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Novel Virulence Factors of Yersinia pestis CO92 in a Mouse Model of
Infection
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The identification of new virulence factors in Yersinia pestis and understanding their molecular mechanisms during an infection
process are necessary in designing a better vaccine or to formulate an appropriate therapeutic intervention. By using a high-
throughput, signature-tagged mutagenic approach, we created 5,088 mutants of Y. pestis strain CO92 and screened them in a
mouse model of pneumonic plague at a dose equivalent to 5 50% lethal doses (LD5,) of wild-type (WT) CO92. From this screen,
we obtained 118 clones showing impairment in disseminating to the spleen, based on hybridization of input versus output DNA
from mutant pools with 53 unique signature tags. In the subsequent screen, 20/118 mutants exhibited attenuation at 8 LD,
when tested in a mouse model of bubonic plague, with infection by 10/20 of the aforementioned mutants resulting in 40% or
higher survival rates at an infectious dose of 40 LD,. Upon sequencing, six of the attenuated mutants were found to carry inter-
ruptions in genes encoding hypothetical proteins or proteins with putative functions. Mutants with in-frame deletion mutations
of two of the genes identified from the screen, namely, rbsA, which codes for a putative sugar transport system ATP-binding pro-
tein, and vasK, a component of the type VI secretion system, were also found to exhibit some attenuation at 11 or 12 LD, in a
mouse model of pneumonic plague. Likewise, among the remaining 18 signature-tagged mutants, 9 were also attenuated (40 to
100%) at 12 LD, in a pneumonic plague mouse model. Previously, we found that deleting genes encoding Braun lipoprotein
(Lpp) and acyltransferase (MsbB), the latter of which modifies lipopolysaccharide function, reduced the virulence of Y. pestis
C092 in mouse models of bubonic and pneumonic plague. Deletion of rbsA and vasK genes from either the Alpp single or the
Alpp AmsbB double mutant augmented the attenuation to provide 90 to 100% survivability to mice in a pneumonic plague
model at 20 to 50 LD;,. The mice infected with the Alpp AmsbB ArbsA triple mutant at 50 LD, were 90% protected upon subse-
quent challenge with 12 LD, of WT C092, suggesting that this mutant or others carrying combinational deletions of genes iden-
tified through our screen could potentially be further tested and developed into a live attenuated plague vaccine(s).

Yersim'a pestis is a tier 1 select agent that leads to three pathody-
namic manifestations in humans, namely, bubonic, septice-
mic, and pneumonic plague (1). Although the disease is endemic
in certain regions of the globe (2), the potential use of this organ-
ism as a biological warfare agent is a significant worldwide con-
cern. In particular, aerosolized droplets charged with Y. pestis can
lead to primary pneumonic plague and subsequent person-to-
person spread, with a narrow window for antibiotic intervention
(3-5). Consequently, an ideal strategy to combat the disease is to
have a vaccine offering long-lasting immunity.

Until 1999, a heat-killed plague vaccine composed of Y. pestis
195/P strain was available for use in the United States; however,
the production of this vaccine was discontinued because of its
reactogenicity and effectiveness only against bubonic and not
pneumonic plague (6, 7). As alive attenuated vaccine, a strain of Y.
pestis in which the pigmentation locus (required for iron acquisi-
tion) is deleted, designated EV76, is currently used in China and
the states of the former Soviet Union where plague is endemic.
Although protective against both bubonic and pneumonic plague,
its reactogenicity and the possibility that EV76 could behave like a
virulent wild-type (WT) strain in individuals with underlying dis-
eases, e.g., hemochromatosis (8), precludes Food and Drug Ad-
ministration (FDA) approval of such vaccines for human use.

Consequently, significant efforts have been made in recent
years to formulate recombinant subunit and DNA-based vaccines

May 2015 Volume 83 Number 5

Infection and Immunity

to combat Y. pestis infections (7, 9). However, a majority of these
vaccines are composed of two dominant antigens of Y. pestis: F1
capsular antigen and V antigen (a structural component of the
type 3 secretion system [T3SS]) (7). One of the concerns associ-
ated with such vaccines is that F1 capsular antigen is dispensable
for the bacterium’s virulence (10), and another is that the gene
encoding V antigen is not fully conserved among various virulent
strains of Y. pestis (11). Thus, F1-V antigen-based vaccines may
provide minimal cross protection. Furthermore, both humoral
and cell-mediated immune responses play roles during protection
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of the host from plague, and hence, subunit vaccines may not be
optimal (12, 13). Consequently, serious consideration should be
given to developing live attenuated plague vaccines.

The identification and characterization of novel virulence fac-
tors of Y. pestis to rationally design a better live attenuated vaccine
and, also, to formulate effective new therapeutics are of significant
importance. Various virulence factors of Y. pestis have been iden-
tified and are primarily of plasmid origin, e.g., T3SS pathway
genes are carried by the pCD1 plasmid, the plasminogen activator
(Pla) protease and pesticin genes are harbored on the pPCP1 plas-
mid, and the F1 capsular antigen-encoding gene is located on the
pMT1 plasmid (14-18). Apart from these well-known virulence
factors of Y. pestis, very limited information is available on other
virulence factors/mechanisms that contribute to the extremely
virulent phenotype of the plague bacterium. More recently, Braun
lipoprotein (Lpp) and an acyltransferase (MsbB) that modifies the
lipid A moiety oflipopolysaccharide (LPS) were shown to contrib-
ute to Y. pestis virulence during both bubonic and pneumonic
plague, and currently, mutants devoid of these genes are being
exploited for developing live attenuated plague vaccines (18-20).
Similarly, an outer membrane protein, Ail (attachment inva-
sion locus), that provides serum resistance to Y. pestis plays an
important role during septicemic plague, allowing the plague
bacterium to resist host complement-mediated killing (21).
Since Y. pestis is a facultative intracellular pathogen, the bacte-
rium upregulates the expression of various virulence genes
during its intracellular life cycle, including those that code for
F1 capsular antigen and pH 6 antigen (PsaA), the latter of
which is an adherence factor (22, 23).

Recently, a number of genome-wide functional studies have
been performed, mainly utilizing array-based approaches, to
identify other possible virulence factors of Y. pestis. During mam-
malian host infection, Y. pestis increases its expression of genes
associated with insecticidal toxin synthesis, iron acquisition and
storage, metabolite transportation, amino acid biosynthesis, and
proteins that provide Y. pestis a survival advantage against neutro-
phil-generated reactive nitrogen species (24-27). Although efforts
have been made to further explore these targets to comprehend
their underlying pathophysiological mechanisms in the disease
process, the knowledge accumulated in this area is still limited (1,
28). In the same vein, we performed these studies to identify novel
virulence factors that are critical during the infection and dissem-
ination of Y. pestis in a mouse model. We employed a high-
throughput signature-tagged mutagenesis (STM) approach and
subsequently screened the mutants for in vivo attenuation models
of bubonic and pneumonic plague.

STM is a powerful genome manipulation technique in both
prokaryotes and eukaryotes and has been successfully used to
identify virulence factors of many pathogens, such as Salmonella
enterica serovar Typhimurium, Mycobacterium tuberculosis,
Vibrio cholerae, and Yersinia enterocolitica (29). In this approach,
multiple mutants can be combined and subjected to a screening
process to determine the competitive value of each of the mutants.
A recent study by Palace et al. that focused on factors essential for
deep tissue growth revealed that various amino acid and sugar
transporters are necessary during the deep tissue survival of Y.
pestis (30). Notably, a branched-chain amino acid importer gene
(brnQ) was identified as essential in evoking bubonic plague in a
mouse model (30). The use of this approach in other Yersinia
species helped in identifying genes related to the biosynthesis of
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LPS, T3SS, and other metabolic pathways as necessary virulence
factors during infection of the host (31-33).

In this study, by using the STM approach with 53 unique sig-
nature tags, 5,088 mutants of Y. pestis CO92 were created and
screened for impairment in disseminating to the spleen in a mouse
model of pneumonic plague. Among 118 clones that failed to dis-
seminate to the spleen, 15 mutants were attenuated either in a
mouse model of bubonic plague at a higher infectious dose or/and
in a pneumonic mouse model with an infectious dose equivalent
to 12 50% lethal doses (LDs,) of WT CO92. Subsequently, the
pathogenic roles in Y. pestis infection of rbsA, which codes for a
putative sugar transport system ATP-binding protein, vasK, a
component of the type VI secretion system, and ypo0498, a gene
within another T6SS cluster encoding a protein with a putative
function, were studied by in-frame deletion of these genes from
the WT or the Alpp single and Alpp AmsbB double mutant back-
ground strains of CO92.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. The bacterial strains
and plasmids used in this study are provided in Table 1. Escherichia coli
cultures were grown overnight at 37°C with 180 rpm shaking in Luria-
Bertani (LB) broth or on LB agar plates for 18 to 20 h. Y. pestis strains were
cultured overnight at 28°C, unless specifically noted otherwise, with shak-
ing at 180 rpm in heart infusion broth (HIB) (Difco; Voigt Global Distri-
bution, Inc., Lawrence, KS) or grown for 48 h on 5% sheep blood agar
(SBA) (Teknova, Hollister, CA) or HIB agar plates. As appropriate, the
organisms were cultivated in the presence of antibiotics, such as ampicil-
lin, kanamycin, and polymyxin B at concentrations of 100, 50, and 35
pg/ml, respectively. All of the experiments with Y. pestis were performed
in the Centers for Disease Control and Prevention (CDC)-approved select
agent laboratory in the Galveston National Laboratory (GNL), UTMB.

Construction of Y. pestis CO92 signature-tagged transposon mu-
tant library. A total of 5,088 transposon mutants of WT CO92 were cre-
ated, which included 96 mutants for each of the 53 unique 40-bp signature
tags (34). As a source of the tags, 53 E. coli S-17 strains, each harboring the
plasmid pUTminiTn5Km2STM with a unique tag, were used as donor
strains and conjugated with WT CO92 (35). Initially, 56 tags were chosen,
as previously described (35), and were tested for their cross-hybridization.
Three of the 56 tags showed a cross-reaction under our tested conditions
and, therefore, were excluded from the study. For each of the 53 signature
tags used, the following procedures were carried out. The E. coli S17-1
strain (Table 1) carrying the transposon with a unique signature tag was
grown overnight, subcultured, and then further grown for 4 h (optical
density at 600 nm [ODy,] of ~0.6). Separately, WT CO92 was grown
overnight and mixed in a 4-to-1 ratio with each of the above-described
donor E. coli strains. An aliquot of each mixture was spread on LB agar
plates and incubated at 30°C for 24 h. Subsequently, the cultures from the
LB plates were collected in sterile phosphate-buffered saline (PBS), and a
portion of each mixture was spread on HIB agar plates containing poly-
myxin B and kanamycin for 48 h at 28°C. Following the incubation pe-
riod, separate transconjugant colonies were tested for resistance to poly-
myxin B (WT CO92 is naturally resistant to this antibiotic) (Table 1) and
kanamycin but sensitivity to ampicillin. Finally, 96 of the transconjugants
carrying each tag that did not show any obvious growth defects were
randomly picked and individually inoculated into the wells of a 96-well
microtiter plate. After 24 h of growth, glycerol was added to a final con-
centration of 15% and the plates were stored at —80°C (Fig. 1). From the
53 96-well-plate stocks, 96 mutant pools were prepared by combining 20
pl of stock cultures from the same respective positions of 96-well micro-
titer plates (Fig. 1). Thus, each mutant pool represented a collection of 53
transposon mutants, each with a unique signature tag.
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TABLE 1 Bacterial strains and plasmids used in this study”

Reference or

Strain or plasmid Genotype and/or relevant characteristics Source
Y. pestis CO92 strains
WT C092 Virulent Y. pestis biovar Orientalis strain isolated in 1992 from a fatal human CDC
pneumonic plague case and naturally resistant to polymyxin B
WT CO92(pBR322) WT Y. pestis CO92 transformed with pBR322 (T¢®) 18
WT CO92 luc2 WT Y. pestis CO92 integrated with the luciferase gene (luc), used as a reporter strain 39
miniTn5Km2STM mutants Random transposon insertion mutants of Y. pestis CO92 This study
WT CO92(pKD46) WT Y. pestis CO92 transformed with plasmid encoding phage A recombination system This study
Aypo0498 strain ypo0498 deletion mutant of Y. pestis CO92 This study
ArbsA strain rbsA deletion mutant of Y. pestis CO92 This study
ArbsA(pBR322) strain ArbsA strain transformed with pBR322 (Tc®) This study
ArbsA(pBR322-rbsA) strain ArbsA strain complemented with pBR322-rbsA (Tc®) This study
AvasK strain vasK deletion mutant of Y. pestis CO92 This study
AvasK(pBR322) strain AvasK strain transformed with pBR322 (Tc®) This study
AvasK(pBR322-vasK) strain AvasK strain complemented with pBR322-vasK (Tc) This study
Alpp strain Ipp deletion mutant of Y. pestis CO92 20
Alpp(pKD46) strain Alpp strain transformed with plasmid encoding phage A recombination system This study
Alpp(pBR322) strain Alpp strain transformed with pBR322 (T¢®) This study
Alpp ArbsA strain Ipp rbsA double deletion mutant of Y. pestis CO92 This study
Alpp ArbsA(pBR322) strain Alpp ArbsA double mutant transformed with pBR322 (T¢®) This study
Alpp ArbsA(pBR322-rbsA) strain Alpp ArbsA double mutant complemented with pBR322-rbsA (Tc®) This study
Alpp AmsbB strain Ipp msbB double deletion mutant of Y. pestis CO92 19
Alpp AmsbB(pKD46) strain Alpp ArbsA double mutant transformed with plasmid encoding phage \ This study
recombination system
Alpp AmsbB ArbsA strain Ipp msbB rbsA triple deletion mutant of Y. pestis CO92 This study
Alpp AmsbB ArbsA(pBR322) strain Alpp AmsbB ArbsA trible mutant transformed with pBR322 (Tc®) This study
Alpp AvasK strain Ipp vasK double deletion mutant of Y. pestis CO92 This study
Alpp AvasK(pBR322) strain Alpp AvasK double mutant transformed with pBR322 (Tc®) This study
A. hydrophila strains”
SSU Aeromonas hydrophila human diarrheal isolate 43
AvasK strain vasK deletion mutant of A. hydrophila SSU 43
E. coli S17-1(pUTminiTn5Km2STM) E. coli S17-1, with chromosomally integrated recA pro hsdR RP4-2-Tc:Mu-Km::Tn7 35
Apir, carrying a pUTminiTn5Km2STM plasmid
Plasmids
pUTminiTn5Km2STM Minitransposon plasmid carrying 1 of 53 unique STM tags 35
pKD46 Plasmid for phage N recombination system under arabinose-inducible promoter 37
pKD13 Template plasmid for PCR amplification of the Km" gene cassette flanked by FRT sites 37
pFlp2 Plasmid for FLP enzyme under constitutively expressed lac promoter (Ap") 38
pBR322 A variant of pBR322 (T¢®) 70
pBR322-rbsA Plasmid containing the rbsA coding region and its putative promoter inserted in the This study
Tc" cassette of vector pBR322
pBR322-vasK Plasmid containing the vasK coding region and its putative promoter inserted in the This study

Tc" cassette of vector pBR322

“ CDC, Centers for Disease Control and Prevention; Tc, tetracycline resistance; Tc®, tetracycline susceptibility; Ap", ampicillin resistance; FLP, flippase; FRT, flippase recognition

target.

b A. hydrophila SSU has now been reclassified as A. dhakensis SSU (40).

Preparation of input mutant pools of Y. pestis CO92 and collection
of corresponding output mutant pools from the spleen in a mouse
model of pneumonic plague. Each of the 96 mutant pools prepared as
described above was individually tested in female Swiss-Webster mice
(Taconic Biosciences, Inc., Hudson, NY) that were infected via the intra-
nasal (i.n.) route. The animal experiments were conducted in accordance
with the Institutional Animal Care and Use Committee (IACUC)-ap-
proved protocol in the animal biosafety level 3 (ABSL-3) facility located in
the GNL. Figure 1 shows the approach used for screening the mutants. For
each of the mutant pools with 53 unique DNA tags, three animals were
infected. Before infection of the mice, a portion of the bacterial inoculum
was subjected to genomic DNA isolation using a DNeasy blood and tissue
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kit (Qiagen, Inc., Valencia, CA), and the resulting DNA was referred to as
the input DNA pool, or input pool. The remaining inoculum was used to
infect mice at a dose of 2,500 CFU, representing the equivalent of 5 LD,
(1 LD,, = 500 CFU) of WT CO92 (18). Three days postinfection (p.i.),
the spleens were excised to recover the output mutants. Briefly, the spleens
were homogenized in sterile PBS and aliquots of the homogenates was
spread on LB agar plates containing kanamycin. After 24 h of incubation,
the bacterial colonies were collected for genomic DNA isolation; the re-
sulting DNA is referred to as the output DNA pool or output pool.
DNA hybridization-based screening of input and output mutant
pools of Y. pestis CO92. The DNA hybridizations were performed sepa-
rately for each of the input and output pools, as previously described (35).
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FIG 1 Schematic illustration of the signature-tagged mutagenesis (STM) approach. Step 1, transposon mutants with 53 unique signature tags were generated
through a mini-Tn5 transposon system to create a library of 96 representative Y. pestis (YP) mutants for each tag, totaling 5,088 mutants. Step 2, one mutant for
each tag was combined to generate 96 pools of 53 uniquely tagged clones. Step 3, each pool was used to generate an input pool of bacterial DNA and to infect mice
by the i.n. route (5 LD5). At 3 days p.i., disseminated mutant bacteria were isolated from the spleens and their DNA extracted, providing the output pool of
bacterial DNA. Step 4, signature tag probes were generated by PCR with primer pair P2-P4 for input and output pools of bacterial DNA, with primers binding
to common sequences adjacent to the signature tags. Then, each pool of the DNA probes (input and out) was separately hybridized to membranes spotted with
an array of the 53 unique signature tags. After hybridization, the membranes were developed and the input and output pool membranes compared for changes

in the abundance of corresponding signatures.

Briefly, 53 signature tags were each PCR amplified (Phusion high-fidelity
PCR kit; New England BioLabs, Inc., Ipswich, MA), using primers P2 and
P4, from transposon plasmid pUTminiTn5Km2STM carrying the respec-
tive tag (Fig. 1 and Tables 1 and 2). The PCR products were digested with
HindIII restriction enzyme (New England BioLabs, Inc.) to remove
primer sequences and gel purified using a QIAquick gel extraction kit
(Qiagen, Inc.), and then 15-ng amounts of the tag DNA were spotted
individually on a positively charged nylon membrane (Amersham Hy-
bond-N+; GE Healthcare Life Sciences, Pittsburgh, PA). The DNA
probes on the membranes were sequentially subjected to denaturation in
1.5 M NaCl-0.5 M NaOH solution for 3 min, neutralization in 1.5 M
NaCl-0.5 M Tris-HCI (pH 7.4) solution for 5 min and again for 1 min in
the same but fresh solution, and washing in 2X SSC (1X SSC is 0.15 M
NaCl plus 0.015 M sodium citrate [7.0]) for 2 min. Finally, the DNA was
UV cross-linked to the membranes.

With the P2 and P4 primers (Table 2), the tag sequences from each of
the input and corresponding output DNA pools were PCR amplified and
gel purified as described above and were digoxigenin (DIG) (Roche Ap-
plied Science, Indianapolis, IN) labeled by PCR using the P2 and P4 prim-
ers as described previously (35). The labeled tags were digested with Hin-
dIII restriction enzyme to remove the primer sequences and denatured at
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95°C for 5 min before proceeding to hybridization. The membranes pre-
pared as described above were prehybridized with the DIG hybridization
solution (Roche Applied Science), and finally, the labeled tags were added
to the membrane in a fresh hybridization solution and incubated over-
night at 42°C.

Following hybridization, the membranes were subjected to wash-
ing, blocking, and developing at room temperature, unless otherwise
stated, as follows: (i) twice for 5 min each in 2X SSC plus 0.1% sodium
dodecyl sulfate (SDS), (ii) twice for 5 min each in 0.1X SSC plus 0.1%
SDS at 65°C, and once for 5 min in 0.1 M maleic acid, 0.15 M NaCl (pH
7.5), 0.3% (wt/vol) Tween 20 (MNT) buffer. Then, the membranes
were placed in 1X blocking solution (Roche Applied Science) for 30
min and were probed with monoclonal anti-DIG antibody in 1X
blocking solution for 30 min. The membranes were washed twice for 5
min each in MNT solution and equilibrated for 5 min in 0.1 M Tris-
HCl, 0.1 M NaCl (pH 9.5) solution. Finally, ready-to-use CDP-Star
solution (Roche Applied Science) was applied to each membrane and
incubated for 5 min, and the positive hybridization signals were visu-
alized on a luminescent image analyzer (ImageQuant LAS4000; GE
Healthcare Life Sciences). All of the hybridization steps were per-
formed in a hybridization oven.

May 2015 Volume 83 Number 5


http://iai.asm.org

TABLE 2 Sequences of primers used in this study

Novel Virulence Factors of Y. pestis

Primer or primer pair

Primer sequences (5'-3'; forward, reverse)

Purpose

PCR amplification of STM tags

Identification of mini-Tn5 insertion sites

Identification of mini-Tn5 insertion sites

Construction of a DNA fragment with Km" gene cassette
and FRT sequence for the rbsA mutation

PCR verification of rbsA deletion
Cloning of rbsA in plasmid pBR322

Construction of a DNA fragment with Km" gene cassette

and FRT sequence for the vasK mutation

PCR verification of vasK deletion
Cloning of vasK into plasmid pBR322

Construction of a DNA fragment with Km" gene cassette
and FRT sequence for the ypo0498 mutation

P2-P4 TACCTACAACCTCAAGCT, TACCCATTCTAACCAAGC

P1-P3 GCGCAACGGAACATTCATC, GCAAGCTTCGGCCGCCTAGG

P5-P6 AGGGTCAGCCTGAATACGCG, CTGACTCTTATACACAAGTGC

Kmypo2500 TTAGCTGGTAAGCGTGTCAATTCTCGCTCTGCTCAGGCAGA
GCGATAACCGTGTAGGCTGGAGCTGCTTC (FRT sequence),
TAATGCACTCCCTGTTGCGTGAAGCATGATGTTATTAGAT
TCAATTTCATATTCCGGGGATCCGTCGACC (FRT sequence)

ypo2500V CGTATTGCACTGGGTATCGCGTTGG,
GTCATTTAACCCGCTCATTAAGACA

¥p02500C CGGGATCCGGTTAGCGTAGACGGCCAACCA (BamHI), ACGC
GTCGACTCATAATGCACTCCCTGTTG (Sall)

Kmypo3603 GACAACTCAAACCATGATCGCCATGGAATGCCACGGAGCGT
TAGCGCATGTGTAGGCTGGAGCTGCTTC (FRT sequence),
TGCGATCTGTCTCAATACAATCGTGTGTCTCAATACAGAG
TGTCTGGCAGATTCCGGGGATCCGTCGACC (FRT sequence)

ypo3603V TAAACCGGCAACCACAGCAATCCGA,
TTGACCTCTGGCCGTGCCGGGTGGT

yp03603C CTAGCTAGCCTACAGATGATAAACCGGCAA (Nhel),
ACGCGTCGACTCAATACAGAGTGTCTGGCA (Sall)

Kmypo0498 ACCATTAGCACGATGACGTGGATGAATAGCCAAAATAAGAG
GACATAGATGTGTAGGCTGGAGCTGCTTC (FRT sequence),
TACCTCTTAATCTCCAGAGATTTTAGATCCTTTGCGTGTCA
GATAGGACAATTCCGGGGATCCGTCGACC (FRT sequence)

ypo0498V GCTATTCGCTGGTTGAGGCT, AACGCTGGCAGAGAGATGAG

PCR verification of the ypo0498 deletion

Testing individual signature-tagged transposon mutants of Y. pestis
CO092 in bubonic and pneumonic plague mouse models. Mutant clones
that exhibited either complete or partial loss in virulence in terms of their
ability to disseminate to the spleen, as determined by the hybridization
reactions, were selected for further study. Each of the mutants was indi-
vidually used to infect a group of five Swiss-Webster mice via the subcu-
taneous (s.c.) route at a dose equivalent to 8 LD, of WT CO92 (1 LDy, by
the s.c. route is 50 CFU) (18). The mutants found to be attenuated for
bubonic infection after the first screen were subjected to a stringent sec-
ond screen in mice (1 = 10 to 20) at a higher infectious dose of 40 LDs,.
The animals were observed for mortality over a period of 21 to 28 days.
The mutant clones that were sufficiently attenuated to show at least 40%
animal survival were selected for genomic characterization of the trans-
poson insertion sites.

Transposon mutants that showed promising results during the first
s.c. screening were further tested for their level of attenuation in a pneu-
monic plague mouse model. Each selected mutant was used to infect a
group of five Swiss-Webster mice at an infection dose equivalent to 12
LD, of WT CO92. The animals were observed for mortality over a period
of 9 days.

Genomic characterization of transposon insertion sites in the signa-
ture-tagged mutants of Y. pestis CO92. Inverse PCR was used to amplify
the DNA fragment flanking the mini-Tn5 insertion site as described pre-
viously (35, 36). Briefly, genomic DNA from the selected signature-tagged
transposon mutants described above was extracted by using a DNeasy
blood and tissue kit (Qiagen, Inc.). An aliquot (2 pg) of the genomic DNA
was digested with BamHI, Mlul, Pstl, Sall, or Xbal restriction enzyme
(New England BioLabs), and the resulting fragments were ligated using
T4 DNA ligase (Promega, Madison, WI). Inverse PCR was performed to
anneal outward-facing primers P1 and P3 to the mini-Tn5 sequence (Ta-
ble 2). Subsequently, a nested PCR amplification was carried out on each
of the inverse PCR products using primers P5 and P6 (Table 2). Primers
P5 and P6 annealed downstream to the primer pair P1 and P3. Then, the
resulting PCR products were gel purified and sequenced using primer P6
(Table 2). Based on the sequence information, transposon insertion sites
in the genome of Y. pestis CO92 were identified (15).
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Construction of in-frame deletion mutants and testing in mouse
models of bubonic and pneumonic plague. To construct in-frame dele-
tion mutants of Y. pestis CO92, the phage N\ recombination system was
used (37). Initially, the WT CO92 strain was transformed with plasmid
pKD46 (Table 1) and grown in the presence of 1 mM L-arabinose to
induce the expression of the phage N recombination system. The above-
described Y. pestis culture was processed for the preparation of electropo-
ration-competent cells (10, 37). The latter were then transformed with 0.5
to 1.0 pg of the linear double-stranded DNA constructs carrying the ka-
namycin resistance (Km") gene cassette that was immediately flanked by a
bacterial flippase (FLP) recombination target (FRT) sequence and fol-
lowed on either side by 50 bp of DNA sequences homologous to the 5" and
3" ends of the gene to be deleted from WT CO92. Plasmid pKD46 was
cured from the mutants that had successful Km" gene cassette integration
at the correct location by growing the bacteria at 37°C. The latter mutants
were transformed with plasmid pFlp2 (Table 1) to excise the Km" gene
cassette (38). Eventually, plasmid pFlp2 was also cured from the kanamy-
cin-sensitive (Km?®) clones by growing them in a medium containing 5%
sucrose (38). To confirm the in-frame deletion, mutants showing sensi-
tivity to kanamycin and ampicillin were tested by PCR using appropriate
primer pairs (Table 2) and sequencing of the PCR products.

To construct double or triple in-frame deletion mutants of CO92, a
similar procedure was followed using selected single (Alpp) or double
(Alpp AmsbB) in-frame deletion mutants that existed in the laboratory
(Table 1). To construct a recombinant plasmid for complementation
studies, the complete open reading frame of the gene of interest, along
with 200 bp of the upstream DNA sequence corresponding to the pro-
moter region of that gene from WT C092, was PCR amplified using a
Phusion high-fidelity PCR kit (New England Biolabs). Then, the DNA
construct was cloned in plasmid pBR322 in place of the tetracycline resis-
tance (Tc")-conferring gene cassette (Table 1).

Single, double, and triple isogenic mutants and their complemented
strains were then tested in both bubonic and pneumonic plague mouse
models along with the WT CO92 strain as a control. For rechallenge
experiments, after 28 days p.i. with the selected mutants, bioluminescent
WT CO92, carrying the luciferase gene operon luxCDABE (Table 1), was
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used to infect mice as described previously (39). Also, in vivo imaging was
performed on rechallenged animals using an IVIS 200 bioluminescence
and fluorescence whole-body-imaging workstation (Caliper Corp., Ala-
meda, CA).

Western blot analysis for detecting a T6SS effector, hemolysin-co-
regulated protein (Hcp), in the isogenic mutants of Y. pestis CO92.
Overnight-grown cultures of various Y. pestis and Aeromonas hydrophila
strains (the latter was reclassified as Aeromonas dhakensis) (40) were har-
vested, and the supernatants mixed with 20% trichloroacetic acid (vol/
vol). The resulting precipitates were dissolved in SDS-PAGE bulffer by
boiling and subjected to SDS—4 to 15% polyacrylamide gel electrophore-
sis. The proteins from the gel were then transferred to a Hybond ECL
nitrocellulose membrane (GE Healthcare) by following the standard pro-
cedure (41). The membrane was blocked with 1% bovine serum albumin
(BSA) or 5% skim milk and then incubated with anti-Hcp antibody spe-
cific for Y. pestis (1:1,000), followed by incubation with the secondary
antibody (goat anti-mouse IgG [1:10,000]; Southern Biotechnology As-
sociates, Inc., Birmingham, AL). The membrane was washed with Tris-
buffered saline (TBS; 20 mM Tris base, 136 mM NaCl [pH 7.4])-0.05%
Tween 20, and the blot was developed using SuperSignal west Dura ex-
tended-duration substrate (Pierce, Rockford, IL). Finally, the positive sig-
nal was detected by using the ImageQuant LAS4000 platform (GE Health-
care). Polyclonal antibody raised in mice against Hcp of Y. pestis was used
for immunoblot analysis. The hcp gene (YPO3708) of Y. pestis CO92 was
overexpressed in E. coli as a His-tagged recombinant protein using the
pET30a vector system and purified by using Ni** chromatography (41).
As a loading control for immunoblot analysis, we used monoclonal anti-
body against DnaK (Enzo, Farmingdale, NY), a member of the conserved
Hsp70 chaperone family.

Growth kinetics of WT Y. pestis CO92, its ArbsA mutant, and the
complemented strain. Overnight cultures of various Y. pestis strains were
washed in PBS and normalized to the same absorbance by measuring the
optical density at 600 nm (ODy,). These bacterial cultures were then
inoculated separately (at approximately 1 X 107 CFU) into 20 ml of mod-
ified M9 medium (1X M9 salts [22 mM KH,PO,, 33.7 mM Na,HPO,,
8.55 mM NaCl, 9.35 mM NH,CI], 1 mM MgSO,, 2.5 mM CaCl,, 0.001
mg/ml FeSO,, 0.0001% thiamine, 0.1% Casamino Acids) (all chemicals
were obtained from Sigma-Aldrich, St. Louis, MO) contained in 125-ml
polycarbonate Erlenmeyer flasks with HEPA-filtered tops. The medium
either did not contain any sugar or was supplemented with 0.4% glucose
or 0.4% ribose. The cultures were incubated at 28°C with shaking at 180
rpm. Samples were taken by removing 100 .l of the culture from each of
the flasks at the time points indicated in Fig. 6B. Each of the samples was
serially diluted, plated on SBA agar plates, and incubated at 28°C for 48 h
to determine CFU/ml.

Statistical procedures. Animal survival rates were statistically ana-
lyzed using Kaplan-Meier survival estimates with the Bonferroni post hoc
test. The in vitro growth of WT C092, its ArbsA mutant, or the comple-
mented strain under different nutritional conditions was analyzed by one-
way analysis of variance (ANOVA) followed by the Tukey post hoc test.
Wherever applicable, the P values are reported, and a P value of =0.05 is
considered significant.

RESULTS

Y. pestis CO92 signature-tagged transposon mutant library and
its primary screen in a mouse model of pneumonic plague. We
generated a library of mutants with 53 unique DNA tags from
wild-type (WT) strain CO92 by using a transposon Tn5-based
system (Fig. 1). For each signature tag, 96 mutants potentially
representing Tn5 hits at different locations on the chromosome or
the plasmids of WT CO92 were randomly picked from the HIB
agar plates, thus resulting in a library consisting of 5,088 mutants.
During this selection process, any mutant clones that exhibited
visual growth defects, such as a smaller colony size, were not in-
cluded as they would be outcompeted in a mixed culture infection,
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FIG 2 Representative STM hybridization reactions. Bacterial DNA was iso-
lated from input and output mutant pools and signature tags amplified, la-
beled with DIG, and then used to hybridize membranes spotted with a signa-
ture tag array. Out of 56 initial signature tags, 3 were found to be cross-reactive
(4, 13, and 56) and were subsequently excluded. Each array was composed of
53 signature tags that were shown to be specific. Red circles highlight those
mutants that show a reduction in abundance between the input and the output
pools. The tag numbers (1 to 56) are indicated.

resulting in false positives. We observed a transfer efficiency of
1.5 X 10~ * transposon mutants per donor colony when the Tn5-
harboring E. coli strains were mixed with the recipient WT C0O92
strain at a ratio of 4:1 for the conjugation process. Finally, 96 input
mutant pools, each containing a collection of 53 mutants (one
clone for each one of the signature tags), were generated to screen
for attenuation in terms of dissemination to the internal organs,
i.e., the spleen, in a mouse model of pneumonic plague (Fig. 1).

The infectious dose of the 96 input mutant pools given by the
i.n. route in mice was the equivalent of 5 LD, of WT CO92 (18).
Three days p.i., ~60% of the animals died due to developing
pneumonic plague and the remaining animals had clinical symp-
toms of plague, such as lethargy and ruffled fur. The excised
spleens from these mice, irrespective of their survival status, had
high bacterial counts, in the range of 1 X 10” to 1 X 10® CFU per
organ. Under the conditions of hybridization and washing opti-
mized for the study, the nylon membranes harboring the purified
53 unique signature tags were hybridized with the 96 input pool
DNA probes (obtained from each transposon mutant pool with 53
signature tags) and showed a clear pattern of positive reactions
without any background signal (a representative blot is shown in
Fig. 2).

By this hybridization approach, we identified a total of 118
potential mutant candidates; among these, 108 had no detect-
able signal on the output DNA pool membranes, and the re-
mainder had very weak signals compared to those of the corre-
sponding input DNA pool membranes (a representative blot is
shown in Fig. 2).

Second screen of selected signature-tagged transposon mu-
tants of Y. pestis CO92 in a mouse model of bubonic plague. We
performed a second screen with the 118 mutant clones generated
as described above by injecting mice with individual mutants via
the s.c. route with doses aimed at achieving the equivalent of 8
LDs, of WT CO92 (18). Of the 118 mutant clones tested, 20
(~17%) showed attenuation to the level of at least 20% or more of
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TABLE 3 Survival patterns for selected transposon mutants in mouse models of bubonic and pneumonic plague

% of mice surviving postinfection with”:

~8 LD, s.c. on day:

12 LD, i.n. on day:

Clone* Gene locus 7 14 21 3 9
WT CO92 40 0 0 0 0
15-F2 YPPCP1.07 100 100 80 60 0
19-F7 Unconfirmed 100 80 80 80 0
29-F7 YPO2468 60 60 60 80 40
2-H3 YPO1717 80 60 60 20 0
39-A7 YPO3319 60 60 60 80 0
39-G4 YPMT1.80c 100 40 40 20 0
42-B8 YPO2500 100 100 100 NT* NT*
44-B5 YPO0498 80 60 60 100 40
44-F11 YPO3603 80 60 60 NT* NT¢
45-B9 YPO2884 100 80 60 100 100
47-F10 Unconfirmed 80 80 80 60 0
47-G5 YPO3164 100 80 80 20 0
48-G1 PMT1 CaflR 100 100 100 100 20
49-B1 YPO1484 80 60 60 100 100
52-B1 YPO3248 80 60 60 100 80
52-B5 Intergenic, YPO0093-YPO0094 60 60 20 100 80
53-C3 YPO1616 80 80 80 100 100
53-F10 YPO1995 100 100 100 100 0
53-G5 YPOO0815 100 60 60 100 100
54-F6 Intergenic, YPO1119-YPO1120 100 100 100 100 60

@ Clone identifiers comprise the signature tag number and the alphanumeric of an individual mutant containing that signature.

b 5.c., subcutaneous; i.n., intranasal.

¢ NT, not tested for signature-tagged mutants, but an isogenic mutant was prepared and examined.

the animals surviving (up to 100%) compared to the survival rate
with WT CO92 on day 21 p.i. (Table 3). One of our long-term
goals is to identify candidate genes that could be deleted from the
WT CO92 to develop a novel live attenuated plague vaccine.
Therefore, we also tested some of the animals that survived infec-
tion with representative transposon mutants for the ability to
withstand rechallenge with the WT CO92. The rechallenge oc-
curred by a more stringent i.n. route, which evokes pneumonic
plague, to gauge the immunogenicity of the transposon mutant
clones. As shown by the results in Fig. 3, 100% of the animals that
were initially infected with the transposon mutants (15-F2, 42-B8,
44-B5, 52-B1, and 53-C3) (Table 3) and were rechallenged with
the WT CO92 strain (10 LDs,) were protected over a period of 21
days. All of the naive control mice died by day 4. These second-
screen mutant candidates were then subjected to a higher-strin-
gency screen in a bubonic plague mouse model by increasing the
challenge dose to 40 LDs, (Table 4). As noted from the data in
Table 4, mice infected with 10 of the 20 mutants showed 40% or
greater rates of survival on day 21 p.i. Following this final high-
stringency screen, we identified the insertion sites within the dis-
rupted genes for each of the mutant candidate strains.

Genetic characteristics of signature-tagged transposon mu-
tants of Y. pestis CO92 that were attenuated in a mouse model of
bubonic plague. Identification of the disrupted genes or genetic
regions in the transposon mutants was accomplished using in-
verse PCR followed by sequencing of the PCR products to confirm
the locations of the mutations. The genomic characterizations of
18 of the 20 attenuated mutants identified during the first screen
by s.c. challenge are listed in Table 3, while the genomic locations
of transposon integration for mutant clones 19-F7 and 47-F10
were not confirmed. In these confirmed 10 mutants showing at-
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tenuation under high stringency in a mouse model of bubonic
plague, transposon insertions were identified in six uncharacter-
ized genes (Table 4). For example, clones 52-B1 and 2-H3 encode
a putative surface-exposed and a membrane protein, respectively.
Clones 44-B5, 53-C3, 54-F6, and 39-G4 code for hypothetical pro-
teins or proteins with putative functions. In clone 47-G5, the
transposon interruption occurred in the cytochrome o ubiquinol
oxidase subunit II (Table 4). Two of the genes encoded previously
characterized virulence factors, including the pla protease gene
located on the pCP1 plasmid of Y. pestis (18, 42). The pla protease
gene was interrupted in the mutant clone 15-F2 (Table 4), adding
credibility to our screening process. This mutant was highly atten-
uated, as 85% of the animals in a bubonic plague model challenge
survived on day 21 p.i. (Table 4).

Mutant clone 44-F11, with 60% of the mice surviving the chal-
lenge, was identified as having a disruption in a gene whose prod-
uct has homology to VasK of A. dhakensis strain SSU; VasK is a key
component of the T6SS (Table 4) (43). Clone 42-B8 was identified
as having a transposon insertion within the gene referred to as
rbsA, and 85, 70, and 60% of the animals in a mouse model of
bubonic plague survived after challenge on days 7, 14, and 21 p.i.,
respectively (Table 4). This gene is part of the rbs operon that
codes for a putative ribose transport system and has been de-
scribed in orthologous systems (44, 45). Likewise, clone 44-B5, in
which the transposition occurred in a hypothetical gene, was
highly attenuated, with 100, 85, and 85% survival of animals on
days 7, 14, and 21 p.i., respectively (Table 4).

Pathodynamics of bubonic plague infection for the isogenic
mutants of Y. pestis CO92 with deletion of rbsA, vasK, or
ypo0498 in a mouse model. Transposon mutagenesis does not
always provide a true estimate of bacterial attenuation during in-
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FIG 3 Survival of mice after initial infection with Y. pestis CO92 mutants in a bubonic plague model and subsequent rechallenge to evoke pneumonic plague with
WT CO92. Adult Swiss-Webster mice were challenged with the WT CO92 strain or one of the mutants (5 mice per group) by the s.c. route at infectious doses of
8 LDs,. Surviving mice from the initial challenge with the selected mutant groups were followed for 28 days p.i. and then rechallenged by the i.n. route with 10
LD, of WT CO92. Survival data were analyzed for significance by Kaplan-Meier survival estimates with the Bonferroni post hoc test. The P values are for
comparison of the results for each of the strains to the results for WT CO92 or the naive control for the rechallenge study.

fection, due partly to possible polar effects; therefore, we created
isogenic mutants for three of the genes, rbsA, vasK, and ypo0498
(Table 4). Gene rbsA was targeted because it had the most func-
tional information available from orthologs in other bacterial spe-
cies (44, 45). Similarly, gene ypo3603 (vasK) was targeted due to
the virulence attributes associated with orthologous genes (43).
Another candidate gene, yp00498, which encodes a hypothetical
protein and is part of another T6SS locus, was also selected. These
mutants were then used to challenge mice by the s.c. route to
replicate data obtained during the transposon mutant screening.

Animals infected with the ArbsA or the AvasK isogenic mutant

by the s.c. route showed statistically significant attenuation of vir-
ulence, as 40% (P = 0.042) and 70% (P = 0.002), respectively, of
the mice survived when challenged with the equivalent of 10 LD5,
of WT CO92 (Fig. 4). The control animals infected with WT CO92
showed survival rates of less than 5% by day 14 p.i. in three com-
bined independent experiments. When the Aypo0498 isogenic
mutant was used to challenge mice by the s.c. route, an increase in
mean time to death was noted at a much-higher 35 LD, although
the data did not reach statistical significance (Fig. 4).
Characterization of the AvasK mutant of Y. pestis CO92 in a
mouse model of pneumonic plague. Following evaluation of the

TABLE 4 Survival patterns for mice infected with selected transposon mutants at a high infectious dose in a model of bubonic plague

% of mice surviving
postinfection with ~40
LD, s.c. on day™:

Clone Gene interrupted 7 14 21 Gene or protein description/protein homology

WT C0O92 15 0 0

15-F2° pla 85 85 85 Plasminogen activator

2-H3 ypol717 80 60 60 Putative membrane protein

39-G4 ypmtl.80c 100 40 40 Putative transposase

42-B8 rbsA (ypo2500) 85 70 60 Putative sugar transport system ATP-binding protein

44-B5 ypo0498 100 85 85 Hypothetical protein associated with a T6SS locus

44-F11° vasK (ypo3603) 60 60 60 T6SS component VasK

47-G5 ypo3164 100 80 40 Cytochrome o ubiquinol oxidase subunit II

52-Bl hxuB (ypo3248) 100 60 60 HxuB (hemolysin secretion protein)/putative surface-exposed protein
53-C3 ypol616 85 60 60 Hypothetical protein

54-F6 ypol119-ypol120 100 100 100 Insertion in intergenic region between two conserved hypothetical proteins

“ The number of animals used per group ranged from 10 to 20.

b Boldface highlights data for mutants that had transposon disruptions in genes previously identified as virulence factor-encoding genes in Y. pestis, i.e., pla, or in A. dhakensis SSU,

i.e., vask.
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FIG 4 Survival of mice after challenge with the indicated isogenic mutants of Y. pestis CO92 in a bubonic plague model. After generation of the rbsA, vasK, and
yp0o0498 isogenic mutants, each strain was used to challenge 10 adult Swiss-Webster mice by the s.c. route at the indicated LD5,. The data for challenge with WT
CO92 represent pooled results from three independent experiments, with a total number of 22 mice. Survival data were analyzed for significance by Kaplan-Meier
survival estimates with the Bonferroni post hoc test. The P values are for comparison of the results for each of the mutant strains to the pooled WT CO92 results.

disease by the s.c. route (bubonic plague), the AvasK mutant was
then assessed for attenuation in a mouse model of pneumonic
plague. At a dose equivalent to 12 LD5, of WT C092, the mice
exhibited a 20% survival rate (P = 0.031) by day 21 p.i., with no
survival of animals challenged with a similar dose of WT CO92
(Fig. 5A). Further confirming that deletion of the vasK gene re-
sulted in this attenuated phenotype, mice challenged with the
complemented strain [AvasK(pBR322-vasK)] (Table 1) recapitu-
lated the WT phenotype, with no survival at an equivalent dose of
the isogenic mutant. Although the attenuation of the AvaskK mu-
tant was not high in a stringent pneumonic plague mouse model,
we obtained the first mutant which was attenuated in developing
both bubonic and pneumonic plague.

In addition to generating a AvasK single mutant, we also de-
leted the vasK gene from the Alpp background strain of CO92.
Braun lipoprotein (Lpp) has previously been shown in our labo-
ratory to provide attenuation in mouse models of pneumonic and
bubonic plague through decreased intracellular survival in mac-
rophages (19, 20, 38). The rationale for deleting the AvasK gene
from the Alpp background strain of CO92 was to determine
whether additive or synergistic attenuation could be achieved with
the Alpp AvasK double mutant in a mouse model of pneumonic
plague.

Infection by the i.n. route with the Alpp AvasK double mutant
at a dose equivalent to 12 LDs, resulted in 90% survival (P <
0.001) of mice by day 21 p.i., compared to only a 5% survival rate
of animals after challenge with the Alpp single mutant at a com-
parable challenge dose (Fig. 5A). These data indicated synergistic
attenuation of the Alpp AvasK double mutant in a mouse model of
pneumonic plague.

To determine whether the attenuating effect of the vasK gene
deletion in WT CO92 or its Alpp mutant in mice was related to
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inhibition of the secretion of a T6SS effector, Hep, a Western blot
analysis was performed on the culture supernatants of WT C0O92
and its Alpp single, AvasK single, and Alpp AvasK double mutants.
We showed previously that the secretion of Hep was blocked when
the vasK gene was deleted from diarrheal isolate SSU of A. dhak-
ensis (43). As seen by the results in Fig. 5B, no differences in the
secretion of Hcp were observed between the WT CO92 strain and
the AvasK mutants, irrespective of whether the bacterial cultures
were grown at 28 or 37°C. As expected, while the correct size Hcp
was detected in the supernatant of WT A. dhakensis SSU, the pro-
tein band was absent from its corresponding AvasK mutant. Since
the Hcp proteins of Y. pestis and A. dhakensis exhibit high homol-
ogy (81%), the same antibody detected Hcp in both pathogens. A
larger molecular size of Hep was detected in A. dhakensis (22 kDa)
than in Y. pestis (19 kDa), likely due to posttranslational modifi-
cation, as was also observed in the Hcp from Vibrio cholerae (46).

The gene rbsA is required for full virulence of Y. pestis CO92
in a pneumonic plague mouse model and for the utilization of
ribose. In a pneumonic plague model, the ArbsA mutant was at-
tenuated, with 30% of the mice (P = 0.0098) having survived the
challenge, while the animals infected with the WT CO92 or those
infected with the rbsA-complemented strain died by day 6 at a
similar infectious dose of 11 LDs, (Fig. 6A).

Earlier studies suggested that domains with sequence homol-
ogy to the RbsA protein function as a ribose transport system (44,
45). To explore the role of ribose utilization, the ArbsA mutant was
grown in a modified minimal medium with a restricted carbon
source. In a minimal medium supplemented with 0.4% ribose, the
ArbsA mutant displayed a delayed growth pattern similar to the
pattern seen when no ribose was added to the medium (Fig. 6B).
However, the WT C0O92 and the ArbsA(pBR322-rbsA) comple-
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FIG 5 Survival of mice challenged with the AvasK isogenic mutants of Y. pestis CO92 in a pneumonic plague model, and secretion of Hep through the T6SS. (A)
Adult Swiss-Webster mice were challenged by the i.n. route with 12 LD, of WT CO92(pBR322) (1 = 10) or the AvasK(pBR322) (n = 10), AvasK(pBR322-vasK)
(n =10), Alpp(BR322) (n = 20), or Alpp AvasK(pBR322) (n = 10) mutant. Mice were followed for survival up to 21 days, and the data analyzed for significance
by the Kaplan-Meier survival estimates with the Bonferroni post hoc test. The P values are for comparison of the results for each of the mutant strains to the results
for WT CO92. (B) Western blot analysis was performed to detect Hep in the supernatants of various bacterial cultures using a specific anti-Hcp antibody, and the
levels of DnaK in bacterial pellets were examined as a loading control for the samples used during Western blot analysis. The molecular masses of Hcp and DnaK

are indicated.

mented strain exhibited normal and similar growth kinetics in a
ribose-containing medium (Fig. 6B).

In a minimal medium, WT CO92 without any carbon source
grew poorly after 16 h of incubation; however, the addition of
0.4% of either glucose or ribose resulted in luxuriant bacterial
mass (P < 0.001) (Fig. 6C). As mentioned in regard to the data in
Fig. 6B, the ArbsA mutant grew poorly in the minimal medium
supplemented with ribose after 16 h of incubation and had a bac-
terial mass similar to that obtained when no carbon source was
added to the medium (Fig. 6C). However, the ArbsA mutant ex-
hibited growth similar to that noted for the WT CO92 when the
medium was supplemented with glucose (Fig. 6C). The comple-
mentation of the ArbsA mutant strain restored the ability to utilize
ribose and allowed the bacteria to grow to a density twice that of
the noncomplemented strain (P < 0.001) (Fig. 6C) and similar to
that of the WT CO92 strain when grown in the ribose- or glucose-
supplemented medium.

To assess the potential of rbsA deletion as a component of the
live attenuated vaccine and to further characterize its attenuating
characteristics, we constructed double and triple isogenic mutants
in which the rbsA gene was deleted from the Alpp and Alpp AmsbB
background strains of CO92. The msbB gene encodes an acyltrans-
ferase that attaches lauric acid to the lipid A moiety to increase the
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biological potency of LPS (47). The Alpp AmsbB double mutant
exhibited increased attenuation compared to that of the respective
single mutants alone (19). The resulting double (Alpp ArbsA) and
triple (Alpp AmsbB ArbsA) isogenic mutants showed synergistic
reductions in virulence (Fig. 7A).

While none of the Alpp AmsbB double mutant-infected mice
survived past day 5 p.i. at 20 LD5;, 90% of the mice challenged
with 15 LDy, of the WT CO92 died (Fig. 7A). Animals infected
with the Alpp ArbsA double mutant showed 75% survival (P <
0.001) at a dose of 20 LDs,. Challenge with 20 to 50 LDs, of the
Alpp AmsbB ArbsA triple mutant in mice by the i.n. route resulted
in 100% survival for 28 days p.i. (P < 0.001) (Fig. 7A). As was
observed with the ArbsA single mutant strain (Fig. 6A), when the
Alpp AmsbB ArbsA triple mutant was complemented with the
rbsA gene and used to infect mice, 80% of the animals succumbed
to infection, with no significant difference in the survival pattern
compared to that of mice infected with the Alpp AmsbB double
mutant (Fig. 7A).

As part of the evaluation for its inclusion as a component in a
live attenuated vaccine candidate, we were interested in testing the
immune-protective potential of this strain. To accomplish this, we
rechallenged the groups of mice that received 20 LD, of the Alpp
ArbsA double mutant or the Alpp AmsbB ArbsA triple mutant
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FIG 6 Survival of mice challenged with the ArbsA isogenic mutant of Y. pestis
CO092 in a pneumonic plague model, and ribose utilization. (A) For each of the
strains tested, 10 adult Swiss-Webster mice were challenged by the i.n. route
with 11 LD, and then observed for mortality for 21 days. Survival data were
analyzed for significance by Kaplan-Meier survival estimates with the Bonfer-
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strain with a fully virulent bioluminescent Y. pestis CO92 strain on
day 28 after the initial challenge. Likewise, the group that received
50 LDy, of the Alpp AmsbB ArbsA triple mutant strain was subse-
quently challenged with the bioluminescent Y. pestis CO92 strain
(Fig. 7B). This bioluminescent strain allowed us to evaluate the
progression of the disease and survival data from the same groups
of mice. By day 3 p.i., 60% of naive mice succumbed to the disease,
while 1 of the remaining 2 showed heavy infection in the lungs
(Fig. 7B) and died on the following day. The remaining naive
mouse succumbed 2 days after the imaging.

Only 2 of the 10 mice (20%) from the group initially dosed
with 20 LDs, of the Alpp AmsbB ArbsA triple mutant strain
showed a bacterial burden and later succumbed to infection due to
challenge with WT CO92 (Fig. 7A and B). Only 1 of the 8 mice
(13%) from the group initially dosed with 50 LDs, of the Alpp
AmsbB ArbsA triple mutant strain showed a bacterial burden and
succumbed to infection during rechallenge with the WT (Fig. 7A
and B).

Interestingly, animals initially challenged with the Alpp ArbsA
double mutant strain (75% protected) showed only a 50% sur-
vival rate after rechallenge (Fig. 7A), indicating that the Alpp
AmsbB ArbsA triple mutant strain was better attenuated than the
Alpp ArbsA double mutant and developed superior immunity in
mice to subsequently protect animals from rechallenge with the
WT CO92.

Third screen of selected signature-tagged transposon mu-
tants of Y. pestis CO92 in a mouse model of pneumonic plague.
During the initial stage of pneumonic plague, Y. pestis suppresses
the host immune system to downregulate the inflammatory re-
sponse, thereby creating a highly permissive niche for the bacte-
rium to multiply in an unrestricted manner (48, 49). Subse-
quently, this accumulation of proliferating bacteria leads to the
induction of a massive inflammatory reaction, which causes lung
edema and the death of the infected animals (48-50). Taking these
findings together, it is likely that a Y. pestis mutant that is attenu-
ated for dissemination to the peripheral organs after intranasal
infection could still cause inflammatory changes in the lung tissue.
Consequently, infected animals would succumb to infection due
to pneumonia rather than the septicemic dissemination noted
during bubonic plague. Therefore, we further evaluated the extent
of attenuation in causing pneumonic plague of the remaining 18
signature-tagged mutants (AvasK and ArbsA isogenic mutants
were already characterized) (Table 3) identified during the screen-
ing process by infecting animals by the i.n. route at a dose equiv-
alent to 12 LD, of WT CO92 (Table 3).

In general, a delayed pattern of death was noted for animals
infected with any of the mutants on day 3 after infection (Table 3).
Animals infected with 9 of the 18 mutants exhibited between 40
and 100% survival on day 9. Mutants 45-B9, 49-B1, 53-C3, and

roni post hoc test. The P values are for comparison of the results for each of the
strains to the results for WT CO92. (B) Growth of mutants and WT CO92 in a
modified M9 minimal medium with or without supplementation with 0.4%
ribose. Samples were taken at the time points indicated and plated for CFU
counts. (C) At 16 h postinoculation, culture titrations were determined for
the WT CO92(pBR322), ArbsA(pBR322), and ArbsA(pBR322-rbsA) strains
grown in a modified M9 minimal medium with or without supplementation
with 0.4% glucose or 0.4% ribose. Statistical significance was analyzed by one-
way ANOVA with the Tukey post hoc test. The comparisons between groups
indicated by asterisks and brackets are significant at a P value of <0.001.
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53-G5 were unable to kill any mice, while 80% of mice survived
challenge with mutants 52-B1 and 52-B5. These data implied that
some mutants identified during the initial bubonic plague screen
were attenuated in causing primary pneumonic plague as well,
and these will be further characterized.

DISCUSSION

Knowledge of the virulence factors of Y. pestis is crucial to develop
a new plague vaccine or design a better therapeutic intervention.
As no FDA-approved plague vaccine is available for humans and
antibiotics have a limited role when the disease progresses to a
clinical stage, the search for novel virulence factors of the organ-
ism becomes a compulsive need in order to combat plague in the
future. Here, we chose a high-throughput signature-tagged mu-
tagenesis (STM) approach, because this technique offers the
power to analyze multiple mutants for attenuation in virulence
simultaneously, either in vitro or in vivo (29, 34).

In this study, more than 5,000 transposon mutants of Y. pestis
CO92, an isolate obtained from a human case of pneumonic
plague in the United States (51), were screened for impairment of
dissemination to internal organs (e.g., spleen) in a mouse model
of pneumonic plague (Fig. 1). Among these mutants, 118 were
unable to reach detectable numbers in the spleen as identified by
comparing the presence or absence of signature tags between the
input and output pools. The detection rate of such mutants
(~2.4%) was close to that obtained in other studies using similar
types of STM techniques (35, 52). We preferred to use a pneu-
monic plague mouse model for our initial screening of the mu-
tants for the following reasons: (i) pneumonic plague is the dead-
liest form, with a high fatality rate compared to that of the bubonic
form of plague, and (ii) the majority of the mice die due to pneu-
monic infection by day 3 p.i., with approximately 10” to 10’ CFU
of the plague bacterium in the peripheral organs (50). A high
bacterial burden in the peripheral organs of mice is needed to
obtain an adequate tag representation in the output pools during
STM, and 10* CFU of bacteria is recommended as a threshold for
obtaining authentic data (53). When animals are infected by the
s.c. route to evoke bubonic plague, gauging consistent disease pro-
gression is somewhat challenging and the bacterial load in periph-
eral organs is relatively lower than that in the pneumonic plague
mouse model (54, 55).

The complexity of the mutant pools during STM is a crucial
parameter and has to be carefully considered for obtaining a high-
quality screen in an animal model (34). Although an increased
pool complexity would enable more mutants to be screened si-
multaneously, it might also enhance the probability that some
virulent mutants would not be present in sufficient numbers in
the organs of an infected animal, thus leading to false-positive
data. In addition, the quantity of the labeled tag for each trans-
poson is inversely proportional to the complexity of the tag pool

Novel Virulence Factors of Y. pestis

during hybridization analysis (34). In our study, the number of
signature tags was reduced from 56 to 53 due to cross-reaction
noted for three tags during the prescreening step (35). The elimi-
nation of such tags is a prerequisite in performing STM-based
screens (29). At a challenge dose of 5 LD, (used in our study), the
inocula for mutant pools with a complexity of 53 tags would pro-
vide ~50 CFU of each mutant tested to ensure adequate bacterial
numbers at the initial infection site, i.e., the lungs.

Unlike other STM studies, we neither opted for a second round
of the animal infection-hybridization screening process nor used
an in vitro assay to narrow down the number of mutants selected
for further studies (35, 53). We rather chose to use the bubonic
plague mouse model, tested each of the 118 mutants individually,
and examined the animals for mortality. While 20/118 mutants
exhibited an attenuated phenotype at 8 LD5,, only 10 showed a
promising level of attenuation at an infectious dose of 40 LDs,
(Tables 3 and 4). The false-positive clones in our initial screen
were most likely due to technical artifacts associated with the STM
technique. Indeed, hybridization signals for 3 tags (2, 9, and 19)
were consistently missing from the blots of our input pools (Fig.
2), suggesting that these three tags were insufficiently PCR ampli-
fied and labeled from the complex DNA pools. These data corre-
lated with an earlier report that STM mutants were frequently
found to contain unamplifiable tags or no tags at all (56). How-
ever, the genetic nature of the pathogen being studied may also
play a role, as the same 56 signature tags were successfully used in
studies of Salmonella Typhimurium and Aeromonas veronii (34,
35). Nevertheless, further reduction in the complexity of the pools
should be strongly recommended to improve the specificity of the
STM approach.

Our genomic characterization of the 10 mutants showed trans-
poson insertion largely in uncharacterized genes (in 6 mutants)
encoding hypothetical or putative proteins (Table 4). In the re-
maining four mutants (15-F2, 42-B8, 44-F11, and 52-B1), the in-
terrupted genes encoded or were assigned some functions. In
clone 15-F2, the interruption occurred in the well-known viru-
lence gene pla, located on the pPCP1 plasmid of the plague bacte-
rium. Pla plays an important role during bubonic plague, partic-
ularly in facilitating the systemic dissemination of Y. pestis (18,
42), so its inclusion among these mutations validates our screen-
ing process.

The STM technique has been used previously to identify viru-
lence factors in several pathogenic bacteria, including Y. pestis (53,
57). These studies employed either Y. pestis strain CO99-3015,
which lacks the pCD1 plasmid, in a cell culture-based in vitro
screen or Y. pestis strain Kimberley53 in a bubonic plague mouse
model (infection dose of 100 CFU) as the initial screen (53, 57).
Strain Kimberley53 was obtained by infecting mice by the s.c.
route with Y. pestis Kimberley (53, 58). More recently, a laboratory-
reconstructed version of Y. pestis strain KIM10, KIM1001, was

FIG 7 Survival of mice after initial infection with the ArbsA isogenic mutants of Y. pestis CO92 in a pneumonic plague model, subsequent rechallenge with WT
CO92 luc2, and evaluation of bacterial burden with the IVIS system. (A) Adult Swiss-Webster mice were challenged by the i.n. route with the WT CO92(pBR322)
(n=10), Alpp ArbsA(pBR322) (n = 20), Alpp AmsbB(pBR322) (n = 10), Alpp AmsbB ArbsA(pBR322) (20 LDy, n = 10), Alpp AmsbB ArbsA(pBR322) (50 LD,
n = 8), or Alpp AmsbB ArbsA(pBR322-rbsA) (n = 10) strain at the indicated LD, and observed for mortality over a period of 28 days. The mice that survived
the initial challenge with a mutant strain and naive control animals (# = 5) were rechallenged or challenged with 12 LD, of the WT CO92 luc2 (with luciferase
gene) strain. Survival data were analyzed for significance by Kaplan-Meier survival estimates with the Bonferroni post hoc test. The P values are for comparison
of the results for the indicated strains to the results for WT CO92 (challenge experiment) or naive control challenged with WT CO92 luc2 (rechallenge
experiment). (B) On day 3 after rechallenge, selected groups of mice were imaged using the IVIS system to determine their relative bacterial burdens. In the WT
CO92-challenged group, three mice, indicated by asterisks, were found dead before the imaging.
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used for transposon mutagenesis with high-throughput sequenc-
ing (Tn-seq) to systematically probe the Y. pestis genome for ele-
ments contributing to fitness during infection. An intravenous
route with an infection dose of 2.3 X 10’ CFU of KIM1001 was
used in order to preserve the diversity of the mutant pools (30).
Although all of the above-mentioned studies yielded a set of genes
associated with the virulence of Y. pestis, several of them belonged
to the category of uncharacterized genes. Importantly, none of
these genes were shared with the interrupted genes identified in
our mutant clones. This could be attributed to the different strains
and infection routes used, as well as the stringency of the screening
procedures and the threshold for accepting attenuated clones.

Two attenuated mutant clones (44-B5 and 44-F11) (Table 4) in
which transposition occurred in the T6SS were identified during
our screens. Although the role of T6SS has been demonstrated in
some pathogenic bacteria (59, 60), its involvement in the patho-
genesis of Y. pestis infections has not been elucidated. Based on in
silico analysis, six T6SS clusters have been predicated in the Y.
pestis genome (59). Mutant 44-B5 was interrupted in an unchar-
acterized gene, ypo0498, that is within the ypo0495-to-ypo0518
(ypo0495—ypo0518) locus, one of the six T6SS clusters found in Y.
pestis CO92 (59, 61). Interestingly, the expression of the genes
(yp0o0499 to ypo0516) in this T6SS locus was found to be upregu-
lated at 26°C compared to their expression at 37°C, and therefore,
its role in the bacterial life cycle in fleas has been postulated (61).
However, deleting a portion (ypo0499—ypo0516) of this T6SS locus
from WT CO92 did not affect the ability of the bacterium to infect
the oriental rat flea, Xenopsylla cheopis, or its associated disease
dynamics in either the bubonic or pneumonic plague mouse
model, although a decreased uptake by murine macrophage-like
J774.A1 cells was noticed for the deletion mutant (59, 61).

Similarly, the expression of the ypo0498 gene was upregulated
approximately 3.7-fold when Y. pestis CO92 was exposed to hu-
man plasma and was 14-fold higher at the mid-phase of exponen-
tial growth compared to its expression at the stationary phase of
bacterial growth. Interestingly, switching the growth temperature
from 28°C to 37°C downregulated the expression of the ypo0498
gene to approximately 9-fold (26). Furthermore, during infection
in mice, the expression of the ypo0498 gene in the lung tissues was
downregulated (2-fold) compared to its expression during bacte-
rial growth in BHI broth at 37°C (27). Although we have shown a
delayed time to death in mice infected with the Aypo0498 isogenic
mutant in a bubonic plague model, this mutantis as virulent as the
WT CO92 in a pneumonic plague mouse model (data not shown).
Therefore, the role of YPO0498 and its associated T6SS locus in
the pathogenesis of Y. pestis infections is still uncertain and needs
further investigation.

In mutant 44-F11, the transposition occurred in the ypo3603
gene, which is homologous to the vasK gene and encodes a key
component of the T6SS (43). The ypo3603 gene belongs to another
T6SS locus (ypo3588—ypo3615) in Y. pestis CO92 (59). Our earlier
study showed that VasK mediated the secretion of T6SS effectors
(e.g., Hep) in A. dhakensis strain SSU, as the deletion of this gene
led to a failure of the mutant to secrete Hcp to the extracellular
medium and the mutant was attenuated in a septicemic mouse
model of infection (43). Although six possible T6SS gene clusters
have been predicted, BLAST search of the hcp gene sequence
against the other predicted protein-encoding genes on the Y. pestis
CO92 genome revealed only one copy of the hcp gene. The amino
acid sequence of this Y. pestis hcp gene shares 82% and 81% ho-
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mology with Hcp of Vibrio cholerae and A. dhakensis strain SSU,
respectively  (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Surpris-
ingly, deletion of the yp0o3603 gene (AvasK) from Y. pestis CO92
did not prevent secretion of Hcp (Fig. 5B), suggesting that the
secretion of Hep might operate through other T6SS channels in Y.
pestis CO92; this needs further study. Nevertheless, our data dem-
onstrated that the AvasK mutant of Y. pestis CO92 was attenuated
in inducing both bubonic and pneumonic plague in mouse mod-
els. Importantly, the attenuated phenotype of the AvasK mutant
could be fully complemented. To the best of our knowledge, this is
the first report demonstrating a role of T6SS in the pathogenesis of
Y. pestis infection.

In our screen so far, we did not identify any genes related to the
T3SS, which is an important virulence mechanism for Y. pestis
(16). We emphasize that our screening process for identifying Y.
pestis mutants defective for dissemination to peripheral mouse
organs in a pneumonic plague mouse model has not been com-
pleted as yet, and as of this study, only 50% of the total output
pools have been successfully screened. We expect that further
screening of the remaining output pools is likely to identify mu-
tant clones related to the T3SS and its effectors, as well as other
known virulence factors of Y. pestis.

In addition to the above-described T6SS-related mutants,
clone 42-B8 was identified as having a transposon insertion in a
gene encoding a putative sugar transport system ATP-binding
protein, which is referred to as the rbsA gene. This gene is a part of
the ribose transport (rbs) operon that encodes a ribose transport
and modification system. The rbs operon consists of rbsDACBK,
of which the rbsD and rbsK genes are involved in phosphorylation
of the ribose sugar. Based on the genomic composition, the
rbsACB genes are organized in a polycistronic transcript and form
the ribose transportation channel (62, 63). RbsA carries an ATP
binding domain and possesses a nucleotide-binding property,
while RbsB is a ribose-binding protein in the periplasmic space
and RbsC is a hydrophobic transmembrane protein (44, 45, 64).

In addition to the transport of ribose, RbsA was shown to me-
diate chemotaxis of ribose sugar for E. coli, and when this gene was
mutated, the chemotactic activity and ribose transportation
across the bacterial membrane were significantly affected (44). We
have shown for the first time that deletion of the rbsA gene atten-
uated the Y. pestis bacterium in both bubonic and pneumonic
plague mouse models and have clearly demonstrated a role of
RbsA in the pathogenesis of Y. pestis infection. Although the un-
derlying mechanism of the attenuation is currently not clear, con-
sidering the primary role of RbsA in sugar transportation, it is
most likely that failure of the ArbsA mutant to utilize ribose would
have a negative effect on bacterial fitness and survival inside the
hostile environment of the host.

Interestingly, the rbs operon has been reported to be regulated
by the AI-2 quorum-sensing system, and RbsB shares structural
resemblance with the sensor protein LuxP (60, 65). Therefore,
RbsA may regulate bacterial virulence through quorum sensing.
In addition, RbsB has been reported to be a putative effector of
T6SS in Rhizobium leguminosarum (60). In line with this finding,
it is possible that the secretion of RbsB may be affected by the
deletion of yp03603, a homolog of vasK. There could possibly be
an interplay between RbsA and VasK, which would constitute part
of our future studies.

Similar to RbsA, a glucose importer (PtsG) from Y. pestis strain
KIM1001 was recently reported to be required for in vivo growth
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in mouse spleen tissues, although the deletion of this gene did not
change the pathodynamics of bubonic plague from that of the
parental strain (30). Likewise, the chvE-gguAB operon in Agrobac-
terium tumefaciens encodes a glucose and galactose importer.
Sugar binding to ChvE triggers a signaling response that results in
virulence gene expression (66). These studies highlighted the im-
portance of sugar transporters in bacterial pathogenesis.

We noted that the levels of attenuation of the isogenic mutants
(Fig. 4) in a mouse model of bubonic plague were on the lower side
compared to the attenuation of their respective transposon mu-
tants (Tables 3 and 4). Likewise, the Aypo0498 mutant did not
show any attenuation in a mouse pneumonic model (data not
shown), while its corresponding STM mutant (44-B5) showed
60% survival of infected animals (Table 3). It is plausible that the
presence of a kanamycin resistance cassette in transposon mutants
could contribute to the organism becoming more sensitive to host
antibacterial defense mechanisms (57). For example, the expres-
sion of neomycin phosphotransferase II (kanamycin resistance
cassette) may interfere with bacterial signaling pathways that are
critical for Y. pestis survival during host infections. When the an-
tibiotic cassette was removed while creating isogenic mutants, the
mutant strains reflected their actual level of attenuation. It is also
possible that the transposon mutant clones corresponding to the
isogenic mutants carried more than one transposon insertion.

Although the transposon DNA constructs used in this study
did not carry any known prokaryotic transcription termination
sites, the levels of mRNA transcription from the neighboring
genes or from other genes of an operon (e.g., rbs operon) and the
stability and secondary structure of their products could be altered
when the transposon insertion occurs. However, these transcrip-
tional alternations would be minimal in isogenic mutants, and
thus, such mutants showed less attenuation than the correspond-
ing transposon mutants.

Despite the reduced level of attenuation observed with each of
the single isogenic mutants, they would be invaluable in the con-
struction of a live attenuated plague vaccine strain carrying dele-
tion mutations of multiple virulence genes. As evidence of this,
when the rbsA gene was deleted from the Alpp mutant of strain
C0O92, the level of attenuation increased synergistically in a mouse
model of pneumonic plague (Fig. 6A). Similar synergistic attenu-
ation for developing pneumonic plague was also noted for the
Alpp AvasK double mutant of CO92 (Fig. 5A). In agreement with
these results, we have shown previously that deletion of msbB,
which encodes an acetyltransferase to modify the lipid A portion
of LPS, from the Alpp background strain of CO92 further attenu-
ated the Alpp AmsbB double mutant in both models of plague
(19). However, this synergistic augmentation of virulence attenu-
ation was not observed in the Alpp Aypo0498 double mutant of
C092 in a mouse model of pneumonic plague (data not shown).

Lipoproteins play various roles in different bacterial species,
such as their involvement in host cell colonization and adhesion,
bacterial cell division, protein folding, and signal transduction
(67). Using Y. pestis strain KIM/D27 (with a deletion of the pig-
mentation [pgm] locus), we reported that deletion of the Ipp gene
led to increased production of cytokines, including gamma inter-
feron (IFN-v) and interleukin 2 (IL-2) from mouse splenic T cells
and IL-12 from macrophages. Furthermore, this mutant caused
fewer apoptotic changes and increased NF-kB signaling in both
mouse splenocytes and macrophages (68). Similarly, we showed
that the splenic T cells from mice infected with the Alpp Apla

May 2015 Volume 83 Number 5

Infection and Immunity

Novel Virulence Factors of Y. pestis

double mutant of CO92 showed increased tumor necrosis factor
alpha (TNF-a) production when such immune cells were exposed
ex vivo to heat-killed WT CO92 antigens (18). Furthermore, the
Alpp mutant of CO92 was defective in intracellular survival in
RAW 264.7 murine macrophages, and it was attenuated in evok-
ing both bubonic and pneumonic plague in a mouse model (19).

Therefore, it is likely that deletion of the rbsA and vasK genes
from the Alpp background strain of CO92 or the deletion of the
rbsA gene from the Alpp AmsbB background strain would aug-
ment the host immune system to increase cytokine production.
Both IFEN-y and TNF-« contribute to host survival by inhibiting
bacterial multiplication in vivo and increasing bacterial clearance
by macrophages (69). However, further detailed studies are
needed to fully understand this cytokine interplay in the synergis-
tic attenuation of virulence of the double (Alpp AvasK and Alpp
ArbsA) or triple (Alpp AmsbB ArbsA) isogenic mutants in mouse
models of plague infection.

In summary, we have identified 20 potential targets that could
be associated with the full virulence of Y. pestis CO92 strain by
using the STM approach. Among the respective mutants, 15 were
attenuated in a mouse model of bubonic plague at a higher infec-
tious dose of 40 LD, and/or in a pneumonic mouse model with an
infectious dose equivalent to 12 LD, of WT CO92. For the first
time, we have demonstrated a role of VasK and RbsA in the patho-
genesis of Y. pestis infections. The Alpp AvasK and Alpp ArbsA
double mutants that were generated, as well as the Alpp AmsbB
ArbsA triple mutant, showed promising potential for further de-
velopment as live attenuated vaccines. Our future studies will con-
tinue to characterize the remaining genes that have been identified
during this work, as well as their roles in causing plague.
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