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Summary

Important pathogens in the genus 

 

Yersinia

 

 include the
plague bacillus 

 

Yersinia pestis

 

 and two enteropatho-
genic species, 

 

Yersinia pseudotuberculosis

 

 and

 

Yersinia enterocolitica

 

. A shift in growth temperature
induced changes in the number and type of acyl groups
on the lipid A of all three species. After growth at 37

  

∞∞∞∞

 

C,

 

Y. pestis

 

 lipopolysaccharide (LPS) contained the tetra-
acylated lipid IV

 

A

 

 and smaller amounts of lipid IV

 

A

 

modified with C10 or C12 acyl groups, 

 

Y. pseudotuber-
culosis

 

 contained the same forms as part of a more
heterogeneous population in which lipid IV

 

A

 

 modified
with C16:0 predominated, and 

 

Y. enterocolitica

 

 pro-
duced a unique tetra-acylated lipid A. When grown at
21

  

∞∞∞∞

 

C, however, the three yersiniae synthesized LPS
containing predominantly hexa-acylated lipid A. This
more complex lipid A stimulated human monocytes to
secrete tumour necrosis factor-

  

aaaa

 

, whereas the lipid A
synthesized by the three species at 37

  

∞∞∞∞

 

C did not. The

 

Y. pestis phoP

 

 gene was required for aminoarabinose
modification of lipid A, but not for the temperature-
dependent acylation changes. The results suggest that
the production of a less immunostimulatory form of
LPS upon entry into the mammalian host is a con-
served pathogenesis mechanism in the genus 

 

Yers-
inia

 

, and that species-specific lipid A forms may be
important for life cycle and pathogenicity differences.

Introduction

 

The genus 

 

Yersinia

 

 in the family Enterobacteriaceae
includes three important human pathogens. 

 

Yersinia pes-

tis

 

 is a clonal variant of 

 

Yersinia pseudotuberculosis

 

 that
emerged within the last 1500–20 000 years (Achtman

 

et al

 

., 1999). Despite this close phylogenetic relationship,
the two species differ greatly in virulence and life cycle. 

 

Y.
pestis

 

 is the causative agent of plague, a highly invasive
and usually lethal infection that is transmitted either by
fleabite or by inhalation of infectious droplets. In contrast
to 

 

Y. pestis

 

, the closely related 

 

Y. pseudotuberculosis

 

causes a relatively mild, self-limiting enteritis and mesen-
teric lymphadenitis and is transmitted via contaminated
food and water. The third pathogenic species, 

 

Yersinia
enterocolitica

 

, is less closely related to the other two but,
like 

 

Y. pseudotuberculosis

 

, causes a food- and water-
borne gastroenteritis. Unlike all other 

 

Yersinia

 

 species, 

 

Y.
pestis

 

 does not depend on a free-living stage, but alter-
nates between fleas and mammals

 

.

 

Bacterial pathogens have evolved several adaptive
responses to the environmental changes encountered
when they enter a host from an external reservoir. These
responses include modification of the bacterial cell enve-
lope that results in enhanced ability to colonize, spread to
different tissues and avoid the host’s normal defences.
The synthesis of accessory structures such as antiphago-
cytic capsules, adhesive fimbriae and new integral mem-
brane proteins is perhaps the best-known example of
host-associated outer surface modifications (Finlay and
Falkow, 1997). Recently, however, modifications to essen-
tial cell membrane components such as lipid A, the hydro-
phobic membrane anchor of lipopolysaccharide (LPS),
have also been shown to be important for pathogenesis
(Guo 

 

et al

 

., 1997; Gunn 

 

et al

 

., 1998; Ernst 

 

et al

 

., 1999;
2001). These virulence-related adaptations are often co-
ordinately regulated via two-component signal sensing
and transduction systems that respond to changes in
environmental conditions such as temperature, osmotic
pressure, pH and the concentration of specific ions
(Mekalanos, 1992).

LPS is the major component of the Gram-negative outer
membrane and a potent inducer of the innate immune
system. The mammalian immune system recognizes and
responds to LPS via the Toll-like receptor 4 complex to
activate signal transduction cascades, resulting in the syn-
thesis and secretion of proinflammatory cytokines that
recruit immune cells to the site of infection (Beutler, 2000).
Overstimulation of inflammatory pathways by the lipid A
portion of LPS, also known as endotoxin, can lead to
septic shock, a life-threatening consequence of Gram-
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negative sepsis. Although the relatively conserved struc-
ture of lipid A makes it an important target of the innate
immune system, it is now known that the lipid A produced
by different Gram-negative bacteria, as well as certain
synthetic forms, can vary widely in their immunostimula-
tory and endotoxic properties (Kovach 

 

et al

 

., 1990; Golen-
bock 

 

et al

 

., 1991; Rose 

 

et al

 

., 1995; Schromm 

 

et al

 

.,
2000).

Gram-negative bacteria are able specifically to modify
their lipid A in response to environmental conditions via
the PhoP–PhoQ two-component regulatory system. For
example, 

 

Salmonella enterica

 

 serovar typhimurium and

 

Pseudomonas aeruginosa

 

 vary the number and length of
acyl groups attached to their lipid A, and add aminoarabi-
nose and phosphoethanolamine in response to microen-
vironments encountered in the host. Low Mg

 

2+

 

 or Ca

 

2+

 

concentration activates the PhoP–PhoQ system of 

 

Salmo-
nella

 

, leading to the upregulation of several PhoP-
activated genes, such as 

 

pagP

 

, which mediates the addi-
tion of C16:0 fatty acid to lipid A (Guo 

 

et al

 

., 1998; Bishop

 

et al

 

., 2000). The PhoP–PhoQ system also activates
genes in the 

 

pmr

 

 operon responsible for aminoarabinose
addition (Gunn 

 

et al

 

., 1998). These PhoP-dependent mod-
ifications confer increased resistance to host defensins
and other antimicrobial peptides, indicating that lipid A
variation is an important virulence mechanism (Guo 

 

et al

 

.,
1997; Gunn 

 

et al

 

., 1998; Ernst 

 

et al

 

., 1999; 2001).
A variety of LPS structures has been proposed for the

pathogenic 

 

Yersinia

 

 species

 

.

 

 Aussel 

 

et al

 

. (2000) reported
that 

 

Y. enterocolitica

 

 and 

 

Yersinia ruckeri

 

 grown at 37

 

∞

 

C,
and 

 

Y. pestis

 

 grown at 28

 

∞

 

C, make primarily hexa-acylated
lipid A. 

 

Y. enterocolitica

 

 has been shown to produce pri-
marily tetra-acylated lipid A at 37

 

∞

 

C (Guo 

 

et al

 

., 1998;
Oertelt 

 

et al

 

., 2001). Therisod 

 

et al

 

. (2002) reported that
a hexa-acylated form of lipid A, containing four 3-OH-C14
and two C16:0, was made by 

 

Y. pseudotuberculosis

 

 ATCC
29833 when grown at 37

 

∞

 

C

 

.

 

 Hitchen 

 

et al

 

. (2002) com-
pared the lipid A structures produced at 28

 

∞

 

C by wild-type

 

Y. pestis

 

 and a 

 

phoP

 

 mutant

 

.

 

 They observed that both
strains produced primarily tetra-acylated lipid A, which

was different from the one reported for 

 

Y. enterocolitica.

 

In addition, although they found PhoP-dependent
changes in the core polysaccharide, they did not detect
any PhoP-dependent modifications to 

 

Y. pestis

 

 lipid A. In
a more recent study, 

 

Y. pestis

 

 was shown to alter lipid A
structure in a temperature-dependent manner. At 37

 

∞

 

C, 

 

Y.
pestis

 

 produced primarily tetra-acylated lipid A, identical
to the structure reported by Hitchen 

 

et al

 

. (2002). At 27

 

∞

 

C,

 

Y. pestis

 

 produced primarily tetra-acylated lipid A, but a
hexa-acylated form, identical to the structure reported by
Aussel 

 

et al

 

. (2000), was also present (Kawahara 

 

et al

 

.,
2002).

Because of the variety and lack of consensus in lipid A
structures reported for the yersiniae, we undertook a sys-
tematic analysis of the lipid A structures made by all three
pathogenic 

 

Yersinia

 

 at 21

 

∞

 

C and 37

 

∞

 

C, temperatures that
simulate the life cycle transition between flea (or external
environment) and mammal

 

.

 

 We also examined the role of
the 

 

Y. pestis phoP

 

 homologue on lipid A variation at both
temperatures.

 

Results

 

Temperature-dependent changes in 

 

Yersinia

 

lipid A structure

 

We used both matrix-assisted laser desorption ionization
time-of-flight (MALDI-TOF) mass spectrometry (MS) and
gas chromatography (GC) to characterize the different
lipid A species made by 

 

Y. pestis

 

, 

 

Y. pseudotuberculosis

 

and 

 

Y. enterocolitica

 

 grown at 21

 

∞

 

C and 37

 

∞

 

C

 

.

 

 MALDI-
TOF MS was used to identify the number and mass of the
molecular species present in a sample, and GC analysis
was used to quantify the individual fatty acids present

 

.

 

LPS isolated from the 

 

Y. pestis

 

 parent strain grown at
21

 

∞

 

C contained predominantly hexa-acylated lipid A (

 

m/z

 

1824 and 1843) with four 3-OH-C14, one C12 and one
C16:1 acyl groups (Fig. 1A, Table 1)

 

.

 

 Other lipid A struc-
tures made by 

 

Y. pestis

 

 in smaller amounts were tetra-
acylated (

 

m/z

 

 1405), penta-acylated (

 

m/z

 

 1588) and

 

Table 1.

 

 Relative amounts of acyl groups (expressed as percentage of total fatty acid content) in lipid A from 

 

Yersinia

 

 species grown at 21

 

∞

 

C or
37

 

∞

 

C.

 

Y. pestis

 

 KIM6+

 

Y. pestis

 

 

 

D

 

phoP Y. pseudotuberculosis Y. enterocolitica

 

 

21∞C 37∞C 21∞C 37∞C 21∞C 37∞C 21∞C 37∞C

C10 9.3 6.2 10.6 8.3 ND ND ND ND
C12 12.5 8.0 13.4 3.9 22.4 9.4 14.9 8.6
C14 2.6 3.1 1.9 2.6 5.8 4.8 3.4 16.5
2-OH-C14 0.6 1.1 1.3 1.2 1.2 1.1 1 1.2
3-OH-C14 59.1 76.5 48.3 78.0 46.2 57.9 55.4 62.8
C16:0 1.8 2.1 1.5 3.3 1.8 24.4 4.1 5.2
C16:1 14.1 3.0 23.0 2.8 22.6 2.3 21.2 5.7

ND, not determined.
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hepta-acylated (m/z 1977). Surprisingly, the hepta-
acylated lipid A form appeared to result from the addition
of a C10 fatty acid to the hexa-acylated form instead of
the C16:0 that is present in hepta-acylated Salmonella
lipid A. Two of the large mass peaks (m/z 1955 and 2108)
were consistent with the addition of a single aminoarabi-
nose to the hexa-acylated and hepta-acylated molecules.

At 37∞C, lipid A isolated from wild-type Y. pestis was
predominantly tetra-acylated (m/z 1405) and appeared
to be identical in structure to lipid IVA (Fig. 1D, Table 1),
as reported by Kawahara et al. (2002). Other lipid A
species produced by Y. pestis at 37∞C included penta-
acylated forms modified with C10 (m/z 1558) and C12
(m/z 1588). Some of the structures detected were con-
sistent with aminoarabinose addition (m/z 1536 and
1689, Fig. 1D). Adjacent peaks that differed by 19–
21 m/z units were reproducibly detected in both 21∞C
and 37∞C samples (e.g. m/z 1824 and 1843; 1405 and
1425), but the structural relationship between them is
not known.

Like Y. pestis, Y. pseudotuberculosis produced penta-
acylated (m/z 1588) and C16:1-containing hexa-acylated
lipid A (m/z 1824) after growth at 21∞C. Molecular weight
species consistent with C10 and aminoarabinose addition
that were identified in Y. pestis were also present in Y.
pseudotuberculosis. In addition, Y. pseudotuberculosis
also produced a tetra-acylated lipid A species containing
three 3-OH-C14 and a C16:1 (m/z 1415, Fig. 1B).

Yersinia pseudotuberculosis grown at 37∞C synthe-
sized two major forms of lipid A (Fig. 1E). The first (m/z
1405) was identical to the tetra-acylated lipid IVA form
produced by Y. pestis at 37∞C, and the second (m/z
1644) contained an additional C16:0 fatty acid (Fig. 1E,
Table 1). The C16:0-containing penta-acylated lipid A
was the major Y. pseudotuberculosis-specific form; it
was not detected in Y. pestis or Y. enterocolitica. Y.
pseudotuberculosis lipid A also generated MS peaks
consistent with the addition of C10 and aminoarabinose
at 37∞C (m/z 1536, 1558, 1775 and 1797). Alterna-
tively, the lipid A species with m/z 1797 may represent
a hexa-acylated form containing four 3-OH-C14, one
C12 and one C14. In general, the MS spectra gener-
ated by Y. pseudotuberculosis lipid A were more com-
plex than those of Y. pestis.

The lipid A spectra from Y. enterocolitica grown at the
two temperatures were much less complex than those of
Y. pestis and Y. pseudotuberculosis lipid A, and differed
markedly from the other two Yersinia species at both
temperatures (Fig. 1). At 21∞C, Y. enterocolitica synthe-
sized two abundant forms of lipid A. One was the hexa-
acylated species (m/z 1823) identical to that produced by
Y. pestis and Y. pseudotuberculosis at 21∞C; the other
(m/z 1415) was identical to the tetra-acylated form gener-
ated by Y. pseudotuberculosis at 21∞C (Fig. 1B). A sec-

ond, less prominent tetra-acylated form (m/z 1388) was
probably similar to the C16:1-containing tetra-acylated
lipid A, with a C14 substitution instead of C16:1 (Fig. 1C).
At 37∞C, Y. enterocolitica produced a unique tetra-
acylated lipid A (m/z 1388, Fig. 1F), different from lipid
IVA and the m/z 1415 tetra-acylated form synthesized by
Y. pseudotuberculosis at 21∞C. The Y. enterocolitica-
specific molecule contained three 3-OH-C14 and one
C14 (Fig. 1E, Table 1); this structure has been described
previously (Guo et al., 1998; Oertelt et al., 2001). Unlike
Y. pestis and Y. pseudotuberculosis, no MS peaks con-
sistent with C10 addition to Y. enterocolitica lipid A were
detected at either temperature.

Growth-temperature dependent tumour necrosis factor 
(TNF)-a induction by Yersinia LPS

Kawahara et al. (2002) demonstrated that lipid A from Y.
pestis grown at 37∞C stimulated less TNF-a secretion in
both murine and human macrophage cell lines than lipid
A produced at 27∞C. Because a temperature-dependent
shift from primarily hexa-acylated lipid A at 21∞C to less
acylated lipid A structures at 37∞C was common to all
three species, we tested their immunostimulatory proper-
ties. Purified LPS from the three pathogenic Yersinia
grown at 21∞C stimulated human peripheral blood mono-
cytes (HPBMs) to secrete TNF-a in a dose-dependent
fashion similar to that of Escherichia coli LPS. In contrast,
LPS from Y. pestis and Y. enterocolitica grown at 37∞C did
not induce TNF-a secretion even at high doses, and LPS
from Y. pseudotuberculosis grown at 37∞C induced TNF-
a only slightly (Fig. 2).

PhoP–PhoQ-dependent modifications of Y. pestis lipid A 
at 21∞C and 37∞C

To investigate the role of the Y. pestis PhoP–PhoQ system
in lipid A modifications, LPS isolated from a Y. pestis DphoP
mutant after growth at 21∞C and 37∞C was compared with
the wild-type strain (Figs 1 and 3). Notably, the peaks
corresponding to the higher molecular weight aminoarabi-
nose-containing lipid A forms (m/z 1955 and 2108) were
absent from the DphoP mutant at 21∞C, but GC analysis did
not reveal any statistically significant change in fatty acid
content between the PhoP+ and PhoP– strains (Table 1).

At 37∞C, the DphoP strain appeared to produce prima-
rily lipid IVA and penta-acylated forms resulting from C10
or C12 addition to lipid IVA (Fig. 3, Table 1). As at 21∞C,
no evidence of aminoarabinose was detected in the
mutant strain. C10 was detected by GC in lipid A from the
DphoP mutant grown at 21∞C, even though the corre-
sponding MS peak was not detected by MALDI-TOF
(Fig. 3A, Table 1). These findings indicate that the temper-
ature-dependent transition from tetra-acylated to hexa-
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Fig. 1. Negative ion MALDI-TOF MS spectra of lipid A isolated from Y. pestis (A), Y. pseudotuberculosis (B), Y. enterocolitica (C) grown at 21∞C 
in LB; and from Y. pestis (D), Y. pseudotuberculosis (E), Y. enterocolitica (F) grown at 37∞C in LB. Proposed structures corresponding to major 
peaks were deduced from quantitative GC data; acyl group positions follow previously reported structures for Yersinia and other Gram-negative 
bacteria. Alternative structures are discussed in the text in some cases. Arrows indicate loss of a phosphate group. Peaks corresponding to lipid 
A species predicted to contain C10 (*), aminoarabinose (†) and C12 (**) are indicated.
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Fig. 1. cont.
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acylated lipid A occurs independently of the PhoP–PhoQ
system. Conversely, the major PhoP-dependent modifica-
tion, aminoarabinose addition, was present at both tem-
peratures (Fig. 3A and B).

Effect of PhoP and growth temperature on sensitivity to 
cationic antimicrobial peptides

In S. typhimurium and P. aeruginosa, production of more
highly acylated lipid A and the addition of aminoarabinose
increases resistance to cationic antimicrobial peptides
(Guo et al., 1998; Ernst et al., 1999). We compared the
minimum inhibitory concentrations (MICs) of the insect-
derived cationic antimicrobial peptide cecropin A and of
polymixin B to Y. pestis KIM6+, Y. pestis DphoP, Y.
pseudotuberculosis and Y. enterocolitica at 21∞C and
37∞C to see if the change in lipid A mediated by mutations
or temperature correlated with changes in susceptibility.
Y. pestis was significantly more resistant to both antimi-
crobial peptides when grown at 21∞C than at 37∞C
(Table 2). Resistance at both temperatures was PhoP
dependent, consistent with results observed by Hitchen
et al. (2002) at 28∞C. In contrast to Y. pestis, Y. pseudot-
uberculosis was more resistant to the cationic antimicro-
bial peptides at 37∞C than at 21∞C, and the susceptibilities
of Y. enterocolitica changed little with temperature.

Discussion

Temperature-dependent lipid A variation in the
pathogenic yersiniae

The pathogenic Yersinia species alternate between 37∞C,
the temperature of the mammalian host, and ambient
temperatures in the external environment (or the flea vec-
tor in the case of Y. pestis). We characterized the lipid A
synthesized by Y. pestis, Y. pseudotuberculosis and Y.

Fig. 2. TNF-a secretion by human peripheral blood monocytes 
(HPBM) after stimulation with LPS from Y. pestis grown at 37∞C (filled 
circles) or 21∞C (open circles); from Y. pseudotuberculosis grown at 
37∞C (filled squares) or 21∞C (open squares); from Y. enterocolitica 
grown at 37∞C (filled triangles) or 21∞C (open triangles); or from E. 
coli (filled diamonds). The mean and standard deviation of three 
experiments are shown.

Fig. 3. MALDI-TOF MS spectra of lipid A isolated from Y. pestis DphoP grown in LB at 21∞C (A), and Y. pestis DphoP grown in LB at 37∞C (B). 
Arrows indicate loss of a phosphate group.
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enterocolitica at 37∞C and 21∞C to simulate this transition,
because the enteropathogenic Yersinia species are pri-
marily found in temperate northern latitudes, and the abil-
ity of Y. pestis to block the foregut of the flea vector, a
prerequisite of transmission, is much greater at 21∞C than
at 25∞C or higher (Cavanaugh and Marshall, 1972; Hin-
nebusch et al., 1998).

A shift in growth temperature from 21∞C to 37∞C
induced marked changes in the number and type of acyl
group substitutions on the lipid A of all three Yersinia
species. In general, hexa-acylated lipid A, the usual level
of acylation in the LPS of the Enterobacteriaceae, was
abundant at 21∞C. The increased acylation of lipid A at
lower temperatures may protect the bacteria better from
conditions in the flea digestive tract or external environ-
ment which affect outer membrane integrity. For example,
Bengoechea et al. (1998) reported that the outer mem-
brane permeability of the pathogenic yersiniae was higher
at 37∞C than at 26∞C, and that this correlated with LPS
acyl chain fluidity. At 37∞C, however, tetra- and penta-
acylated structures predominated. Thus, temperature-
dependent lipid A variation is much more extensive in the
genus Yersinia than has been reported for other Entero-
bacteriaceae. A second common finding was that the less
highly acylated LPS made by the three species at 37∞C
did not induce HPBM to produce TNF-a, whereas LPS
made at 21∞C induced TNF-a at levels comparable to the
endotoxic LPS of E. coli (Fig. 2). In these respects, the
LPS made by Yersinia species at 37∞C resembles LPS of
Chlamydia trachomatis and Porphyromonas gingivalis,
which synthesize penta-acylated lipid A forms with low
endotoxicity in humans (Weintraub et al., 1989; Rund
et al., 1999).

Beyond these generic similarities, however, specific dif-
ferences in the lipid A made by the three pathogenic
yersiniae were apparent. For example, Y. pestis LPS at
37∞C contained both lipid IVA and smaller amounts of
penta-acylated forms resulting from C10 or C12 addition
to lipid IVA. In contrast, C16:0 made up 24% of the acyl
groups in lipid A of the closely related Y. pseudotubercu-
losis, indicating that the majority of the lipid A made at
37∞C was a C16:0-containing penta-acylated form, with

smaller amounts of lipid IVA. In keeping with its more
distant phylogenetic relationship, temperature-dependent
lipid A variation in Y. enterocolitica lipid A involved fewer
and different forms than those seen in the other two
Yersinia species.

Lipid IVA-like forms have not been reported to occur
naturally in the outer membrane of other Enterobacteri-
aceae. In E. coli and Salmonella, Kdo2-lipid IVA is modified
by acyltransferases encoded by the msbB (lpxM) and htrB
(lpxL) genes. These two late acyltransferases sequentially
add C14 and C12 groups, respectively, before export of
the mature LPS to the outer membrane (Brozek et al.,
1989; Clementz et al., 1997). An alternative cold shock
late acyltransferase, LpxP, adds C16:1 instead of C12 at
12∞C (Carty et al., 1999). In Yersinia, analogous substitu-
tions of C14 and C16:1 occur at 21∞C but not 37∞C,
suggesting that expression or activity of the orthologous
lipid A acyltransferases is affected by this modest change
in growth temperature. Y. pestis contains two genes, the
predicted products of which have 64% and 67% identity
to E. coli MsbB and LpxP but no obvious HtrB homologue,
although other predicted acyltransferases are present
(Parkhill et al., 2001).

Although less immunostimulatory, evidence suggests
that lipid IVA and other incompletely acylated forms of lipid
A result in outer membrane defects. In E. coli, msbB htrB
lpxP triple mutants make only lipid IVA, grow very slowly
as long filaments and are hypersensitive to antibiotics
(Karow et al., 1991; Somerville et al., 1999; Vorachek-
Warren et al., 2002). An msbB htrB double mutant is more
robust, probably because the LpxP acyltransferase par-
tially compensates by generating a small amount of penta-
acylated C16:1-containing lipid A, but still does not grow
in rich media above 32∞C (Vorachek-Warren et al., 2002).
It is interesting, then, that the predominance of lipid IVA in
the outer membrane of Y. pestis does not similarly atten-
uate growth or virulence. The minority population of lipid
IVA substituted with the short-chain fatty acids C10 and
C12, which comprised about 10% of the acyl groups in Y.
pestis lipid A at both temperatures, may be important in
stabilizing the outer membrane at 37∞C. Constitutive addi-
tion of C10 was also evident in Y. pseudotuberculosis lipid

Table 2. Effect of growth temperature and phoP mutation on susceptibility of Yersinia species to cationic antimicrobial peptides.

Strain

MIC (mg ml-1) 

21∞C 37∞C 

Polymixin B Cecropin A Polymixin B Cecropin A

Y. pestis 45.5 ± 0.0 >90.9 2.8 ± 0.0 34.1 ± 11.4
Y. pestis DphoP 0.3 ± 0.1 2.1 ± 0.7 0.1 ± 0.04 11.4 ± 0.0
Y. pseudotuberculosis 1.1 ± 0.4 17.0 ± 5.7 90.9 ± 0.0 >90.9
Y. enterocolitica 0.2 ± 0.0 11.4 ± 0.0 0.2 ± 0.0 4.3 ± 1.4

The mean and SD of four replicate experiments are shown.
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A, but not in Y. enterocolitica, which, unlike the other two
species, did not contain detectable lipid IVA. C10 addition
to lipid A has not been reported previously for the Enter-
obacteriaceae, but 3-OH-C10 has been found in the lipid
A of Pseudomonas aeruginosa, Chromobacterium viola-
ceum, Bordetella pertussis and Rhodobacter sphaeroides
(Hase and Rietschel, 1977; Caroff et al., 1994; Kaltashov
et al., 1997; Ernst et al., 1999).

Previous studies of Y. pestis lipid A used 27∞C or 28∞C,
the temperature of maximum growth rate, or 37∞C, and
have reported a variety of tetra-, penta- and hexa-acylated
lipid A molecules (Dalla Venezia et al., 1985; Aussel et al.,
2000; Hitchen et al., 2002; Kawahara et al., 2002). Some
of the reported structural variation could result from strain
differences or differences in LPS extraction and analysis
techniques, but early indications that growth temperature
influences Y. pestis lipid A structure (Darveau and Han-
cock, 1983; Gremiakova et al., 1999) have now been sub-
stantiated by Kawahara et al. (2002) and by this study.
Similar variation in Y. enterocolitica lipid A in response to
pH and temperature has been reported (Bengoechea
et al., 2003; Holst, 2003). Although Kawahara et al. (2002)
detected the hexa-acylated form at 27∞C, tetra- and penta-
acylated lipid A still predominated at that temperature. In
contrast, we found that Y. pestis produced primarily hexa-
acylated lipid A when grown at 21∞C. The difference in
relative abundance of tetra- versus hexa-acylated lipid A
at 21∞C and 27–28∞C may reflect the fact that 28∞C is the
transition point for many temperature-regulated pheno-
types in Y. pestis (Straley and Perry, 1995).

PhoP-dependent, temperature-independent lipid A 
modifications in Y. pestis

A second aim of our study was to determine whether the
Y. pestis phoP homologue played any role in temperature-
dependent lipid A modification. We found that Y. pestis
modified lipid A by aminoarabinose addition at both 21∞C
and 37∞C in a PhoP-dependent manner. Hitchen et al.
(2002) detected PhoP-dependent changes to the core
oligosaccharide of Y. pestis LPS but did not detect ami-
noarabinose modification of lipid A. This discrepancy may
be due to their use of the phenol–CHCl3–hexane LPS
extraction technique, which has been noted previously to
enrich for non-aminoarabinose-containing lipid A in Y.
pestis (Bordet et al., 1977), or to the fast atom bombard-
ment mass spectrometry technique, which favours more
hydrophobic compounds (Hitchen et al., 2002). To mini-
mize the loss of aminoarabinose by hydrolysis, we used
mild acid treatment to purify lipid A (Caroff et al., 1988)
and consistently detected aminoarabinose in PhoP+

strains. Dalla Venezia et al. (1985) and Kawahara et al.
(2002) also detected aminoarabinose in Y. pestis lipid A,
but no link to the PhoP–PhoQ system was established.

An operon is present in Y. pestis that contains homo-
logues of the pmr genes required for aminoarabinose
addition in Salmonella (Parkhill et al., 2001).

PhoP mutation did not result in any significant change
in lipid A acylation in Y. pestis at either temperature. In
Salmonella, in addition to aminoarabinose addition, PhoP
regulates the pagP-dependent addition of a C16:0 group
to hexa-acylated lipid A. Although Y. pestis contains a
pagP as well as a phoP homologue (Parkhill et al., 2001;
Hwang et al., 2002), previous studies did not detect C16:0
in Y. pestis lipid A (Hitchen et al., 2002; Kawahara et al.,
2002). We also detected only minimal quantities of C16:0,
which were not affected by PhoP or temperature. Thus,
the spectrum of PhoP-activated genes in Y. pestis may be
different from that in Salmonella, or activated under differ-
ent environmental conditions. The hepta-acylated lipid A
made by Y. pestis at 21∞C, which appeared to result from
C10 addition, was also unaffected by phoP mutation.
When Y. pestis was grown in Mg2+-deficient medium, an
environment that induces the PhoP–PhoQ system in Sal-
monella, evidence for increased aminoarabinose addition
to lipid A was seen, but the acylation pattern did not
change (R. Rebeil, unpublished). These results indicate
that temperature-regulated variation in lipid A acylation is
not PhoP dependent in Y. pestis.

Role of lipid A variation in transmission and pathogenesis

Davies (1956) first reported that the LD50 for mice of LPS
from Y. pestis grown at 37∞C is 5–10 mg, but only 100 mg
for LPS from other Enterobacteriaceae. More recently,
LPS from Y. pestis grown at 27–28∞C was shown to be a
more potent stimulator of TNF-a production by mouse
(Prior et al., 2001) and human (Kawahara et al., 2002)
macrophage cell lines than was LPS from E. coli or Y.
pestis grown at 37∞C, suggesting a role in plague patho-
genesis. Our results indicate that the production of a less
endotoxic LPS is a strategy common to all the pathogenic
yersiniae. Decreasing the immunostimulatory properties
of LPS, together with the expression of other temperature-
regulated virulence factors such as the antiphagocytic
type III secretion system encoded on the Yersinia viru-
lence plasmid, could serve to attenuate the immune
response.

The PhoP–PhoQ systems of Salmonella and Y. pestis
regulate different lipid A and pathogenesis phenotypes.
C16:0 addition is a prominent PhoP-regulated lipid A
modification in Salmonella but not in Y. pestis. Loss of
PhoP in Salmonella leads to an LD50 increase from <20
to 5 ¥ 105 in mice (Miller et al., 1989), yet loss of PhoP
in Y. pestis led to only a small change in LD50 from 1 to
75 in the same mouse strain (Oyston et al., 2000). As
PhoP-dependent lipid A modifications in Salmonella are
required for survival after phagocytosis (Miller and
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Mekalanos, 1990), these differences may reflect the fact
that, unlike Salmonella, Y. pestis is not primarily an
intracellular pathogen. Hitchen et al. (2002) showed that
PhoP is required for Y. pestis resistance to polymixin
and cecropin. We observed this too, but also found that
the Y. pestis phoP mutation had a greater effect on lipid
A structure and cationic antimicrobial peptide resistance
at 21∞C than at 37∞C, suggesting that PhoP-regulated
genes could be involved in adaptation to the flea. Con-
versely, Y. pseudotuberculosis was more sensitive at
21∞C than at 37∞C.

Our results suggest that the pathogenic yersiniae
respond to temperature changes during their life cycle
by modifying lipid A structure to adapt to the warm-
blooded vertebrate host or the external environment. If
this hypothesis is correct, then lipid A differences
between the closely related Y. pestis and Y. pseudotu-
berculosis may be pertinent to the recent evolution of Y.
pestis to flea-borne transmission and to increased viru-
lence. For example, C16:0 modification by Y. pseudotu-
berculosis, but not Y. pestis, indicates that Y. pestis has
lost some capacity for lipid A acylation that Y. pseudotu-
berculosis has retained. How this and other specific dif-
ferences affect adaptation to the flea vector, survival in
the disparate intradermal and intestinal environments
encountered after transmission and subsequent viru-
lence remains to be examined.

Experimental procedures

Bacterial strains and growth conditions

Yersinia pestis KIM6+ (Une and Brubaker, 1984), Y.
pseudotuberculosis PB1 O:1b (Skurnik et al., 2000) and Y.
enterocolitica CS080 (Guo et al., 1998) were used as the
source of wild-type LPS. The isogenic Y. pestis KIM6+
DphoP mutant contained an in frame 54 bp deletion of an
internal segment of the phoP gene. The deletion was cre-
ated by megaprimer mutagenesis (Ling and Robinson,
1995) in a cloned wild-type copy of the Y. pestis phoP.
The mutated allele was cloned into the suicide vector
pCVD442 and introduced by allelic exchange into Y. pes-
tis KIM6+ (Donnenberg and Kaper, 1991). DNA sequenc-
ing was performed to confirm the appropriate deletion in
the mutant. Bacteria were grown in Luria broth (LB),
pH 7.4, at 21∞C or 37∞C without aeration and harvested
in late exponential phase.

LPS and lipid A isolation

LPS was purified by Mg2+–ethanol precipitation as described
by Darveau and Hancock (1983). For mass spectrometric
analysis, lipid A was isolated by hydrolysis of LPS in 1% SDS
at pH 4.5 (Caroff et al., 1988). For the TNF-a induction anal-
yses, isolated LPS was further purified by phenol extraction
(Hirschfeld et al., 2000) and resuspended in endotoxin-free
water (BIO-101) containing 0.2% triethylamine.

Lipid A structural analysis

Negative ion spectra were acquired from a delayed extraction
(DE) MALDI-TOF mass spectrometer (Bruker Biflex III;
Bruker Daltonics) (Ernst et al., 1999). Briefly, lipid A was
dissolved in 10 ml of a mixture of 5-chloro-2-mercaptoben-
zothiazole (20 mg ml-1) in chloroform–methanol 1:1 (v/v), and
1 ml samples were analysed by MALDI-TOF MS. LPS fatty
acids were derivatized to fatty methyl esters with 2 M meth-
anolic HCl at 90∞C for 18 h and identified and quantified by
GC using an HP 5890 series II with a 7673 autoinjector
(Somerville et al., 1996). C10 quantification was achieved by
using 40∞C as a starting temperature followed by a ramp up
(4∞C min-1) to a final temperature of 225∞C. MS and GC
analyses were performed on a minimum of two independent
samples for each bacterial strain and growth condition. Fatty
acid content in Table 1 for Y. pestis KIM6+ and Y. pestis
DphoP are the average of two samples. Chi-square values
were calculated to determine statistically significant
differences.

TNF-a induction assay

The amount of TNF-a secreted by primary human peripheral
blood monocytes (HPBMs) was determined by enzyme-
linked immunosorbent assay (ELISA). Peripheral blood
mononuclear cells (PBMCs) were isolated by Hypaque-Ficoll
PLUS (1.077 g l-1; Amersham Biosciences) density gradient
separation of whole heparinized blood collected from three
healthy donors (Kobayashi et al., 2002). Primary human
peripheral blood monocytes (HPBMs) were enriched for by
seeding PBMCs (2.5 ¥ 105 per well) into 96-well plates and
culturing for 2 h at 37∞C, 5% CO2, in RPMI-1640 medium
(Invitrogen) supplemented with 10 mM Hepes, 100 IU of pen-
icillin, 100 mg ml-1 streptomycin and 4 mM L-glutamine. The
non-adherent cells were removed by washing, and the
HPBMs were exposed to various concentrations of Yersinia
or E. coli LPS (Sigma) diluted in supplemented RPMI 1640
containing 5% fetal calf serum (Invitrogen). The plates were
cultured for an additional 24 h, at which time cell-free super-
natants were collected. Secreted TNF-a levels present in the
culture supernatants were determined by ELISA (Human
TNF-a ELISA Ready-SET-Go!; Bioscience).

Antimicrobial peptide susceptibility assay

Susceptibility to the cationic antimicrobial peptides cecropin
A (Sigma) and polymyxin B (ICN Biochemicals) was by a
broth microdilution MIC assay (Jorgensen et al., 1999). For
each experiment, bacteria grown overnight in LB at 21∞C or
37∞C were diluted in LB to an optical density (600 nm) of 0.1.
An aliquot of 10 ml of diluted culture (ª 5 ¥ 105 bacteria) was
added to each well of a polypropylene 96-well plate contain-
ing 100 ml of a twofold serial dilution of cecropin A or poly-
myxin B in LB. The wells were examined for growth, and the
MIC was recorded after overnight incubation at 21∞C or 37∞C.
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