution (~10°
CFU/mL), and 24-fold at a 1:10,000 dilution (~10° CFU/mL), confirming an inoculum
effect. It should be noted that the time point used for the calculation was 4 hours later for
each 10-fold dilution to compensate for the delay in reaching an equivalent ODgoo. The
time point selected for 1Cso readings does not abolish the inoculum effect, as we calculated
the ICso at hourly intervals for all cultures (Fig. 23E). No matter the time point chosen, the

starting inoculum size affects the 1Cso. The I1Cso changes over time are largely linear. This
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prompted us to calculate the ICso as the number of mannitol molecules per cell. These plots
were also linear over time, but the slopes of the lines are quite similar, ranging between 1.2
x 108 molecules of mannitol per cell per hour for the highest concentration inoculum (1:100
dilution) to 4.5 x 108 molecules of mannitol per cell per hour for the lowest concentration
inoculum (1:10,000 dilution). We propose that this represents a rate for resolving the
effects of, or processing, mannitol intoxication.

In Table 13 we present the inhibitory concentration (ICso) of mtID mutants using
either a 1:100 or 1:10,000 dilution from a washed overnight culture at the 20- or 28-hour
time point, respectively, in M9 fructose supplemented with mannitol. The time point used
for M9 Supp was 10 or 14 hours (for the 1:100 or 1:10,000 dilutions, respectively) to
compensate for the faster growth rate and reduced lag phase of the strains. Using these
criteria, the 1Cso of mannitol for mtID mutants of all species and strains tested is <50 mM.
The inoculum effect and recovery phenotypes are observed in all mtID mutants (Table 13
and Fig. 25). In Fig. 27, we present the data using Suppression Index 3%, Suppression Index
offers quantified values for evaluating the efficacy of mannitol-dependent inhibition of
growth, in which the area under the OD-time curve of treated and untreated cells is
compared. Because the Salmonella mtID mutant recovers from mannitol over time, the
suppression index is dependent on how long the growth measurements are performed.
Therefore, we calculated the suppression index as if the growth measurements had been
performed for 18 different time periods and plotted the results (Fig. 27B). As expected, the
suppression index increases with increasing mannitol concentrations (Fig. 27C) referring

to better efficacy in a dose dependent manner. The mannitol concentration that provides
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Suppression Index of 0.5 (ICso) is about 12.5 mM, comparable to the value obtained in
Table S3. Therefore, this may be a useful method of presenting inhibition data in situations

where there are inoculum effects and recovery of growth.

5.5 Discussion

We became interested in sugar-phosphate toxicities (loosely defined) after
characterizing a toxic metabolic intermediate within the fructose-asparagine utilization

pathway 392

. We then reviewed the literature surrounding other sugar-phosphate toxicities
111 and tested the induction of seven of these toxicities for attenuation of Salmonella in
the murine gastrointestinal tract **X. Of the seven, the provision of rhamnose to a rhaD
mutant, arabinose to an araD mutant, or mannitol to a mtID mutant, caused severe
attenuation of Salmonella in the gastrointestinal tract 1. We hypothesize that any of
these three enzymes could be used as a therapeutic target for the treatment of Salmonella-
mediated gastroenteritis. However, of these three we suspect that MtID is the most
promising therapeutic target, primarily because as we show here, mannitol can reach the
mtID mutant of Salmonella at systemic sites. In contrast, injection of fructose-asparagine
or rhamnose does not inhibit fraB or rhaD mutants at systemic sites, respectively
(unpublished data and Fig. 26). We have not yet tested the effect of arabinose on an araD

mutant at systemic sites. Because Salmonella is an intracellular pathogen, we were

surprised that mannitol administered orally or IP to mice could reach Salmonella in the
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spleen and liver. However, there are two previous publications demonstrating that, at
least in tissue culture cells, mannitol in the growth medium is metabolized by
intracellular Salmonella 3%32%, |V injection of mannitol has also been shown to attenuate
a mtID mutant of S. aureus in the kidneys and liver *2', How mannitol gains entry to
eukaryotic cells is not known.

Another advantage of MtID as a therapeutic target is that the safety profile and
pharmacokinetics of mannitol are well known. Mannitol is a natural product, synthesized
by plants and fungi as a compatible solute to regulate osmolarity, and also as a storage
molecule and a redox protectant 3’7, In humans, mannitol is metabolically inert with 80%
of the mannitol injected intravenously being secreted into the urine within three hours %°.
The osmotic properties of mannitol enable its use in medicine as an osmotic diuretic to
reduce intracranial pressure/cerebral edema, to reduce intraocular pressure, or to promote
diuresis in the oliguric phase of acute renal failure (OSMITROL, NDC0338-0357-03) 18,
Mannitol has also found application in the respiratory tract, both as a diagnostic for
asthma and as a therapeutic to enhance mucociliary clearance in cystic fibrosis patients
(reviewed in 1*%). The host microbiota appears to metabolize a significant percentage of
orally consumed mannitol, reducing the efficiency of uptake via the oral route ¥, While
mannitol is clearly safe for humans, there are some caveats. Some polyols can cause
osmotic diarrhea, intestinal bloating, or flatulence when consumed in high quantities
(especially glucitol, also known as sorbitol) %37, The FDA requires that any human
food that may result in more than 20 g of mannitol ingestion per day, be labeled as

potentially having a laxative effect. Thus, identifying the lowest concentration of
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mannitol, and most effective route of delivery, will be important if this strategy is to be
used to treat infections.

Overall, our data indicate that a MtID inhibitor coupled with mannitol may be an
effective therapeutic strategy in combating gastroenteritis or systemic infection caused by
the non-typhoidal Salmonella serovars including the invasive non-typhoidal serovars that
have recently emerged in Africa. It is likely that the typhoidal serovars could also be
treated with this strategy. MtID mutants of serovars Typhi, Paratyphi A, B, and C are all
similar to serovar Typhimurium with regard to mannitol sensitivity. Additionally, we
used a new mouse model that is permissive to serovar Typhi infection to demonstrate that
mannitol can reduce the quantity of a serovar Typhi mtID mutant in the spleen.
Unfortunately, these mice are expensive and slow to reproduce so we have only tried one
dose of mannitol by one route. The route and concentration chosen, 100 mM in drinking
water, is likely not optimal. When more mice become available, we would like to test the
hypothesis that a higher concentration of mannitol in the drinking water, or the use of the
IV route, could more thoroughly eliminate serovar Typhi from the mice.

We constructed a mtID mutant of Cronobacter sakazakii and confirmed that it is sensitive
to mannitol. This organism can contaminate powdered infant formula and then cause
lethal infections in the neonates fed the formula. The administration of mannitol and a
MtID inhibitor may be able to treat these infections, as well.

MtID is highly conserved among the Escherichia, Salmonella, Cronobacter,
Streptococcus, Vibrio, the CRE pathogens (carbapenem-resistant Enterobacteriaceae),

and most of the ESKAPE pathogens including Enterococcus, Staphylococcus, Klebsiella,

185



Pseudomonas, and Enterobacter 31, Gene presence is likely to predict drug effectiveness
as MtID is highly conserved among the genera listed above (>50% identity) and X-ray
crystal structures of MtID from a Gram-positive organism, S. aureus, and a Gram-
negative organism, Shigella flexneri, reveal highly conserved NAD™ and mannitol-
binding residues as well as the catalytic triad (Lys, Asn, Asn) 121:3% MtID is found in
only 2% of the Bacteroidota and 40% of the Firmicutes, thus inhibitors of MtID would
likely spare much of the normal microbiota in the gastrointestinal tract 3. MtID is a
narrow-spectrum target, but not too narrow to limit utility.

Our efforts to quantify the MIC of mannitol for mtID mutants were complicated
by both an inoculum effect and a recovery phenotype. Inoculum effects are changes in
inhibitory concentrations of compounds (e.g. antibiotics) due to changes in the initial
bacterial population 388-390:3% The |Cso of mannitol is reduced significantly by diluting
the initial population. These inoculum effects are greatly reduced by presenting the ICso
as molecules of mannitol per cell rather than simply mannitol concentration (Fig. 6D).
The second complication is that the bacteria recover from intoxication over time. Thus,
choosing a time point for the ICso calculation has large effects on the result. When we
calculated the 1Cso at every time point (hourly), we noted a linear relationship between
ICso and time. The slope of the line in molecules of mannitol per cell per hour provides
what we propose to be a processing rate for the effects of mannitol toxicity (Fig. 23).
“Processing” could represent the elimination of Mtl-1P either by cleavage, conversion to
another molecule, or efflux from the cell 4°°. Repairing damage caused by Mtl-1P

accumulation may also be necessary. To our knowledge, antibiotic challenged cells do
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not exhibit recovery phenotypes. The unique nature of this phenotype may prompt the
need for alternative approaches in quantifying toxicity (i.e. processing rate rather than
MICs or suppression indices). The underlying mechanisms of both intoxication and
recovery are under active investigation in our lab and could inform the application of a

future therapeutic.

5.6 Methods
5.6.1 Bacterial strains and media

Strains used in this study are listed in Table 11. Bacteria were routinely grown in
Lysogeny Broth (LB) or on LB agar (1.5% w/v). Minimal media (M9) contained 1X M9
Salts, 2 mM MgSOa, 0.1 mM CaCl,, 0.01 mM thiamine, and trace elements 353, M9 Supp
is M9 with casamino acids (final concentration 0.2%) and tryptophan (final concentration
1 mM). Sugars were supplemented into the media at the designated concentration in the
text. Antibiotics were used at the following final concentrations: kanamycin (kan) at 50
pg/mL, chloramphenicol (cam) at 30 pg/mL, ampicillin (amp) at 100 pg/mL, and
gentamicin at 10 or 50 pg/mL. Diaminopimelic acid was used at a final concentration of
100 pM. Sucrose was used at a final concentration of 10%. Anhydrotetracycline (AHT)

was used at a final concentration of 0.5 pug/mL.
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5.6.2 Construction of mutants

Primers used in this study are listed in Table 12. Deletions of mtlA and mtID in
Salmonella enterica, Escherichia coli, Cronobacter sakazakii, and Pseudomonas
aeruginosa were constructed using allelic exchange. Each mutation was made by a strain-
specific suicide vector made with Gibson assembly in the vector backbone pFOK
(Salmonella, Escherichia, Cronobacter) or pEX18 (Pseudomonas). Each plasmid had
two inserted fragments (the upstream and downstream regions of the target gene, to
create an in-frame deletion) with overhangs homologous to the first or last 30 nucleotides
of the deleted gene. The final product encodes the first and last 10 amino acids in each
gene. We identified regions upstream, downstream, and within the mtl locus to act as
sites of conserved overlap homology (sequences were conserved in all strains within the
species at those specific sites). This reduced the number of primers needed for
construction of mutations in different strains. However, for each strain, a unique suicide
plasmid was made. The Salmonella upstream mtlA fragment was amplified with primers
BA4111 and BA4113 and downstream fragment with primers BA4114 and BA4112. The
upstream mtID fragment was amplified with primers BA4111 and BA4115 and
downstream fragment with primers BA4116 and BA4112. The E. coli upstream mtIA
fragment was amplified with primers BA4127 and BA4128 and downstream fragment
with primers BA4129 and BA4120. The upstream mtID fragment was amplified with
primers BA4117 and BA4118 and downstream fragment with primers BA4119 and
BA4120. The Cronobacter upstream mtlA fragment was amplified with primers BA4143

and BA4144 and downstream fragment with primers BA4145 and BA4148. The
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upstream mtID fragment was amplified with primers BA4143 and BA4146 and
downstream fragment with primers BA4147 and BA4148. The P. aeruginosa upstream
mtID fragment was amplified with primers BA4138 and BA4136 and downstream
fragment with primers BA4137 and BA4135.

The pFOK vector was linearized by PCR with primers BA3875 and BA3876. The
PEX18 vector was linearized with primers BA4130 and BA4131. Vector and fragments
were purified by gel extraction, quantified by nanodrop, and assembled according to the
manufacturer’s instruction (NEB cat # E5510). Product was transformed into
TransforMax EC100D pir+ E. coli by electroporation (Lucigen ECP09500), selecting on
LB kan at 50 mg/mL (pFOK) or LB gent at 10 mg/mL (pEX18). Plasmids were
confirmed by PCR, purified from EC100D pir+ cells and moved into mating strain
Jke201 by electroporation (LB DAP kan or LB DAP gent at 10 mg/mL). Allelic
exchange was performed by mating Jke201 + plasmid with a recipient strain on LB DAP.
Exconjugants were isolated on LB kan or LB gent at 50 mg/mL. Isolates were outgrown
without selection in LB and dilution plated on LB AHT sucrose (pFOK) or LB sucrose
(pEX18). Individual colonies were screened for loss of vector resistance to identify
isolates in which the vector has recombined out of the chromosome. Mutants were
distinguished from wild-type by screening on M9 Mtl which identifies both mtlA and
mtlD mutants. Auxotrophic strains were screened on M9 Supp Mtl. Mutations were

confirmed by PCR.
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5.6.3 MtID complementation plasmid

The complementation plasmid of MtID was constructed into the low copy number
vector pWSK29 (amp") 4%, The mtID gene of Salmonella strain 14028 was amplified by
PCR with primers BA4123 and BA4124. The PCR product was cloned into pCR2.1
(TOPO, kan"). This plasmid was digested with EcoRI to remove the mtID insert and
ligated into the EcoRl site of pWSK29 with T4 ligase, transformed into competent E.
coli, selecting on LB amp. Isolates were screened for insertion and orientation using
BA2473 and BA4124. The confirmed plasmid (pAMS394) and vector (pPWSK29) were
transformed into 14028 AmtID2 (AMS302) by electroporation. Isolates were selected and

maintained on LB amp.

5.6.4 Growth assays

Growth was measured over time in the Spectramax i3x (Molecular Devices) in
flat, clear-bottom plates (Corning, catalog # 3370). Readings of the optical density at
600nm (ODs0o) Were taken at the times indicated in each figure. Overnight cultures of
strains were washed and resuspended in water, then inoculated into designated media at a
dilution of 1:100 (2 pL of culture and 198 pL of media). For further dilutions, washed
cultures were serially diluted in water 10-fold before inoculating. A breathe-easy
membrane film (Sigma, catalog # Z380059) was placed over the top of each plate to
allow for gas exchange. All experiments were incubated at 37°C. All growth assays were

performed on at least three separate occasions.
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5.6.5 Minimum inhibitory concentrations

Inhibitory concentration (ICso) was determined for each strain by growth assays in
M9 or M9 Supp (M9 + 0.2% casamino acids + 1mM tryptophan) + 5 mM fructose.
Mannitol was added in a series of concentrations varying by two-fold. Each strain was
grown overnight in LB, washed and diluted in water, then inoculated into the media.
Growth was measured every hour (measuring ODsoo) at each time designated in each
experiment. 1Cso was calculated by nonlinear regression analysis, using normalized
growth, bracketed by a no mannitol control representing maximum growth (100%) and
the no growth control (0%) at the specified time. In each assay, the highest concentration
used was sufficient to prevent growth of the culture (recovery) for the time point used in

the calculation. All MIC assays were done on at least 3 independent occasions.

5.6.6 Systemic infections with S. enterica serovar Typhimurium

Six-to-eight week old C57BL/6 and Swiss Webster mice were acquired from
Jackson Labs and Taconic Farms, respectively. Overnight cultures of strains designated
for each experiment were washed and resuspended in water. After diluting to the desired
concentration, mice were infected by intraperitoneal injection (IP) in a total volume of
200 pL. Mice were monitored daily for weight loss and early removal criteria, including

weight loss >20%.
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In the competition experiment using C57BL/6J mice, where specified, mice were
treated, or not, with mannitol by either IP injection or drinking water. For IP treatment,
one dose per day for three (days 1-3) of 1 g/kg were delivered to each mouse. For
drinking water treatment, mannitol was supplemented into their drinking water to
specified final concentrations, beginning after infection (day 0). Mice were euthanized on
day 4. Homogenized liver and spleen were dilution plated on LB kan and LB cam for
determining wild-type and mutant burdens. Competitive index (CI) was calculated as the
ratio of mutant to wild-type divided by the initial mutant-to-wild-type ratio.

In the competition experiment using C57BL/6J mice testing rhamnose-dependent
fitness, the experiment was performed identically as the mannitol experiment above
except different strains were used and rhamnose was used instead of mannitol. Rhamnose
was delivered IP at 1 g/kg per day for three days and drinking water treatment containing
rhamnose at 100 mM was provided beginning after infection.

In the survival study using C57BL/6J mice, where specified, mice were treated or
not with mannitol in drinking water. For drinking water treatment, mannitol was
supplemented into their drinking water to the specified final concentrations beginning
after infection (day 0). On day 4, half of each group was euthanized for determining
bacterial burden. Homogenized liver and spleen were plated on LB. The remaining mice
were monitored and euthanized upon reaching removal criteria.

In the survival studies using Swiss Webster mice, where specified, mannitol was
provided in drinking water. For drinking water treatment, mannitol was supplemented

into their drinking water to the specified final concentrations beginning after infection
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(day 0). After infection, mice were monitored using the same criteria. Mice reaching the
end of the study (day 21) were euthanized for determining Salmonella burden in the liver

and spleen. Homogenized organs were plated on LB.

5.6.7 Gastroenteritis infections with S. enterica serovar Typhimurium

Six-to-eight week old Swiss Webster mice were acquired from Taconic Farms.
Mice were pre-treated with 20 mg in 200 pL of streptomycin, delivered by oral gavage
(day -1). One day later, mice were infected with Salmonella by oral gavage in 200 pL
water (day 0). Where specified, mice not treated or treated with mannitol by drinking
water, supplemented into their drinking water to specified final concentrations beginning
after infection (day 0). Feces were collected daily for 4 days, homogenized, and plated on
XLD for quantification. On day 5, mice were euthanized, and ceca were collected for
determining Salmonella burden. Proximal colon was collected, stored in formalin, and
sent to HistoWiz (Brooklyn NY, USA) for histopathology, which was analyzed without

knowledge of group conditions (e.g. control vs treatment).

5.6.8 Systemic infections with S. enterica serovar Typhi

CC003/Unc mice were bred in-house and used at 7 weeks of age. 2 x 10* CFU of
Salmonella enterica serovar Typhi were delivered IP in a total volume of 200 uL of PBS.

Where indicated, mice were provided 100 mM mannitol in their drinking water beginning
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immediately after infection (day 0). On day 6, mice were euthanized, and organs (liver,

spleen, and gallbladder) were harvested for enumeration of CFU by plating on LB agar.

5.6.9 Animal assurance

All animal work was performed using protocols approved by our Institutional
Animal Care and Use Committee (IACUC; OSU 2009A0035) and in accordance with the

relevant guidelines set forth in the Guide for the Care and Use of Laboratory Animals 3%,

5.6.10 Quantification of mannitol in LB and mouse chow

D-Mannitol was purchased from Sigma Aldrich (MO, USA). D-Mannitol(*3Cs)
was purchased from Cambridge Isotope Laboratories (MA, USA). Optima LC/MS grade
formic acid, water, and acetonitrile were purchased from Fisher Scientific (MA, USA).
Precellys lysing kit was purchased from Bertin Technologies (France).

For quantification of mannitol in mouse chow, 20 mg of sample and 1 mL
DCM/Methanol/water (3:2:1; v/v/v) extract solution were added to 2 mL Precellys lysing
kit (Bertin, France). Each sample was homogenized at 6800 RPM for 4 cycles (30 s per
cycle with 45 s pause) using Bertin Precellys Homogenizer (Bertin, France). The
homogenized sample was sonicated in a water bath for 10 minutes at room temperature
and followed by centrifugation at 10,000 rcf for 5 minutes. To minimize matrix effect, 2

ML of aqueous phase extract was diluted 50 times with water and spiked with 1 ppm
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internal standard. External calibration was prepared in water with spiked internal standard
at 1 ppm. Five microliters of calibration and samples were analyzed by LC-MS/MS.

For quantification of mannitol in LB, 20 pL broth and 1 mL
DCM/Methanol/water (3:2:1; v/v/v) extract solution was added to a 2 mL Eppendorf
tube. The sample was vortexed for 20 seconds, sonicated in water bath for 10 minutes,
and followed by centrifugation at 10,000 rcf for 5 minutes at room temperature. The
aqueous phase was transferred out and diluted 20 times before preparing the standard
addition. The individual calibration was prepared by spiking 0.5, 1, 2, 3, 4 ppm of D-
Mannitol in the diluted aqueous extract. The internal standard of D-Mannitol(**Cs) was
spiked in each calibration levels at 1 ppm. Finally, five microliters of the standard
addition levels were analyzed by LC-MS/MS. Both calibration curves and samples were
analyzed in triplicates.

The quantification was carried out on a Vanquish UHPLC coupled to an Orbitrap
Exploris 480 mass spectrometer (Thermo Fisher, MA, USA). The analytes were
separated on a Accucore C18 2.6 um 2.1 x 100 mm column using the binary solvents of
water with 0.1% formic acid (v/v) (solvent A) and acetonitrile with 0.1% formic acid
(v/v) (solvent B). The gradient was: 0—1 min, 2% B; 1-3 min, 2 %-5 % B; 3-5 min, 5%—
50 % B; 5-6 min, 50-95% B; 6-8 min, holding at 95 % B; 8-8.01 min, 95 %-2% B; 8.01-
10 min, holding at 2% B. The flow rate of 0.3 mL/min. The following mass spectrometer
instrument settings were used: ion source = H-ESI; positive ion = 3500 V; sheath gas =
35; aux gas = 7; ion transfer tube temperature = 320°C; vaporizer temperature = 275°C;

HCD collision energy = 60%; RF lens = 60%. The mannitol (205.0683 m/z) and
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mannitol(**Cg) (211.0884 m/z) were detected by tMS? mode between 0-9 minutes. Both
external calibration and standard addition curves demonstrated great linearity with R? >

0.99.
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5.7 Figures
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Figure 18. Mannitol catabolism and sensitivity in bacteria

A) Schematic of mannitol catabolism in E. coli and Salmonella. Periplasmic mannitol is
imported into the cytoplasm by MtIA (in green, the EIICBA component of a
phosphoenolpyruvate-dependent sugar phosphotransferase system), producing Mannitol-
1-Phosphate (Mtl-1P). Mtl-1P is oxidized to fructose-6-phosphate by D-Mannitol-1-
phosphate 5-Dehydrogenase (MtID, Blue), generating NADH from NAD™,

B) Mannitol utilization loci in Salmonella enterica serovar Typhimurium (14028),
Pseudomonas aeruginosa (PA01), Staphylococcus aureus (USA300), Escherichia coli
(MG1655), and Cronobacter sakazakii (MZ0686).

C) Growth of Salmonella wild-type (14028), DmtlIA2 (AMS300), and DmtID2 (AMS302)
in M9 + 5 mM mannitol (top row), or M9 + 5 mM fructose + /- 1 mM mannitol (bottom
row). In the bottom row, open symbols are M9 fructose and closed symbols are M9
fructose mannitol.

D) Plasmid complementation of DmtID2 mutation restores function. Growth of DmtID2 mutant
carrying plasmid-encoded mtID (pAMS394) or vector (pWSK29) in M9 + 5 mM fructose, M9 +
5 mM mannitol, or M9 + 5 mM fructose and 1 mM mannitol
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Figure 19. A Salmonella enterica serovar Typhimurium mtID mutant is attenuated during
systemic infection of C57BL/6 mice when mannitol is provided.

A, B) Groups of five C57BL/6 mice (female) were inoculated with a 1:1 ratio of mtlAl::cam (EFB036) and DmtID1
mutant (AMS276) by the IP route, totaling 300 CFU. One group was provided mannitol (100 mM) in their drinking
water immediately after infection for the duration of the experiment. Another group was provided mannitol (100 pL of
1 M, equivalent to ~1 g/kg) by the IP route on days 1, 2, and 3 post-infection. A third group received no mannitol. B)
On day 4, the burden of DmtlAl::cam and DmtID1 mutant serovar Typhimurium in the spleen and liver was
determined by dilution plating on LB cam (mtlA) and LB kan (mtID) to distinguish the two strains. The competitive
index is plotted, calculated as logio of the mtlA to mtID ratio, normalized to the initial ratio (0.8:1). Statistical
significance was evaluated using a one sample, two-tailed t test. * P < 0.05, ** P < 0.01. C-F) Groups of ten C57BL/6
mice (female) were inoculated with 500 CFU of wild-type (14028) or DmtID2 mutant (AMS302) serovar
Typhimurium by the IP route. Mannitol was provided in drinking water immediately after infection at either 0, 10, 100,
or 320 mM for the duration of the experiment. D) Kaplan-Meier plot of survival. The log-rank (Mantel-Cox) test and
Gehan-Breslow-Wilcoxon test both indicate that the 100 mM and 320 mM groups are different than the other three
groups (P < 0.01). The Gehan-Breslow-Wilcoxon test, but not the Mantel-Cox test, indicates that the 320 mM group is
different than the 100 mM group (P < 0.05). On day 4, five mice from each group of ten were sacrificed for
enumeration of bacterial burden in the spleen (E) and liver (F). Fold-differences in burden are indicated and statistical
significance was evaluated using Tukey's multiple comparison test. * P < 0.05.
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Figure 20. A Salmonella enterica serovar Typhimurium mtID mutant is attenuated during
systemic infection of Swiss Webster mice.

Groups of five Swiss Webster mice (female) were inoculated IP with 2 x 10° CFU (A-C)
or 2 x 10° CFU (D-E) of wild-type serovar Typhimurium (14028) or DmtID2 mutant
(AMS302). Mannitol was provided in drinking water immediately after infection at
either 0, 10, 100, or 320 mM for the duration of the experiment. Survival was monitored
over 21 days (B, E). On day 21, surviving mice from panel B were sacrificed for
enumeration of bacterial burden in the spleen and liver (C). B) The Gehan-Breslow-
Wilcoxon test indicates that the 320 mM group is different than the wild-type and mtiD
groups (P < 0.01) and the 10 mM group (P <0.05) but not the 100 mM group. The log-
rank (Mantel-Cox) test indicates that the 320 mM group is different than the wild-type
and mtID groups (P < 0.01) but not the 10 mM or 100 mM groups. E) The log-rank
(Mantel-Cox) test and Gehan-Breslow-Wilcoxon test both indicate that the wild-type
group is different than the other four groups (P < 0.01).
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Figure 21. A Salmonella enterica serovar Typhimurium mtID mutant is
attenuated during gastrointestinal infection of streptomycin-treated
Swiss Webster mice.

One day after streptomycin treatment, groups of five mice
(female) were inoculated orally with 1 x 10* CFU of wild-type
serovar Typhimurium (14028) or DmtID2 mutant (AMS302).
Mannitol was provided in drinking water immediately after
infection at either 0, 10, 100, or 320 mM for the duration of the
experiment. B) Fecal samples were collected daily for
enumeration of CFU. On day 5 post-infection, mice were
sacrificed for enumeration of CFU in the cecum. C)
Histopathological analysis was performed on the proximal colon.
Statistical significance was evaluated using Dunnett's multiple
comparisons test (B) or Tukey's multiple comparison test (C). * P
<0.05, ** P <0.01, *** P < 0.001, **** P < 0.0001.
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Figure 22. A Salmonella enterica serovar Typhi mtID mutant is sensitive to mannitol in
CC003/Unc mice.

A, B) Groups of five CC003/Unc mice were infected with 2 x 10* CFU of either wild-type
Salmonella enterica serovar Typhi (Ty2) or DmtID6 mutant (AMS310) by the IP route. Mannitol
was provided in drinking water immediately after infection at either 0 or 1200 mM for the duration
of the experiment. On day 6, mice were sacrificed for enumeration of bacterial burden in the
spleen, liver, and gallbladder. Statistical significance was determined using Tukey's multiple

comparison test. * P < 0.05
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Figure 23. There is an inoculum effect and recovery from mannitol intoxication.

A-C) Growth of the Salmonella enterica serovar Typhimurium DmtlD2 mutant (AMS302) in M9
+ 5 mM fructose supplemented with mannitol at various concentrations. Concentrations are
indicated to the right of each graph. The control (blue) contains no mannitol. The initial
population of cells comes from an overnight culture washed and diluted 1:100 (1 x 10’ CFU/mL)
(A), 1:1,000 (1 x 10° CFU/mL) (B), or 1:10,000 (1 x 10° CFU/mL) (C). Growth (ODeqo) Was
monitored for 32 hours. D) The 1Cso of mannitol for the DmtID2 mutant (AMS302) grown in M9
fructose with units of uM (left) or number of mannitol molecules per cell (middle). The table
(right) shows the time point that was chosen, the dilution, the inoculum (in CFU/mL), the mean
ICso, and the mannitol to cell ratio for each dilution. Statistical significance in D) was determined
using two-tailed student’s t-test. E) I1Cso of mannitol for the mtID2 mutant (AMS302) grown in
M9 fructose using different time points for three inoculum dilutions (1:100, 1:1,000, 1:10,000),
with units of uM (left) or number of mannitol molecules per cell (middle). Slopes were
determined by linear regression analysis. Statistical significance was evaluated using Dunnett's
multiple comparisons test. **** P < 0.0001. The table (right) summarizes data and statistical
analysis for the two graphs. SD - Standard deviation, SE - Standard error.
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Figure 24. Growth Kkinetics of wild-type, mtlA, and mtID mutants
of different bacterial species and strains.

Overnight cultures of strains were washed and diluted
1:100 into different media, listed as columns in the figure.
Growth (ODeoo) was measured every hour for 20 hours.
Each row is a wild-type strain (circle), mtlIA mutant
(square), and mtID mutant (triangle). In growth curves
performed with LB, M9 Fructose, M9 Glucose, M9 Supp
Fructose, and M9 Supp Glucose media, mannitol was
added at 1 mM and mannitol containing cultures are
indicated as closed symbols. Fructose was added at 5 mM
and Glucose was added at 5 mM. For M9 Mannitol and M9
Supp Mannitol, mannitol was added at 5 mM. For M9
Supp Mannitol graphs, open symbols are M9 Supp with no
mannitol. M9 Supp contains M9 + 0.2% casamino acids +
1 mM Tryptophan.
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Figure 24 (cont.)
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Figure 25. Recovery from mannitol intoxication is conserved among mtID mutants of
different bacterial species and strains.

Overnight cultures of each mtID mutant were washed and diluted 1:100 into M9 + 5mM
fructose (A) or M9 Supp + 5 mM fructose (B) in varying concentrations of mannitol
indicated by the legend in the figure. Growth (ODsoo) Was measured every hour for 20
hours. Each strain is indicated in the title of each figure.
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Figure 26. Treatment of mice infected with Salmonella rhaD mutant using IP rhamnose.

A) Groups of five C57BL/6 mice (female) were inoculated with a 1:1 ratio of rhaB::kan
(EFB063) and rhaD::cam mutant (EFC015) by the IP route, totaling 200 CFU. The rhaB::kan
mutant acts as a 'wild-type' control that cannot benefit from rhamnose as a nutrient. One group of
mice was provided rhamnose in their drinking water (100 mM) immediately after infection for
the duration of the experiment. Another group was provided rhamnose (100 pL of 1 M,
equivalent to ~1 g/kg) by the IP route on days 1, 2, and 3 post-infection. A third group received
no mannitol. B) On day 4, the burden of rhaB::kan and rhaD::cam mutant serovar Typhimurium
in the spleen and liver was determined by dilution plating on LB cam (rhaD) and LB kan (rhaB)
to distinguish the two strains. The competitive index is plotted, calculated as logo of the rhaD to
rhaB ratio, normalized to the initial ratio (1:1).
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Figure 27. Suppression index for mannitol intoxicated Salmonella mtID mutant
(AMS302).

The suppression index calculates the ratio between the area under a growth curve
(AUC) for untreated cells (control) compared to treated cells (Suppression index =
(AUCuntreated - AUCrreated)/AUCuntreated). Since Salmonella mtID mutant cells recover
from low concentrations of mannitol intoxication, the suppression index can be quite
different depending on how long the growth curves are performed. Therefore, we
took the growth curves in panel A and calculated the suppression index as if the
growth curves had been performed for 1 hour, 2 hours, 3 hours, etc, and plotted each
of these values (panel B). A bar graph of the suppression index for 20 hours of
growth is shown in panel C. Statistical significance was evaluated using Dunnett's
multiple comparisons test. * P < 0.05, **** P < 0.0001.
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Table 11. Strains and plasmids used in this study.

Strain

Genotype or Description

Source, Construction, or
Reference

ATCC 14028 (14028)

Salmonella enterica
serovar Typhimurium

American Type Culture
Collection (ATCC)

ST4/74 Salmonella enterica serovar | 492
Typhimurium

Ty2 Salmonella enterica serovar | John Gunn
Typhi

D23580 Salmonella enterica serovar | Jay Hinton 4%
Typhimurium ST313
lineage 2

MZ1299 (SGSC4902) Salmonella enterica serovar | Michael McClelland
Paratyphi A

MZ0955 (SGSC4150) Salmonella enterica serovar | Michael McClelland ***
Paratyphi B

MZ0875 (SGSC2290) Salmonella enterica serovar | Michael McClelland
Paratyphi C

MG1655 Escherichia coli K-12 E. coli Genetic Stock Center

700927 Enterohemorrhagic ATCC
Escherichia coli O157:H7
(EHEC)

UTI89 Uropathogenic Escherichia | Sheryl Justice
coli (UPEC)

Jke201 Mating strain of E. coli, see | Gift from Dirk Bumann,
reference 3% for full 309
genotype and description

PAO1 Pseudomonas aeruginosa Daniel Wozniak
strain PAO1

MZ0686 Cronobacter sakazakii Michael McClelland

JLD1214 14028 1G(pagC- 113
STM14 1502)::cam

EFB004 14028 AmtID1 131

EFB036 14028 mtlA1::cam 131

EFB063 14028 rhaB1::kan 131

EFC015 14028 rhaD1::cam 131

AMS276 14028 AmtID1 1G(pagC- This Study
STM14 1502)::cam. P22
transduction of 1G(pagC-
STM14 1502)::cam from
JLD1214 to EFB004

AMS300 14028 AmtlA2 This Study
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AMS302 14028 AmtlD2 This Study
AMS304 ST4/74 AmtlA4 This Study
AMS306 ST4/74 AmtliD4 This Study
AMS308 Ty2 AmtlA6 This Study
AMS310 Ty2 AmtlD6 This Study
AMS316 MZ0955 AmtlA8 This Study
AMS318 MZ0955 AmtID8 This Study
AMS320 MZ0875 Amtl410 This Study
AMS322 MZ0875 AmtID10 This Study
AMS324 MG1655 AmtID12 This Study
AMS326 700927 AmtID14 This Study
AMS328 MG1655 AmtA12 This Study
AMS330 700927 AmtIA14 This Study
AMS332 UTI89 AmtIA16 This Study
AMS334 UTI89 AmtID16 This Study
AMS340 D23580 AmtlA18 This Study
AMS342 D23580 AmtID18 This Study
AMS344 MZ1299 Amtl420 This Study
AMS346 MZ1299 AmtID20 This Study
AMS353 PAOL1 AmtID24 This Study
mtID::tet PAO1 mtID::tet 382
ECRO003 MZ0686 AmtIA22 This Study
ECRO005 MZ0686 AmtID22 This Study
Plasmid Genotype or Description Source, Construction, or
Reference
pFOK Suicide vector backbone for | Dirk Bumann 3%
allelic exchange. kan'
PWSK29 pSC101 cloning vector. 405
amp'
pAMS394 pWSK29-MtlD14028 This Study
pAMS370 Suicide vector for This Study
construction of 14028 mtlA
pAMS371 Suicide vector for This Study
construction of 14028 mtID
pAMS373 Suicide vector for This Study
construction of ST4/74 mtlA
pAMS374 Suicide vector for This Study
construction of ST4/74
mtiD
pAMS375 Suicide vector for This Study
construction of Ty2 mtlA
pAMS376 Suicide vector for This Study

construction of Ty2 mtID
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PAMS377

Suicide vector for
construction of MZ1299
mtlA

This Study

pAMS378

Suicide vector for
construction of MZ1299
mtIiD

This Study

PAMS379

Suicide vector for
construction of MZ0955
mtlA

This Study

PAMS380

Suicide vector for
construction of MZ0955
mtiD

This Study

pAMS381

Suicide vector for
construction of MZ0875
mtlA

This Study

PAMS382

Suicide vector for
construction of MZ0875
mtiD

This Study

PAMS383

Suicide vector for
construction of MG1655
mtIiD

This Study

PAMS384

Suicide vector for
construction of 700927
mtiD

This Study

PAMS385

Suicide vector for
construction of MG1655
mtlA

This Study

PAMS386

Suicide vector for
construction of 700927
mtlA

This Study

PAMS387

Suicide vector for
construction of UTI189 mtlA

This Study

PAMS388

Suicide vector for
construction of UTI189 mtID

This Study

PAMS403

Suicide vector for
construction of PA0O1 mtID

This Study

PECR001

Suicide vector for
construction of MZ0686
mtlA

This Study

PECR003

Suicide vector for
construction of MZ0686
mtiD

This Study
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Table 12. Primers used in this study

Prim | Sequence Descript
er ion
BA2 | CGGCATTCGCCATTCAGGCTGCCTC Verificat
473 ion of
pWSK?2
9
insertion
S
BA3 | ATCGAATTCCTGCAGCCCGGGGGATCCACT pFOK
875 lineariza
tion
BA3 | ATCAAGCTTATCGATACCGTCGACCTCGAG pFOK
876 lineariza
tion
BA4 | CTCGAGGTCGACGGTATCGATAAGCTTGATGGGATATCG | For
111 | ACATAAGGGGGATTGTAACGT construct
ing
Salmone
lla
specific
suicide
plasmids
BA4 | AGTGGATCCCCCGGGCTGCAGGAATTCGATGATCGCTCA | For
112 | GGCGTTTAATTTCGTTTTTTT construct
ing
Salmone
lla
specific
suicide
plasmids
BA4 | TTAAGCTTTTTTACCTGCCAGCAGTTCCAGTTGCACTTTGA | For
113 | TCTTAATATCGGATGACAT construct
ing
Salmone
lla
specific
suicide
plasmids
BA4 | ATGTCATCCGATATTAAGATCAAAGTGCAACTGGAACTG | For
114 | CTGGCAGGTAAAAAAGCTTAA construct
ing
Salmone
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lla
specific

suicide
plasmids
BA4 | TCATTTGGTCGCGTTATATGCGTTAACCGCATTACCTGCG | For
115 | CCAAAATGTAATGCTTTCAT construct
ing
Salmone
lla
specific
suicide
plasmids
BA4 | ATGAAAGCATTACATTTTGGCGCAGGTAATGCGGTTAAC | For
116 | GCATATAACGCGACCAAATGA construct
ing
Salmone
lla
specific
suicide
plasmids
BA4 | AGTGGATCCCCCGGGCTGCAGGAATTCGATCCGGTATGG | For
117 | GTTCCAGTGCG construct
ing E.
coli
specific
suicide
plasmids
BA4 | TTATTGCATTGCTTTATAAGCGGTTACCGCATTACCTGCG | For
118 | CCAAAATGTAATGCTTTCAT construct
ing E.
coli
specific
suicide
plasmids
BA4 | ATGAAAGCATTACATTTTGGCGCAGGTAATGCGGTAACC | For
119 | GCTTATAAAGCAATGCAATAA construct
ing E.
coli
specific
suicide
plasmids
BA4 | CTCGAGGTCGACGGTATCGATAAGCTTGATGCGGGGTAA | For
120 | TACGGAGATACATCATGG construct
ing E.
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coli
specific
suicide
plasmids

BA4
123

ATGAAGGTTAATACTATGAAAGCATT

For
amplifyi
ng mtID
from S.
Typhimu
rium
14028

BA4
124

CGTCATTTGGTCGCGTTATA

For
amplifyi
ng mtiD
from S.
Typhimu
rium
14028

BA4
127

AGTGGATCCCCCGGGCTGCAGGAATTCGATCGTAAGTTA
AAACAATCAATAGATCCATAA

For
construct
ing E.
coli
specific
suicide
plasmids

BA4
128

TTACTTACGACCTGCCAGCAGTTCCAGCACTTGCACTTTG
ATCTTAATATCGGATGACAT

For
construct
ing E.
coli
specific
suicide
plasmids

BA4
129

ATGTCATCCGATATTAAGATCAAAGTGCAAGTGCTGGAA
CTGCTGGCAGG

For
construct
ing E.
coli
specific
suicide
plasmids

BA4
130

GGGTACCGAGCTCGAATTC

pPEX18-
GM
lineariza
tion
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BA4
131

GGGGATCCTCTAGAGTCGAC

PEX18-
GM
lineariza
tion

BA4
135

ACCATGATTACGAATTCGAGCTCGGTACCCACGCCAGAAGAG
GAAGGAAAGCGACCATTA

For
construct
ing P.
aerugino
sa
specific
suicide
plasmids

BA4
136

TCATTCGCCGAGTACCTGGCGCAGGGTTTCCAGGGGGAGGT
GCTGCCGGTTGAGTTTCAT

For
construct
ing P.
aerugino
sa
specific
suicide
plasmids

BA4
137

ATGAAACTCAACCGGCAGCACCTCCCCCTGGAAACCCTGCGC
CAGGTACTCGGCGAATGA

For
construct
ing P.
aerugino
sa
specific
suicide
plasmids

BA4
138

ATGCCTGCAGGTCGACTCTAGAGGATCCCCTATTCCGCCA
TGGCTGATCTCAAGATCCGC

For
construct
ing P.
aerugino
sa
specific
suicide
plasmids

BA4
143

CTCGAGGTCGACGGTATCGATAAGCTTGATGCGACGGAA
ATTGAGATAGCCGATG

For
construct
ing C.
sakazaki
i specific
suicide
plasmids

216




BA4
144

TTACGCCACGGTTTTACCGGAAAGCAGCGCTTGCACTTTGATC
TTGATATCGGATGACAT

For
construct
ing C.
sakazaki
i specific
suicide
plasmids

BA4
145

ATGTCATCCGATATCAAGATCAAAGTGCAAGCGCTGCTTT
CCGGTAAAACCGTGGCGTAA

For
construct
ing C.
sakazaki
I specific
suicide
plasmids

BA4
146

TTACGCTGTTGCGTTATACGCGTTTACTGCATTACCTGCG
CCAAAATGTAATGCTTTCAT

For
construct
ing C.
sakazaki
i specific
suicide
plasmids

BA4
147

ATGAAAGCATTACATTTTGGCGCAGGTAATGCAGTAAACGCGT
ATAACGCAACAGCGTAA

For
construct
ing C.
sakazaki
I specific
suicide
plasmids

BA4
148

AGTGGATCCCCCGGGCTGCAGGAATTCGATTCAGCTTTTC
CATATACATATCGGGCGCGT

For
construct
ing C.
sakazaki
i specific
suicide
plasmids
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Table 13. The 1Cso of mannitol for mtID mutants.

The ICsp calculations were performed on cultures grown in M9 minimal medium containing 5
mM fructose and a variable concentration of mannitol (M9) or in the same medium supplemented
with 0.2% casamino acids and 1 mM tryptophan (M9 Supp) on three separate occasions
(representative graphs are shown in Supplementary Figure S2). 95% confidence intervals are
shown. The cultures were initiated with cells that had been previously grown overnight in LB,
then washed, and diluted either 1:100 or 1:10,000. The ICso was calculated for cultures grown
from a 1:100 dilution in M9 using the 20 hour time point; from a 1:10,000 dilution in M9 using
the 28 hour time point; from a 1:100 dilution in M9 Supp using the 10 hour time point; and from
a 1:10,000 dilution in M9 Supp using the 14 hour time point. ND — not determined.

1:100 1:10,000
dilution dilution
Media Species Strain Mutant  Strain Mean  95%  Mean 95%
Background ICso CI ICso CI
Gt M) M) (M)
M9 Salmonella 14028 AmtlD] EFB004 28.3 16.0- | ND ND
enterica 517
M9 Salmonella 14028 AmtlD?2 AMS302 | 26.9 16.7- | 0.70 | 0.51-
enterica 443 0.95
M9 Salmonella ST19 AmtlD4 AMS306 | 14.7 9.8- 0.73 | 0.53-
enterica 22.1 1.0
M9 Salmonella D23580 AmtIDIS | AMS342  35.0 234- 13 0.78-
enterica 53.0 2.2
M9 Salmonella Paratyphi C AmtIDI0  AMS322 | 22.0 13.0- 047 | 0.33-
enterica 38.3 0.65
M9 Escherichia K12 AmtID]2 | AMS324 52 3.6- 1.2 0.76-
coli 7.6 2.1
M9 Escherichia 700927 AmtIDI4  AMS326 | 9.5 5.9- 2.3 1.2-4.2
coli 15.3
M9 Cronobacter MZ0686 AmtlD22  ECRO005 17.7 13.2- 3.6 2.6-4.9
sakazakii 23.6
M9 Pseudomonas PAO1 AmtlD22 | AMS353 | 14.1 7.5- 53 3.0-94
aeruginosa 27.2
M9 Pseudomonas PAO1 mtlD::tet | unnamed | 4.3 2.9- ND ND
aeruginosa 6.1
M9 Supp  Salmonella 14028 AmtlD2 AMS302 272 18.5- 1.6 1.1-2.2
enterica 40.5
M9 Supp  Salmonella Ty2 AmtlD6 AMS310 9.4 6.9- 0.7 0.5-1.1
enterica 13.0
M9 Supp | Saimonella Paratyphi A AmtID20  AMS346 | 11.5 2.4- 029  0.21-
enterica 72.2 0.39
M9 Supp  Escherichia UTI89 AmtIDI6  AMS334 249 13.7- | 048 | 0.27-
coli 45.9 0.84
M9 Supp | Sglmonella Paratyphi B AmtlD8 AMS318 | 47.7 30.5- |23 1.6-3.3
enterica 76.6
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Chapter 6: Discussion

6.1 SdiA mediates eavesdropping on foreign AHL producers

SdiA is a LuxR family protein. SdiA is orthologous to the LuxR proteins EXpR
and PhzR, of Erwinia and Pantoeae species, respectively 2. Unlike true quorum sensing
bacteria, the subset of Enterobacteriaceae encoding sdiA have no cognate luxl homolog.
Instead, they rely on AHLs produced by nearby foreign bacteria. This change leads to the
eavesdropping phenotype, where one species “listens in”” on the AHL-based
communication of another without reciprocating information back to the AHL producer.

In Chapter 2, we lay out the current body of literature on SdiA-mediated
eavesdropping, focusing on three questions that may yield insight into “why” bacteria
adopted this behavior. This included how SdiA regulates genes, where SdiA is active
(and relevant), and what SdiA regulates.

The mechanism by which SdiA regulates genes is unknown as there are only a
few studies on the matter 15:155:1564% |t has been found in multiple species that sdiA
mutation alone can change transcriptional activity of loci, indicating that SdiA has both
ligand dependent and independent activity (Chapter 3 and *°7%8). In support of this, the
ler promoter of E. coli O157::H7 has direct binding sites for both apo-SdiA and SdiA
bound to AHL **°. SdiA activity independent of AHLs complicates how we define what

transcriptional and phenotypic changes occur during eavesdropping.
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The second question, “where is SdiA active and relevant”, has historically yielded
a significant number of negative results. SdiA is active in Aeromonas hydrophila infected
turtles and Yersinia entercolitica infected mice 144145, SdiA is not active in tomato soft
rot, mice, cattle, pigs, or chickens 43145 In turtles and Y. enterocolitica infected mice,
where SdiA is active, sdiA mutants have no fitness defect. In environments with no SdiA
activity, no fitness defect is observed either. One system has been found to cause
significant fitness phenotypes: a competitive infection between wild-type and sdiA
mutant Salmonella in a mouse gastroenteritis model where both strains encode an AHL
synthase (yenl). In this model, the wild-type outnumbers the mutant at least ~100-fold.
The relevance of this system is unknown and has not been investigated further.

The final question of our review of SdiA literature, “what does SdiA regulate?”
has been studied using genetic screens and RNA-seq. In this section we also considered
the reported in vitro phenotypes (cell division, multiple-drug resistance, and biofilm
formation). The regulons of SdiA, primarily investigated in E. coli, Salmonella, and
Enterobacter cloacae, are quite diverse, with no published overlapping genes
138,139,146,157.158 ' A5 we show in Chapter 3, a few genes are SdiA regulated in at least two
species from other genera (but no regulon member is common to all three). A clear SdiA
phenotype, | would argue, should require a change occurring in both AHL and sdiA-

dependent manners. None of the three reported phenotypes have such results.
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6.2 The biologically relevant environment of SdiA

As discussed in this thesis, we sought to determine “why” bacteria engage in
SdiA-mediated eavesdropping. On a basic level, the gene must aid in survival or
reproduction to be maintained evolutionarily. Considering the apparent conservation
within this subset of Enterobacteriaceae, | assume that sdiA is important to the survival of
bacteria encoding it. In simple terms, the question of “why” remains unanswered.

Like most genes, the significance of sdiA to the bacteria encoding it is evaluated through
probing for mutant defects in different environments and conditions. Using a genetic
reporter strain, we have been able to simultaneously check for SdiA activation and
mutant defects in various environments with some activating SdiA but with no sdiA
mutant defects 143145, Based on a search of metagenomes for AHL synthase homologs,
we found that insect and plant microbiomes are the strongest candidates for AHL
producer containing environments. Thus, we set out to examine these using house flies as
a model for insects and Angiosperms and soybeans as models for plants. Our study on
house flies was complicated by an apparent dose dependent change in sdiA mutant fitness
within house flies where lower doses led to the sdiA mutant drastically outnumbering the
wild-type by day one post infection. It was hypothesized that the antibiotic marker used
to inactivate sdiA, bla, was the determining factor of this phenotype. This was controlled
for by mutating sdiA with another marker (cam') and encoding bla in both wild-type and
sdiA mutant. Surprisingly, this had almost no effect on Salmonella survival within house

flies and no effect on mutant phenotypes.
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Since two different sdiA mutants, each disrupted with a different antibiotic
resistance gene, are advantaged over wild-type, | hypothesize that inactivation of sdiA is
advantageous in flies (i.e. sdiA is a toxic gene in house flies). In Chapter 4, | lay out
future experiments that may unravel these complex results. Another interesting aspect to
these results was the finding that sdiA mutants are disadvantaged over wild-type early on.
Samples of flies taken at the time of removing the contaminated sucrose used to infect the
flies by free-feeding (~2 hours) indicate that wild-type outnumber sdiA mutant bacteria in
early stages of colonization by an unknown mechanism. This phenotype is flipped by 24
hours. Determining the dynamics of SdiA-mediated interactions with the house fly may
also require sampling at early time points.

Although our experiments in house flies suggest SdiA toxicity, they are still
valuable sites of investigation into the relevant site of SdiA activity. House flies represent
the sole environment in which SdiA activation and mutant phenotypes have co-occurred.
The magnitude of mutant advantage over wild-type certainly suggests biological activity
that has not been previously demonstrated. Determining the mechanism by which SdiA
mediates loss of colonization in the house fly would provide new insights into the
phenotypes it mediates. There is little research on how Salmonella interacts with the
house fly or its microbiota. One study has shown that Salmonella localizes to the midgut
and becomes highly motile within hours of ingestion **. Motility likely leads to increased
transcription of sdiA and possibly more activity 1*°. Insects recognize pathogens by their
pathogen associated molecule patterns (PAMPS) like humans 4%, SdiA activity (e.g.

expression of Rck) could lead to more efficient targeting by the host’s immune
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components (e.g. phagocytes). It would be interesting to see if certain Salmonella SdiA
regulon members interacted with specific fly immune components. Alternatively, SdiA
activity could lead to elimination by interaction with the fly microbiome. At least one fly
microbiota species, Proteus mirabils, protects against Salmonella colonization and the
house flies used in these experiments were colonized by this species (data not shown) 33,
Determining if specific microbiota facilitate SdiA-mediated elimination from the house
fly would be difficult without first identifying the bacteria responsible for SdiA activity,

which we were unable to do.

6.3 The regulons and phenotypes of SdiA

In Chapter 3, we used RNA-seq to identify members of the SdiA regulon in
Salmonella, focusing on serovars Typhimurium and Typhi. S. Typhimurium is a broad
host range serovar known to colonize a wide range of hosts. In contrast, S. Typhi is a host
restricted serovar in which humans are its only known host and reservoir ', Their
environmental overlap, therefore, is quite small. This presented an interesting intersection
with SdiA, which we currently understand to be an environmental sensor whose
overlapping environment (humans) does not appear to be conducive for SdiA-mediated
eavesdropping.

After constructing and screening a large array of transcriptional fusions, we found
that the sdiA regulons of S. Typhimurium and S. Typhi are quite similar, sharing four
members. These four members include a putative ATP-dependent RNA helicase-like

protein (SrgF), two small putative proteins of unknown function (SrgGH), a prohibitin
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family protein and helper protein (SrgKJ), and the menaquinone biosynthesis operon
(MenFDHBCE). Based on existing literature, new functions or phenotypes of these genes
were hypothesized and tested. No sdiA or regulon member mutant phenotypes were
found. S. Typhimurium SdiA regulates an additional two loci (six total), and S. Typhi
SdiA one (five total). The S. Typhimurium specific regulon members include srgE and
pefl-srgC, whose functions as virulence factors of unknown significance have been
previously reported 1624, The sole S. Typhi specific regulon members are SrglL,
lipoproteins of unknown function. Further insight into how these specific regulon
members contribute to SdiA-mediated eavesdropping will likely first require identifying a
relevant environment.

As part of our regulon study in Chapter 3, we also searched the genomes of E. coli
and E. cloacae, two species whose regulons had been previously investigated in our lab
18718 'Some of each species’ regulon members are conserved (genetically) in the other
two species. | constructed additional transcriptional fusions and looked for sdiA and AHL
dependent regulation. This revealed that sdiA regulons are also semi-conserved between
genera. SdiA may have a common regulon member among all species that encode it, but
this does not appear to be the case (at least among currently known regulated genes).

We hypothesize the existence of a common SdiA regulated gene or genes that
could explain the conservation of SdiA-mediated eavesdropping within this group of
Enterobacteriaceae. In this scenario, eavesdroppers have a conserved ‘core’ SdiA regulon
and variable ‘auxiliary” regulons meet the specific needs of the strain’s lifestyle.

Alternatively, these bacteria may have a ‘core’ phenotype that is mediated by strain
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specific regulon members. In Chapter 2, we speculate this phenotype may be related to
phage biology. Phages are ubiquitous in nature, representing a constant selective
pressure, and new mechanisms of phage defense are frequently identified 403410, A future
study could collect and isolate phages specific to E. coli, Salmonella, and E. cloacae.
These phages could be screened for plague formation against a SdiA-expressing strain
versus mutant. From there, any hits could be further screened against known regulon
members. Alternatively, transposon libraries could be constructed in SdiA-active
backgrounds (e.g. encoding yenl) and challenged with phages like a recent study from
Adam Arkin 2%, This may reveal both a phenotype of SdiA and novel functions for
uncharacterized genes.

In conclusion, the field of SdiA research is complex due to the absence of clear
phenotypes and difficult to interpret literature. The absence of phenotypes does not make
this gene unimportant; its conservation within this subset of Enterobacteriaceae suggests
it is quite important. Identifying its role in bacteria will reveal new aspects to their
lifecycle that are currently unknown and unappreciated. The study of this gene requires
careful consideration of its history and behavior to perform experiments that might gain

meaningful insight into its role in bacteria.

6.4 Mannitol sensitivity as an anti-microbial strategy

Antibiotics interfere with essential biological processes in cells, inhibiting their
growth or causing loss of viability. The crisis of antibiotic resistance must be addressed,

or once treatable illnesses will again become a leading source of morbidity and mortality.
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Developing new classes of antibiotics is one of many approaches that must be
implemented. Since 2014, our lab has investigated sugar-phosphate toxicities as a
possible novel antimicrobial strategy 2. Sugar-phosphate toxicity is a phenomenon in
bacteria where inactivation of enzymes that are essential for processing phosphorylated
metabolic intermediates leads to their accumulation in the cell and this accumulation
confers growth defects.

In Chapter 5, we investigate mannitol sensitivity as a possible anti-microbial
strategy. Mannitol is transported into the cell by MtlA, producing mannitol-1-phosphate
(Mtl-1P). Mtl-1P is oxidized by mannitol-1-phosphate 5-dehydrogenase (MtID) or else it
will accumulate, as seen in mtID mutants exposed to mannitol 22131132 |t js believed that
accumulated Mtl-1P is toxic to the cell, leading to growth defects by an unknown
mechanism.

We first constructed a collection of mutants in various species, lacking either mtlIA
or mtID, using allelic exchange. While investigating other sugar phosphate toxicities, our
group has found that construction of mutations can influence their phenotypes 3. This is
most likely caused by polarity effects on downstream genes in their utilization operons.
In the case of mannitol (mtIADR), polar mutations in mtID would decrease expression of
the repressor mtIR, leading to increased expression of transporter mtlA and subsequent
accumulation of MIt-1P. Thus, we constructed scarless deletions of mtlA and mtID to
more accurately assess how inactivation of MtID by a small molecule (which would
occur post-transcriptionally) might impact virulence. Mutation of mtID in seven strains of

Salmonella, three strains of E. coli, one strain of Pseudomonas aeruginosa, and one strain
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of Cronobacter sakazakii all led to mannitol sensitivity. Additionally, a Staphylococcus
aureus mtID mutant is also mannitol sensitive (**122 and unpublished data). We
hypothesize that mannitol sensitivity occurs in all bacterial mtID mutants.

We next set out to identify the therapeutic potential of mannitol sensitivity in
bacterial infections. Prior to the studies shown in Chapter 5, our lab had previously
established that mtID mutants of S. Typhimurium have significant defects in the strep-
treated model of gastroenteritis in competition with the wild-type 3. Another group has
shown that S. aureus mtID mutants are attenuated during system infections 1. Finally, S.
Typhimurium mtID mutants can access mannitol within host cells and mtID mutants are
unable to replicate in this environment (when mannitol is present) 332 In our previous
study, we used competition assays to identify fitness defects in the gastrointestinal tract
131 The presence of the wild-type prevented us from determining if the attenuation
suffered by the mutant would actually attenuate the infection overall. We repeated the
infection using single infections and found the mtID mutant unable to significantly induce
inflammation in the strep-treated mouse model of gastroenteritis compared to the wild-
type. By ‘treating’ mice with a high dose of mannitol in their drinking water (320 mM),
we were able to prevent inflammation and fecal shedding entirely. Thus, we propose that
mannitol sensitivity can interfere with gastrointestinal infections caused by nontyphoidal
Salmonella.

An important aspect of Salmonella pathogenesis is its systemic element,
especially for typhoidal and invasive nontyphoidal strains 279, We first established that

mannitol sensitivity using a competitive infection between S. Typhimurium mtlA and
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mtID mutants and found mannitol-dependent defects in mtID mutants (i.e. defects
required providing mannitol to the mouse). Like with our gastroenteritis experiments, we
were curious if an infection could be attenuated by treating a mtID mutant infected mouse
with mannitol. Perhaps surprisingly, mortality could be delayed and even prevented by
treatment depending on the dose and strain of mouse used (i.e. NRAMP1 had to be
functional to prevent death). One of the weaknesses of some sugar-phosphate toxicities as
therapeutic modalities is that they cannot attenuate Salmonella at systemic sites (e.g.
rhamnose and fructose-asparagine, Chapter 5). As we have reported here, mannitol is
accessible to pathogens in systemic sites like the liver and spleen. The attenuation
conferred by treatment could be caused at least partially by virulence defects in
phagocytes, but the host factors mediating attenuation during infection remain to be
determined.

In conclusion, mannitol could be used to treat mannitol sensitive Salmonella
(mtID mutants or wild-type bacteria targeted by a small molecule inhibitor of MItD) in
both gastrointestinal and systemic sites. We hypothesize that the same strategy could be
used to treat other infectious bacteria, such as E. coli and P. aeruginosa. In future studies,
the therapeutic potential of treatment could be established by a similar approach used
here (providing mannitol to mtID infected hosts). Different doses and treatment regimens
will need to be explored to determine the most effective approach and this will likely

vary with each infection.
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6.5 The recovery phenotype of mannitol sensitive bacteria

As part of our study, we sought to quantify mannitol sensitivity in mtID mutants
by finding minimum inhibitory concentrations of each strain. However, this revealed a
previously unreported behavior that we termed “recovery”. Mutants of mtID exposed to
mannitol eventually resume growth, and the time that growth resumes is a function of the
initial concentration of mannitol introduced into the culture. All mtID mutants appear to
have the ability to recover from toxicity in this manner, suggesting its mechanism is
conserved as well.

| initially suspected that recovery was the outgrowth of suppressor mutations (e.g.
mtlA mutations). However, bacteria from recovered cultured are still mannitol sensitive
(unpublished data). Another hypothesis was that mannitol sensitivity was causing a dose-
dependent amount of lysis in the population and a small group of survivors was
regrowing. However, no loss of cell viability has been found in mtID mutants intoxicated
in minimal media (unpublished data). Another possibility was that the bacteria were
engaging in a population-dependent behavior, secreting a recovery accelerating or
depleting a toxicity potentiating compound into the cultural media. Consist with this idea,
the spent supernatant of Salmonella accelerates the rate of recovery (unpublished data).

| tested these ideas by decreasing the size of the initial population. I hypothesized
that smaller initial populations would lead to variability in recovery if either suppressors
or lysis mechanisms were at play (e.g. some cultures would never recover). If population-
dependent behaviors were at play, smaller initial populations would be much slower at

recovery or unable to do so. It was determined that smaller populations still recover from
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toxicity (and do so consistently) but are much more sensitive to mannitol. This inoculum
effect further complicated our attempts to quantify mannitol sensitivity. Based on the
time-dependent aspect of recovery, we calculated the inhibitory concentration of

mannitol (ICso) on an hourly basis, revealing a linear increase in 1Cso over time. Recovery

occurs linearly regardless of initial population size, but the rate at which cultures recover
(in uM per hour) still has an inoculum effect. We then recalculated 1Cso values as a ratio

of mannitol molecules per cell. Surprisingly this eliminated the inoculum effect almost
entirely and revealed that cultures of mtID mutants recover from toxicity at a rate of 1-4 x
108 mannitol molecules per cell per hour, with smaller initial populations recovering
faster than larger populations. We propose that this ‘recovery rate’ represents the speed at
which intoxicated cells process toxicity and this may be largely or entirely an intrinsic
process. Using the estimate that Salmonella cells have a volume of one femtoliter (10°
L) and cells process 108 molecules per hour, this equates to an internal concentration of
166 mM processed over one hour or 2.8 mM processed every minute.

This phenotype raises questions about how intoxication occurs. If cells can
process toxicity, why do they get attenuated? If intoxication occurs from excess intake
compared to processing (output), then a sufficiently large quantity of mannitol in the
media could eventually lead to death. At least after 24 hours, a concentration of 300 mM
mannitol in media has no significant bactericidal effects. If input is equal to or lower than
output, then toxicity wouldn’t occur at all. One possibility is that bacteria have an early
phase where input > output, then changes in expression allow for processing, where input

< output. This could allow for eventual recovery. If “recovery genes” are identified, it
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may be interesting to track their expression over the course of intoxication and recovery.
We also hypothesized that intoxicated bacteria may simply stop importing mannitol to
reduce or halt intoxication. The media of recovered cells are depleted for mannitol,
suggesting all mannitol in a culture is processed (unpublished data). This does not rule
out intoxication-dependent changes in transport as a mechanism of managing

accumulation of Mtl-1P.

6.6 The mechanism of mannitol toxicity and recovery

Recently, our group reviewed the available literature on sugar-phosphate
toxicities 1. Only a handful of sugar-phosphate toxicity mechanisms have a significant
amount of characterization, and the mechanism of mannitol toxicity is not among them.
The handful of older studies on the subject may provide insight into this mechanism.

In 1972, Jensen et al. reported on mannitol sensitive isolates of Salmonella 3. A
sensitive isolate, DB82, lyses in nutrient broth after exposure to mannitol. This strain
reached internal Mtl-1P concentrations of ~ 20 mM. They also fed intoxicated bacteria
several radiolabeled precursors to look for defects in synthesizing cell envelope (via
diaminopimelate), proteins (via phenylalanine), DNA (via uracil), and lipids (via acetate).
The earliest defect was in the incorporation of acetate into lipids, suggesting the sensitive
mutant is limited in this capacity. The transport and efflux of acetate is regulated by the
metabolic state of the cell and so this result could be due to issues in transport or in
internal defects in lipid synthesis **1. While most radiolabeled mannitol formed Mtl-1P, a

small amount became a nucleoside diphosphate mannitol 32, Another study of an E. coli
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mtID mutant found that radiolabeled mannitol ends up as ribose sugar #*2. Interestingly,
the formation of adenosine 5-diphosphate mannitol in Salmonella was also reported but a
connection between these three observations has yet to be established 43, In a preliminary
experiment, the Wysocki lab at OSU performed metabolomics on cell pellets of a mtID
mutant exposed to mannitol for 10 minutes. Compared to a wild-type control, the mtID
mutant had alterations in concentrations of purines, glutamate, and glycolytic
intermediates 2- and 3- phosphoglycerate (unpublished data). The available data suggests
a relationship between mannitol and nucleic acids.

| hypothesize that mannitol toxicity is a result of three potential factors. One, that
Mtl-1P directly interacts with a host target or targets (e.g. proteins) that modulates its
activity leading to physiological dysbiosis. Two, that excess intracellular Mtl-1P could
lead to osmotic stress in the cell (specific hypo-osmotic stress). Three, accumulation of
Mtl-1P toxicity causes damage from the first two mechanisms that require repair to
overcome toxicity. | hypothesize that recovery occurs because the cell processes (i.e.
enzymatically) Mtl-1P, forming a different, non-toxic molecule.

The existence of a direct target of Mtl-1P is still hypothetical. The sole target |
have hypothesized is glyceraldehyde-3-phosphate dehydrogenase (GpsA), which is
conserved in most bacteria. GpsA catalyzes the formation of sn-glycerol-3-phopshate (sn-
G3P or G3P) from glycolytic intermediate dihydroxyacetone phosphate (DHAP). This
gene is essential because mutants cannot synthesize phospholipids. This target was
hypothesized for several reasons. First, Mtl-1P intoxicated cells upregulate gpsA and

downregulate members of the GIpR regulon (G3P is an inducer of GIpR) (unpublished
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transcriptomic study). Second, MtID and GpsA are structurally similar (?43%). Third, the
inactivation of GpsA is consistent with the defects in acetate incorporation observed by
Jensen et al. 2, The essentiality of gpsA can be bypassed by addition of glycerol to the
media, due to the glpK-dependent formation of G3P. I tested this hypothesis by
supplementing intoxicated cells with glycerol and measuring their recovery rate. No
change was observed (unpublished data). These results suggest that GpsA is not the target
of MtI-1P in the cell. Alternatively, multiple targets could be affected, and alleviation of
one target may not be sufficient to see a change in toxicity phenotypes. Another
possibility is that a substrate of GlpK (i.e. ATP) or GpsA (DHAP, NAD™) are depleted in
the cell. Glucose-6-phosphate, fructose-6-phosphate, and mannose-6-phosphate
intoxicated cells all undergo cell lysis concomitant with the accumulation of the toxic
intermediate methylglyoxal #'* and methylglyoxal also uses DHAP as a substrate. The
glycolytic intermediate DHAP is also upstream of 2PG and 3PG, both depleted in early
intoxicated cells (unpublished data). Although not investigated in this thesis, it is
interesting to note that intoxicated cells appear to activate cell envelope stress responses,
which could be secondary to defects in lipid synthesis (manuscript in preparation).

The mechanism of recovery is unknown. We have generated two hypotheses by
which Mtl-1P could be processed by the cell: conversion and efflux. Bacteria use efflux
pumps to remove many toxic compounds, including antibiotics “°. We hypothesized that
Mtl-1P could be removed from the cell in a tolC-dependent manner, but a tolC mutation
had no effect on the recovery rate of a mtID mutant (unpublished data). This result was

consistent with the absence of Mtl-1P in the supernatant of recovered cells (unpublished
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data). A pathway in which bacteria could convert Mtl-1P to another intermediate is, to
our knowledge, unknown. It is somewhat odd that bacteria encode this secondary
hypothetical pathway that is apparently conserved. In E. coli under anaerobic conditions,
Mtl-1P is formed when fed glucose and this does not require intact mtID 376:416-418 |t js
thought this may be a pathway used to dump excess reducing power. If this is true, the
cell may also have evolved a pathway to process this toxic intermediate rather than allow
Mtl-1P to accumulate while waiting for aerobic conditions. Identifying this pathway will
provide new insights into the bacterial sugar metabolism.

Mannose-6-phosphate reductase, used in plants for the synthesis of mannitol,
converts mannose-6-phosphate to Mtl-1P #*® and putative homologs can be found in mtID
encoding bacteria. If a similar reaction occurred in bacteria, the hypothesis that Mtl-1P is
converted to mannose-6-phosphate could be tested by measuring recovery rates in a mtID
manA double mutant (which would be unable to process mannose-6-phosphate). Two
phosphatases, hxpA and hxpB, have been shown to convert Mtl-1P to mannitol in vitro
420 pPhosphatases may play a role in managing Mtl-1P concentrations during intoxication,
though it is unknown how intracellular mannitol may be processed. Another possibility is
that the recovery mechanism involves the conversion of Mtl-1P to a ribose sugar or
linked to nucleosides, as suggested by the earlier studies discussed above.

To identify the mechanisms of toxicity and recovery, we propose three large data
collection experiments. One, identification of Mtl-1P direct targets in the cell using
affinity purification. Two, a thorough quantification of the cellular components of

intoxicated cells (e.g. ATP levels, NAD/NADH ratios, lipid content, metabolites) that
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may reveal which physiological dysbiosis is occurring. Third, a selection experiment (Tn-
seq or Barseq) to identify mutations conferring resistance and hyper-susceptibility to
intoxication. Here we may use different concentrations of mannitol to test in both
recovery permissive and non-permissive conditions. These data sets would provide new
insights into the underlying mechanism of toxicity and recovery and, if successful, would
develop an experimental approach in elucidating other mechanisms of sugar-phosphate

toxicity that remain un-investigated.

6.7 Conclusions and final thoughts

In this thesis, | lay out a collection of studies performed in collaboration with
other researchers on the topic of SdiA-mediated eavesdropping and mannitol sensitivity.
In both fields, new insights were gained. More importantly, new questions were
generated by the results of each study which may guide future researchers in their

attempts to understand the biology of these two systems.
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