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Low-pH Rescue of Acid-Sensitive Salmonella enterica Serovar Typhi
Strains by a Rhamnose-Regulated Arginine Decarboxylase System

Karen E. Brenneman,? Crystal Willingham,® Wei Kong,? Roy Curtiss Ill,>? Kenneth L. Roland?

The Biodesign Institute, Arizona State University, Tempe, Arizona, USA® School of Life Sciences, Arizona State University, Tempe, Arizona, USA®

For Salmonella, transient exposure to gastric pH prepares invading bacteria for the stresses of host-cell interactions. To resist the
effects of low pH, wild-type Salimonella enterica uses the acid tolerance response and the arginine decarboxylase acid resistance
system. However, arginine decarboxylase is typically repressed under routine culture conditions, and for many live attenuated
Salmonella vaccine strains, the acid tolerance response is unable to provide the necessary protection. The objective of this study
was to enhance survival of Salmonella enterica serovar Typhi vaccine strains at pHs 3.0 and 2.5 to compensate for the defects in
the acid tolerance response imposed by mutations in rpoS, phoPQ, and fur. We placed the arginine decarboxylase system (adiA
and adiC) under the control of the P, 54 or P,;,.54p promoter to provide inducible acid resistance when cells are grown under
routine culture conditions. The rhamnose-regulated promoter P, .z, was less sensitive to the presence of its cognate sugar than
the arabinose-regulated promoter P, .z, and provided tighter control over adiA expression. Increased survival at low pH was
only observed when adiA and adiC were coregulated by rhamnose and depended on the presence of rhamnose in the culture me-
dium and arginine in the challenge medium. Rhamnose-regulated acid resistance significantly improved the survival of AaroD
and AphoPQ mutants at pHs 3 and 2.5 but only modestly improved the survival of a fur mutant. The construction of the rham-
nose-regulated arginine decarboxylase system allowed us to render S. Typhi acid resistant (to pH 2.5) on demand, with survival

levels approximately equivalent to that of the native arginine decarboxylase system.

Before orally ingested enteric pathogens such as Salmonella can
reach their target host cells, they must first survive their en-
counter with the low pH of the human stomach—~2.0 following
a fast (1). This is an extremely hostile environment, and thus Sal-
monella contains multiple inducible systems to aid in survival at
low pH (2, 3). The best studied of these systems is the acid toler-
ance response (ATR). Cells exposed to moderately low pH synthe-
size numerous acid shock proteins. Although the specific func-
tions of these proteins are largely unknown, jointly they mitigate
the proton damage experienced by the cell during low-pH chal-
lenge (pH 3.0) (4, 5). The acid tolerance response is a complex
multicomponent system coordinated by a number of global reg-
ulatory proteins. In the stationary phase, RpoS is a key regulator of
the acid tolerance response. Not only does the acid tolerance re-
sponse of an rpoS mutant fail to provide the same level of protec-
tion as in a wild-type strain, but rpoS mutants are unable to sustain
the acid tolerance response, resulting in rapid cell death upon pH
3.0 challenge (4, 6). In log-phase cells, the Salmonella virulence
proteins PhoP, PhoQ, and Fur regulate the acid tolerance re-
sponse. Fur controls a subset of acid shock proteins essential for
protecting the cell against organic acid challenge, while PhoP and
PhoQ coordinate protection against inorganic acid challenge (7, 8).
An inability to resist low pH reduces the ability of Salmonella to
reach the small intestine and increases the number of cells re-
quired to initiate a successful infection (9). To create a live atten-
uated Salmonella vaccine, it is necessary to introduce mutations
that attenuate the virulence of the vaccine strain, and, unfortu-
nately, these mutations often simultaneously decrease the ability
to survive at low pH. The vast majority of live attenuated Sal-
monella vaccines for humans are constructed from Salmonella en-
terica serovar Typhi strain Ty2, an rpoS mutant (10). In addition
to the rpoS mutation derived from its parent strain Ty2, the li-
censed typhoid vaccine strain Ty21a carries galE and tvi mutations
as well as a number of other, less well-characterized mutations
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(11-13). The strain is sensitive to low pH, due at least in part to its
inability to mount a functional acid tolerance response (14). An-
other vaccine strain, Ty800, contains a deletion of the phoPQ lo-
cus. This strain is safe and reasonably immunogenic in humans
(15), but one would expect that the combination of the AphoPQ
deletion and rpoS mutation would render this strain exquisitely
sensitive to acidic pH (6, 8). A similar situation occurs for the
vaccine strains x9639(pYA4088) and x9640(pYA4088) (16).
These strains are also safe and immunogenic in humans (S. E.
Frey, K. R. Lottenbach, H. Hill, T. P. Blevins, Y. Yu, Y. Zhang, K. E.
Brenneman, S. M. Kelly-Aehle, C. McDonald, A. Jansen, and R.
Curtiss III, submitted for publication), but the mutation in their
fur locus leaves them vulnerable to low pH. For each of these
vaccine strains, humans immunized with a dose of less than 10°
CFU fail to develop an immune response.

Most vaccine researchers avoid the problem low gastric pH
poses by coating their vaccine in a protective enteric capsule (e.g.,
Ty21a) or by coadministration of an antacid (usually sodium bi-
carbonate) at the time of immunization (17-22). Preventing vac-
cine exposure to low pH increases the number of viable cells that
reach the intestine and improves vaccine immunogenicity (22,
23). The disadvantage of bypassing the acidic environment of the
stomach is that the low-pH encounter serves as an important sig-
nal to Salmonella, allowing it to recognize entry into a host envi-
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ronment. Exposure to acid (along with other host signals) stimu-
lates upregulation of the genes that confer resistance to the short-
chain fatty acids (24), antimicrobial peptides (25), and osmotic
stress (6) found in the intestine. Also, induction of the acid toler-
ance response has been linked to upregulation of SPI-1 and SPI-2
and an increase in epithelial cell invasion in the intestine (26-28).
Thus, transient exposure to low pH prepares the invading bacteria
for the stresses of the intestine and for host-cell interactions.
Therefore, it is possible that if the survival rate of live attenuated
Salmonella vaccine strains at low pH can be improved, we not only
can eliminate the need for low-pH bypass strategies but also can
improve the ability of the vaccine strain to interact with host tis-
sues to enhance immunogenicity.

As a first step toward this goal, we explored methods to increase
the low-pH survival of S. Typhi strains containing rpoS, AphoPQ,
or fur mutations. Each of these mutations renders strains acid
sensitive, and each has been incorporated into live attenuated vac-
cine strains. One robust means used by Salmonella to resist
low-pH challenge is the arginine decarboxylase acid resistance sys-
tem (29). This system consists of arginine decarboxylase (AdiA)
and an arginine-agmatine antiporter (AdiC) (30). Acid resistance
is conferred by the activity of AdiA, which consumes one proton
from the intracellular environment with each reaction cycle and
causes a rapid rise in intracellular pH (31, 32). AdiC then trans-
ports agmatine, the product of arginine decarboxylation, to the
periplasm in exchange for another arginine substrate molecule
(30, 33). The combined activities of AdiA and AdiC allow Sal-
monella enterica serovar Typhimurium to resist pH 2.5 for more
than 2 h (2).

Because the arginine decarboxylase system functions indepen-
dently of the acid tolerance response, we hypothesized that syn-
thesis of AdiA and AdiC would confer high levels of acid resistance
on strains containing mutations that affect acid tolerance, such as
rpoS, phoPQ, and fur. However, the arginine decarboxylase system
is tightly regulated and is not normally available to cells grown
under standard vaccine culture conditions (34). Therefore, we
replaced the native promoter of arginine decarboxylase with
araBAD (P ,,.gap) or thaBAD (P,;,.zap) promoters. The place-
ment of the system under the control of these promoters allows
expression in vitro and during the initial stages of infection, but
results in rapid downregulation once the vaccine invades host tis-
sue and the regulatory sugar is no longer available (35). After
selecting the promoter with optimal sugar-dependent expression
and activity of the arginine decarboxylase system (P,;,,5,p), our
objectives were twofold. First, we determined whether the rham-
nose-regulated arginine decarboxylase system could rescue rpoS,
AphoPQ, and fur mutants during low-pH challenge if cells were
cultured in the presence of rhamnose but without any other envi-
ronmental signals that would induce either decarboxylase activity
or the acid tolerance response. Second, we determined whether
the rhamnose-regulated system functioned equivalently to the na-
tive arginine decarboxylase system, by comparing the level of acid
resistance in strains carrying our engineered rhamnose-regulated
system induced by growth with rhamnose to that in strains carry-
ing the native arginine decarboxylase system induced by anaerobic
growth in unbuffered rich medium.

MATERIALS AND METHODS

DNA manipulation and plasmid construction. Chromosomal DNA
from S. Typhi Ty2 was isolated using the Wizard genomic DNA purifica-
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tion kit (Promega, Madison, WI). Plasmid DNA was isolated using the
QIAprep spin miniprep kit (Qiagen, Valencia, CA) or the Wizard Plus
midiprep DNA purification system (Promega). DNA inserts were ampli-
fied by PCR using the Phusion DNA polymerase (New England BioLabs,
Ispwich, MA) or the Easy-A high-fidelity PCR cloning enzyme (Agilent,
Santa Clara, CA). Restriction and modification enzymes for cloning (New
England BioLabs) were used in accordance with the manufacturer’s in-
structions.

Construction of S. Typhi mutants. The bacterial strains and plasmids
used in this study are listed in Table 1. The primers used during the
construction of plasmids are listed in Table S1 in the supplemental mate-
rial. To construct the AaroD1299 mutant, two DNA fragments adjacent to
the aroD gene were amplified from the chromosome of Ty2. Primers
Aro-1 and -2 were used for the upstream fragment, while primers Aro-3
and -4 were used for the downstream fragment. These fragments were
digested with BamHI, ligated using T4 DNA ligase, reamplified by PCR
with primers Aro-1 and -4, and cloned into the AhdI sites of pYA4278 via
TA overhangs to generate the suicide vector pYA4895. The AaroD1299
deletion was introduced into Ty2 by conjugation using the antibiotic re-
sistance selection-sacB counterselection method described by Kaniga
(36). The resulting strain (x11548) exhibits aromatic amino acid auxot-
rophy and carries a deletion of the complete coding sequence of aroD that
spans 759 bp.

The APy, TT (transcription terminator) araC Py, fur mutation
was introduced into S. Typhi Ty2 via P22 HT int transduction (37) using
a lysate grown on x9269 containing a chromosomally integrated copy of
PYA4181 (35) to create the S. Typhi strain x11118. The presence of the
APy,5:TT araC Py, p, fur mutation in S. Typhi was confirmed by PCR
using the primers Fur-1 and -2. Arabinose-dependent synthesis of Fur was
verified by Western blotting.

To remove the entire adilocus [A(adiA-adiC)-4806; hereafter A(adiA-
adiC)], the upstream and downstream flanking regions in Ty2 were am-
plified using PCR primers Adi-1 and -2 and primers Adi-3 and -4, respec-
tively. The flanking regions were digested with BamHI and ligated
together with T4 DNA ligase. The resulting product was reamplified by
PCR using primers Adi-1 and -4 and cloned into the AhdI sites of
pYA4278 to generate the suicide vector pYA5066. The A(adiA-adiC) mu-
tation carried by pYA5066 was moved into Ty2 to create x11500. This
strain carries a 4,806-bp deletion of the adi locus (complete coding se-
quences of adiA, adiY, and adiC and the adiY and adiC promoters) (Fig.
1). The absence of the adi locus was confirmed by PCR and by arginine
decarboxylase assay.

To produce strains in which adiA expression could be regulated exclu-
sively by the presence or absence of a specific sugar, we engineered the
following promoter substitution mutations: AP, ;4,05 TT araC P ..pap
adiA (regulated by arabinose) and AP, ;4,53 TT thaSR Py, ., adiA (reg-
ulated by rhamnose). For simplicity, these mutations will be referred to as
P, upap AdiA and P, p ., adiA, respectively. For the arabinose-regulated
construct, the DNA regions flanking the adiA promoter were amplified by
PCR from Ty2 using primers Adi-5 and -6 for the upstream region and
primers Adi-7 and -8 for the downstream region. Both flanking regions
were cloned into pYA3700 (using SphI and BglII for the upstream region
and Kpnl and Sacl for the downstream region) to generate pYA5075. The
DNA segment containing the flanking regions and arabinose promoter
was amplified by PCR using Adi-5 and -8, and the PCR product was
cloned into the AhdI sites of pYA4278 to create the suicide vector
pYA5089. To generate the rhamnose-regulated construct, the araC
P.apap Promoter of pYA5089 was removed by Xhol and Xbal double
digestion. The rhaSR P,;, 54, promoter from pYA5081 was amplified by
PCR with the Rha-1 and -2 primers and cloned into pYA5089 using Xhol
and Xbal to produce the suicide vector pYA5093. pYA5089 and pYA5093
were introduced into x11548 by conjugation to produce x11552 and
X 11564, respectively. The juxtaposition of adiA with the appropriate pro-
moter was verified by PCR with the Ara-1 and Adi-9 primers (x11552) or
Rha-3 and Adi-9 primers (x11564) and by the arginine decarboxylase
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TABLE 1 Strains and plasmids used in this study

Source, derivation,

Strain or plasmid Genotype? or reference
Strains
E. coli
BL21(DE3) F~ ompT hsdSy (ry~ my~ ) gal dem (DE3) Novagen
X7213 thr-1 leuB6 fhuA21 lacY1 glnV44 recAl AasdA4 A(zhf-2::Tn10) thi-1 RP4-2-Tc:Mu [Apir] 54
S. Typhi
Xx3769 (Ty2) Wild-type; cys trp rpoS 55
x8444 AphoPQ23 56
x11118 AP, TT araCP,, pap fur Ty2
x11500 A(adiA-adiC)-4806 Ty2
x11548 AaroD1299 Ty2
x11552 AaroD1299 AP ;505 TT araC P, pap adiA x11548
x11564 AaroD1299 AP ;4576 TT rhaSR Py, pap adiA x11548
x11568 AaroD1299 AP ;76 TT thaSR P54 p adiA A(P,yy-adiY-P,:0)-119 adiC x11564
x11622 AphoPQ23 AP, 4ip-76:TT rhaSR Py, pap adiA A(P,4-adiY-P,;:0)-119 adiC x8444
x11623 AP TT araC P upap fur AP 0076 TT thaSR P s adiA A(P -adiY-P,40)-119 adiC x11118
x11636 AaroD1299 AP, -adiY-P ,;:c)-119 adiC x11548
Shigella flexneri 2457 T S. flexneri 2a, wild type; Per™ Mal™ N\ 57
Plasmids
pET28a Protein synthesis vector, T7 promoter; Kan" Novagen
pYA3700 Vector containing tightly regulated TT araC P, 54, cassette 58,59
pYA4181 Suicide vector to generate APy, ;=TT araC P, 5, fur mutation 35
pYA4278 Suicide vector; sacB mobRP4 oriR6K Cm"* 60
PYA4895 Suicide vector to generate AaroDI1299 mutation PYA4278
pYA5066 Suicide vector to generate A(adiA-adiC)-4806 mutation pYA4278
pYA5072 Suicide vector to generate A(P,;y-adiY-P,;-)-119 adiC mutation pYA4278
pYA5075 Intermediate vector for creation of AP, ;4,05 TT araC P, 54, adiA pYA3700
pYA5081 Suicide vector specifying tightly regulated rhaSR P, 54, cassette 61
PYA5085 Protein synthesis vector with N-terminal His tag on AdiA pET28a
PYA5089 Suicide vector to generate AP, ;4,05 TT araC P54, adiA mutation pYA4278, pYA5075
pYA5093 Suicide vector to generate AP, ;5,6 TT rhaSR P, .54, adiA mutation pYA5089, pYA5081

@ In genotype descriptions, the subscripted designation number refers to a composite deletion and insertion of the indicated gene. P, promoter; TT, T4 ip III transcription

terminator; Cm", chloramphenicol resistance; Kan®, kanamycin resistance.

assay. In both strains, 203 bp of the intergenic region between melR and
adiA (including the —10 and —35 sites of the adiA promoter) were deleted
and replaced with either TT araCP,, 5, (x11552) or TT rhaRS P,,.54p
(x11564). The strong transcription terminator T4 ip III was placed be-
tween the upstream melR gene and araC or rhaSR to prevent expression of
antisense RNA. A strong Shine-Dalgarno site (AGGA) was inserted 10 bp
upstream of the ATG start codon of adiA (Fig. 1).

The adiC gene was fused into an operon with adiA resulting in the
A(P4iy-adiY-P;;)-119 adiC mutation (hereafter, adiAC). The DNA re-
gions flanking adiY were amplified by PCR from Ty2 using primers
Adi-10 and -11 for the upstream region and primers Adi-12 and -13 for
the downstream region. The two DNA segments were joined by overlap
PCR and reamplification with Adi-10 and -13. The final PCR product was
ligated into pYA4278 at the AhdI sites to produce the suicide vector
pYA5072. The suicide vector was introduced into x11564 and x11548 by
conjugation to produce x11568 (AaroD P, p.,, adiAC) and x11636
(AaroD adiAC), respectively. The presence of the adiAC operon was con-
firmed by PCR using Adi-14 and -15. Both strains harbor a 1,078-bp
deletion that spans the transcription terminator following adiA, adiY, and
the promoter of adiC. The adiA and adiC genes are separated by a 119-bp
intergenic sequence expected to decrease expression of adiC from the
promoter upstream of adiA (Fig. 1).

Growth conditions and culture media. Experiments testing the reg-
ulation of arabinose- and rhamnose-controlled genes were conducted in
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the carbohydrate-free medium purple broth (BD Biosciences, Franklin
Lakes, NJ). The use of this carbohydrate-free medium allowed us to accu-
rately control the concentrations of rhamnose or arabinose to evaluate
their effects on promoter activity.

For induction of the native arginine decarboxylase system, strains
were propagated in tryptic soy broth (TSB) (BD Biosciences) with 0.4%
glucose under anaerobic conditions. This causes the medium pH to fall
below 5.0 during culture. In all other acid resistance experiments, strains
were grown aerobically in minimal E medium (pH 7.0) with 0.4% glucose
(EG medium) (38). For our experiments, 22 pg/ml L-cysteine, 20 pg/ml
L-tryptophan, and 0.1% Casamino Acids were added to EG medium to
supplement the growth of all strains (EGA medium). For strains with the
AaroD1299 mutation, 20 pg/ml L-tryptophan, 2 pg/ml p-aminobenzoic
acid, and 2.5 pg/ml 2,3-dihydroxybenzoate were added to all media. EGA
medium was additionally supplemented with 50 wg/ml r-phenylalanine
and 20 pg/ml L-tyrosine. Rhamnose was added to 0.1% or to 0.4% in the
case of strain x11623, as indicated. Strains containing the APy, ;=TT
araCP,, ;. p fur mutation were supplied with 0.2% arabinose unless oth-
erwise indicated. All chemicals were purchased from Sigma-Aldrich (St.
Louis, MO) or Thermo Fisher Scientific (Pittsburgh, PA) unless otherwise
indicated.

Measurement of adiA expression by semiquantitative PCR. Strains
were grown in purple broth with various concentrations of rhamnose or
arabinose to an optical density at 600 nm (ODy,) of 0.6. Total cellular
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Xhol

x11564: AP, 4ir276::TT rhaSR Py pap adiA
T4 ip III terminator

Prhz\BAD

Prhz\SR
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adiA terminator

adiC

adiA terminator

X11568: AP, gip576::TT rhaSR Pyopap, adid AP, giy-adi¥-P,yc)-119 adiC

T4 ip III terminator

x11636: A(P,iy-adi¥-P,50)-119 adiC
Pudi A

melR adiA adiC

RNA was isolated using the RNeasy minikit (Qiagen) and was treated with
RNase-free DNase (Qiagen). cDNA was generated via reverse transcrip-
tion (RT)-PCR using 1 g of cellular RNA with the TagMan reverse trans-
criptase kit (Life Technologies, Grand Island, NY) under the following
conditions: 10 min at 25°C for optimal random hexamer primer binding
and then 45 min at 48°C for extension followed by 5 min at 95°C to heat
inactivate the transcriptase. Semiquantitative PCR of the gapA (control)
and adiA transcripts was performed using the GoTaq DNA polymerase
system (Promega) using primers SQ-1 and SQ-2 for gapA and SQ-3 and
SQ-4 for adiA under the following conditions: 2.5 min at 95°C for tem-
plate denaturation, followed by 28 cycles of 40 s at 95°C, 30 s at 48°C for
primer annealing, and 1 min at 72°C for primer extension. The semiquan-
titative PCR primer sequences are listed in Table S1 in the supplemental
material (SQ-1 to SQ-4). PCR products were electrophoresed on a 2%
agarose gel in the presence of ethidium bromide and visualized with the
ChemiDoc XRS system (Bio-Rad Laboratories, Hercules, CA). Images
were analyzed in Adobe Photoshop CS4 (Adobe Systems, Inc., San Jose,
CA) in order to establish histogram values for the fluorescence signal
intensity of the PCR products. Signal intensity values for adiA were nor-
malized to the value obtained with the single-gene-expression control
gapA for each culture.

Preparation of antiserum against arginine decarboxylase protein.
Escherichia coli BL21(DE3) harboring pYA5085 was used for the synthesis
of His-tagged AdiA protein. Cells were grown in LB at 37°C to the mid-log
phase (ODg, of 0.6). The growth medium was supplemented with 0.2
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adiA

adiC

=)

FIG 1 Schematic diagram of arginine decarboxylase mutations. The genes and associated regulatory sequences for the A(adiA-adiC)-4806, AP ;505 TT araC
Papap adiA, AP iass6:TT thaSR Py pap adiA, and A(P, -adiY-P ,;;-)-119 adiC mutations are shown above, along with the archetypal strain number. The
wild-type arginine decarboxylase locus (adi) of S. Typhi Ty2 is depicted for comparative purposes. The diagram is approximately to scale. The promoters and
transcription terminator are labeled on the figure.

g/liter pyridoxine to augment protein folding and enzyme activity (39).
Protein synthesis was induced with 1 mM IPTG (isopropyl B-p-1-thioga-
lactopyranoside) (Amresco, Solon, OH) for 4 h at 37°C. Cells were col-
lected by centrifugation and disrupted using lysozyme (3 mg/g cells) and
deoxycholic acid (120 mg/g cells) (40). His-tagged AdiA protein from the
soluble fraction was purified over Talon metal affinity resin (BD Biosci-
ences) in accordance with the manufacturer’s instructions, except that
10% ethanol was added to the elution buffer. Purified protein was stored
in 20 mM HEPES-50 mM NacCl (pH 8.0) (31).

One juvenile New Zealand White rabbit (Charles River Laboratories,
Wilmington, MA) was immunized with 200 g of AdiA emulsified in
Freund’s complete adjuvant and boosted with an additional 200 pg of
AdiA emulsified in Freund’s incomplete adjuvant 4 and 8 weeks after the
initial injection. Serum was collected 3 weeks following the final immu-
nization.

Western blot procedure. Strains were grown overnight at 37°C in
purple broth containing various concentrations of rhamnose or arabi-
nose. The amount of total cellular protein in each sample was normalized
by absorbance at 280 nm using the NanoDrop ND-1000 (Thermo Scien-
tific, Wilmington, DE). Equal amounts of total cellular protein (100 p.g)
were mixed with 2X SDS-PAGE buffer, boiled, and electrophoresed on a
10% acrylamide gel (41). Separated proteins were transferred to a poly-
vinylidene difluoride (PVDF) membrane (Bio-Rad) using Towbin’s wet
transfer method (42), blocked in 5% skim milk, and then probed with
rabbit antiserum (final dilution, 1:10,000) for the presence of AdiA (35).
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FIG 2 Regulation of adiA by the araCP,, 5., and rhaSR P,z , promoters. x1 1552 (AaroD P, zap adiA) and x11564 (AaroD P, 5., adiA) were cultured in
the presence of various concentrations of arabinose or rhamnose (ranging from 10~ to 10~ %), normalized and assayed by semiquantitative PCR for the level
of adiA transcript (A), probed for the presence of AdiA by Western blotting (B), or tested for arginine decarboxylase activity via colorimetric assay (C). mRNA
data are plotted as the means and standard errors of the means (SEM) from three independent experiments. Western blot and enzyme assay data are represen-
tative of three independent assays. In the colorimetric arginine decarboxylase assay, active enzyme raises the assay medium pH above 5.0, resulting in a color

change from yellow-green (negative) to blue (positive).

Bound primary antibody was detected by the addition of goat anti-rabbit
IgG conjugated to alkaline phosphatase (Sigma-Aldrich). Blots were de-
veloped with NBT/BCIP (nitroblue tetrazolium-5-bromo-4-chloro-3-in-
dolyl phosphate) (Amresco) and photographed using the ChemiDoc XRS
system.

Arginine decarboxylase assays. Arginine decarboxylase enzyme ac-
tivity was measured using a modified version of the rapid glutamate de-
carboxylase assay previously described (43). Strains were grown overnight
(18 h) to the stationary phase in purple broth, washed once in phosphate-
buffered saline (PBS) (40), and normalized to an ODy, value of 0.7. Five
milliliters of normalized cells was pelleted, resuspended in 2.5 ml arginine
decarboxylase assay medium (1 gL-arginine, 0.05 gbromocresol green, 90
g NaCl, and 3 ml Triton X-100 per liter of distilled water [adjusted to pH
3.4]), and vortexed for 30 s. Assay tubes were incubated at 37°C for 5 to 30
min, scored, and photographed.

Acid resistance assays. Acid resistance was determined essentially as
described previously (44, 45), with the following modifications. Strains
were grown overnight to stationary phase in minimal EGA medium at pH
7.0 (38) or in TSB with 0.4% glucose. Cultures were normalized to the
same ODy, and then pelleted and washed once in EGA medium (pH 7.0)
containing no growth supplements. Cells were pelleted a second time and
resuspended at a density of 1 X 10° CFU/ml in EGA medium containing
1 mM r-arginine at pH 3.0, 2.5, or 2.0. Low-pH challenge was conducted
at 37°C, and samples were collected immediately after resuspension (time
[¢] 0) and hourly for 4 h. Samples were serially diluted and plated onto LB
agar to assess bacterial viability.

Statistical analyses. All statistical analyses were performed using
GraphPad Prism version 5.04 for Windows (GraphPad Software, San Di-
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ego, CA). Survival curves for 4-h acid resistance assays were compared
using two-way repeated measures (mixed model) analysis of variance
(ANOVA) with Bonferroni’s posttest. Data from 1-h acid resistance chal-
lenges were compared using the paired ¢ test.

RESULTS AND DISCUSSION

Comparison of adiA regulation from arabinose- and rhamnose-
regulated promoters. To allow expression of the arginine decar-
boxylase system during aerobic growth, we constructed S. Typhi
strains in which adiA expression was regulated by either the
P, a8ap OF Poy.pap promoter. For safety, the sugar-regulated adiA
constructs were introduced into S. Typhi strain x11548, which
carries an attenuating AaroD mutation (18, 46). Thus, in strains
x11552 (AaroD P, pap adiA) and x11564 (AaroD P, .p1p adiA),
adiA expression responds to the level of exogenous arabinose or
rhamnose, respectively. In the absence of the regulating sugar,
both strains expressed low levels of adiA transcript consistent with
background levels observed in Ty2 cultured under noninducing
conditions for adiA (Fig. 2A). Both strains increased production
of the adiA mRNA transcript when 0.1% (10~ '%) of the appro-
priate sugar was added. The two promoters drove production of
essentially equivalent amounts of adiA transcript at this concen-
tration, consistent with previous results (47). As the amount of
regulatory sugar present in the culture was decreased, the activities
of the two promoters decreased differentially. Strain x11552
(Prapap adiA) continued to express adiA mRNA at arabinose con-
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centrations as low as 0.001% (10°%). Only when the arabinose
concentration fell below 0.001% (10 °%) did the amount of adiA
transcript return to background levels. In contrast, strain 11564
(Phapap adiA) expressed adiA transcript only in the presence of
0.1% (10~ '%) rhamnose and produced background levels of adiA
mRNA at lower rhamnose concentrations.

AdiA protein synthesis and enzyme activity levels presented a
pattern similar to that of the mRNA. x11552 (P,,,5ap adiA) syn-
thesized AdiA over a wide range of arabinose concentrations
(107" to 10~*% arabinose), while in x11564 (P,;,,.p adiA), AdiA
was detected over a narrower range of rhamnose concentrations
(107" to 107°% rhamnose) (Fig. 2B). Interestingly, x11552
(Prapap adiA) produced greater amounts of AdiA protein in the
presence of 0.1% arabinose than did x11564 (P,,,,5ap adiA) in the
presence of 0.1% rhamnose. Arginine decarboxylase activity was
detected in x11552 (P, ,zap adiA) cultures grown in the presence
of arabinose concentrations as low as 10 % (Fig. 2C). An inter-
mediate reaction suggestive of low levels of enzyme activity was
observed at 107%% arabinose. In contrast, arginine decarboxylase
activity was observed in x11564 (P,;,,z4p adiA) only at rhamnose
concentrations greater than 10 °%. While the largest amounts of
AdiA in both strains were observed at the arabinose and rhamnose
concentrations that increased levels of adiA transcript, small
amounts of AdiA were also detected at sugar concentrations that
did not produce a measurable increase in the amount of adiA
transcript present, which could reflect differences in the sensitiv-
ities of the assays or differences in the stabilities of the adiA mRNA
transcript and AdiA protein.

Comparison of the arabinose-regulated P,,,z4p and rham-
nose-regulated P, .z, , promoters indicated that P, .54, was less
sensitive to its regulatory sugar than Pz, 5. The reduced sensi-
tivity of the P,;,,54p promoter made it an ideal choice to regulate
the arginine decarboxylase system since it allowed tighter control
of gene expression in media containing trace amounts of rham-
nose, such as LB and TSB. In addition, the promoter will not be
active if the cell encounters trace amounts of the inducing sugar in
vivo, which should enhance its safety as a vaccine. An additional
advantage of the P,;,, 5, p promoter was its decreased level of AdiA
protein synthesis. Protein overproduction has been shown to im-
pair the efficacy of Salmonella vaccines (48, 49). For these reasons,
we selected the AP, ;4576 TT rhaSR P .54 p adiA mutation for use
in further studies.

Coregulation of adiA and adiC is necessary for survival dur-
ing pH 3.0 challenge. Our goal in introducing the P, z.p adiA
construct into S. Typhi was to provide arginine-dependent acid
resistance when cells were grown under conditions when this sys-
tem is not normally induced (noninducing conditions). To test
this, we performed low-pH challenges on cells grown aerobically
in minimal EGA medium. However, while x11564 (AaroD P ;.51 p
adiA) exhibited rhamnose-inducible arginine decarboxylase activity
under these conditions (data not shown), the survival profile of
Xx11564 (AaroD P, .54 adiA) at pH 3.0 did not differ from that of
Ty2 or its parent strain, x11548 (AaroD) (Fig. 3). We reasoned
that the P, promoter in strain x11564 (AaroD P, 54 adiA)
does not drive adiC expression due to the presence of a transcrip-
tional terminator downstream of adiA and the intervening adiY
gene. To coregulate expression of both adiA and adiC, the inter-
genic region between the two genes, including the regulatory gene
adiY and the adiC promoter, was deleted, resulting in the fusion of
adiA and adiC into a single operon under the control of the native
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FIG 3 Coregulation of adiA and adiC by rhamnose is required for survival
during pH 3 challenge. x11564 (AaroD P ;, .., adiA), x11568 (AaroD P .54
adiAC), and x11636 (AaroD adiAC) were grown to the stationary phase in
EGA medium in the presence of 0.1% rhamnose and then challenged with pH
3.0 EG medium containing 1 mM arginine. Survival was monitored by plating
on LB agar containing all necessary supplements. The data shown are the
means and SEM from three independent assays.

adiA promoter, resulting in strain x11636 (adiAC) (Fig. 1). The
sensitivity of x11636 to pH 3.0 challenge was not significantly differ-
ent from those of Ty2 and x11548 (AaroD) (P = 0.327) (Fig. 3).
However, when the adiAC operon fusion was placed under tran-
scriptional control of the P,;,z,p promoter and the resulting
strain (x11568 AaroD P,;,,z4p, adiAC) was grown in the presence
of 0.1% rhamnose, it displayed a 1,000- to 10,000-fold increase
over Ty2 in the number of viable cells present at all time points
during pH 3.0 challenge (P < 0.0001) (Fig. 3). Thus, our ability to
rescue x11568 at low pH via rhamnose induction of the adiA
system indicates that the activity of the arginine decarboxylase
system alone is sufficient for low-pH survival in S. Typhi, despite
the presence of the rpoS mutation in Ty2. This is not surprising,
since the induction and activity of the native adiA system in Sal-
monella are independent of rpoS (2).

Survival of strain x11568 during pH 3.0 challenge is rham-
nose and arginine dependent. A number of acid resistance and
acid tolerance mechanisms have been described in stationary-
phase Salmonella. To confirm that the acid resistance phenotype
of x11568 (AaroD P,;,.z1p adiAC) was attributable to the rham-
nose-regulated arginine decarboxylase system, x11568 was tested
for survival at pH 3.0 in the absence of rhamnose and arginine.
When cultured in minimal EGA medium without rhamnose,
Xx11568 (AaroD P .54, adiAC) displayed a survival profile during
pH 3.0 challenge indistinguishable from that of the wild-type Ty2
and x11548 (AaroD) strains (Fig. 4A). Addition of rhamnose to
the EGA culture medium restored the acid resistance of x11568
(AaroD P, .zap adiAC), resulting in a 1,000~ to 10,000-fold higher
survival rate when rhamnose was provided (P = 0.001).

The acid resistance of x11568 (AaroD P,;,,54p adiAC) also de-
pended on the presence of arginine in the challenge medium (Fig.
4B). The percentage of viable x11568 (AaroD P,z , adiAC) cells
during challenge rapidly declined over 4 h in the absence of argi-
nine, with few survivors detected after the first 2 h. However, cells
that were challenged in the presence of 1 mM arginine showed a
marked increase in survival (P = 0.003). The arginine require-
ment for survival at low pH confirms that the acid resistance we
observed was due to the Salmonella arginine decarboxylase system
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FIG 4 Acid resistance depends on the presence of rhamnose and arginine.
Ty2, x11548 (AaroD), and x11568 (AaroD P,z adiAC) were grown to the
stationary phase in EGA medium and then challenged with EG medium (pH
3.0). (A) Strains cultured in the presence or absence of 0.1% rhamnose. (B)
Strains challenged in the presence or absence of 1 mM arginine. Survival in all
assays was monitored by plating on LB agar containing all necessary supple-
ments. The data shown are the means and SEM from three independent assays.

and not to the stationary-phase acid tolerance response or the
oxidative acid resistance response (AR1), as neither of these sys-
tems requires arginine (3, 44). Interestingly, even though cells
were cultured in aerobic minimal medium to prevent induction of
the native arginine decarboxylase system in wild-type S. Typhi
strain Ty2 (2), we observed an arginine-dependent increase (P =
0.022) in resistance to pH 3 challenge (Fig. 4B). This suggests that
arginine decarboxylase is expressed at low levels in S. Typhi during
stationary-phase culture—a conclusion consistent with the low,
but detectable, levels of adiA transcript observed in Ty2 (Fig. 2).
The rhamnose-regulated arginine decarboxylase system also
provided a substantial benefit to S. Typhi survival during pH 2.5
challenge (Fig. 5). After 1 h at pH 2.5, x11568 (AaroD P,;.zap
adiAC) survived significantly better than its AaroD parent
(x11548) (P = 0.010), wild-type strain Ty2 (P = 0.010), and the
arginine decarboxylase deletion mutant x11500 (AadiA-adiC)
(P =0.035). Of the 10° CFU that were challenged, over 10° CFU of
x11568 (AaroD P, .z4p adiAC) remained viable after 1 h. How-
ever, the arginine decarboxylase system did not appear to be able
to protect S. Typhi for longer than 1 h at pH 2.5, as we did not
detect any viable cells after the first hour of challenge (data not
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FIG 5 Acid resistance of a AaroD1299 mutant containing rhamnose-regu-
lated arginine decarboxylase at pH 2.5. Ty2, x11500 (AadiA-adiC), x11548
(AaroD), and x11568 (AaroD P, .55 adiAC) were grown to the stationary
phase in EGA medium containing 0.1% rhamnose and then challenged with
EG medium containing 1 mM arginine at pH 2.5 for 1 h. Survival in all assays
was monitored by plating on LB agar containing all necessary supplements.
The data shown are the means and SEM from three independent assays. Pairs
of data marked with an asterisk are significantly different (P < 0.05).

shown). This is quite different from what occurs in S. Typhimu-
rium, where the arginine decarboxylase system protects cells for
more than 2 h at pH 2.5 (2).

Rhamnose-dependent acid resistance is equivalent to acid
resistance in cells grown under decarboxylase-inducing condi-
tions. We next compared the level of acid resistance afforded by
the rhamnose-regulated system to the acid resistance provided by
the native system. Strains were grown anaerobically with 0.1%
rhamnose in unbuffered rich medium where the pH was allowed
to fall below pH 5.0 during growth (native inducing conditions).
The arginine decarboxylase deletion mutant x11500 (AadiA-
adiC) rapidly succumbed to challenge at both pHs 3.0 and 2.5 (Fig.
6A and B). Ty2 and x11548 (AaroD) displayed a high degree of
acid resistance at pH 3.0 (greater than 10* CFU/ml were viable
after 4 h), but succumbed to pH 2.5 after 2 h. In contrast, the
highly acid-resistant Shigella flexneri strain 2457T exhibited
>70% viability for 4 h at pH 3.0, and viability only decreased by 1
log after 4 h at pH 2.5. Strain x11568 (AaroD P, 5., adiAC) was
not able to match the acid resistance profile of Shigella, although it
displayed a survival profile equivalent to those of S. Typhi Ty2 and
x11548 (AaroD) grown under these conditions (P = 0.210). No
protection was afforded against pH 2.0 challenge (data not
shown), consistent with previous reports for Salmonella (3, 50).

Rescue of AphoPQ23 and APy,,s,=TT araC P, ,p,p fur mu-
tants at pHs 3.0 and 2.5. Based on our successful rescue of a AaroD
mutant with the rhamnose-regulated arginine decarboxylase sys-
tem, we wanted to evaluate the system in S. Typhi strains carrying
attenuating mutations known to affect low-pH survival. There-
fore, we introduced the rhamnose-regulated adiA system into two
S. Typhi strains containing mutations that result in well-charac-
terized acid sensitivities (7, 8): AphoPQ mutant x8444 and fur
mutant 11118 (Table 1). The resulting strains, x11622 (AphoPQ
Pjupap adiAC) and 11623 (P54 p fur Pyupap adiAC), exhibited
rhamnose-dependent arginine decarboxylase activity (data not
shown).

To evaluate the ability of the rhamnose-regulated arginine de-
carboxylase system to rescue x11622 (AphoPQ P,;.pap adiAC),
the strain was grown in aerobically in minimal EGA medium to
the stationary phase at pH 7.0 in the presence of 0.1% rhamnose
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FIG 6 Comparison of acid resistance provided by native and rhamnose-regulated arginine decarboxylase. S. flexneri 2457T, Ty2, x11500 (AadiA-adiC), x11548
(AaroD), and x11568 (AaroD P, .., adiAC) were grown overnight in TSB medium with 0.4% glucose and 0.1% rhamnose under anaerobic conditions. Cells
were challenged for 4 h with EG medium containing 1 mM arginine at pH 3.0 (A) or pH 2.5 (B). Survival in all assays was monitored by plating on LB agar
containing all necessary supplements. The data shown are the means and SEM from three independent assays.

and then was challenged at either pH 3.0 or 2.5. Under these
growth conditions, which do not induce the native adiA system,
the AphoPQ23 mutant x8444 displayed a survival profile similar
to that of wild-type Ty2 (P = 0.996) (Fig. 7A). In contrast, the
rhamnose-regulated arginine decarboxylase system in strain
x11622 (AphoPQ P,,.pap adiAC) provided approximately a
1,000-fold increase in viability at pH 3.0 over both the parent
AphoPQ mutant (x8444) and the wild-type strain Ty2 (P =
0.034). At pH 2.5, the viability of x11622 (AphoPQP ;.54 adiAC)
after 1 h significantly exceeded that of the other S. Typhi strains:
P =0.009 for x8444, P = 0.010 for Ty2, and P = 0.0232 for x11500
[A(adiA-adiC)] (Fig. 7B). When strains were grown under native
adiA-inducing conditions and challenged at pH 3.0 or 2.5, the
rhamnose-inducible arginine decarboxylase system in x11622
(grown with 0.1% rhamnose) provided protection equivalent to
that of the native system (see Fig. S1 in the supplemental material).

The success of our system at rescuing the AphoPQ mutant may
be due to two factors. First, the strains were challenged during
stationary phase, when PhoP and PhoQ are less important for acid
tolerance (51). Second, mutations that inactivate phoP or phoQ
cause a well-characterized sensitivity to inorganic acid (8). At low
pH, inorganic acids exist almost exclusively in their dissociated
state (free proton with conjugate base), which makes them ideal
candidates for neutralization by arginine decarboxylase (which
will consume the free protons in the decarboxylase reaction,
which immediately raises the intracellular pH and stops further
cytoplasmic damage by the free protons). Thus, the arginine de-
carboxylase system is well poised to compensate for the acid sen-
sitivity imposed by a AphoPQ mutation.

We next examined the impact of the arginine decarboxylase
system on a fur mutant [x11623 (P,,.pap fur Papap adiAC)].
Although fur expression in x11118 (P,,,zap fur) is conditional,
depending on the presence of arabinose in the culture medium
(35), the strain displayed the phenotype of a fur knockout mutant
in the acid resistance assay irrespective of the arabinose concen-
tration (see Fig. S2 in the supplemental material). Therefore, we
decided to work with it and the rhamnose-regulated arginine de-
carboxylase daughter strain [x11623 (P, .zap fur Pyjapap adiAC)]
only in the absence of arabinose. We observed no difference in
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FIG 7 Acid resistance of a AphoPQ23 mutant containing rhamnose-regulated
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medium containing 0.1% rhamnose and then challenged with EG medium
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in all assays was monitored by plating on LB agar containing all necessary
supplements. The data shown are the means and SEM from three independent
assays. Pairs of data marked with an asterisk are significantly different (P <
0.05).
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FIG 8 Acid resistance of a AP, ;=TT araC P,,,z.p fur mutant containing
rhamnose-regulated arginine decarboxylase. Arginine decarboxylase rescue
was performed by growing strains in EGA medium to stationary phase in the
absence of arabinose and presence of 0.1% rhamnose and challenging them
with EG medium containing 1 mM arginine at pH 3.0 for 4 h (A) or pH 2.5 for
1 h (B). Survival in all assays was monitored by plating on LB agar containing
all necessary supplements. The data shown are the means and SEM from three
independent assays. Pairs of data marked with an asterisk are significantly
different (P < 0.05). x11500, A(adiA-adiC); x11118, P, .zap fur; x11623,
Parapap fur Prapap adiAC.

survival at pH 3.0 between the wild-type strain Ty2, the arginine de-
carboxylase knockout x11500 (AadiA-adiC), and x11118 (P,,.5ap
fur) in our assay (P = 0.392) (Fig. 8A). Strain x11623 (P,,,gap fur
P.pap adiAC) displayed greater survival than its parent x11118
(P, apap fur) for the first hour of challenge at pH 3.0 (P = 0.010)
indicating that the arginine decarboxylase system could rescue
this strain to some degree. However, there was no difference be-
tween 11623 (P,,.5ap fur Pupap adiAC) and x11118 (P,..pap
fur) for the later time points (P = 0.337). A similar trend was
observed at pH 2.5 (Fig. 8B). x11623 (P, .zap fur Ppapap adiAC)
survived significantly better after 1 h at pH 2.5 than its acid-sen-
sitive parent x11118 (P,,,zap fur) (P = 0.013), but it was not
significantly different from the wild-type Ty2 (P = 0.242) or the
arginine decarboxylase mutant x11500 (AadiA-adiC) (P =
0.122). Even when grown under native adiA-inducing conditions,
x11623 displayed very poor survival (see Fig. S1 in the supplemen-
tal material).

There are several possible reasons for the difficulty in rescuing
strain 11623 (P,..ap fur Papap adiAC). First, unlike phoPQ
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mutants, fur mutants are sensitive to organic acids. Inorganic ac-
ids such as HCI and organic acids behave quite differently inside
the cell, due to differences in their dissociation constants. Qur
EGA challenge medium contained 10 mM citric acid (38). It is
possible that the consumption of free protons by the arginine
decarboxylase system is less effective at countering the effects of an
organic acid, such as citric acid, than the strong inorganic acid
HCI (8, 24, 38, 52). Second, because the AP, TT araCP ,,.5ap
fur mutation was introduced into Ty2, the strain also contains a
mutation in 7poS. RpoS and Fur jointly regulate a number of key
effectors responsible for protection against organic acid. Thus, the
combination of fur and rpoS mutations may have rendered
x11623 more sensitive to acid than strains carrying the rpoS mu-
tation alone or the combination of phoPQ and rpoS (4, 6). Finally,
the Py, TT araCP,,,54p fur mutation may have altered the abil-
ity of x11623 to transport rhamnose, as it required four times the
concentration of rhamnose to induce arginine decarboxylase ac-
tivity as the AaroD and AphoPQ mutants (data not shown). Fur is
known to regulate expression of a number of outer membrane
proteins and other genes that may influence surface structure
(53). Thus, it is possible that membrane perturbations due to the
lack of Fur in the cell may have resulted in a reduction in rham-
nose transport activity by RhaT.

Conclusion. In this work, we constructed an acid resistance
system whose expression and activity responded to the presence of
asingle sugar, either arabinose or rhamnose. Both adiA expression
and adiC expression were required for acid resistance, and the
rhamnose-regulated P,;,,z.p promoter provided tighter control
over adiA expression than the arabinose-regulated P, 4, pro-
moter. Rhamnose-dependent acid resistance in S. Typhi de-
pended on three things: the presence of rhamnose in the culture
medium, the presence of arginine in the challenge medium, and
the fusion of adiA and adiC into an operon under the control of
P.,.asap- The absence of any of these components resulted in rapid
cell death at low pH. The level of acid resistance provided by
P,j.ap adiAC grown with rhamnose under decarboxylase-induc-
ing conditions was equivalent to the level of acid resistance ob-
served with the native arginine decarboxylase system grown under
the same conditions. However, the rhamnose-regulated adiAC
system was inducible in cells otherwise unprepared for low-pH
challenge, thus our rhamnose-regulated system significantly im-
proved the survival of acid-unadapted aroD, AphoPQ, and fur
mutants at pHs 3 and 2.5. This has far-reaching implications for
vaccine development, as high levels of acid resistance can be at-
tained without anaerobic, low-pH culture—a process which is
neither efficient nor cost-effective. Instead, cells can be grown in
the optimal medium for vaccine formulation as long as rhamnose
is included.

The construction of the rhamnose-regulated arginine decar-
boxylase system allowed us to render S. Typhi acid resistant (to pH
2.5) on demand. Importantly, aerobically grown vaccine strains
were protected from pHs 3 and 2.5. Since the low pH of the gastric
environment poses a significant threat to the success of any live
attenuated Salmonella vaccine, the rhamnose-regulated arginine
decarboxylase system represents a novel means to augment sur-
vival in this in vivo compartment. Also, because low gastric pH is
an important virulence signal, the ability to administer vaccines
without stomach pH neutralization may also improve vaccine
performance in the host. We plan to address these issues in future
studies.
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