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Yersinia pestis, the causative agent of plague, and the enteropathogen Yersinia pseudotuberculosis have nearly
identical nucleotide similarity yet cause markedly different diseases. To investigate this conundrum and to
study Yersinia pathogenicity, we developed a high-density oligonucleotide array-based modification of signa-
ture-tagged mutagenesis (STM). Y. pseudotuberculosis YPIII mutants constructed with the tagged transposons
were evaluated in the murine yersiniosis infection model. The DNA tags were amplified using biotinylated
primers and hybridized to high-density oligonucleotide arrays containing DNA complementary to the tags.
Comparison of the hybridization signals from input pools and output pools identified a mutant whose relative
abundance was significantly reduced in the output pool. Sequence data from 31 transposon insertion regions
was compared to the complete Y. pestis CO92 genome sequence. The 26 genes present in both species were found
to be almost identical, but five Y. pseudotuberculosis genes identified through STM did not have counterparts
in the Y. pestis genome and may contribute to the different tropisms in these closely related pathogens. Potential
virulence genes identified include those involved in lipopolysaccharide biosynthesis, adhesion, phospholipase
activity, iron assimilation, and gene regulation. The phospholipase A (PldA) mutant exhibited reduced phos-
pholipase activity compared to the wild-type strain and in vivo attenuation of the mutant was confirmed. The
combination of optimized double tag sequences and high-density array hybridization technology offers im-
proved performance, efficiency, and reliability over classical STM and permits quantitative analysis of data.

Yersinia pseudotuberculosis, a cause of gastroenteritis and
mesenteric lymphadenitis in humans (18) has many virulence
factors as well as sequences in common with the two other
pathogenic representatives of Yersinia, Yersinia pestis and Yer-
sinia enterocolitica (6). In fact, comparison of the available
sequences of Y. pseudotuberculosis genes with those from the
complete Y. pestis genome (http://www.sanger.ac.uk/Projects
/Y _pestis/) reveals that the two species are almost identical at
the nucleotide level. Moreover, it has been suggested that Y.
pestis is a recently emerged clone of Y. pseudotuberculosis (1).
Despite this nucleotide similarity, the mechanisms of pathoge-
nicity of the two species are different: Y. pseudotuberculosis and
Y. enterocolitica cause gastrointestinal disease, whereas Y. pes-
tis is the causative agent of plague.

To understand this enigma and to gain further insight into
Yersinia pathogenesis, we initiated a signature-tagged mu-
tagenesis (STM) study of Y. pseudotuberculosis and tested
tagged mutants in the murine yersiniosis model of infection.
STM (20) allows the simultaneous analysis of large numbers of
mutants in a complex environment, such as an animal model
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(reviewed in reference 28). It has been used successfully in
the identification of virulence-associated factors in many
pathogenic bacteria, such as Staphylococcus aureus (11, 30, 45),
Salmonella typhimurium (47), Vibrio cholerae (9), Neisseria
meningitidis (10), Streptococcus pneumoniae (35), Legionella
pneumophila (17), Y. enterocolitica (13), Proteus mirabilis (55),
Mycobacterium tuberculosis (7, 12) Brucella abortus (24), Bru-
cella melitensis (29), and Streptococcus agalactiae (25).

In traditional STM experiments, a transposon (e.g., mini-
TnS) engineered to contain a variable 40-bp region, the signa-
ture tag, is used for mutagenesis. The variable region allows
different mutants to be distinguished. The library of transposon
mutants is passaged through animals, and the relative abun-
dance of each mutant in the input and output pools is moni-
tored by hybridization. A major drawback of the original STM
technique is high variation in the signal intensities after hy-
bridization due to variability of the tag sequences, necessitating
additional rounds of screening. Mutants are frequently found
to contain unamplifiable tags or no tags at all (55). Moreover,
the need to remove the invariable arms from the labeled
probes before hybridization makes the use of radioactive labels
necessary. In addition, colony hybridization often results in
high background levels. The use of plasmids carrying trans-
posons with selected tags combined with dot blotting with
purified plasmid DNA has helped overcome some of these
problems (30), and the technique can be further improved by
using membranes containing tags amplified by PCR (35).
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A recently developed and powerful tool for analyzing com-
plex mixtures of nucleic acids is hybridization on to high-den-
sity oligonucleotide arrays (42). Such arrays can be used to
quantitatively probe hundreds of thousands of different DNA
or RNA sequences in a single experiment. Using fluorescent
detection methods and confocal laser-scanning devices, very
low background can be achieved. As the probe sequences on
the arrays are selected to have similar hybridization properties,
the variability in hybridization intensity often observed when
random sequences are used can be reduced. Furthermore, as
probes can be selected to be unique, cross-hybridization can be
minimized, allowing very complex mixtures to be analyzed.

We reasoned that high-density arrays could be combined
with STM. A set of 96 mini-Tn5 transposons labeled with
selected tags were constructed and used to generate a library of
transposon derivatives in Y. pseudotuberculosis. The input and
output pools produced after in vivo experiments were compared
by hybridizing the amplified tags to high-density oligonucleotide
arrays containing complementary tag sequences. This resulted in
the identification of potential virulence factors in Y. pseudotuber-
culosis, including genes involved in lipopolysaccharide (LPS) bio-
synthesis and genes with unknown function. A mutant carrying a
transposon insertion in a novel phospholipase gene (pld4) was
shown to have diminished phospholipase activity and confirmed
as a virulence determinant in Y. pseudotuberculosis.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Y. pseudotuberculosis YPIII pIB1
strain (40) was maintained in Luria broth (LB) and LB agar containing nalidixic
acid (40 pg ml™'). Escherichia coli XL2 Blue MRF’ (Stratagene), used in cloning
experiments, was grown overnight at 37°C on LB agar plates. For selection, agar
plates were supplemented with kanamycin (50 wg ml™!), ampicillin (100 pg
ml™ "), tetracycline (10 pg ml™1), or nalidixic acid. E. coli CC118(\pir) (21) was
used as a host strain for maintenance of the pir-dependent pUT mini-Tn5Km?2
vector (14) in cloning experiments. The helper strain E. coli S17/pNJ5000 was
maintained as described (19).

Construction of double-tagged mini-Tn5 transposon mutants. Tag sequences
were chosen from those that had been shown to work well in similar experiments
with Saccharomyces cerevisiae (53). In addition, common tag priming sites were
chosen using the Whitehead Institute primer 3 program (http://www-genome.
wi.mit.edu/cgi-bin/primer/primer3.cgi). The sequences of the 192 PCR primers
(primer A and primer B) are presented elsewhere (http://www.Ishtm.ac.uk/itd
/units/pmbbu/karlyshev/tags.htm). Oligonucleotides were synthesized on a 96-
well automated multiplex oligonucleotide synthesizer on a 7.5 wM scale (27).
Initial amplification was performed in 96-well format on microtiter plates (Hy-
baid) using primer ak82 (5'-AGC CAT ATT CAA CGG GAA AC), 96 primer
A’s, and the pUT mini-Tn5Km?2 as a template. Second-round amplification was
performed in 96-well format on microtiter plates (Hybaid) using primer ak82, 96
primer B’s, and 5 pl of the first-round PCR product as template.

A third (fixing) PCR round was performed using primers ak86 (5'-GGG GTA
CCG TCG ACC TGC), ak82, and 5 pl of round 2 PCR product as a template.
Third-round amplification products were purified on S300 microcolumns (Bio-
Rad), digested with Kpnl and Clal, ligated to gel-purified KpnI-Clal fragment of
pUT mini-Tn5Km?2 vector, purified using S300, and transformed via electropo-
ration into E. coli CC118(\pir). Kan" transformants were assembled into three
microtiter plates. The tag-containing regions of the recombinant plasmids were
amplified using primers ak84 (5'-CAC TGG CAG AGC ATT ACG CTG) and
p6MC (5'-GTC TCT TGA TCA GAT CTG GC) (Fig. 1). The PCR products
were sequenced using primer ak84.

Conjugation. Initial triple mating experiments of E. coli CC118 (\pir) donor
strain, transformed with the plasmids carrying tagged mini-Tn5, and Y. pseudo-
tuberculosis using a helper strain (E. coli S17/pNJ5000) (19) were performed as
described previously (32). Direct mating experiments (without a helper strain)
using E. coli 19851 pir* as the donor strain were performed as described previ-
ously (31). Exconjugants were selected for kanamycin and nalidixic acid resis-
tance. Both the recipient strain YPIII pIB1 and the exconjugants were checked
for the presence of the virulence plasmid using Congo red magnesium oxalate
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FIG. 1. Strategy for construction of double-tagged transposons and
analysis of transposon derivatives. The 192 different tags were incor-
porated into the mini-Tn5 vector by means of two sequential sets of
PCRs using two sets of long variable primers (primer A and primer B).
Also shown are the primers used for amplification and sequencing of
the tags (ak84, POMC, TAG1dir, TAGlrev, TAG2dir, and TAG2rev)
and those used for amplification and sequencing of the regions flank-
ing transposon insertion sites (P6M, P7M, P6U, and P7U). The O and
I ends of the mini-Tn5 are shown as open boxes. Tag regions are shown
as shaded bars.

(CRMOX)) plates (39). All attenuated transposon derivatives grew as predomi-
nantly small red colonies, confirming that they retained the virulence plasmid.

Tag sequence detection. Genomic DNA was extracted using the PureGen kit
(Flowgen). Tags were amplified using two pairs of primers: BTAG1dir (biotin-
5'-AGA GAC CTC GTG GAC ATC A) and TAGlrev (5'-GTG GCA AAG
CAA AAG TTC AA) for tagl and BTAG2dir (biotin-5'-GTC GAC CTG CAG
CGT ACG) and TAG2rev (5'-GAT GTC CAC GAG GTC TCT) for tag2 (Fig.
1) using Taq polymerase Gold (Perkin Elmer). Biotinylated PCR products (10
wl) were hybridized for 1 h at 42°C to high-density oligonucleotide arrays (Af-
fymetrix) in a buffer (200 wl total) containing 6 X SSPE (BioWhittaker), 0.005%
Triton X-100, 0.5 nM control oligonucleotide 213B (which hybridizes to the
corners of the array, for alignment purposes), 200 pmol of TAG2rev, 100 pmol
of TAGlrev, and 200 pmol of FTAGMX4COMP (5'-CGT ACG CTG CAG
GTC GAC). The addition of the unlabeled primers has been shown to reduce
background (47a).

Following hybridization, the arrays were washed as previously described (53).
Hybridization was visualized by staining with a streptavidin-phycoerythrin con-
jugate (Molecular Probes) and scanning with a modified confocal scanning de-
vice as previously described (54). The relative signal intensities were determined
using the histogram method with Affymetrix Genechip III software. Filemaker-
Pro program was used in background subtraction and to associate the hybrid-
ization intensity data with attenuated mutants.

In vivo experiments. Three input pools containing 60, 40, and 33 transposon
mutants, respectively, were constructed and stored at —70°C. Aliquots (0.1 ml)
containing approximately 10’ CFU were inoculated into 10 ml of LB and incu-
bated with shaking overnight at 30°C. The overnight culture (2 ml) was used to
inoculate 20 ml of fresh warmed LB and further incubated at 37°C for 3 h with
shaking. Genomic DNA was isolated from approximately 10® cells and stored
(input pool). Bacteria were pelleted at 3,000 X g and diluted in phosphate-



7812 KARLYSHEV ET AL.

buffered saline (PBS; Oxoid) for infection and viable count determination. Pairs
of 8-week-old female BALB/c mice (Charles River Labs) were challenged intra-
venously (i.v.) via the tail vein with 10° or 5 X 10° CFU. After 3 days, the
surviving mice were culled, and spleens were removed and homogenized in 3 ml
of LB using a stomacher (Seward Medical Ltd.) on maximum setting for 5 min.
Dilutions of the extract were plated on LB agar containing kanamycin (LB-Kan)
and nalidixic acid (LB-Nal). Plates containing approximately 10* colonies were
washed with saline and mixed, and aliquots were taken for making lysates (for
PCR) or for total DNA preparation

The median lethal dose (MLD) (the expected median dose required to pro-
duce morbidity or death based on previous experimental data) was assessed by
i.v. injection of groups of five female 6-week-old BALB/c mice with serial dilu-
tions in PBS of exponential-phase cultures grown at 37°C in LB-Nal (wild type)
or LB-Nal-Kan (mutant) (37). Humane endpoints were strictly observed, and
animals deemed incapable of survival (unable to right themselves or to respond
to a pinch on the foot or tail) were killed by cervical dislocation.

For in vivo competition studies, mutant and wild-type strains were grown
separately to exponential phase in LB with appropriate antibiotics. Bacteria were
washed with LB, and concentration was adjusted to 5 X 10° CFU/ml. Equal
volumes of each bacterial suspension were mixed together, and 0.1-ml volumes
were injected i.v. into four mice as above. Viable counts on LB, LB-Nal, and
LB-Nal-Kan allowed the exact input ratio to be calculated. After 3 days, spleens
were recovered and passed through sieves (70 wm; Becton Dickinson) to produce
a cell suspension in 3 ml of LB. Homogenates were plated on selective medium
to determine the output ratio. The competitive index (CI) is defined as the
output ratio (mutant/wild type) divided by the input ratio (mutant/wild type). In
vitro CI was determined as described (9). Briefly, mixtures containing a mutant
and the wild-type strain were inoculated into LB medium supplemented with
nalidixic acid at approximately 10* CFU/ml. The cultures were grown overnight
at 28°C, and the mutant-to-wild type ratios were determined by plating on
medium with and without the selective marker (kanamycin).

Detection of transposon insertion sites and ypl4 gene. The genomic regions of
DNA flanking the transposon were amplified using single-primer PCR (26) with
primers P6U (5'-CGA GCT CGA ATT CGG CCT AG) and P7U (5'-CTG CAG
GCA TGC AAG CTT CG), and sequenced with internal primers P6M (5'-GCC
AGA TCT GAT CAA GAG AC) and P7M (5'-GCC GAA CTT GTG TAT
AAG AGT C), respectively (Fig. 1). Primers designed from the Y. enterocolitica
yplA gene, yplA-dir (5'-CAG TGA TAA TCA ACA GTA TGT C) and yplA-rev
(5'-CAT ACC GCC GCT CCC AAG G), were used for detection of the gene in
Y. pseudotuberculosis (43).

Sequence analysis. DNA sequencing was performed on an ABI 373 automatic
sequencer using an ABI PRISM Dye Terminator cycle sequencing kit (Perkin
Elmer). The sequences were analyzed using BLASTn and BLASTp software
(http://www.ncbi.nlm.nih.gov/BLAST/) with a nonredundant database and with
the Y. pestis genome sequence (http://www.sanger.ac.uk/Projects/Y_pestis/). The
entire sequence of the Y. pseudotuberculosis pldA gene was deposited at EMBL
under accession no. AJ245393.

Phospholipase detection assay. Bacterial strains were grown overnight in LB
supplemented with appropriate antibiotics. Cells were washed in PBS, resus-
pended in 1 ml of sonication buffer (0.6 M NaCl, 0.1 NaPO, [pH 8]), and lysed
by sonication (five 30-s bursts). Cell debris was centrifuged for 10 min at 13,000
rpm, and the supernatant was retained. Protein concentration was determined
using the BCA protein assay kit (Pierce, Rockford, Ill.), and phospholipase
activity was determined using the PLA, detection kit (Assay Designs, Ann Arbor,
Mich.). Each strain was tested in triplicate, and results are expressed as units of
PLA, per milligram of protein.

Phospholipase activity assay. Phospholipase activity towards liposomes was
measured using carboxyfluoroscein (CF)-loaded liposomes composed of either
egg yolk phosphatidylcholine (Lipoid) or sphingomyelin (Sigma) in a 1:1 molar
ratio with cholesterol. Cell lysates (100 wl) from wild-type or mutant strains were
incubated with liposomes (100 wl) for 15 min at 37°C in a 96-well Microfluor
plate (Dynex). Fluorescent intensity was measured (excitation at 485 nm and
emission at 520 nm) immediately after addition of liposomes (0 min) and after 15
min of incubation using the Fluoroskan Ascent fluorimeter (Life Sciences). A
rate of activity was calculated by taking the average change in fluorescent inten-
sity of the replicates over time (minutes) and total protein concentration (milli-
grams). Activity was expressed as units per milligram of total protein per minute.

RESULTS

Library construction and mutagenesis. Initial experiments
using the random tagging technique resulted in variable hy-
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FIG. 2. Fragments of images of arrays hybridized with tags from
three pools. The infection dose used is 10° CFU. (A) Input pool; (B
and C) output pools for two animals. The arrows point to the signals
for both tags of mutant 3F10 in the input pool. No signals for these tags
could be detected in output pools B and C.

bridization signals in the input pools, causing difficulties in data
interpretation. Sequencing the tags from different clones re-
vealed that weak signals were due to large deletions in the
variable regions, possibly a result of errors in primer synthesis,
whereas exceptionally strong signals were due to the presence
of an above-average GC/AT ratio in the variable regions (data
not shown). To overcome these difficulties, we introduced se-
lected tag sequences into a transposon. Tags were chosen from
a yeast mutagenesis project (48) that are 20 bases long, lack
sequences known to form secondary structure, have similar
melting temperatures, and have a minimum of 5 bp differences
between each tag. From this set of 6,000, 192 tag sequences
(two per transposon) that had demonstrated strong hybridiza-
tion potential were chosen. The use of two tags provided more
easily interpreted results. After three amplification reactions
for each of the 96, 96 purifications, 96 restriction-ligation re-
actions, and 96 transformations, a library of E. coli CC118(\pir)
carrying 96 double-tagged mini-Tn5 transposons was constructed
(Fig. 1).

To check whether the hybridization signals for different
clones containing the same tags were similar in strength, the
tags were amplified using biotinylated primers from three
clones from each transformation and hybridized to high-den-
sity oligonucleotide arrays containing the tag complements.
The arrays contain approximately 4,000 different 20-mer se-
quences synthesized in a spatially addressable format using
photolithography and photosensitive oligonucleotide chemis-
try. Analysis of the scanned images for the three initial sets
revealed that a large proportion of tags gave very similar signal
intensities (data not shown). However, some clonal variation
was also observed. Sequencing of the tags showed deletions of
single bases in the tags derived from the clones with reduced
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signals. Such microdeletions may have resulted from errors
during chemical synthesis of the long PCR primers used for the
library construction. The master library of 96 donor E. coli
strains containing double-tagged transposons was assembled
via selection of the clones producing the strongest signals from
the three sets.

During mating experiments, we encountered problems
caused by frequent lysogenization of the recipient strain by the
spontaneous release of Apir prophage in the donor strain. Sim-
ilar problems during conjugation have been described previ-
ously (46). The frequency of ampicillin-resistant (Amp") ex-
conjugants carrying markers of the delivery plasmid can be
highly variable depending on the recipient strain. For example,
as many as 52% of exconjugants in Vibrio cholerae were found
to be ampicillin resistant (9). For different E. coli donor strains,
the frequency was shown to vary between 10 and 90% (14). We
attempted to use sodium citrate to inhibit possible phage ad-
sorption during mating, but this completely inhibited conjuga-
tion. The addition of sodium citrate to the selective medium at
a later stage increased the relative proportion of Amp® colo-
nies but resulted in a significant decrease in the conjugation
efficiency. These results imply that divalent cations are possibly
required for both phage infection and conjugation.

To avoid the complications caused by potential prophage
induction, we employed an E. coli 19851 donor strain with a
stable pir" gene (31). Use of the donor library based on this
strain resulted in a sufficient number of exconjugants. Almost
all of the exconjugants in this case were Amp®, which implies
that prophage induction was the reason for the observed high
frequency of Amp" colonies obtained in the previous experi-
ments. Southern hybridization and PCR experiments with the
Amp" clones confirmed random insertion of the delivery plas-
mid, possibly due to illegitimate recombination (data not
shown).

Amp® Kan" Nal" exconjugants were assembled on microtiter
plates. Using CRMOX plates and agarose gel analysis of the
extracted DNA, no loss of the virulence plasmid in the ran-
domly selected exconjugants was observed. Total DNA ex-
tracted from arbitrarily selected exconjugants was used in
Southern blot experiments, and the random integration of the
transposon into the Yersinia chromosome was confirmed (data
not shown).

Selection of attenuated mutants. Determination of the ap-
propriate infectious dose and selection of the complexity of the
input pool are critical to obtain meaningful STM data (22).
The optimal infection dose and pool complexity depend on the
route of infection, the animal model, and the microorganism
used (9). To determine the optimum infection dose and the
number of mutants in each dose, we varied the pool complexity
between 30 and 60 clones and tested two infection doses, 10°
and 5 X 10° CFU. The choice of infection doses was based on
the following considerations. According to the published data,
the 50% lethal dose (LDs,) of Y. pseudotuberculosis via the i.v.
route in mice is between 20 CFU (52) and 100 CFU (49). Our
figure in a similar test for strain YPIII pIB1 was 51.5 CFU. In
Y. enterocolitica STM experiments, the optimum infectious
dose leading, to reproducible results via the intraperitoneal
infection route was 100 times greater than the LDs, (13). We
therefore chose infection doses significantly higher (varied be-
tween approximately 30 and 300 times the LDs, per mutant in
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the pools) than the LDy, in order to select mutants with se-
verely impaired virulence properties.

Genomic DNA was isolated from an aliquot of the bacterial
culture used for infection (input pool) and from bacteria re-
covered from spleens (output pools). Mutants with reduced
survival in vivo were visually identified by comparing the
scanned images from arrays that had been hybridized with tags
amplified from the input pools with images obtained from two
independent output pools (Fig. 2). In addition, the hybridiza-
tion intensities of different oligonucleotide sequences on the
array were quantitated.

The input and output pools of the mutants were compared
by hybridizing the labeled amplified tags to high-density oligo-
nucleotide arrays (Affymetrix) containing complementary
DNA sequences (Fig. 2). The hybridization patterns were
found to be reproducible (Fig. 3A to C) regardless of the
infection dose (10° or 5 X 10° CFU) or the number of colonies
in the output pool (10* or 5 X 10%). However, less variability
was found in smaller (lower complexity) input pools (compare
Fig. 3A and 3C). For larger (or higher complexity) input pools,
animal-to-animal variability was greater than tag-to-tag vari-
ability (Fig. 3D), suggesting that there are biological limits on
pool size. Mutants that showed reduced signals in the output
pool for both tags in duplicate mice were selected for further
analysis. Authenticity of the mutants was verified via direct
sequencing of both tags after PCR amplification (data not
shown).

Characterization of attenuated mutants and identification
of transposon insertion sequences. Approximately 5% of 603
exconjugants exhibited a statistically valid reduction in signal
intensity. Transposon insertion sites in 31 mutants were se-
quenced using a single-primer PCR sequencing procedure (28)
The results are summarized in Table 1. The Y. pestis genome
sequence database (http:/www.sanger.ac.uk/Projects/Y_pestis/)
was used for identification of the corresponding genes in that
pathogen. Almost 100% identity of the Y. pseudotuberculosis
sequences to the Y. pestis DNA sequences implies similarity in
their function.

Genes involved in polysaccharide biosynthesis. One third of
the sequenced mutants had transposon insertions in genes
related to polysaccharide biosynthesis (mainly LPS core or
O-antigen biosynthesis). In six cases (1B3, 1D2, 1D9, 1D12-1,
3G2, and 3F3; Table 1), the genes disrupted belonged to a
single characterized O-antigen biosynthesis locus of Y. pseudo-
tuberculosis. The disrupted genes encode mannose-phosphate-
guanylyl transferase YPO3099 (1D12-1 and 1D2), fucose syn-
thetase YPO3100 (3G2), LPS core biosynthesis protein
YPO3104 (1B3), sugar dehydratase YPO3114 (1D9), and as-
carylose biosynthesis protein YPO3116 (3F3). These genes are
also present in Y. pestis. Other genes related to polysaccharide
biosynthesis, such as those encoding UDP-glucose 6-dehydro-
genase (1H10) and glycosyltransferase (4H9), were also iden-
tified. One mutant, 3H10, contained an insert in a putative
promoter region of a single-gene operon encoding glycosyl-
transferase. The only mutation in an LPS-related gene which
was absent in Y. pestis encoded an O-antigen transporter
(5D12).

Putative virulence-related genes with orthologues in other
bacteria. Putative interrupted virulence genes include those
encoding phospholipase A (3F10), sensory transducer His ki-



7814 KARLYSHEV ET AL.

INFECT. IMMUN.

go;-A'*'%"IIH*H.,;.B”'T""I
g}{ ” * ﬂ}*ﬂ #W% H } »## ** %“#Jf ﬂ*mw M +%
R R
3l ] R *}W*}H ]

£ } .

i T _
] ~ _

4@
Mutant number

2 EC -1'. 5 1';
Log average ratio (input/output) signal

FIG. 3. Relative attenuation for different mutants from three pools. Each point represents the mean of the log of the ratio of the hybridization
signal for the output pool relative to the input pool. Up to 12 measurements were collected for each mutant (tagl, tag2, etc.) for three (C), four
(B), or six (A) different animals. Tags whose hybridization intensities were less than 500 (about threefold above background) in the input pool for
each tag were not used in calculations. When signal was detectable in the input pool but below background in the output pool, the ratio was set
to 0.001. Error bars indicate one standard deviation above and below the mean. Mixtures of 59 (A), 39 (B), or 31 (C) different mutants were used.
Mutants from Table 1 are indicated. Points are colored green if data from both tagl and tag2 were used in the calculations, red for tagl only, or
blue for tag2 only. (D) Comparison of reproducibility of hybridization and infection dose. The log of the ratio of the output to input hybridization
signal for tagl versus tag2 for the same animal (+) and tagl versus tagl and tag2 versus tag2 for different animals (*) is shown. An infection dose
of 10° CFU was used for 60 different mutants. Two mutants were not included in Table 1: 2F12 could not be sequenced, and 2G12 was not analyzed

because data for one tag only were available.

nase VirA (1G6-1), a putative adhesin (2G8), a Pro-dipepti-
dase (5E6), RseA, a negative regulator of sigma 24 transcrip-
tion factor (4H2), a transcription activator (SH10), and a
transcription regulator (5AS) flanked by a vspC gene essential
for secretion of virulence factors. The genes found in 4H10 and
3Gl are related to ABC transporters, a large class of proteins
involved in export-import of a range of molecules. A clue to
their possible function can be found from the analysis of cor-
responding regions of Y. pestis. In the case of 3G1, other genes
of the operon are involved in ammonia assimilation. These
genes are assumed to be essential in vivo, when bacteria have
a depleted source of nitrogen. Similarly, the Y. pestis ortho-
logue of the gene disrupted in the ABC transporter (4H10) is
also located in the region involved in nitrate as well as amino
acid transport. An unusual feature of this region in Y. pestis is
that this gene overlaps by 270 nucleotides with another gene
(AMP nucleosidase) transcribed in the opposite direction. Dis-
rupted genes in the iron(III) dicitrate ATP-binding protein

5G7 are likely to be involved in iron transport. The importance
of this system is not surprising, since iron ions are normally in
limited supply in vivo.

Unknown and hypothetical genes. Six mutants (1G6, 5D12,
5H10, 5B12, 1A9-1, and 1C9) contained inserts in genes with
unknown function. Two of them (1C9 and 1A9-1) did not have
counterparts in Y. pestis. Both of these mutants contained
inserts in the region identical to an E. coli integrase-recombi-
nase pseudogene, but actually had inserts into an adjacent
region similar to an E. coli gene with unknown function. Trans-
poson integration sites in these mutants were separated by
approximately 200 nucleotides. A region flanking the insertion
site in the 1G6 appeared to be unique for Yersinia, as it had
97% identity in the Y. pestis database, whereas no similarity to
other bacteria was found. The genes in mutants 3C10 and 5B12
have similarities in a nonredundant database (NRDB) and also
have counterparts in Y. pestis. The genes inactivated in mutants
2B3, 5G6, 1D12, and 1A9 appear to be unique to Yersinia, as
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TABLE 1. Analysis of transposon derivatives selected by STM*

Similarity to

Similarity to

No. Mutant  Invivo CI  In vitro CI Y. pestis (%) Y. pestis ORF NRDB (%) Product Microorganism Putative function
1 4H9 0.03 0.06 97 YPO0054 85(256)  Glycosyltransferase S. marcescens LPS core biosynthesis
2 2B3 1.02 0.85 94 YPO0337 NS UK
3 SE4 NT NT 99 YPO0702 46 (87) Putative lipoprotein Mycobacterium UK
tuberculosis
4 3E1 0.48 0.31 98 YPO1108 91 (427)  Citrate synthase S. enterica Citrate synthesis
5 2G8 0.53 1.34 96 YPO1174 39(222)  Adhesin E. coli UK
6 3C10 0.055 1.02 98 YPO1186 66 (150)  Hypothetical E. coli Amino acid transport
7 3H10 0.08 0.07 97 YPO1382 43 LpsA, glycosyltransferase Pasteurella haemolytica ~ LPS core biosynthesis
(promoter region)
8 5G6 0.021 0.88 95 YPO1987 NS UK
9 1D12 0.084 1.34 97 YPO1994 NS UK
10 1H10 NT NT 98 YPO2174 62 (442)  UDP-glucose 6-dehydrogenase  Rhizobium meliloti LPS/capsular polysaccharide
biosynthesis
11 4H10 0.0036 1.95 96 YPO2287a 65 (153)  ABC transporter Methanococcus Amino acid transport
Jjannaschii
12 5G7 0.25 1.09 98 YPO2440 82(275)  Iron(IIl) dicitrate ATP binding  Haemophilus influenzae  Iron transport
protein
13 1A9 NT NT 100 YPO2532 NS UK
14 4H2 NT NT 98 YPO2712 77 (218)  RseA, negative regulator of E. coli Transcription regulation of RpoE
RpoE (sigma 24)
15 5E6 0.27 1.24 97 YPO3004 47 (268)  Prodipeptidase B. subtilis UK
16 1D2 0.43 0.08 96 YPO3099 100 (468)  ManC, mannose-1-P Y. pseudotuberculosis LPS biosynthesis
guanylyltransferase
17  1D12-1 NT 0.16 95 YPO3099 100 (468)  ManC, mannose-1-phosphate Y. pseudotuberculosis LPS biosynthesis
guanyltransferase
18  3G2 0.13 NT 98 YPO3100 100 (237)  Fcl, fucose synthetase Y. pseudotuberculosis LPS biosynthesis
19 1B3 0.29 0.98 90 YPO3104 100 (337)  O-antigen polymerase Y. pseudotuberculosis LPS biosynthesis
20 1D9 NT 0.07 98 YPO3114 100 (314)  DdhB, CDP-D-glucose- Y. pseudotuberculosis LPS biosynthesis
dehydratase
21  3F3 0.04 0.44 95 YPO3116 100 (328)  AscD, ascarylose biosynthesis Y. pseudotuberculosis LPS biosynthesis
22 3Gl 0.21 1.25 97 YPO3144 89 (587)  MdIB, multidrug resistance E. coli UK
protein
23 5AS 0.44 1.16 98 YPO3572 88 (209)  Hypothetical transcription E. coli Transcription regulation
factor
24 1G6 NT NT 97 YPO3657/8 NS UK UK
(intergenic)
25 3F10 0.017 0.46 99 YPO3834 87(284)  PIdA, phospholipase A E. coli UK
26 1G6-1 NT 0.41 96 YPO3965 47 (397)  VirA, His kinase Agrobacterium Sensory transduction
tumefaciens
27 5D12 0.003 0.98 NS 80 (66) Wzx S. enterica O-antigen transporter
28  5HI10 NT NT NS 70 (30) Phage-related transcription Xylella fastidiosa Transcription activation
activator
29  5BI12 0.89 1.32 NS 59 (98) Hypothetical Phage HP1 UK
30 1A9-1 NT NT NS NS UK UK
31 1C9 NT 0.36 NS NS UK UK

¢ Analysis of Y. pseudotuberculosis transposon derivatives selected by STM. NS, no similarity; UK, unknown; NT, not tested; Similarity to Y. pestis determined using BLASTn at http://www.sanger.ac.uk/Projects/Y_pestis;
similarity of the corresponding Y. pestis gene product (length in amino acids shown parentheses) to an orthologue in the NRDB using BLASTp at http://www.blast.genome.ad.jp.



7816 KARLYSHEV ET AL.

no homologues could be identified in an NRDB. Genes inac-
tivated in five mutants (5D12, SH10, 5B12, 1C9, 1A9-1, and
1D12) do not have Y. pestis orthologues. One of these mutants
(5D12) contains an insert in the gene encoding a putative
O-antigen transferase (see above).

In vivo and in vitro CIs. The majority of the selected mu-
tants with reduced output signals did not reveal significant
reduction in in vitro growth properties and were confirmed to
be attenuated (Table 1). Five mutants (1D9, 1D2, 1D12-1,
4H9, and 3H10) revealed substantial (more than six times)
reduction in CI. In all cases, the genes affected are related to
LPS or LPS core biosynthesis. For example, an orthologue to
a gene inactivated in 4H10 is located in an operon containing
a number of other genes, such as kdtB, waaA, rfaC, rfaD, and
rfaF, all related to core biosynthesis. The insert in mutant 3H10
would also inactivate a gene encoding an LPS core-related
glycosyltransferase. Inactivation of genes in other mutants of
this class may have a dramatic effect on outer membrane sta-
bility due to an affect on LPS biosynthesis. In vivo CI figures of
less than 0.3 were demonstrated in 14 of 20 cases, confirming
the attenuated properties of these mutants.

Characterization of phospholipase A mutant 3F10. Mutant
3F10 contained an insertion into a pldA gene encoding a mem-
ber of a family of bacterial phospholipases A (4). Given that
phospholipases have been identified as virulence determinants
in other pathogens but have not been detected in Y. pseudo-
tuberculosis previously, mutant 3F10 was selected for more
detailed characterization. The entire pld4 gene was sequenced
by primer walking. The gene encoded a protein of 282 amino
acid residues and was preceded by an AGG Shine-Dalgarno
sequence 6 nucleotides from the translation start site. A per-
fect inverted repeat was found after the termination codon of
the pldA gene, indicating the presence of the rho-independent
transcription terminator found in other bacteria (5). The se-
quence of the Y. pseudotuberculosis PIAA protein also con-
tained a Ca** binding motif (Gly-X-Gly-Gly) present in other
bacterial PldAs (4, 5). The determined 1,468-bp sequence,
including the pldA gene with flanking regions, was found to be
100% identical to the corresponding sequence of Y. pestis
(http://www.sanger.ac.uk/Projects/Y_pestis/).

To test whether mutant 3F10 had reduced levels of PIdA, we
measured phospholipase activity and found that it was signif-
icantly reduced: 172 = 9 U of phospholipase A2/mg of protein
compared to 449 = 27 for the wild-type strain (P < 0.05).
Furthermore, using liposomes to assay phospholipase activity,
total cell sonicates of the wild-type strain of Y. pseudotubercu-
losis caused the lysis of phosphatidylcholine or sphingomyelin
liposomes. By contrast, cell sonicates from the pld4A mutant
showed only 28% of the activity of the wild-type extract to-
wards either phosphatidylcholine or sphingomyelin liposomes.
The remaining activity in both assays is probably attributable to
other phospholipases present in the bacteria. Indeed, another
phospholipase A, YplA, was recently discovered and shown to
be essential for virulence in Y. enterocolitica (43).

In contrast to YplA (an extracellular protein), PIdA is likely
to be located in the outer membrane. A BLAST search of the
Y. pestis sequence database indicated that both the ypl4 and
pldA genes are present in this species. To check the possibility
that the residual phospholipase activity in the 3F10 mutant
could be the result of the presence of another phospholipase,
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a PCR was performed using Y. enterocolitica yplA-derived
primers. Both Y. pestis (strain CO92) and Y. pseudotuberculosis
DNAs gave identical products of the expected size, indicating
the presence of a second phospholipase gene in these two
Yersinia species (data not shown).

In vivo competition studies revealed significant attenuation
of the 3F10 derivative. The CI (CI = 0.01655) obtained in the
mixed-infection experiment confirmed that the strain was se-
verely attenuated. However, an in vitro CI of 0.46 = 0.04
indicated that growth of the mutant was not significantly im-
paired. Attenuation was also confirmed by the expected MLD
determination. The expected MLD of the mutant (1.04 X 10*
CFU per animal) was approximately 200-fold higher than that
of the wild-type strain (51.5 CFU per animal). The expected
MLD of the wild-type strain was in good agreement with pub-
lished data (20 CFU per animal [52]). These data suggest that
PIdA is an essential virulence factor in the murine yersiniosis
model of infection.

DISCUSSION

Despite being a powerful approach for identification of vir-
ulence-related genes, the output of STM generally depends on
many different parameters, such as complexity of infection
dose, efficiency of hybridization, and variability in animal sen-
sitivity to an infectious agent. We developed a microarray
modification of the STM technique allowing the generation of
statistically valid output data. The approach allowed the simul-
taneous identification of several candidate virulence-related
genes in Y. pseudotuberculosis. Annotation of the identified
genes was assisted by availability of the complete genome se-
quence of the closely related species Y. pestis. Whereas the
genes present in both species were found to be almost identi-
cal, five Y. pseudotuberculosis genes identified through STM
did not have counterparts in the Y. pestis genome and may
contribute to the different tropisms in these closely related
infectious agents.

Screening of 603 transposon derivatives resulted in the iden-
tification of 31 potentially attenuated mutant genes, 26 of
which had similarities in the Y. pestis genome. The disrupted
genes included those involved in the transport of iron and
other molecules (13%), signal transduction and transcription
regulation (13%), as well as the genes with no similarity or with
similarity to genes with unknown functions (27%). A third of
the genes were related to LPS biosynthesis, similar to that
found in the STM study of Y. enterocolitica (13). Unexpectedly,
however, and in contrast to the previously mentioned publica-
tion, no genes related to a type III secretion or virulence
plasmid were found. For example, despite the importance of
YopK of Y. pseudotuberculosis for colonization of both spleen
and liver after oral and i.v. infection (23), none of our mutants
contained inserts into this gene. One explanation for this un-
expected finding would be an insufficient number of mutants
analyzed. However, no mutations affecting YopK were found
after screening as many as 2,000 mutants of Y. enterocolitica
(13). As the efficiency of our approach has been validated by
the detection of a number of virulence-related genes, including
those involved in LPS biosynthesis, the absence of virulence
plasmid-related genes among the hits found in this model of
infection was surprising. The most likely explanation for not
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identifying STM plasmid virulence-related genes is that the
output pool of STM mutants was selected on CRMOX plates
to ensure that mutants identified retained the virulence plas-
mid.

In this study, we have identified a novel Yersinia phospho-
lipase, PIdA, as a virulence determinant of Y. pseudotubercu-
losis. The wide distribution of this enzyme among the members
of the Enterobacteriaceae (5, 41) suggests that this enzyme may
play an important role in these organisms. In E. coli, pldA
mutants have been shown to have a normal phenotype in vitro
(5, 15), but pld4 mutants of any species have not previously
been tested in animal models of disease. Our finding that PIdA
is a virulence determinant of Y. pseudotuberculosis suggests
that this enzyme should be evaluated as a virulence determi-
nant in these other pathogens.

The role of the Y. pseudotuberculosis PIdA in disease is not
clear. Bacterial phospholipases C are considered important
virulence factors (reviewed in reference 51), but bacterial
phospholipases A have been less well studied. Mammalian
cytosolic phospholipases A play a key role in the mediation of
inflammatory responses by releasing arachidonic acid from
membrane phospholipids (44). The released arachidonic acid
is able to serve as a substrate for the generation of a variety of
inflammatory mediators, such as prostaglandins, leukotrienes,
and platelet-activating factor (44). It is thought that bacterial
phospholipases C mimic the effects of the mammalian phos-
pholipases A on host cells, resulting in profound inflammatory
responses (51). It seems equally likely that bacterial phospho-
lipases A could elicit these effects on host cells. The bacterial
phospholipases A might also contribute to the invasion of host
cells.

It has recently been shown that PIdA of Helicobacter pylori is
essential for colonization of gastric mucosa (16). It may also be
significant that Pace et al. (33) showed that a rapid increase in
the levels of free intracellular calcium ions and activation of
phospholipase A2 and 5-lipoxygenase in cultured epithelial
cells were required for invasion by Salmonella enterica serovar
Typhimurium. These enzymes appeared to be associated with
leukotriene production by these cells. The addition of the
leukotriene D4 to Henle-407 cells caused both an increase in
calcium ions and the internalization of an invasion-defective
mutant of S. enterica. It is proposed that the phospholipases A
involved in this process are of eukaryotic origin, but it seems
possible that surface-bound bacterial enzymes could also con-
tribute to this process.

The PIdA that we have identified is not similar to the YplA
phospholipase A of Y. enterocolitica that is essential for viru-
lence in Y. enterocolitica (43), as they have no sequence simi-
larity. Also, whereas YplA is an extracellular enzyme, PIdA-
related proteins are outer membrane proteins (3). The pldA
and yplA genes are found in both the Y. pseudotuberculosis and
Y. pestis genomes. Our finding that inactivation of the pldA
gene in Y. pseudotuberculosis resulted in significant reduction
but not complete elimination of phospholipase activity sug-
gests that the residual phospholipase A activity in the mutant
may be attributable to YplA. Our findings also indicate that
the pldA gene encodes a phospholipase which is active towards
both phosphatidylcholine and sphingomyelin. These phospho-
lipids are the major phospholipid components of the outer
leaflet of eukaryotic cell membranes. Since the liposome assay
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presented phospholipids to the enzyme which were packed in
a form similar to that found in cell membranes, it is possible
that the PIdA enzyme we have isolated would be active towards
host cell membranes. A similar reduction in activity towards
phosphatidylcholine and sphingomyelin liposomes was found
in a whole-cell extract from the pldA mutant. This is consistent
with a single enzyme’s catalyzing both reactions. Our finding
that residual phospholipase activity was detected in cell ex-
tracts from the pldA4 mutant is also consistent with the presence
of a second phospholipase in Y. pseudotuberculosis. However,
the fact that the pld4 mutant showed a 200-fold reduction in
the expected MLD indicates that the two phospholipase A
activities are not simply a result of redundancy and do not
complement each other.

A number of Y. pseudotuberculosis genes identified in this
study are related to LPS, and more specifically, to O-antigen
biosynthesis (e.g. manC, fcl, wbyJ, and ddhB). A significant
proportion of virulence-related genes identified by STM of Y.
enterocolitica (13) and V. cholerae (9) were also found to be
LPS related. One of the functions of the O-antigen is thought
to be to enhance survival of enteric pathogens in the gastroin-
testinal tract (38). In support of this suggestion, an O-antigen
mutant of Y. enterocolitica has been shown to be 50-fold less
virulent than the wild-type strain when given orally to mice (2).
Also it has been shown that a rough mutant of Salmonella
enterica var. choleraesuis was attenuated by the oral but not by
the i.v. route of challenge.

In Y. pestis, which is transmitted to humans by flea vectors or
by the inhalation route, many of the O-antigen biosynthesis
genes (including fc/ and ddhB) are inactivated, resulting in a
rough phenotype (36, 50). These mutations have been sug-
gested to be a consequence of the change in life style from the
ancestral Y. pseudotuberculosis strain (50). Our studies were
carried out with Y. pseudotuberculosis administered by the i.v.
route and clearly indicate that the O-antigen is important for
infection by this route, probably because of the protection
afforded against complement-mediated lysis (38). Therefore, it
seems likely that the loss of the O-antigen by Y. pestis is not
simply a consequence of the change in life style from an enteric
to a blood-borne pathogen. Since Y. pestis is clearly able to
cause infection when given by the i.v. route, it seems likely that
other mechanisms have evolved to allow survival in the host.

The identification of 31 potential attenuating strains among
603 tagged transposon mutants is higher than that reported in
the majority of STM studies. The higher hit rate achieved in
this study may result from the modifications to the standard
STM procedure. These include the use of double-tagged mini-
transposons and quantitative hybridization analysis using Af-
fymetrix oligonucleotide microarray technology. The use of
selected double tags further increases the reliability of the
procedure. This set of optimized 96 double-tagged transposons
cloned on a suicide vector can be used in construction of
mutants of other microorganisms. Furthermore, the technique
offers automaton and quantitative analysis of the data. In ad-
dition to studying tagged microbes in animal models, the in-
creased reliability and sensitivity of quantifying tagged mi-
crobes described here should facilitate the application of STM
to the population dynamics of microbes in other complex en-
vironments, such as biofilms, mixed cultures, and food.
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