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The transformation of the enteropathogenic bacterium Yersinia pseudotuberculosis into the plague bacillus,
Yersinia pestis, has been accompanied by extensive genetic loss. This study focused on chromosomal regions
conserved in Y. pseudotuberculosis and lost during its transformation into Y. pestis. An extensive PCR screening
of 78 strains of the two species identified five regions (R1 to R5) and four open reading frames (ORFs; orf1 to
orf4) that were conserved in Y. pseudotuberculosis and absent from Y. pestis. Their conservation in Y. pseudotu-
berculosis suggests a positive selective pressure and a role during the life cycle of this species. Attempts to delete
two ORFs (orf3 and orf4) from the chromosome of strain IP32953 were unsuccessful, indicating that they are
essential for its viability. The seven remaining loci were individually deleted from the IP32953 chromosome,
and the ability of each mutant to grow in vitro and to kill mice upon intragastric infection was evaluated. Four
loci (orf1, R2, R4, and R5) were not required for optimal growth or virulence of Y. pseudotuberculosis. In
contrast, orf2, encoding a putative pseudouridylate synthase involved in RNA stability, was necessary for the
optimal growth of IP32953 at 37°C in a chemically defined medium (M63S). Deletion of R1, a region predicted
to encode the methionine salvage pathway, altered the mutant pathogenicity, suggesting that the availability of
free methionine is severely restricted in vivo. R3, a region composed mostly of genes of unknown functions, was
necessary for both optimal growth of Y. pseudotuberculosis at 37°C in M63S and for virulence. Therefore, despite
their loss in Y. pestis, five of the nine Y. pseudotuberculosis-specific chromosomal loci studied play a role in the
survival, growth, or virulence of this species.

Yersinia pseudotuberculosis, an enteropathogenic bacterium,
has given rise within the last 1,500 to 20,000 years to a clonal
variant, Yersinia pestis, the causative agent of plague (2, 4, 21).
From an enteropathogen transmitted by the oral route and
present in the environment, Y. pseudotuberculosis rapidly
evolved into a flea-transmitted pathogen with a marked in-
crease in virulence.

One of the major genetic differences between these two
species was the acquisition by Y. pestis of two specific plasmids,
pFra and pPla. The 101-kb pFra plasmid encodes functions
necessary for survival in and colonization of the flea midgut
(22), while pPla (9.6 kb) is thought to facilitate Y. pestis dis-
semination from the intradermal site of flea inoculation (49).
Therefore, acquisition of these plasmids has certainly been a
key step in the emergence of an arthropod-transmitted bacte-
rium.

Whole-genome comparisons of Y. pseudotuberculosis IP32953
with several Y. pestis isolates showed that, as expected, most of the
chromosomal backbone is highly conserved, with 75% of pre-
dicted proteins sharing greater than 97% identity in the two spe-
cies (4). A notable difference between the Y. pseudotuberculosis
and Y. pestis chromosomes is a burst of insertion sequences (IS) in
the latter. Although a total of 17 IS elements belonging to the

insertion sequences IS100, IS185, and IS1541 are present in the Y.
pseudotuberculosis genome, 108 to 176 copies of these elements
are found in Y. pestis (4, 5, 11, 38, 50). A preliminary analysis of
gene differences across a panel of nine strains of Y. pseudotuber-
culosis and 13 strains of Y. pestis revealed that the transformation
of an enteropathogen into the hypervirulent plague bacillus was
accompanied by the acquisition of only a few new genetic mate-
rials (4), one of them being a functional filamentous phage ge-
nome (12). However, most remarkably, this transformation was
characterized by the loss of genetic material. The Y. pseudotuber-
culosis IP32953 genome contains 317 genes that are absent from
those of Y. pestis CO92 and KIM. Furthermore, 208 genes present
in the two species have been inactivated during the transforma-
tion process (4), suggesting that genetic loss has been more im-
portant than the acquisition of new genes in this process.

In a recent work, a Y. pseudotuberculosis-specific chromo-
somal region (i.e., a region present in all Y. pseudotuberculosis
strains and absent from all Y. pestis isolates tested) was shown
to encode a DNA methyltransferase which plays a role in Y.
pseudotuberculosis virulence (41). In the present study, we
sought to identify the other Y. pseudotuberculosis-specific re-
gions and investigate their role in the survival, growth, and
virulence of this species.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Bacterial strains and plas-
mids used in the present study for mutant constructions are listed in Table 1. A
set of 31 Y. pseudotuberculosis strains serotypes I to V and of various geograph-
ical origins (see Table S1 in the supplemental material) and of 47 Y. pestis strains
isolated from different plague foci in the world and belonging to the three
classical biovars (data not shown) was used to test the specificity of the chromo-
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somal regions. Bacteria were grown in Luria-Bertani (LB) medium or M63S
broth [0.1 M KH2PO4, 0.2% (NH4)2SO4, 0.02% MgSO4, 0.00005% FeSO4, 0.2%
glucose, 0.2% Casamino Acids] or on LB or LB-Sac (without NaCl and supple-
mented with 10% sucrose) agar plates. Yersinia strains were grown at 28 or 37°C
and Escherichia coli strains at 37°C. Chloramphenicol (25 �g/ml), kanamycin (30
�g/ml), or spectinomycin (50 �g/ml) was added to the medium when necessary.

DNA and gene manipulation. Genomic and plasmid DNA were extracted with
an Isoquick nucleic acid extraction kit (Isoquick) and a Qiagen plasmid miniprep
kit (Qiagen), respectively. Recombinant plasmid DNA and PCR fragments were
introduced into Yersinia or E. coli by electroporation as described previously (6).
PCRs were performed as previously described (41), using the primers listed in
Table S2 in the supplemental material for the screening of Y. pseudotuberculosis-
specific loci and in Table S3 in the supplemental material for mutant construc-
tions and verification.

Construction of Y. pseudotuberculosis mutants. Each target chromosomal re-
gion was deleted in Y. pseudotuberculosis strains by allelic exchange with a kan
cassette, following the long flanking homologous region PCR procedure (13).
Briefly, a three-step PCR allowed the amplification of a linear PCR fragment
composed of the kan gene with its promoter region and flanked by �500-bp
homologs to the sequences flanking each Y. pseudotuberculosis-specific region.
This fragment was introduced by electroporation into strain IP32953(pKOBEG-
sacB), and correct allelic exchange between the PCR fragment and the chromo-
somal target gene was checked by PCR with different primer pairs (see Table S3
in the supplemental material). Y. pseudotuberculosis IP32953 clones with the
appropriate mutation were then streaked onto LB-Sac agar plates to select for
derivatives cured of pKOBEG-sacB.

Cloning procedures. orf3 and orf4 with their promoter regions were amplified
with the primer pairs 431Abis/431B and 430Abis/430B, respectively, and cloned
into the HindIII and KpnI sites of plasmid pBAD43. Recombinant plasmids
(pBAD-orf3 and pBAD43-orf4) were introduced by electroporation into E. coli
DH5�, digested with KpnI to check their size, and then introduced into Y.
pseudotuberculosis IP32953(pKOBEG-sacB).

In silico analyses. The presence and conservation of the Y. pseudotuberculosis-
specific regions identified in IP32953 (4) were searched in the sequenced ge-
nomes of Y. pseudotuberculosis IP31758 (15) and YPIII (GenBank no. CP000950;
U.S. DOE Joint Genome Institute) and of Y. pestis CO92 (38), KIM (11),
Nepal516 (5), Antiqua (5), Microtus 91001 (50), Angola (CP000901; The Insti-
tute for Genomic Research), and pestoides F (CP000668; U.S. DOE Joint
Genome Institute), using MaGe software (https://www.genoscope.cns.fr/agc
/mage).

Animal infections. Prior to infection, the presence of the pYV virulence
plasmid and high-pathogenicity island was systematically verified in each strain
by PCR with the primer pairs 160A/160B (yopM) and 18/19 (irp2) (see Table S2
in the supplemental material). Groups of ten 4-week-old C57BL/6 female mice
(Janvier) were infected intragastrically (i.g.) with 0.2 ml of bacterial suspensions.
Lethality was recorded daily for 3 weeks.

RESULTS AND DISCUSSION

Identification of Y. pseudotuberculosis-specific chromosomal
loci. A comparison of the genome of Y. pseudotuberculosis
IP32953 to those of Y. pestis CO92 and KIM and a subsequent
PCR screening of a panel of 19 strains of Y. pestis and Y.
pseudotuberculosis previously identified two solitary open read-
ing frame (ORFs) and five regions (chromosomal segment
composed of two or more adjacent ORFs) that were specific to
Y. pseudotuberculosis (4). In the present study, to further de-
lineate Y. pseudotuberculosis-specific regions, a larger panel of
78 strains (47 strains of Y. pestis belonging to the three classical
biovars and 31 strains of Y. pseudotuberculosis of serotypes I to
V and of various geographical origins [see Table S1 in the
supplemental material]) were used. The chromosomal loci
tested were selected in order to (i) delineate each Y. pseudo-
tuberculosis-specific region, (ii) reconsider ORFs that were
previously found to be present in at least eight of the nine Y.
pseudotuberculosis strains previously analyzed, and (iii) re-
examine ORFs previously considered as non-Y. pseudotubercu-
losis-specific because a weak amplification product was de-
tected in one or two Y. pestis isolates (4). This screening did not
include R6, a Y. pseudotuberculosis-specific region encoding a
type I restriction-modification system, because this region has
been recently characterized (41).

Screening by PCR of the panel of 78 isolates with 30 primer
sets (see Table S2 in the supplemental material) allowed to

TABLE 1. Bacterial strains and plasmids used for mutant construction

Strain or plasmid Relevant characteristics Source or
reference

Strains
Y. pseudotuberculosis

IP32953 Serotype O:1b (France) Institut Pasteur
IP32953(pKOBEG-sacB) pKOBEG-sacB introduced into IP32953 40
IP32953�orf1 Allelic exchange between YPTB2793 and a kan cassette This study
IP32953�orf2 Allelic exchange between YPTB1058 and a kan cassette This study
IP32953�R1 Allelic exchange between the YPTB0872-YPTB0878 region and a kan cassette This study
IP32953�R2 Allelic exchange between the YPTB2180-YPTB2183 region and a kan cassette This study
IP32953�R3 Allelic exchange between the YPTB2193-YPTB2201 region and a kan cassette This study
IP32953�R4 Allelic exchange between the YPTB2205-YPTB2207 region and a kan cassette This study
IP32953�R5 Allelic exchange between the YPTB2490-YPTB2497 region and a kan cassette This study
IP32953(pBAD-orf4) pBAD43-orf4 introduced into IP32953 by electroporation This study
IP32953(pBAD-orf3) pBAD43-orf3 introduced into IP32953 by electroporation This study
IP32953�orf4(pBAD-orf4) Allelic exchange between the chromosomal copy of YPTB3368 and a kan cassette This study
IP32953�orf3(pBAD-orf3) Allelic exchange between the chromosomal copy of YPTB1495 and a kan cassette This study

E. coli DH5� F� endA1 hsdR17supE44 thi-1 recA1 gyrA relA1 �(lacIZA-argF)U169 deoR
��80dlac(lacZ)M15	

Biolabs

Plasmids
pKOBEG-sacB repA cat araC pBAD exo bet gam sacB; Cmr 13
pUC4K bla oriR6K oriT cos rpsL kan; Ampr Kanr Amersham
pBAD43 Low copy number, paraB; Cmr 19
pBAD43-orf4 ORF4 with its promoter region cloned into pBAD43 This study
pBAD43-orf3 ORF3 with its promoter region cloned into pBAD43 This study

a Cmr, chloramphenicol resistance; Ampr, ampicillin resistance; Kanr, kanamycin resistance.
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retain 22 Y. pseudotuberculosis-specific genes corresponding to
three solitary ORFs (orf1 to orf3) and four regions (R1, R3,
R4, and R5) (see Table S1 in the supplemental material).
Furthermore, region R2 contained three genes that were un-
equally distributed in various strains and one ORF that was
systematically present in all Y. pseudotuberculosis isolates stud-
ied (see Table S1 in the supplemental material). Since this
feature was similar to that observed for the DNA methyltrans-
ferase locus, which was shown to encode a virulence-associated
factor in Y. pseudotuberculosis (41), R2 was kept for further
analysis. Finally, although orf4 did not fully meet the criteria
required for specificity since it was detected in all but two Y.
pseudotuberculosis isolates (see Table S1 in the supplemental
material), this ORF was retained because of its frequent dis-
tribution (94%) in the species. Altogether, four ORFs (orf1 to
orf4) and five regions (R1 to R5) were thus selected for further
analysis (Table 2). The positions of these nine loci on the
IP32953 chromosome are indicated in Fig. 1A, and the genetic
organizations of the five regions are presented in Fig. 1B.

Analysis of the Y. pseudotuberculosis-specific chromosomal
regions. As a first approach to the understanding of the role of
these nine chromosomal loci on Y. pseudotuberculosis physiol-
ogy, a search for putative functions derived from the identifi-
cation of homologous genes in other bacterial genomes was
carried out. Furthermore, the presence, conservation, and syn-

teny of each specific region of IP32953 were examined in the
sequenced genomes of Y. pseudotuberculosis strains IP31758
and YPIII and of Y. pestis strains CO92, KIM, Microtus 91001,
Nepal516, Antiqua, Angola, and Pestoides F. The nine specific
regions or ORFs identified were individually deleted from the
chromosome of strain IP32953, and the ability of the mutants
to grow in vitro in a complex (LB) or chemically defined
(M63S) medium at 28°C (optimal temperature for Y. pseudo-
tuberculosis growth in vitro) or 37°C (temperature of the mam-
malian host) was determined twice independently and was
compared to that of the wild-type strain IP32953. The impor-
tance of each specific locus on Y. pseudotuberculosis virulence
was also evaluated by monitoring the lethality of groups of 10
C57BL/6 mice infected i.g. with 104 CFU of either the wild-
type strain IP32953 or the various deletion derivatives.

Four loci are not required for Y. pseudotuberculosis growth
and virulence. Among the nine chromosomal regions or ORFs
analyzed, four loci (orf1, R2, R4, and R5) were found to be
dispensable for Y. pseudotuberculosis growth in vitro (Fig. 2).
IP32953�orf1 exhibited a slight delay during the exponential
growth phase in M63S at 37°C, but this delay disappeared at
the stationary phase (Fig. 2A). Furthermore, although the
number of dead animals was slightly lower for each of the four
mutants (7 or 8 dead mice out of 10) than for the wild-type
strain (10 of 10 dead animals) (Fig. 3A to D), this difference
was not statistically significant (P 
 0.05 with the �2 test). This
suggests that these four chromosomal loci do not play a major
role in Y. pseudotuberculosis growth and pathogenicity, at least
under the conditions used in the present study.

orf1 (YPTB2793) is a 1,287-bp sequence which potentially
encodes a member of the NCS2 family of uracil/xanthine trans-
porter (see Table S4 in the supplemental material). The NCS2
family consists of over 50 currently sequenced proteins from
gram-negative and gram-positive bacteria, archaea, fungi,
plants, and animals (10, 14, 46). Uracil/xanthine permeases
include permeases for diverse substrates such as xanthine, ura-
cil, and vitamin C, but many members of this family are func-
tionally uncharacterized and may transport other substrates.
Several genes that putatively have the same function are
present on the Y. pseudotuberculosis IP32953 genome. They
include YPTB0031, an NCS2 family xanthine/uracil:H� sym-

TABLE 2. Y. pseudotuberculosis-specific regions and ORF

Specific ORF
or region YPTB no.a Previous

region no.

Presence (%) in:

Y.
pestis

Y.
pseudotuberculosis

orf1 2793 25 0 100
orf2 1058 8 0 100
orf3 1495 12 0 100
orf4 3368 29 0 94
R1 0872 to 0878 7 0 100
R2 2180 to 2183 17 0 74–100b

R3 2193 to 2201 18�19 0 100
R4 2205 to 2207 20 0 100
R5 2490 to 2497 22 0 100

a As defined previously (4).
b Only one ORF was present in all Y. pseudotuberculosis strains tested.

FIG. 1. (A) Location of the nine Y. pseudotuberculosis-specific loci on the IP32953 chromosomal map. (B) Genetic organization of the five Y.
pseudotuberculosis-specific regions. Numbers inside arrows indicate the YPTB designation assigned to the IP32953 genes. Gray arrows correspond
to genes that are not found in all Y. pseudotuberculosis strains.
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porter; YPTB3600, a putative xanthine/uracil permease; and
YPTB3953, a member of the xanthine/uracil permease family.
Therefore, it may be hypothesized that deletion of csd1 had no
impact on Y. pseudotuberculosis growth and virulence because
of the presence of other genes with similar functions.

R2 is a 4,875-bp long region composed of four genes:
YPTB2180 to YPTB2183 (Fig. 1B and see Table S4 in the
supplemental material). The only Y. pseudotuberculosis-specific
gene, YPTB2182, is of unknown function. The three other
genes were missing in a few strains and one of them
(YPTB2181) was present but truncated in YPIII (see Table S1
in the supplemental material). YPTB2181 is also of unknown
function. Based on sequence homologies, YPTB2180 is pre-
dicted to encode an adenosine deaminase which plays an im-
portant role in the purine pathway (25, 42). When preformed

purine samples are present in the growth medium, they are
readily taken up by specific transport systems and used for
nucleotide synthesis, while de novo purine synthesis is shut
down (34, 35). In E. coli, Salmonella enterica serovar Typhi-
murium (34), and Bacillus cereus (16), adenine is converted to
hypoxanthine, with the intermediate formation of adenosine
and inosine catalyzed by a purine nucleoside phosphorylase
and an adenosine deaminase. The fact that the absence of this
pathway did not affect Y. pseudotuberculosis growth and viru-
lence suggests that the de novo purine synthesis pathway might
be sufficient to provide the necessary amount of these mole-
cules, both in vitro and in vivo, and could explain why only 80%
of the Y. pseudotuberculosis strains analyzed retained this gene.
YPTB2183 is homologous to members of the GntR family of
transcription factors, one of the most prevalent superfamilies

FIG. 2. Growth curves in M63S at 37°C of the seven IP32953 derivatives, each with a Y. pseudotuberculosis-specific locus deleted. Standard
deviations of two independent experiments are represented by vertical bars.

FIG. 3. Kinetics of mouse lethality upon i.g. injection of 104 CFU of IP32953 and the various deletion mutants. Ten mice were infected with
each strain and mortality was recorded daily.
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of transcription factors, which regulates a very diverse set of
operons and regulons (20, 44).

R4 has a size of 3,608 bp and is composed of three genes:
YPTB2205 to YPTB2207 (Fig. 1B and see Table S4 in the
supplemental material). YPTB2207 encodes a hypothetical
protein. Both YPTB2205 and YPTB2206 are homologous to
genes coding for the permease subunit of ABC sugar/ribose
transporters. Since another ABC sugar transporter operon
(YPTB3229 to YPTB3231) is present on the IP32953 genome,
it may fulfill the same function as R4, thus explaining the
absence of effect of the deletion of this region on Y. pseudo-
tuberculosis growth and pathogenicity.

R5 is a 11,701-bp long region formed of eight genes:
YPTB2490 to YPTB2497 (Fig. 1B and see Table S4 in the sup-
plemental material). Two genes (YPTB2492 and YPTB2496) are
of unknown function. YPTB2491 is a putative proton-dependent
di-tripeptide transporter belonging to the POT family (proton-
dependent oligopeptide transport) (39), while YPTB2497 is pre-
dicted to be a cation/proton antiporter. R5 carries four ORFs
homologous to genes involved in periplasmic glucan biosynthesis:
YPTB2490 (htrB), a lipid A biosynthesis lauroyl acyltransferase
gene; YPTB2493 (mdoH) and YPTB2494 (mdoG), two genes
required for the synthesis of periplasmic branched glucans; and
YPTB2495, a pseudogene homologous to genes participating in
glucan biosynthesis. The periplasm of gram-negative bacteria is
formed of a concentrated gel-like matrix containing the murein
sacculus, a variety of specialized proteins found exclusively in
this compartment, and the osmoregulated periplasmic glucans
(OPGs). OPGs are important intrinsic components of gram-neg-
ative bacteria envelope, which can be essential under extreme
conditions. Mutants defective in OPG synthesis have a highly
pleiotropic phenotype, indicative of an overall alteration of their
envelope properties. Strains of the plant pathogens Agrobacterium
tumefaciens, Pseudomonas syringae, Erwinia chrysanthemi, and Si-
norhizobium meliloti defective in OPG synthesis have been shown
to be attenuated or avirulent for plants (3, 32, 37). Similarly,
mammalian pathogens such as Salmonella enterica serovar Typhi-
murium and Pseudomonas aeruginosa with mutations altering
OPG biosynthesis are severely impaired in their virulence (29,
54). Since one of the genes involved in glucan biosynthesis carried
by the R5 region is a pseudogene, this suggests that this pathway
is not functional in Y. pseudotuberculosis and may thus explain the
absence of effect of R5 deletion on growth and virulence of this
species. However, glucan biosynthesis is a crucial process for
many bacteria, and it may be surprising that this pathway is dis-
pensable in Y. pseudotuberculosis, especially since no other locus
with a similar function was identified on the IP32953 chromo-
some.

Therefore, four specific chromosomal loci (orf1, R2, R4, and
R5) are dispensable for in vitro growth and virulence of Y.
pseudotuberculosis IP32953. Nevertheless, the fact that they are
present in all Y. pseudotuberculosis strains tested suggests that
they have been subjected to a positive selective pressure. For
two of them (orf1 and R4), the absence of effect observed upon
their inactivation could be explained by the presence of other
chromosomal genes having potentially similar functions. For
the last two specific loci (R2 and R5), it may be hypothesized
that their functions are dispensable for in vivo and in vitro
growth, under the conditions used in the present study, but that
they are important under other circumstances, such as during

Y. pseudotuberculosis survival and multiplication in the envi-
ronment.

orf2 is necessary for optimal growth of Y. pseudotuberculosis
at 37°C in a chemically defined medium. Deletion of orf2
(YPTB1058) had no impact on the growth of the mutant strain
when the bacteria were grown in LB medium or in M63S
medium at 28°C (data not shown) but resulted in a reproduc-
ible longer doubling time and a lower bacterial load when the
bacteria were grown at 37°C in M63S (Fig. 2E). This suggests
that orf2 participates in the acquisition of molecules that are
missing in a chemically defined medium such as M63S and that
are important, in a temperature-dependent manner, for bac-
terial metabolism.

orf2 (290 bp) shares the highest homology (80% amino acid
identity, 88% amino acid similarity) with YjbC (NP290656), a
pseudouridylate synthase of E. coli O157:H7 (see Table S4 in
the supplemental material). Deletion of some synthase genes
(rluA, rulD, and truB) was shown to impair E. coli growth (17,
18, 43). This enzyme is involved in converting uracil bases to
pseudouridine. Cellular RNAs contain a number of posttran-
scriptionally modified nucleosides, the most common of which
is pseudouridine (28). Pseudouridine is found in RNAs (such
as rRNA, tRNA, and snRNA) whose functions depend on a
stable tertiary structure (36). In E. coli, 11 synthases belonging
to five families account for all of the known rRNA and tRNA
pseudouridine residues. Similarly, the genome of Y. pseudotu-
berculosis IP32953 carries 11 putative pseudouridylate synthase
genes: YPTB0482 (truB), YPTB0638 (rluA), YPTB0772 (ygbO),
YPTB0846 (rulD), YPTB1301 (rsuA), YPTB2135, YPTB2428
(ymfC), YPTB2478 (rluC), YPTB2618 (truA), YPTB3009, and
YPTB1058 (orf2). Each of the synthase families has a specific
activity which does not overlap with the function of the other
families. This may explain the observed in vitro growth defect of
the IP32953�orf2 mutant despite the high number of synthase
genes on the IP32953 chromosome.

The IP32953�orf2 mutant had a virulence comparable to
that of the wild-type strain (Fig. 3E). This may indicate either
that the function of orf2 is not essential for Y. pseudotubercu-
losis pathogenicity in our model of murine infection or that
during in vivo multiplication, some other synthase families may
compensate the absence of orf2.

R1 participates to Y. pseudotuberculosis pathogenicity. R1 is
a 6,545-bp region that carries seven genes (YPTB0872 to
YPTB0878) (Table 2 and Fig. 1B). Deletion of R1 did not
impair the in vitro growth of IP32953�R1, even in M63S at
37°C (Fig. 2F), but affected the virulence of the mutant strain
upon i.g. infection. Although all 10 animals infected with wild-
type IP32953 died, only six mice infected with IP32953�R1 did
so (Fig. 3F). The difference was statistically significant (P �
0.05 with the �2 test). Furthermore, the mean time to death
was delayed for the IP32953�R1 derivative (10 days) com-
pared to the wild-type strain (5 days) (Fig. 3F).

The in silico analysis suggests that R1 is involved in the
methionine salvage pathway (see Table S4 in the supplemental
material). Methionine is an essential amino acid and is re-
quired for a number of cellular functions, including the initi-
ation of protein synthesis; the methylation of DNA, rRNA, and
xenobiotics; and the biosynthesis of cysteine, phospholipids,
and polyamines. Polyamines, organic molecules with multiple
amino groups, are synthesized in large amounts in rapidly
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growing cells. During polyamine synthesis of spermidine from
putrescine and spermine from spermidine, methionine is con-
sumed in a one-to-one stoichiometry with the by-product for-
mation of methylthioadenosine. Since the amount of methio-
nine is typically limiting in cells and de novo synthesis of
methionine is energetically expensive, it is important for mi-
croorganisms to be able to recycle this amino acid.

Based on the similarities with the characterized genes of
Klebsiella pneumoniae (7–9, 33, 56), it can be predicted that in
Y. pseudotuberculosis the YPTB0874 product makes the initial
step of the methionine salvage pathway in which methylthio-
adenosine is degraded into methylthioribose. YPTB0878, a
methylthioribose kinase, phosphorylates methylthioribose in
methylthioribose-1-phosphate. YPTB0877 transforms meth-
ylthioribose-1-phosphate to 2,3-diketo-5-methylthio-1-phos-
phopentene. YPTB0875 is an E-1 enzyme that transforms
2,3-diketo-5-methylthio-1-phosphopentene to 1,2-dihydroxy-3-
keto-5-methylthiopentene. YPTB0876 is an ARD/ARD
 enzyme
that oxidizes the 1,2-dihydroxy-3-keto-5-methylthiopentene to
2-oxo-4-methylthiobutanoic acid. Finally, YPTB0873 is an amino-
transferase that transforms 2-oxo-4-methylthiobutanoic acid to
L-methionine.

It was previously shown that compounds interfering with
methionine synthesis inhibit the growth of K. pneumoniae (53).
This was not the case here for Y. pseudotuberculosis, which
grew equally well in the presence or absence of the R1 region.
However, since the media used in the present study contained
exogenous methionine, the methionine salvage pathway was
most likely not induced, thus explaining the absence of in vitro
growth defect of the IP32953�R1 mutant. However, our re-
sults indicate that this salvage pathway is important during
growth of Y. pseudotuberculosis in an animal host, suggesting
that the availability of methionine is severely restricted in the
tissues of infected animals.

The analysis of nine sequenced genomes of Y. pestis and Y.
pseudotuberculosis showed a high conservation (perfect synteny
and 
99% amino acid identity for each gene product) of R1 in
the two Y. pseudotuberculosis strains (see Table S1 in the sup-
plemental material) and confirmed its absence in the classical
Y. pestis biovars. Interestingly, R1 was present and conserved
(
98.5% amino acid identity for each gene product) in two
Y. pestis strains: Pestoides (YPDSF2878-2884) and Angola
(A3327-A3333). These two strains belong to branch 0 of the Y.
pestis evolutionary tree (1) and therefore are considered to be
an early step in Y. pestis differentiation. These results thus
indicate that R1 was present in the ancestral Y. pestis strain and
was eliminated at a later stage of its evolution, before its
divergence into branches 1 and 2.

R3 is necessary for optimal growth at 37°C in M63S and is
essential for Y. pseudotuberculosis virulence. R3 is a 11,408-bp
region composed of nine genes (YPTB2193 to YPTB2201)
(Table 2 and Fig. 1B). Similarly to the IP32953�orf2 mutant,
IP32953�R3 displayed, at 37°C in M63S only, an impaired
ability to multiply (Fig. 2G). Furthermore, the IP32953�R3
mutant was severely affected in its pathogenicity for mice since
only 3 of 10 animals (P � 0.05 with the �2 test) died of the
infection (Fig. 3G).

Among the nine genes carried by R3, five (YPTB2193,
YPTB2194, YPTB2198, YPTB2199, and YPTB2201) encode
hypothetical proteins of unknown function (see Table S4 in the

supplemental material), one of which (YPTB2198) is truncated
in IP31758 (see Table S1 in the supplemental material). Of the
four remaining genes, three are predicted to encode proteins
involved in diverse pathways: an oxidoreductase (YPTB2195),
an aldehyde dehydrogenase (YPTB2197), and an aminotrans-
ferase (YPTB2200). The last gene (YPTB2196) is homologous
to genes encoding sigma-54 transcriptional regulators. Based
on the high number of hypothetical genes and on the ab-
sence of clearly identified function conferred by R3, it is
hardly possible to predict which of the genes carried by R3
are important for Y. pseudotuberculosis growth and patho-
genicity.

Of note, the first ORF of the R3 region (YPTB2196) is
present and conserved (100% amino acid identity) in the ge-
nome of strain Pestoides F (YPDSF0862), while it is absent
from the other Y. pestis sequenced genomes. This argues for a
sequential loss of the R3 region during the early steps of Y.
pestis differentiation rather than for a loss en block of the
entire region.

orf3 and orf4 are vital for Y. pseudotuberculosis IP32953.
Despite several attempts, inactivation of orf3 and orf4 by allelic
exchange following the classical long flanking homologous re-
gion PCR procedure systematically failed, suggesting that
these two sequences are crucial for Y. pseudotuberculosis via-
bility. To confirm this hypothesis, each ORF (with its pro-
moter) was cloned into pBAD43 and the recombinant plas-
mids were introduced individually into IP32953 (Table 1). In
this background, replacement of the chromosomal orf3 or orf4
copy by a kan cassette occurred, indicating that the presence in
trans of a functional gene was required to inactivate the chro-
mosomal copy. Therefore, both orf3 and orf4 appear to be
essential for Y. pseudotuberculosis IP32953 viability.

orf3 (1,749 bp) has no known function (see Table S4 in the
supplemental material) but possesses a LysM (lysin motif)
domain which is found in a variety of enzymes involved in
bacterial cell wall degradation (23) and which promotes bind-
ing to peptidoglycan. It may thus be hypothesized that orf3
plays a role in the maintenance of the cell wall structure of Y.
pseudotuberculosis. However, the analysis of the YPIII and
IP31758 genomes indicates that this ORF is absent from the
former and is truncated due to a frameshift in the latter.

orf4 (588 bp) has also no known function (see Table S4 in the
supplemental material), but its C-terminal domain is similar to
that found in two-component transcriptional regulators.
This domain contains DNA and RNA polymerase binding
sites (30, 55).

Therefore, the Y. pseudotuberculosis genome contains two
genes of unknown functions that are required for Y. pseudotu-
berculosis IP32953 viability. However, since orf3 is absent from
strain YPIII and mutated in strain IP31758 and since orf4 was
not detected in two of the 31 Y. pseudotuberculosis strains
screened by PCR, the presence of these two ORFs might not
be required in all isolates of this species. A similar strain-to-
strain variation was observed with the Y. pseudotuberculosis
dam gene encoding a DNA adenine methyl transferase. This
gene could be deleted from the chromosome of strain IP32953
(51) but was essential for the viability of strain YPIII (24). This
also points to the fact that, due to the genetic polymorphism of
Y. pseudotuberculosis, the results of the functional studies per-
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formed with the various derivatives of strain IP32953 might not
be systematically extended to the entire species.

Conclusions. We were able to identify and characterize here
nine chromosomal loci that were lost by Y. pestis but that were
subjected to a positive selective pressure in Y. pseudotubercu-
losis, probably because they are important at some stages of its
life cycle. It is surprising, at least for the five loci that were
shown to play a role in Y. pseudotuberculosis survival, growth,
or virulence, that these regions were eliminated from the Y.
pestis genome. This could be due to the presence of newly
acquired regions fulfilling similar functions in Y. pestis. For
instance, it is known that acquisition of the plasmid pPla had
conferred adhesion and invasion properties to Y. pestis (26, 27),
possibly explaining the inactivation of genes encoding another
adhesin (YadA) and invasin (45, 47, 48). Since several loci,
acquired or lost by Y. pestis, are of unknown function, it is not
possible to check this hypothesis. However, this was not the
case for the few Y. pseudotuberculosis-specific genes with a
predicted function (orf2 and R1). No genes with a similar
activity were identified on the Y. pestis chromosome. Alterna-
tively, these gene losses may reflect a process of reductive
evolution. These loci may have been lost because Y. pestis has
a much more restricted epidemiological cycle (rodent-flea-
rodent) than its Y. pseudotuberculosis progenitor, with no long-
term persistence in the environment. The specific regions may
also be required during the enteric life of Y. pseudotuberculosis
and may thus be dispensable for Y. pestis. Although the sepa-
ration of the Y. enterocolitica and Y. pseudotuberculosis
branches occurred much earlier (0.4 to 1.9 million years) than
the emergence of Y. pestis (1,500 to 20,000 years) (2), it is
remarkable to note that six of these loci are partially (R2 and
R3) or entirely (orf1, orf2, R1, and R5) present in the se-
quenced genome of Y. enterocolitica strain 8081 (52). Since Y.
pseudotuberculosis and Y. enterocolitica are two enteropatho-
gens with similar epidemiological cycles, this further reinforces
the hypothesis of a role of these loci during their enteric and/or
environmental life. Finally, it is also possible that some of these
regions have been eliminated because they were deleterious
for Y. pestis pathogenicity or flea transmission (black hole
theory) (31).

These eliminations occurred at different steps during the
transformation of Y. pseudotuberculosis into Y. pestis. Since all
nine specific regions were absent from the classical Y. pestis
biovars, they were most likely lost along branch 0, before the
split of Y. pestis into branches 1 and 2. Based on their presence
or absence in pestoides strains, it can also be hypothesized that
seven of the specific loci were lost soon after the divergence of
Y. pestis from Y. pseudotuberculosis, that R3 was progressively
eliminated at a later step, and that R1 was the last specific
region to be lost.

A role in the survival, growth, or virulence of Y. pseudotu-
berculosis IP32953 was thus identified for five of the nine Y.
pseudotuberculosis-specific loci identified. A function was pre-
dicted for two of these six loci, based on in silico analyses.
However, the four other regions are mainly composed of genes
coding for hypothetical proteins. The identification of these
new and not-yet-characterized genetic determinants will be
useful for a better understanding of Y. pseudotuberculosis phys-
iology and/or pathogenesis.
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