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CorA is the primary Mg2� channel in Salmonella enterica serovar Typhimurium. A corA mutant is attenuated
in mice and defective for invasion of and replication within epithelial cells. Microarray studies show that
several virulence effectors are repressed in a corA mutant strain, which ultimately manifests itself as a decrease
in virulence.

Salmonella enterica serovar Typhimurium causes infections
that usually appear as a gastrointestinal ailment in more than
1.4 million Americans per year (50). Infection begins with oral
consumption of live bacteria in contaminated food. In the
small intestine, the bacteria are actively taken up by M cells of
the Peyer’s patches and/or mononuclear phagocytes. A type
three secretion system (TTSS) carried on Salmonella pathoge-
nicity island 1 (SPI-1) delivers effector proteins to the M cell to
aid in invasion (8, 14). Survival within the macrophage phago-
some requires another TTSS encoded on SPI-2 (16, 28, 37).
Thus, S. enterica serovar Typhimurium’s environment fluctu-
ates markedly during its pathogenic life cycle and requires the
coordination of expression of a multitude of virulence effectors
and housekeeping genes. These gene products form dynamic
signaling networks that interact to control the infection pro-
cess.

We asked if intracellular Mg2� of the bacterium is involved
in virulence. To obtain Mg2�, S. enterica serovar Typhimurium
has three Mg2� transport systems. CorA, the primary or
“housekeeping” Mg2� channel, is constitutively expressed,
while the MgtA and MgtB transporters are only expressed in
response to activation by the PhoP/PhoQ two-component sys-
tem (2, 6, 10, 15, 17, 24, 27, 39, 42, 46). CorA lacks homology
to any other known protein and is widespread throughout the
bacteria and archaea (18, 22, 24, 38). MgtA and MgtB are
similar to eukaryotic P-type ATPases and are less widely dis-
tributed (23, 24, 42, 47). Both mgtA and mgtB are induced
during infection, implicating Mg2� transport in virulence
(11, 39).

MgtA, MgtB, and CorA have different maximal velocities of

Mg2� uptake, with CorA � MgtA � MgtB as measured in
single-transporter strains. Moreover, strains carrying a single
transport system exhibit no growth defect in any medium.
However, a triple-transporter mutant (MM281) requires addi-
tional Mg2� for growth, at least 10 mM Mg2� in Luria-Bertani
(LB) broth (17). A corA mutant is resistant to Co2� toxicity
and has diminished transport of Mg2�, Co2�, and Ni2� relative
to the wild type even though there is no growth deficit (41). A
corA mutant rescues the Fe2� hypersensitivity phenotype of
the phoP and mgtA mgtCB mutants, although CorA does not
transport Fe2� (4, 29). A corA mutant is sensitive to killing by
the host lactoperoxidase system (35, 36), and expression of
corA is induced upon exposure to the host lactoperoxidase
system. Thus, corA appears linked to Salmonella survival in the
host. We show here that mutation of corA results in a decrease
in virulence.

We wished to determine the virulence of a corA mutant
strain compared to that of wild-type S. enterica serovar Typhi-
murium SL1344, a standard pathogenic strain. Groups of five
BALB/c mice (8 weeks old) were infected by oral gavage with
7 � 108 or 7 � 109 cells of wild-type S. enterica serovar Typhi-
murium SL1344, 5 � 108 or 5 � 109 cells of a corA mutant
strain (29), or 7 � 108 cells of a corA mutant strain carrying
pCorA (also known as pJL10). The S. enterica serovar Typhi-
murium corA gene, with its native promoter from pRS170 (45),
was subcloned between the XbaI and EcoRI restriction sites of
low-copy-number vector pWKS30 to generate pCorA (51).
The orientation of the corA allele within pCorA is the opposite
of that of the lac promoter so that expression is driven by the
corA promoter. Complementation of the corA mutant strain by
pCorA was verified as previously described (data not shown)
(41). Expression of CorA from pCorA was compared to that of
wild-type S. enterica serovar Typhimurium through anti-CorA
Western blot assays and found to be similar (data not shown).
The bacterial strains used in this study are listed in Table 1.
Additionally, C3H/HeN female mice (6 to 8 weeks old) were
each infected intraperitoneally with these same strains (data
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not shown). Testing another mouse strain and inoculation
route minimizes the possibility that the observed phenotype is
either strain or inoculation route dependent. Mortality was
monitored twice a day over a 25- to 28-day period. Moribund
mice were immediately euthanized. Wild-type bacteria killed
all of the mice by 10 to 11 days after oral administration (Fig.
1) and by 15 days after intraperitoneal administration (data not
shown). When a corA mutant strain was administered to mice
by the oral route, 50% of the mice survived (Fig. 1), and when
it was administered by the intraperitoneal route, 30% survived
(data not shown). The onset of illness and death was also
delayed compared to the wild type with either route of injec-
tion. A low-copy plasmid carrying a functional S. enterica
serovar Typhimurium corA allele (pCorA) was able to com-
pletely rescue the virulence defect.

To obtain a more global understanding of alterations in a
corA mutant strain, a microarray study comparing the corA
mutant and wild-type strains was conducted with cells grown to
log phase in LB broth. The microarray protocols used were
adapted from those at the Pathogen Functional Genomic Re-
source Center at The Institute for Genomic Research (http:
//pfgrc.tigr.org/resources.shtml). A single microarray was run
for six independent RNA samples, three for the wild type and
three for the corA mutant strain. Total RNA was obtained via
hot phenol-chloroform extraction. Genomic DNA was ex-
tracted with a GenElute kit (Sigma) and used as a control.

Total RNA (30 �g) and 2 �g of genomic DNA were labeled
with Cy3 and Cy5 dyes (Invitrogen), respectively. Prior to hy-
bridization, slides were incubated in 25% (vol/vol) formam-
ide–5� SSC (0.75 M sodium chloride, 75 mM sodium citrate)–
0.1% sodium dodecyl sulfate (SDS)–0.1 mg/ml bovine serum
albumin for 1 to 2 h in a 42°C water bath, washed, and imme-
diately air dried by centrifugation. Probes were resuspended in
hybridization buffer (25% formamide, 5� SSC, 0.1% SDS) and
placed on a heated slide within a slide chamber (Corning). The
slide chambers were incubated in a 42°C water bath overnight.
Slides were washed twice sequentially with each of the follow-
ing three buffers: hot (55°C) low-stringency buffer (2� SSC,
0.1% SDS), medium-stringency buffer (0.1� SSC, 0.1% SDS),
and high-stringency buffer (0.1� SSC). Slides were immedi-
ately air dried by centrifugation. Slides were scanned on a
GenePix 4000B microarray scanner to obtain a Cy3/Cy5 fluo-
rescence ratio of 0.8 to 1.2.

The TM4 Microarray Suite produced by The Institute for
Genomic Research was used for data analysis (31). Spotfinder
was used to assign gene identifiers to spots and to flag spots.
MIDAS was used to normalize the data (Lowess [Locfit] and
Standard Deviation Regularization). The normalized data
were imported into Microsoft Excel. Normalized intensity val-
ues for RNA were divided by those for the genomic DNA
control for each slide to obtain a ratio. Three sets of ratios
were obtained for the wild type, and three sets of ratios were
obtained for the corA mutant strain. P values were calculated
by t test. (See Table S1 in the supplemental material, where
only data with P values of less than 0.05 are represented and
the average of the ratios for the wild type was divided by the
average of the ratios for the corA mutant strain and vice versa
to obtain the fold changes indicated.) Microarray descriptions
and data have been deposited at www.ncbi.nlm.nih.gov/geo
(platform GPL4805). The trends in the array results were con-
firmed for 10 selected genes by reverse transcription of isolated
RNA followed by quantitative PCR (data not shown).

For a list of the genes that were upregulated (87 genes) or
repressed (45 genes) in the corA mutant strain, sorted by func-
tion or putative function, see Table S1 in the supplemental
material. SPI-1 encodes a TTSS required for entry into epithe-
lial M cells (8, 14). Components of SPI-1 (e.g., invA, invB, and
invH) are transcriptionally repressed in a corA mutant strain
(see Table S1 in the supplemental material). Western blot
assays against InvH and SipC, SPI-1 proteins, confirm that
protein expression is also decreased in a corA mutant strain
(Fig. 2A). The observation that the SipC protein but not its
mRNA was decreased in the corA mutant strain suggests that

TABLE 1. Bacterial strains and plasmids used in this study

Strain Genotype Source(s)

MM1364 (RM4456) SL1344 invA::Tn10::phoA 39
MM2089 S. enterica serovar Typhimurium SL1344 hisG rpsL xyl (wild type) 19, B. B. Finlaya

MM2242 SL1344 corA52::Tn10�16�17 29
MM2320 SL1344 corA52::Tn10�16�17 pCorA (pJL10) J. Linb

MM3220 (WN152/CS015) 14028s phoP102::Tn10d-Cam 26, J. S. Gunnc

a Michael Smith Laboratories, University of British Columbia, Vancouver, British Columbia, Canada.
b Case Western Reserve University, Cleveland, OH.
c Center for Microbial Interface Biology, The Ohio State University, Columbus.

FIG. 1. Attenuation of a corA mutant strain after oral administra-
tion to BALB/c mice. Mice were infected by oral gavage with either the
wild type (MM2089) at doses of 7 � 109 (�) and 7 � 108 (f) cells, a
corA mutant strain (MM2242) at doses of 5 � 109 (E) and 5 �108 (F)
cells, or a corA mutant strain with pCorA (MM2320) at a dose of 7 �
108 cells (Œ) as described in the text.
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additional SPI-1 proteins are affected by loss of CorA whether
or not the corresponding mRNA was affected. Cells for SPI-1
Western blot assays were grown in LB broth to log phase; cells
at an optical density at 600 nm of 0.2 were loaded directly onto
12% SDS polyacrylamide gels. Gels were electrophoresed and
transferred onto nitrocellulose (Schleicher & Schuell, Keene,
NH). The CorA antibody (40) was used at a dilution of
1:10,000, and a DnaK antibody (Bio-Rad) was used at a dilu-
tion of 1:5,000. All SPI-1 antibodies were made in rabbits and
were used at a dilution of 1:5,000. Horseradish peroxidase-
linked anti-rabbit and anti-mouse secondary antibodies (Am-
ersham) were used at a dilution of 1:10,000. Proteins were
visualized by enhanced chemiluminescence as recommended
by the manufacturer (Amersham). Western blot assays were
scanned and quantitated by densitometry with DnaK as a load-
ing control (data not shown). Qualitatively, the fold changes

represented by the microarray and Western blot assays are
directly correlated. Since microarrays are a measure of global
gene transcription affected by mRNA stability and degradation
and Western blot assays are representative of protein levels
dependent on translation, protein stability, and protein degra-
dation, we expected a qualitative but not necessarily a quanti-
tative correlation.

Additional changes in mRNA expression are apparent in a
corA mutant strain that also have relevance to virulence. Sev-
eral SPI-2 genes (e.g., sseE, sseC, and sscB) required for sur-
vival within macrophages (16, 28, 37) are repressed in a corA
mutant strain (see Table S1 in the supplemental material).
Some flagellar genes are required for S. enterica serovar Ty-
phimurium virulence (3). Some, although not all, flagellar
genes (e.g., fljB, fliN, and fliM) are repressed in a corA mutant
strain (see Table S1 in the supplemental material). This de-

FIG. 2. (A) Western blot assays of SPI-1 proteins were performed with total protein from the wild type (MM2089) and a corA mutant
strain (MM2242) after growth in LB medium to log phase. The Western blot assays are representative of four independent experiments. Two
independent experiments are shown. (B) The wild-type (MM2089) (top) and corA mutant (MM2242) (bottom) strains were plated at the
centers of swim agar plates and allowed to grow at room temperature for 20 h. The data are representative of three independent experiments.
WT, wild type.
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creased expression is functionally relevant since a swimming
assay with cells grown on LB broth plates with a low-percent-
age agar (Fig. 2B) shows that a corA mutant strain cannot swim
as well as the wild type. The situation with the many flagellar
genes may be similar to that with the SPI-1 genes, where both
mRNA and protein levels for several are decreased (e.g.,
InvH) whereas only protein appears decreased for others (e.g.,
SipC). The swimming assay was performed by plating 10 �l of
log-phase LB broth cultures of the wild type and a corA mutant
strain, equivalent to an optical density at 600 nm of 0.005, at
the centers of agar swim plates (10 g tryptone, 5 g yeast extract,
2.5 g agar, 0.5% glucose, 1.0 liter double-distilled H2O). Plates
were incubated at room temperature for 20 h and scanned.
Flagella may have some virulence properties that could aid in
adherence, in bacterial movement to evade immune cells, or
with movement (chemotaxis) toward beneficial surroundings.
However, not all flagellar genes have been shown to be essen-
tial for Salmonella virulence; thus, it is not clear if the swim-
ming defect would impact virulence (3, 20, 21, 32–34, 44).

Of the 87 genes upregulated in a corA mutant strain, about
20% are membrane or putative membrane proteins (see Table
S1 in the supplemental material). The two other Mg2� trans-
porters, mgtA and mgt(C)B, are slightly upregulated in a corA
mutant strain. This presumably explains the lack of an Mg2�

growth defect compared to the wild type. However, mgtA and
mgtCB expression can be markedly induced via the PhoP/PhoQ
two-component system upon response to certain external stim-
uli such as acid, a low Mg2� concentration, and antimicrobial
peptides (2, 26, 43). In the absence of Mg2�, this induction may
reach 1,000-fold. Under the microarray growth conditions
used, some Mg2� is present and the expression of these genes
should be generally repressed. It is noteworthy that no other
PhoP/PhoQ-regulated genes seem to be affected. Thus, it is
unclear whether induction of the expression of mgtA and
mgtCB in a corA mutant strain is mediated by PhoP/PhoQ or
another mechanism.

Two classes of membrane proteins that stand out from the
set of repressed genes are those required for enterochelin-
dependent iron uptake (entE, entC, fepA, etc.) and curli pro-
duction. We confirmed upregulation of siderophores by a liq-
uid chrome azurol S assay (1) and curli by a Congo red binding
assay (12) (data not shown). Although iron is essential for
virulence (7, 48, 49), it is unclear why a single iron uptake
system should be upregulated and whether its upregulation is
relevant to the attenuation of a corA mutant strain. With re-
gard to the curli and the many other outer membrane proteins
that are upregulated, most of unknown function, a significant
remodeling of both membranes seems to result from the loss of
corA. Despite these substantial changes in Salmonella mem-
brane proteins, Caco-2 epithelial cells produce similar amounts
of the cytokines tumor necrosis factor �, transforming growth
factor �, and interleukin-1� in response to the corA mutant
and wild-type strains over a similar time course (data not
shown), suggesting that host cell recognition is not altered.
Upregulation of iron uptake and/or modification of the bacte-
rial cell membrane could play a role in a corA mutant’s ability
to rescue Fe2� hypersensitivity of phoP and mgtA mgtCB mu-
tants (4, 29). However, without more information on the func-
tion of these membrane proteins, no conclusions can be made
as to their role in the corA virulence phenotype.

Cells for microarray analysis were grown to log phase in LB
broth. This does not ideally represent bacterial gene expression
within a mouse. However, the results obtained from the mi-
croarray support the data obtained from the mouse. Moreover,
the results promoted additional experiments described below,
which further support a role for corA in Salmonella virulence.
Regardless of the growth conditions used in this study, the
general trend is the same; corA is required for full virulence of
Salmonella.

The microarray and Western blot assay results indicated that
SPI-1-encoded effectors were downregulated in a corA mutant
strain, suggesting that epithelial cell invasion might be com-
promised. Therefore, a corA mutant strain was tested for the
ability to interact with cultured Caco-2 intestinal epithelial
cells. Caco-2 epithelial cells (ATCC HTB-37) were maintained
as recommended by the ATCC. Bacteria were grown in LB
broth overnight at 37°C without shaking. Bacteria were washed
once with phosphate-buffered saline (PBS) and suspended in
cell culture growth medium without fetal bovine serum and
antibiotics. Medium was removed from the cultured cells, and
the bacterial suspension was added at a multiplicity of infection
of 10:1. Plates were centrifuged at 1,000 rpm for 10 min at
room temperature and then incubated at 37°C with 5.0% CO2.
After 1 h, cultured cells were washed three times with PBS and
treated with gentamicin (100 �g/ml) in cell culture growth
medium without fetal bovine serum and antibiotics for at least
2 h to kill extracellular bacteria. After 6 h, the cultured cells
were washed three times with PBS, lysed with 0.1% (vol/vol)
Triton X-100 detergent for 5 min, collected, diluted, and plated
onto LB broth plates, and grown overnight at 37°C for CFU
determination. The number of bacteria obtained from within
the cultured cells was divided by the total number of bacteria
added to the cultured cells to obtain the percentage of gen-
tamicin-protected bacteria.

A corA mutant strain (1.1% invasion) has a statistically sig-
nificantly (P � 0.03) decreased ability to invade Caco-2 epi-
thelial cells, as measured 2 h postinvasion compared to the wild
type (1.7% invasion) (data not shown). Thus, invasion by a
corA mutant strain is 	40% decreased compared to that by the
wild type. In addition, by 4 to 6 h postinvasion, a corA mutant
strain is defective for replication inside Caco-2 epithelial cells
compared to the replication of wild-type cells (Fig. 3A). Bac-
terial counts of a corA mutant strain within Caco-2 epithelial
cells are decreased by 	60% compared to the wild type by 4 to
6 h after invasion, which is an 	20% further decrease com-
pared to invasion, suggesting an impairment of replication by a
corA mutant strain within the epithelial cells. Thus, CorA is
required for optimal invasion and replication within Caco-2
epithelial cells. The positive control for defective invasion, an
invA strain, almost completely fails to invade and replicate
within Caco-2 epithelial cells (data not shown and Fig. 3A).
The corA defect can be rescued by complementation with a
functional S. enterica serovar Typhimurium corA allele
(pCorA), restoring replication within epithelial cells to a level
similar to that of the wild type (Fig. 3A). The role of corA in
epithelial cell invasion has been investigated further and is
reported elsewhere (30).

Since the microarray data indicated a corA mutant strain has
SPI-2 defects as well, we tested the strain’s capacity to enter
and survive within cultured J774A.1 macrophage-like cells.
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J774A.1 macrophage-like cells (ATCC TIB-67) were main-
tained as recommended by the ATCC. Bacteria were grown
overnight in LB broth at 37°C without shaking. Bacteria were
washed with PBS, pelleted, resuspended in 100% mouse serum
(Innovative Research IMS-COMPL), and incubated for 20 min
at 37°C prior to the experiment. The serum-treated bacteria
were added to cell culture growth medium without antibiotics
at a multiplicity of infection of 5:1. Plates were centrifuged at
1,000 rpm for 10 min at room temperature and then incubated
at 37°C with 5.0% CO2. After 15 min, cultured cells were
washed three times with cell culture growth medium without
antibiotics and treated with gentamicin (12 �g/ml) in cell cul-
ture medium to kill extracellular bacteria. At each time point,

the cultured cells were washed three times with complete cell
culture medium without antibiotics and lysed with 1.0% Triton
X-100 detergent for 5 min. The medium was collected, diluted,
and plated onto LB broth plates, and the culture was grown
overnight at 37°C for CFU determination.

Macrophage-like cells phagocytose S. enterica serovar Typhi-
murium strains with similar efficiencies: wild type, 2.7%; a corA
mutant strain, 3.3%; a corA mutant strain with a low-copy
plasmid carrying a functional S. enterica serovar Typhimurium
corA gene (pCorA), 2.5%; a phoP mutant strain, 3.0% (data
not shown). By 8 to 10 h postinfection, a corA mutant strain is
weakly altered for survival inside J774A.1 macrophage-like
cells compared to wild-type cells. A phoP mutant strain, a
positive control, survives twofold less in J774A.1 macrophage-
like cells compared to the wild type (Fig. 3B). The phoP result
is comparable to those of other studies conducted with this cell
line for the experimental conditions used (S. J. Libby, personal
communication). A corA mutant strain carrying a low-copy
plasmid with a functional S. enterica serovar Typhimurium
corA gene (pCorA) survived similarly to the wild type.

Thus, downregulated expression of SPI-2 in a corA mutant
strain minimally affects interactions with macrophages. The
decreased SPI-2 expression is consistent with the attenuation
of a corA mutant strain when mice are infected via the intra-
peritoneal route, bypassing the transepithelial route. However,
there is only a weak effect on survival within the J774A.1
macrophage-like cell line. SPI-2 has been shown to be ex-
pressed inside epithelial cells alongside SPI-1 (25). Moreover,
SPI-2 has been shown to be important for the development of
enterocolitis, not just systemic disease (5). Thus, downregula-
tion of SPI-2 in a corA mutant may contribute to the epithelial
cell phenotype, as well as the weak macrophage phenotype.
Alternatively, corA may be needed at some later stage of in-
fection, a conclusion consistent with the attenuation of the
corA mutant strain after intraperitoneal administration.

We have found that a corA S. enterica serovar Typhimurium
strain is attenuated for virulence in the mouse. We conducted
microarray experiments comparing wild-type and corA mutant
strains to further examine this phenotype. The results suggest
that CorA is required at multiple points during the infection
process. Given the variety of pathways affected by loss of CorA,
we hypothesize that CorA may be part of a broader signaling
network within the cell. In addition to corA, mgtA and mgtB are
also involved in virulence. After infection by oral gavage, 80%
of the mice infected with an mgtA mgtB double mutant sur-
vived despite the continued presence of a functional corA al-
lele, compared to 0% of the mice infected with the wild type
(D. G. Kehres and M. E. Maguire, unpublished observations).
Extracellular Mg2� is important in terms of directly regulating
mgtA and mgtCB expression (10, 46, 47). Extracellular Mg2�

also interacts with the PhoP/PhoQ two-component system,
which is essential for virulence (9, 13, 26). Thus, both extra-
cellular Mg2� and all three Mg2� transporters of S. enterica
serovar Typhimurium are important for virulence, adding ad-
ditional complexity to the network(s) responsible for Mg2�

homeostasis. The accompanying report focuses on understand-
ing the possible mechanism(s) through which CorA is involved
in virulence, with the conclusion that regulation of CorA is
important for S. enterica serovar Typhimurium virulence (30).
Current experiments are focused on understanding this appar-

FIG. 3. (A) Epithelial cell invasion and survival by the wild-type
strain (MM2089), a corA mutant strain (MM2242), a corA mutant
strain with pCorA (MM2320), and a invA mutant strain (MM1364).
Shown are data obtained 6 h after initiation of invasion. Similar results
were obtained at other time points. The data are averages of three
independent experiments. P values indicate t tests comparing the wild
type to the other strains. (B) Time course of survival within J774.1
macrophages by the wild type (MM2089), a corA mutant strain
(MM2242), a corA mutant strain with pCorA (MM2320), and a phoP
mutant strain (MM3220). The data are from a single experiment rep-
resentative of three independent experiments. WT, wild type.
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ent regulation of CorA expression and function and on delin-
eating its connection to S. enterica serovar Typhimurium viru-
lence.
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