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Introduction

Lipopolysaccharides (LPSs) are ubiquitous and vital compo-
nents of the cell surface of the majority of Gram-negative bac-
teria.[1–2] They are amphiphilic macromolecules composed of a
hydrophilic heteropolysaccharide (which comprises the core
oligosaccharide and O-specific polysaccharide or O-chain) that
are covalently linked to a lipophilic moiety, termed lipid A,
which anchors these macromolecules to the outer membrane.
LPSs that do not possess the O-chain are termed rough LPSs
or lipo-oligosaccharides (LOSs). LPSs are involved in membrane
functions that are essential for the survival of the Gram-nega-
tive bacteria, that is, the formation of a rigid and efficient barri-
er to antimicrobial substances, and the ability to resist harsh
environments that might include those that are encountered
by pathogens during disease in eukaryotes. LPSs are also key
molecules in the recognition process of the host defense
system of eukaryotes during infection. LPSs represent one of a
group of molecules termed pathogen-associated molecular
patterns (PAMPs) ; these are conserved and are generally indis-
pensable microbial structures that are able to elicit innate
immune responses in diverse eukaryotes. In animal and insect
cells, the recognition of PAMPs is often mediated by LRR (leu-
cine-rich repeat) proteins such as Toll in Drosophila and the
Toll-like receptors (TLR) in mammals.[3–6] Recognition of LPSs in
mammalian cells occurs through the lipid A moiety, which is
responsible for most of the biological effects of LPS in animals.

Lipid A toxicity in animals strongly depends on its structure,
and is also influenced by the covalently linked core region,
which possesses immunogenic properties.[1–2]

LPSs can be recognized by plants to elicit or potentiate a
range of plant defense-related responses that include induc-
tion of pathogenesis-related (PR) proteins, production of reac-
tive oxygen and nitrogen species and prevention of the hyper-
sensitive response (HR), a programmed cell death that is trig-
gered by avirulent bacteria.[7–9] In comparison with animal and
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human cells, little is known about the mechanisms of LPS per-
ception by plants and the cognate signal transduction path-
ways that lead to these responses. Recent findings have sug-
gested that the lipid A moiety might be at least partially re-
sponsible for LPS perception by Arabidopsis thaliana, which
leads to a rapid burst of NO, a hallmark of innate immunity in
animals.[8] By using synthetic O-antigen polysaccharides (oligo-
rhamnans) it has been shown that the O-chain of LPS is recog-
nized by Arabidopsis, and that this recognition leads to elicita-
tion of a specific gene transcription response that is associated
with defense.[10] We have previously addressed the issue of the
molecular basis of elicitation of plant defenses by LPS through
determination of the structure of the LOS of the plant patho-
gen Xanthomonas campestris pv. campestris (Xcc) wild-type
strain 8004[11] and examination of the effects of LOS and frag-
ments that were obtained by chemical treatments on the
immune response in Arabidopsis thaliana. Intact LOS and the
lipid A and core oligosaccharides that are derived from it were
all able to induce the defense-related genes PR1 and PR2 in
Arabidopsis, and to prevent the hypersensitive response (HR)
caused by avirulent bacteria.[11]

We have extended our studies on the molecular basis of rec-
ognition and induction of LOS-mediated plant defense re-
sponses by analysis of the structure and function of LOS from
the nonpathogenic mutant strain 8530 of Xcc.[12] We show that
LOS from Xcc mutant strain 8530 is defective in core comple-
tion, and introduces chemical modification to the lipid A
region. Importantly these alterations in the lipid A structure
render it inactive in elicitation of PR1 gene transcription and
the prevention of HR. This suggests that Xcc has the capacity
to modify lipid A to affect its activity as a PAMP. Such effects
might occur in wild-type bacteria that are exposed to stresses
such as those that might be encountered during plant coloni-
zation and disease.

Results

Structural characterization of the fully deacylated LOS
ACHTUNGTRENNUNGfraction

LOS was isolated from Xcc strain 8530 as outlined in the Exper-
imental Section. The fatty acid composition, compositional and
linkage analysis of carbohydrates that was obtained by GLC–
MS for isolated LOS are reported in Table 1. All monosacchar-
ides are in the d configuration, and fatty acids are in the R con-
figuration. The approach to define the primary structure of
LOS from Xcc 8530 mutant was to employ two chemical degra-
dations followed by compositional, 2D NMR spectroscopic and
MS analyses of the obtained compounds.

Compositional and MALDI-TOF analysis of completely
ACHTUNGTRENNUNGdeacylated LOS

The LOS fraction was completely deacylated by anhydrous
ACHTUNGTRENNUNGhydrazine followed by hot KOH. The compositional analysis
(Table 1) of the obtained product, OS1 revealed the presence
of 3-deoxy-d-manno-oct-2-ulosonic acid (Kdo) and 6-GlcpN (1:2

ratio) ; no uronic acids were detected. Phosphate assays gave
positive results.

The isolated oligosaccharide OS1 was analyzed by MALDI-
TOF mass spectrometry (Figure 1). The negative-ion mass spec-
trum showed two peaks at m/z 719.4 and 799.4 (Dm/z 80).

Species P at m/z 719.4 matched with a bis-phosphorylated tri-
saccharide with two hexosamine and a Kdo residues while spe-
cies S at m/z 799.4 (Dm/z 80) differed from the previous one
by the presence of an additional phosphate group.

NMR characterization of OS1

In agreement with the above MS data, the NMR analysis (DQF-
COSY, TOCSY, NOESY, ROESY, 31P,1H and 13C,1H HSQC, 13C,1H
HMBC) of OS1 showed the existence of a mixture of two oligo-
saccharides that differ by the phosphorylation pattern. The
anomeric region of the 1H NMR spectrum showed two anome-
ric signals, each split into two spin systems; this accounts for a
different magnetic environment (A/A’, B/B’, Figure 2, Table 2),

Spin systems A, A’, B and B’ were all identified as 2-deoxy-2-
amino-glucose residues (GlcN), as indicated by their high 3JH,H
ring proton values (all around 8–10 Hz), which are diagnostic

Table 1. Monosaccharides and fatty acids components of LOS, OS1 and
OS2. All monosaccharides are in the d configuration and fatty acids with
R configuration. The diagnostic ion fragments observable by GLC/MS
analysis of carbohydrate (as partially methylated alditol acetate deriva-
tives) and of fatty acids (as O-methyl ester derivatives) are also present in
the table.

Assignment Characteristic ion peaks LOS OS1 OS2
ACHTUNGTRENNUNG(m/z)

6-substituted-GlcNp 117, 159, 189, 233 x x x
terminal-Kdop 72, 161, 206, 205, 250,294 x x x
terminal-GalpA 118, 162, 163, 207 x – x
10:0 (3-OH) 103, 184, 201 x – –
iso and iso-ante 11:0 (3-OH) 103, 198, 215 x – –
12:0 (3-OH) 103, 212, 229 x – x
iso and iso-ante 13:0 (3-OH) 103, 226, 243 x – x
10:0 74, 87, 155, 186 x – –
11:0 74, 87, 169, 200 x – –

Figure 1. Negative-ion MALDI-TOF mass spectrum, acquired in reflector
mode, of OS1 that was obtained by full de-acylation of LOS from Xcc 8530
mutant.
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of gluco-configurations. The 1H,13C HSQC spectrum showed the
correlation of H2A/A’ and B/B’ with nitrogen-bearing carbon
signals. The high-field shift of the proton resonances of H2 was
indicative of the absence of acylation at these positions. The
chemical shifts of H1 and C1 of residue A and A’, the 3JH1,H2
coupling constant (3.2 Hz) and the intra-residual NOE contact
of H1 with H2 were all in agreement with an a-anomeric con-
figuration of both residues A and A’. Residues B and B’ were
both identified as b-configured residues as indicated by the
chemical shifts of H1 and C1, the 3JH1,H2 value (8.4 Hz) and the
intra-residual NOE contact of H1 with H3 and H5.

Because of the absence of the anomeric proton signal, the
spin system of Kdo C/C’ (Figure 2) was identified by starting
from the diastereotopic H3 methylene protons that were
found in a shielded region at d=1.84 ppm C/d=1.80 ppm C’
and d=2.07 ppm C/1.97 C’ (H3ax and H3eq, respectively). The

a configuration at C2 was assigned by the chemical shift
values of H3eq, and by the values of 3JH7, H8a and

3JH7, H8b.
[13]

The downfield shift of the carbon resonances allowed us to
locate the positions of the glycosylation at O6 of A/A’ and B/
B’; C/C’ were terminal residues.

The inter-residual NOE contacts of the NOESY and the scalar
correlations that are present in the HMBC spectra were used to
infer the sequence of residues in the oligosaccharide chain and
to confirm the glycosylation positions. The inter-residual NOE
contacts of H1 B with H6a,b A and of H1 B’ with H6a,b A’ al-
lowed us to identify the b-(1!6) linkage between the GlcN
residues of the lipid A. The weak downfield shift of C6 of B
and B’ (d=62.2 ppm) was in agreement with the a-(2!6)
ACHTUNGTRENNUNGketosidic linkage of Kdo C with residue B and of Kdo C’ with
residue B’.

The 31P,1H HSQC spectrum (Figure 3) showed three cross
peaks, whose 31P chemical shifts were in accordance with the
presence of phosphate groups. Two of these signals, at d=

2.97 and 5.17 ppm that correlated with the proton signals at
d=5.65/5.55 and 3.68 ppm were identified as H1 of a-GlcN A/

Figure 2. The 1H NMR spectrum of OS1 that was obtained by full de-acyla-
tion of LOS from Xcc 8530 mutant. Capital letters refer to each identified
spin system as described in the text and denoted as in Table 2.

Table 2. 1H, 13C (italic) and 31P (bold) NMR chemical shifts (ppm) of deacylated core-lipid A backbone (OS1) of LOS from Xcc 8530 mutant. Chemical shifts
are relative to internal acetone and external aq. 85% phosphoric acid.

Chemical shift d (1H/13C/31P)
Unit 1 2 3 4 5 6 7 8

A 5.56 3.29 3.81 3.38 4.08 4.22/3.77
6-a-GlcN I 91.1 55.1 70.3 70.16 73.0 69.5

2.97
A’ 5.55 3.23 3.82 3.38 4.08 4.22/3.77
6-a-GlcN I 91.1 55.1 70.3 70.16 73.0 69.5

2.97
B 4.81 2.99 3.77 3.68 3.64 3.54
6-b-GlcN II 100.0 56.1 73.2 74.1 74.6 62.2

5.17
B’ 4.89 2.95 3.75 3.90 3.64 3.54
6-b-GlcN II 100.0 56.1 73.2 74.1 74.6 62.2

5.17
C 1.84/2.07 4.39 4.15 3.75 3.89 3.87/3.66
t-a-Kdo 174.9 100.3 36.4 69.5 69.9 71.8 70.1 63.9

6.90
C’ 1.80/1.97 4.06 4.05 3.74 3.89 3.87/3.66
t-a-Kdo 174.9 100.3 36.4 66.6 67.2 71.8 70.1 63.9

Figure 3. The 31P,1H HSQC spectrum of OS1. Capital letters refer to each
identified spin system as described in the text and denoted as in Table 2.
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A’ and H4 of b-GlcN B/B’, which compose the lipid A back-
bone. The third phosphate group was linked at O4 of one of
the two a-Kdo residues, namely residue C, as suggested by
both H4 and C4 C resonances that were downfield shifted by
phosphorylation (d=4.39 and 69.5 ppm, respectively, Table 2).
In agreement, a cross peak between the 31P signal at d=

6.90 ppm and H4 C at d=4.39 ppm was found in the
31P,1H HSQC spectrum (Figure 3).

Thus, these results, in accordance with the MALDI-MS char-
acterization, can be summarized in a mixture of two oligosac-
charides [Eq. (1)] that differ in the nonstoichiometric phosphor-
ylation of the terminal Kdo residue (gray-colored phosphate
group):

Structural characterization of the de-O-acylated LOS fraction

To detect the presence of alkaline-labile substituents (i.e. ,
phosphate residues) that were likely lost by harsh alkaline
treatment, the LOS was only de-O-acylated by mild hydrazinol-
ysis and the obtained product (OS2) underwent complete
chemical and NMR investigations, which revealed the presence
of a mixture of oligosaccharides.[11] The NMR spectra were re-
corded on a solution of 1% deuterated SDS with 5 mL of 32%
NH4OH (298 K, pD 9.5).

In full accordance with the GLC-MS analysis of OS2 (Table 1),
the 1H NMR spectrum (Figure 4) showed an additional spin
system with respect to OS1, residue D. It was identified as 2-
deoxy-2-amino-galacturonic acid (GalNA) as indicated by its
3JH3,H4 and 3JH4,H5 values (3 Hz and 1 Hz, respectively), which are
diagnostic of a galacto-configuration. Moreover, the chemical
shifts of H1 and C1, the 3JH1,H2 coupling constant (3.2 Hz) and
the intra-residual NOE contact of H1 with H2 were all in agree-

ment with an a-anomeric configuration of residue D ; the long-
range correlation in the HMBC spectrum of both H4 and H5
with a carboxylic group revealed the nature of uronic acid of
this residue. The chemical shifts and multiplicity of the H1
signal suggested that it was coupled to a phosphate signal.
The assignment of the other spin systems that were already
detected in the previous analysis was straightforward (Table 3).
A complete 2D NMR analysis led to the identification of an oli-
gosaccharide that contained the same saccharidic backbone as
previously described, which differed by the phosphorylation
pattern of residue G (a-Kdo). In the 31P NMR spectrum, signals
could be recognized in two different regions of the spectrum.
One signal was found in the chemical shift region that is
ACHTUNGTRENNUNGtypical of a monophosphate di-ester group, at d=�0.9 ppm,
whereas three signals, at d=3.3, 5.3 and 6.9 ppm, were recog-
nized as monophosphate monoester groups. The location of
these phosphorus-containing groups was deduced from the
31P,1H HSQC spectrum (Figure 5). The phosphate groups at d=

3.3 and 5.3 ppm, which were correlated to proton resonances
at d=5.33 and 3.77 ppm were attributed to H1 of E and H4 of
F, respectively. Thus, as expected, two phosphate groups could
be assigned to the di-acylated lipid A, and were linked to O1
of a-GlcN of E and to O4 of b-GlcN of F. The signal at d=

�0.9 ppm correlated to two protons at d=5.55 ppm and
4.76 ppm, H1 of D and H4 of G, respectively. Thus, the phos-
phodiester group cross-linked the anomeric position of a-gal-
acturonic acid at the O4 of Kdo residue G. Furthermore, an al-
ternative Kdo residue, G’, was identified in a lesser amount and
carried a simple monophosphate monoester group at position
4 (Table 2 and Figure 5).

From the above data, the following oligosaccharide [Eq. (2)]
was identified (the a-d-GalA residue is gray colored to indicate
its nonstoichiometric presence):

To obtain information on the intact molecule and on the pri-
mary structure of lipid A, the intact LOS was analyzed by
MALDI-MS (Figure 6). The negative-ion MALDI mass spectrum
showed peaks that corresponded to molecular ions in the
mass range of m/z 1900–2400 Th (L1–L4), and peaks that were
related to fragments that arose from the glycoside bond cleav-
age between the Kdo and the lipid A moiety[14] and were at-
tributable to the lipid A (LA1–LA2). The lipid A portion, analo-
gously to wild-type LPS lipid A, showed a remarkable hetero-
geneity due to the fatty acid variability. The group of peaks
around m/z 1477.6 (LA1), matched with penta-acylated Lipid A
species that carried two GlcN and two phosphate groups with
acyl chains of different length (Dm/z 14), which were distribut-
ed on the disaccharide backbone. These ions were identified
as penta-acylated lipid A molecules that carried (R)-12:0 (3-OH)
and/or (R)-13:0 (3-OH) in amide linkage, different ester-linked
3-hydroxy fatty acids [(R)-10:0 (3-OH), (R)-11:0 (3-OH), (R)-12:0
(3-OH), (R)-13:0 (3-OH)] and one secondary fatty acid, 11:0 or

Figure 4. Section of the 1H NMR spectrum of OS2 that was obtained by
de-O-acylation of LOS. Capital letters refer to each identified spin system
as described in the text and denoted as in Table 3.
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10:0. The ion group LA2 around m/z 1600.6 (Dm/z 123) was at-
tributable to the presence of an additional residue of 2-amino-
ethyl phosphate (PEtN) and to a small amount of a hexa-acylat-
ed lipid A species. The lipid A from the Xcc 8530 mutant had a

sugar and fatty acid composition that was identical to the Xcc
wild-type,[11,15] but differed by the degree of acylation and
phosphorylation. Thus, while the Xcc wild-type’s lipid A was
mainly hexa-acylated, Xcc 8530 mutant’s lipid A species were
mainly penta-acylated, and both polar heads were nonstoichio-
metrically substituted by PEtN groups (see below).

The molecular ions of the intact LOS were also identified.
The group of ions labeled L1 was consistent with a LOS that is
composed of a bis-phosphorylated penta-acylated lipid A
(LA1), one Kdo, one phosphate and one hexuronic acid; spe-
cies L2 carried a PEtN on the lipid A backbone (LA2). Species
L3 differed by the presence of a second PEtN moiety that is
likely present on the polar heads of the lipid A. Small amounts
of hexa-acylated species were also present (L4).

On the basis of compositional analysis, NMR spectroscopy
and MALDI-MS measurements, the complete structure of the
LOS from Xcc was determined (Scheme 1).

The effects of lipid A on induction of the defense-related
gene PR1

Induction of PR1 gene expression in the treated leaves was an-
alyzed by real-time RT-PCR on extracted RNA (Table 4). Accu-
mulation of the PR1 transcript was observed in response to
treatment with Xcc lipid A 20 hours after treatment. The level
of transcript decreased over time, and no accumulation was
evident at 24 h. In contrast, no PR1 transcript accumulation
was detected in response to Xcc strain 8530 lipid A alone.

The effect of lipid A on the hypersensitive response

In many different plants, pre-treatment with LPS, LOS or lipid A
can prevent the hypersensitive response (HR) that is induced
by avirulent bacteria, a phenomenon that has been termed lo-
calized induced resistance (LIR).[9] The lipid A from Xcc 8530 did

Table 3. 1H, 13C (italic) and 31P (bold) chemical shifts (ppm) of de-O-acylated core-lipid A backbone (OS2) of LOS from Xcc 8530 mutant. The sample was
solved in 1% deuterated SDS solution with 32% NH4OH (5 mL, pD 9.5). Chemical shifts are relative to internal acetone and external aq. 85% phosphoric
acid.

Chemical shift d (1H/13C/31P)
Unit 1 2 3 4 5 6 7 8

E 5.33 3.77 3.90 3.66 3.93 4.07/3.80
6-a-GlcN 92.7 54.9 71.1 69.3 71.3 68.3

3.3
F 4.55 3.84 3.76 3.77 3.65 3.88/3.69
6-b-GlcN 102.9 55.2 74.5 71.0 74.2 63.4

5.3
G 2.17/1.80 4.76 4.22 3.88 3.93 3.89
t-a-Kdo 174.1 100.9 32.3 72.0 71.4 70.9 70.1 63.3

-0.9
G’ 2.26/n.d. 4.46 4.00 n.d. n.d. n.d.
t-a-Kdo 174.1 100.9 32.1 73.3 70.7

6.92
D 5.55 3.84 3.91 4.26 4.42 -
t-a-GalA 96.0 69.5 70.0 71.1 73.8 170.9

�0.9

n.d.=not determined.

Figure 5. The 31P,1H HSQC spectrum of OS2.

Figure 6. Negative-ion linear MALDI-TOF mass spectrum of intact LOS from
Xanthomonas campestris pv. campestris 8530 mutant strain.
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not prevent the hypersensitive response in Arabidopsis, while
lipid A from the wild-type Xcc strain 8004 did.

Discussion

This paper reports for the first time the characterization of the
complete structure of an LPS molecule with a deep rough phe-
notype from a plant pathogenic bacterium. The Xcc mutant
strain 8530 produces a deep-rough LOS (Scheme 1) in which
the core region is substantially truncated to contain a single
Kdo residue to which a galacturonyl phosphate is attached.
Furthermore, the lipid A moiety of the LOS from the mutant
shows considerable alteration with decreases in the degree of
acylation and non stoichiometric substitution of both polar
heads by phosphoethanolamine groups. Xcc strain 8530
(Scheme 1) is derived from the wild-type strain 8004

(Scheme 2), and carries a Tn5 insertion in rfaX, a gene
of unknown function.[12] Comparison of the structure
of the core oligosaccharides of Xcc strain 8530 with
the wild-type Xcc strain (described in ref. [11]), sug-
gests that strain 8530 is defective in the transfer of a
mannosyl residue to the Kdo present in the inner
core (compare Schemes 1 and 2). However RfaX has
no amino acid similarity to glycosyl transferases and
the identity of the transferase involved and the role
of RfaX in this process remains obscure.

The mechanism of plant defense activation in re-
sponse to general elicitors is suggested to be ana-
logoues to the innate immune system in vertebrate
and invertebrate organisms, where the term patho-
gen-associated molecular patterns (PAMPs) was intro-
duced to describe the molecules recognized by host
pattern recognition receptors (PRRs). PAMPs are usu-
ally indispensable for microbial fitness and have mo-
lecular structures that are shared by many related mi-
crobes but not with their host. The recognition of mi-
crobial PAMPs allows the host to distinguish between
self and nonself, and to signal unequivocally the
presence of infection. Bacteria, viruses and other mi-
crobes are thus recognized as invading pathogens
through the recognition of molecular signatures for a
given pathogen class. Plants have evolved and main-
tained a capacity to recognize several general elici-
tors, which are pathogen surface molecules and can

be considered to be PAMPs, these bind to PRRs and trigger
the expression of immune response genes and the production
of antimicrobial compounds. LPS, peptidoglycan, glucan,
mannan and some proteins are all surface-derived compounds
that can act as general elicitors of immunity in both plants and
animals.[9] and refs therein The minimal structural requirement of a
PAMP for elicitor activity can be different between plant and
mammalian hosts. In order to pursue the study on innate im-
munity mechanisms in plants, and to clarify the structure–ac-
tivity relationship of Xcc LOS, we have already demonstrated
that both lipid A and core oligosaccharide were able to up-reg-
ulate, in two temporal phases, PR-1 and PR-2 genes that are re-
lated to innate immune response in Arabidopsis.[11] In this work,
we have continued the chemical dissection of the LOS mole-
cule by exploiting our expertise in molecular biology.

Our results show for the first time that the acylation and
phosphoethanolamine substitution of lipid A influences its abil-
ity to trigger the innate immune response also in plants and
thus to act as a PAMP. When introduced into host plants, bac-
terial populations of Xcc strain 8530 decline by two to three
orders of magnitude over 24 h, whereas those of the wild-type
increase.[7] This in planta behavior of the mutant might be due
in part to the increased sensitivity of the strain to plant-
released antimicrobial compounds; increased sensitivity to a
range of chemicals can be demonstrated in vitro. As has been
already demonstrated for a number of Gram-negative bacte-
ria,[16] modification in the lipid A–core region can be very varia-
ble, can be regulated by environmental conditions, and can
modulate bacterial virulence. It has been established for mam-

Scheme 1. The complete structure of the LOS from Xanthomonas campestris pv. campest-
ris 8530 mutant strain. The dotted lines indicate nonstoichiometric substitutions. The
penta-acylated species lacks one of the two secondary fatty acids; the hexa-acylated spe-
cies was present in a nonstoichiometric amount. Dotted methyl groups on fatty acids are
present as a possible single substitution. A mild acid hydrolysis allowed the separation of
the lipid A from the core region, and the detailed lipid A analysis via MS. The sugar se-
quence was obtained by completely de-acylating the sample; a fine analysis of the phos-
phorylation pattern and the location of the galacturonyl-phophate was obtained by MS
and NMR spectroscopic analysis of the de-O-acylated sample. A detailed MS analysis of
the intact LOS confirmed the lipid A and the core structure.

Table 4. PR1 gene induction in Arabidopsis ecotype Col-0 after lipid treat-
ment.

Time after Xcc 8004 (wt) Xcc 8530 ACHTUNGTRENNUNG(mutant)
treatment [h] lipid A lipid A

4 0 0
12 +12*** +1 (ns)
20 +213*** +1 (ns)
24 +5*** 0

+ : fold upregulated compared to water-treated tissue, after normaliza-
tion to 18SrRNA; ns: not significant; ***=p<0.001. The experiment was
repeated three times.
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malian pathogens that the addition of phosphoethanolamine
groups as well as changes in the acylation pattern of lipid A
can provide increased resistance to some antimicrobial com-
pounds,[16] and attenuate, or eventually antagonize the endo-
toxic properties of the lipid A. It is tempting to speculate that
similar alterations in lipid A in the Xcc deep rough mutant rep-
resent an adaptive response of Xcc to increased stresses that
are experienced because of the absence of the outer core. This
raises the possibility that similar alterations might occur in the
wild-type lipid A during plant disease, under the stress condi-
tions that are encountered and/or in response to specific
ACHTUNGTRENNUNGenvironmental cues. In animals, the activation of the innate
immune system is performed by the natural mixture of vari-
ously acylated lipid A species produced by each bacterium.
Porphyromonas gingivalis, for example, produces a LPS with
significant heterogeneity in the acylation pattern of lipid A,
which contains both penta-acylated and tetra-acylated struc-
tures.[17] These differently acylated structures have opposing
ACHTUNGTRENNUNGeffects on the activation of Toll-like receptor 4 (TLR4).[18] The
ACHTUNGTRENNUNGacylation pattern of P. gingivalis lipid A can be influenced by
hemin, a component that is found in the microenvironment of
the gingival cervicular fluid.[19] Thus, by altering the relative
amount of the different lipid A structures in response to an en-
vironmental cue, P. gingivalis is able to modulate the triggering
of innate host response. Reduction of the inflammatory poten-
cy of bacterial LPS in mammalian tissues can also involve the
activity of deacylating enzymes of host or bacterial origin that

cleave acyl chains,[16] and refs therein

which greatly reduces its sensing
via TLR4. Whether alterations in
the acylation pattern or phos-
phoethanolamine substitution of
Xcc lipid A occur in the host and
are triggered by specific plant
environmental cues is unknown.
The different ability of lipid A
from Xcc wild-type and Xcc 8530
mutant strains to act as PAMPs
may reflect differences in the
lipid A molecular conformation,
which is strongly influenced by
both the net negative charge, its
distribution within the hydro-
philic headgroup and by the
degree of acylation.[20–21] These
differences in shape have conse-
quences for the biological acti-
ACHTUNGTRENNUNGvity of lipid A and derivatives in
human cells ; only conical mole-
cules exhibit endotoxicity,
whereas cylindrical molecules
are inactive.[20–22] A similar rela-
tionship between conformation
and biological activity might
occur for plant systems, and can
then influence the capacity to
bind and trigger the activation

of plant immune receptors. With respect to the wild-type Xcc
lipid A, one of the main structural differences reside in the
presence of species with both phosphate groups substituted
by PEtN groups. The charged groups in Xcc LOS have already
appeared to have a key role in recognition of both lipid A and
core oligosaccharide by putative plant receptors.[11] In fact, fully
de-phosphorylated Xcc LOS from the wild-type strain 8004
gives rise to a molecule with a single negative charge on the
Kdo residue of the inner core that is unable to induce any
tested defense response in A. thaliana.[11] In a similar fashion,
the substitution of both phosphate groups in Xcc strain 8530
with phosphoethanolamine groups would amend the net
charge of the lipid A with possible consequences for binding
of the molecule to putative plant receptors.

Experimental Section

Bacterial growth and LOS extraction : The Xcc strains used were
strain 8004, a rifampicin-resistant mutant of a wild-type isolate of
Xcc,[23] and strain 8530, a Tn5 mutant of strain 8004.[7] Both strains
were cultured in peptone yeast extract-glycerol medium (NYGB) at
28 8C.[24] Freeze-dried cells were extracted three times with a mix-
ture of aqueous 90% phenol/chloroform/petroleum ether (2:5:8,
v/v/v).[25] After removal of the organic solvents under vacuum, the
LOS fraction was precipitated from phenol with water, washed first
with aqueous 80% phenol, and then three times with cold ace-
tone, and lyophilized to 4.3% of the dry mass. To get rid of all the
cell contaminants, the LOS fraction was further subjected to enzy-

Scheme 2. The complete structure of the LOS from Xanthomonas campestris pv. campestris wild-type strain 8004.
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matic hydrolysis with RNase, DNase, and proteinase K, followed by
size-exclusion chromatography on Sephacryl S-300 in 50 mm

NH4CO3 (yield: 3% of dried cells). Sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE 13.5%) was performed as de-
scribed; gels were stained with silver nitrate.[26–27]

Chemical degradation of LOS for structural analysis : For isolation
of OS1 and OS2, LOS (30 mg) was treated with anhydrous hydra-
zine (2 mL), stirred at 37 8C for 90 min, cooled, poured into ice-cold
acetone (20 mL), and allowed to precipitate. The precipitate was
then centrifuged (3000g, 30 min), washed twice with ice-cold ace-
tone, dried, dissolved in water and lyophilized (oligosaccharide
OS2, 32 mg, 80% of the LOS). An aliquot of product (15 mg) was
de-N-acylated with 4m KOH as described,[12] to give OS1. Salts
were removed by gel permeation chromatography with Sepha-
dex G-10 (Pharmacia) column (50N1.5 cm) to yield the resulting
ACHTUNGTRENNUNGoligosaccharide OS1.

Chemical degradation of LOS for plant tests : Free lipid A was ob-
tained by hydrolysis of the LOS (20 mg) with 10 mm sodium ace-
tate buffer pH 4.4, (100 8C, 3 h). The solution was extracted three
times with CHCl3/MeOH/H2O (100:100:30, v/v/v) and centrifuged
(4 8C, 5000g, 15 min). The organic phase contained the lipid A, and
the water phase contained the core oligosaccharide.

General analytical methods : Determination of sugars residues and
of their absolute configuration, GLC and GLC-MS were all carried
out as described.[28–29] Monosaccharides were identified as acetylat-
ed O-methyl glycosides derivatives. After methanolysis (2m HCl/
MeOH, 85 8C, 24 h) and acetylation with acetic anhydride in pyri-
dine (85 8C, 30 min) the sample was analyzed by GLC-MS. Linkage
analysis was carried out by methylation of the complete core
region as described.[30–31] The sample was hydrolyzed with 4m

ACHTUNGTRENNUNGtrifluoroacetic acid (100 8C, 4 h), carbonyl-reduced with NaBD4, car-
boxy-methylated, carboxyl-reduced, acetylated and analyzed by
GLC-MS.

Total fatty acid content was obtained by acid hydrolysis. LOS was
first treated with 4m HCl (4 h, 100 8C) and then neutralized with
5m NaOH (30 min, 100 8C). Fatty acids were then extracted in
CHCl3, methylated with diazomethane, and analyzed by GLC-MS.
The ester-bound fatty acids were selectively released by base-cata-
lyzed hydrolysis with 0.5m NaOH /MeOH (1:1, v/v, 858, 2 h), then
the product was acidified, extracted in CHCl3, methylated with di-
azomethane, and analyzed by GLC-MS. The absolute configuration
of the fatty acids was determined as previously described.[32,15]

NMR spectroscopy : For structural assignments of OS1, 1D and 2D
1H NMR spectra were recorded in D2O (0.5 mL) at 300 K, pD 7 (un-
corrected value) on a Bruker 400-DRX and on a Varian INOVA 500
spectrometer. For structural assignments of OS2, 1D and 2D
1H NMR spectra were recorded in a solution of 1% deuterated SDS
(sodium dodecyl sulfate) with 32% NH4OH (5 mL) at 298 K, pD 9.5
(uncorrected value). Spectra were calibrated with internal acetone
[dH=2.225 ppm, dC=31.45 ppm]. 31P NMR experiments were car-
ried out by using a Bruker DRX-400 spectrometer; aqueous 85%
phosphoric acid was used as an external reference (d=0.00 ppm).
ROESY was measured by using data sets (t1N t2) of 4096N256
points with mixing times between 200 ms and 700 ms. Double
quantum-filtered phase-sensitive COSY experiments were per-
formed with 0.258 s acquisition time, by using data sets of 4096N
256 points. TOCSY were performed with spinlock times from 20 to
100 ms, by using data sets (t1N t2) of 4096N256 points. In all ho-
monuclear experiments, the data matrix was zero-filled in the F1
dimension to give a matrix of 4096N2048 points and was resolu-
tion enhanced in both dimensions by a cosine-bell function before

Fourier transformation. Coupling constants were determined on a
first-order basis from 2D phase-sensitive DQF-COSY.[33–34] HSQC and
HMBC experiments were measured in the 1H-detected mode via
single quantum coherence with proton decoupling in the 13C
domain by using data sets of 2048N256 points. Experiments were
carried out in the phase-sensitive mode. A 60 ms delay was used
for the evolution of long-range connectivities in the HMBC experi-
ment. In all heteronuclear experiments, the data matrix was ex-
tended to 2048N1024 points by using forward linear prediction
ACHTUNGTRENNUNGextrapolation.[35]

Mass spectrometry : MALDI mass spectra were acquired in nega-
tive polarity with a Voyager STR instrument (Applied Biosystems)
that was equipped with nitrogen laser (l=337 nm) and provided
with delayed extraction technology. Ions that were generated by
the pulsed laser beam were accelerated through 24 kV. The mass
spectra that are reported were the result of 256 laser shots.

The MALDI spectrum of native LOS was measured in linear mode,
and sample preparation was performed according to the thin layer
procedure that has been widely described[36] by using 2,4,6-trihy-
droxyacetophenone (THAP) as a matrix; MS analysis of the oligo-
saccharide sample was performed in reflector mode by using a
matrix solution of dihydroxybenzoic acid (DHB; 50 mgmL�1) in
0.1% TFA/ACN (8:2), by the classic dried drop method: a sample/
matrix solution mixture (1 mL, 1:1, v/v) was deposited onto a stain-
less-steel MALDI sample plate and left to dry at room temperature.

Plant tests : Lipid A from both Xcc wild-type and the mutant Xcc
strain 8530 were tested for their ability to suppress HR and induce
PR1 gene expression in A. thaliana accession Columbia (Col-0). The
HR suppression test was carried out exactly as described in Bedini
et al. (2005).[11] For the defense-gene-induction test, six-week-old
Arabidopsis leaves were inoculated with Lipid A (50 mgmL�1) that
had been dissolved in water. Control leaves were infiltrated with
water. Plants were placed at 25 8C with 16 h of light, and leaves
were harvested 4, 12, 20 and 24 h after the inoculation.

Total RNA extraction and cDNA synthesis : Total RNA was extract-
ed from treated plant material by using RNAwizO (Ambion, Hun-
tingdon, UK), any contaminating genomic DNA was removed by
the DNA-freeO Kit (Ambion) by following the manufacturers in-
structions. cDNA synthesis was performed by using iScriptO cDNA
Synthesis Kit (Bio-Rad). A final concentration of 35 ngmL�1 of re-
versely transcribed total RNA was used. A nonRT-control (without
reverse transcriptase added) was made for each sample.

Quantitative Real time RT-PCR and statistical evaluations : The in-
duction of PR1 gene expression was analyzed by quantitative real
time RT-PCR. Primer design, quantitative real time RT-PCR and stat-
istical evaluations were performed as described in ref. [11] . The
ACHTUNGTRENNUNGexperiment was repeated three times.
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