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SUMMARY

Bacterial lipopolysaccharides (LPS) are triggers of defence
responses in plants, and induce local as well as systemic
acquired resistance. Arabidopsis thaliana plants pretreated with
LPS show an increased resistance to the virulent bacterial plant
pathogen Pseudomonas syringae pv. tomato DC3000. To inves-
tigate the mobilization and transport of LPS in Arabidopsis
leaves, fluorescently labelled LPS (Alexa Fluor® 488 conjugate)
from Salmonella minnesota was used. Leaves were pressure
infiltrated with fluorescein-labelled LPS and fluorescence micros-
copy was used to follow the movement and localization of LPS as
a function of time. The observation of leaves 1 h after supple-
mentation with fluorescein-labelled LPS revealed a fluorescent
signal in the intercellular space. Capillary zone electrophoresis
was used for the detection and analysis of the labelled LPS in
directly treated leaves and systemic leaves. In addition, gel elec-
trophoresis was used to confirm LPS mobilization. The results
indicated that LPS mobilization/translocation occurs through the
xylem from local, treated leaves to systemic, untreated leaves.
Consequently, care should be taken when ascribing the observed
biochemical responses and induced resistance from LPS percep-
tion as being uniquely local or systemic, as these responses
might overlap because of the mobility of LPS in the plant vas-
cular system.mpp_638 747..756

INTRODUCTION

Plants constantly monitor for pathogen challenge as part of their
innate immunity (Nurnberger et al., 2004; Sanabria et al., 2008).
To this end, plants have evolved receptors capable of recognizing
conserved components of invading microbial pathogens, called
pathogen-associated molecular patterns (PAMPs). PAMPs, such

as bacterial flagellin or lipopolysaccharides (LPS), are invariant
epitopes within molecules that are fundamental to the patho-
gen’s fitness, widely distributed among different microbes,
absent from the host and recognized by a wide array of potential
hosts (Schwessinger and Zipfel, 2008). They are able to trigger
innate immune responses, and many of these molecules have
been shown to act as general elicitors of defence responses in
various plant species (Boller and Felix, 2009; Zipfel, 2008).
Complex and largely unresolved perception systems for these
elicitors exist on the plant cell surface. These lead to immediate
primary defence responses and subsequent cellular system
responses (Gerber et al., 2008).

Graham and coworkers first identified LPS as the cell wall
component of Pseudomonas solanacearum, which is responsible
for induced disease resistance in tobacco, and investigated the
interaction of LPS with mesophyll cell walls (Graham et al.,
1977). LPS was observed as a laminated micellar aggregate that
was tightly associated with the cell wall, and induced ultrastruc-
tural changes in the host cell similar to those associated with
disease resistance induced by whole heat-killed cells (Graham
et al., 1977). Later, the induction of plant defence was confirmed
by several groups working on different plant models (Mishina
and Zeier, 2007; Newman et al., 2002; Zeidler et al., 2004). To
date, no LPS receptor has been identified, and little is known
about the fate of LPS molecules after the perception by the plant.
Only Gross et al. (2005) have monitored the fate of fluorescein
isothiocyanate (FITC)-labelled LPS from Xanthomonas campes-
tris following its interaction with the plant cell surface.Their data
suggest an energy-dependent internalization, possibly involving
two different receptors. However, currently, there is no further
evidence supporting the existence of different LPS receptors,
especially not of the low-affinity type. Interestingly, there are
indications that the structure of LPS and associated lipid A can
influence recognition in plants. The acylation and phosphoryla-
tion pattern of lipid A seems to influence strongly its ability to
trigger the innate immune response in Arabidopsis thaliana
(Silipo et al., 2008). Furthermore, the LPS of Sinorhizobium*Correspondence: Email: durner@helmholtz-muenchen.de
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meliloti suppressed defence-associated gene expression in cell
cultures of the host plant Medicago truncatula, pointing to a
differential recognition of LPS from diverse sources (Tellstrom
et al., 2007).

In a previous study, LPS from an endophytic strain of
Burkholderia cepacia (LPSB.cep.) was used to investigate the bio-
chemical processes activated in tobacco cells in response to LPS
perception and resulting signal transduction (Gerber and Dubery,
2004). LPS was found to trigger a rapid influx of Ca2+ into the
cytoplasm of tobacco cells, the production of reactive oxygen
and nitrogen species (ROS and NO) during an oxidative burst
reaction, as well as K+/H+ exchange and alkalinization of the
extracellular culture medium (Gerber et al., 2004). These
responses are typically associated with the initiation of hyper-
sensitive response (HR)-related cell death. However, LPS, as an
elicitor of PAMP-triggered immunity (Jones and Dangl, 2006),
does not trigger a cell death programme in tobacco. Previously,
it has been demonstrated that LPS has specific effects on the
reversible protein phosphorylation events underlying the percep-
tion systems involved in the interaction of plant cells with LPS
(Gerber and Dubery, 2004; Gerber et al., 2006, 2008). For
instance, an extracellular signal-regulated kinase (ERK)-like
mitogen-activated protein kinase (MAPK) was phosphorylated in
response to LPS treatment. Evidence was also provided for the
phosphorylation of an LPS-responsive ERK-like MAPK in tobacco
(Piater et al., 2004). Together, these results indicate that the
perception and signal transduction responses during LPS elicita-
tion of tobacco cells require an intricate balance between the
actions of certain protein kinases and protein phosphatases.

Moreover, gene expression studies in LPS-treated A. thaliana
plants revealed the induction of an array of defence- or stress-
associated genes (Zeidler et al., 2004). Defence gene expression
was almost completely eliminated when Atnoa1 (NO-associated
protein 1) mutant plants were treated with LPS, suggesting a
functional link between LPS perception, NO production and gene
expression (Zeidler et al., 2004). Collectively, the results indicate
that LPS induces specific alterations in plant defence responses,
and suggest the existence of an important signalling and
response system in plant–pathogen interactions that could be
part of a broad-spectrum defence mechanism against pathogens.

In contrast with the downstream events following LPS percep-
tion, little is known about LPS mobilization and transport in
plants. LPS is a major constituent of the Gram-negative outer
membrane, estimated at 105 molecules/mm2 (Dow et al., 2000).
LPS might be released from the bacterial cell wall into the
apoplast by living cells or by dying or dead cells after disinte-
gration of the wall. In addition, LPS is an important component
of vesicles, released from the outer membrane of many Gram-
negative bacteria, including the plant pathogen X. campestris.
These outer membrane vesicles are capable of transporting com-
pounds involved in cell–cell signalling (Sidhu et al., 2008).

LPS from Gram-negative bacteria has been used as a model
PAMP to investigate the induction of an extensive array of plant
innate immune responses (Newman et al., 2007). LPS can acti-
vate plant signalling pathways, act as an elicitor to induce and
potentiate basal defence responses, suppress HR in dicot plants
and restrict pathogen growth in treated plants (Dow et al., 2000;
Newman et al., 2007). In addition, LPS from endophytic or
pathogenic bacteria, as well as rhizobacteria, has been described
as an inducer of systemic acquired resistance (SAR) and induced
systemic resistance (ISR), respectively (Bakker et al., 2007; Cov-
entry and Dubery, 2001; Mishina and Zeier, 2007). In SAR and
ISR, plant defences are preconditioned by previous infection or
exposure to microbe-derived molecules, which results in resis-
tance against subsequent challenges. Previously, we have found
that LPS induces a number of pathogenesis-related (PR) proteins
in local and systemic leaves (Zeidler et al., 2004). PR proteins are
regarded as important markers for SAR (Hunt et al., 1996; Ward
et al., 1991). However, it is still unclear whether systemic PR
gene expression is induced by long-distance translocation of
plant resistance signals or by LPS itself. In this context, it is of
great interest that the systemic movement of the Xanthomonas
effector molecule cyclic b-glucan through the plant has been
observed (Rigano et al., 2007).

In this study, we address the question of to what extent LPS is
mobile in planta. We investigate the uptake of fluorescently
labelled LPS in A. thaliana leaf tissue in order to obtain more
knowledge about the translocation of LPS released into the plant
apoplast.

RESULTS AND DISCUSSION

Induction of SAR and PR genes by LPS

Systemic leaves of LPS-pretreated A. thaliana plants were chal-
lenged with either virulent Pseudomonas syringae pv. tomato
DC3000 (Pst) or avirulent Pst AvrRpt2. The Pseudomonas effec-
tor AvrRpt2 is recognized by the A. thaliana disease-resistance
protein RPS2 (Ausubel et al., 1995). LPSB.cep.-pretreated A. th-
aliana plants showed enhanced resistance against Pst in relation
to control plants, 2 and 5 days after infection (Fig. 1a). The
growth of Pst AvrRpt2 was not significantly attenuated on pre-
treatment with LPSB.cep. relative to the control treatment (data
not shown). A previous report has demonstrated that pretreat-
ment of pepper leaves with LPS from X. campestris pv. campes-
tris (Xcc) has a similar limiting effect on the growth of
X. axonopodis pv. vesicatoria (Xav) (Newman et al., 2002).
However, in our case, the effects of LPS treatment on the growth
of bacteria in compatible plant–bacterial interactions were less
pronounced; however, the fact that, in the Newman study, local
leaves were infected, whereas, in our study, systemic leaves were
used, makes a direct comparison difficult. Enhanced systemic
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resistance against phytopathogens was also obtained by treat-
ment of A. thaliana with the chemical elicitor 1,2-benzisothiazol-
3(2H)-one-1,1-dioxide (BIT), 4 days prior to inoculation of Pst
DC3000 or with the bacterial elicitors flagellin and harpin (Dong
et al., 1999; Mishina and Zeier, 2007; Zipfel et al., 2004). LPS-
induced suppression of bacterial growth in A. thaliana leaves
was not as pronounced as after harpin or flagellin treatment.
This effect could be an indirect consequence of the absence of
HR in LPS-primed plants (Newman et al., 2002, 2007). HR is a
form of programmed cell death (PCD) that occurs at the site of
pathogen entry and around the infection site. Its classification is
based mainly on morphological criteria of the resultant cell
death lesions, as well as the functional suppression of pathogen
growth (Beers and McDowell, 2001). It is accompanied by the
induction of plant defence responses that serve to confine the
pathogen and protect the plant (Lam et al., 2001). Harpin and

flagellin induce HR in various plant species, but only if applied at
high concentrations (Che et al., 2000; Krause and Durner, 2004).
LPS did not induce, and could even prevent HR, resulting in
weaker plant protection against subsequent infection with phy-
topathogens compared with harpin or flagellin (Newman et al.,
2007).

For the activation of PR gene expression and the development
of SAR, elevated levels of salicylic acid (SA) are necessary (Ryals
et al., 1994,1996).Recently, LPS-containing cell walls, the pyover-
dine siderophores and the flagella of Pseudomonas putida
WCS358, P. fluorescens WCS374 and P. fluorescens WCS417—
all known to induce ISR—were tested for their effects on tobacco
suspension cells. In this study, LPS was able to induce ROS,
alkalinization of the extracellular culture medium, elevation of
cytoplasmic Ca2+ and defence-related gene expression in tobacco
suspension cells (van Loon et al., 2008). These results, together

Fig. 1 Lipopolysaccharides (LPS) induce systemic
acquired resistance against Pseudomonas
syringae DC3000 (Pst) and the accumulation of
salicylic acid (SA). (a) Arabidopsis thaliana Col-0
plants were pretreated with LPS from an
endophytic strain of Burkholderia cepacia
(LPSB.cep.) for 2 days, and systemic leaves were
then inoculated with Pst. The diagrams indicate
the number of colony-forming Pst bacteria
extracted from systemic leaves 0, 1, 2 and 5 days
after infection (dpi). (b) SA accumulation in local
and systemic leaves of LPSB.cep.; treated and
untreated control plants were analysed at the
indicated time points. Values (nmol/g fresh
weight) are displayed in relation to control leaves
and represent a mean of three biological
replicates. c, control; loc, treated leaves; sys,
systemic leaves. c loc 4 h loc 8 h loc 24 h loc 48 h loc c sys 24 h sys 4 8 h sys
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with LPS-elicited SAR induction, prompted us to analyse the SA
levels in LPS-treated plants. Although treatment of A. thaliana
leaves with LPSB.cep. did not result in significant changes in the
content of free SA, the accumulation of conjugated SA was
increased in treated tissue after 8, 24 and 48 h (see Fig. 1b).
Interestingly, although Mishina and Zeier (2007) reported a 1.5-
fold increase in salicylic acid/3-glucoside (SAG) in systemic leaves
of A. thaliana after treatment with LPS from P. aeruginosa, we
found that treatment with LPSB.cep. caused a reduction in conju-
gated SA in systemic leaves. A possible explanation for this
striking difference may be the different source and quality of LPS
preparations, which, in some cases, contain up to 3% bacterial
protein and RNA. Our preparation contained no detectable impu-
rities (Fig. 5), and did not induce local cell death (HR).

LPS mobility in leaves

LPSB.cep. induces an NO burst and upregulates an array of defence
genes in A. thaliana plants and cells (Zeidler et al., 2004). The
fate of LPS in plant tissues is unclear. Previously, FITC has been
used to monitor the fate of these signal molecules in intact
tobacco cells. In that study, LPS bound rapidly to the cell wall
and was then internalized into the cells in a temperature- and

energy-dependent manner (Gross et al., 2005). These observa-
tions suggest the specific endocytosis of LPS into tobacco cells.
The possibility for a receptor-mediated endocytosis, comparable
with that in the mammalian system, has been discussed, but is
still unproven (Gross et al., 2005).

In order to monitor the localization of LPS in A. thaliana
plants, fluorescently labelled LPS molecules from Salmonella
minnesota (LPSS.min.) were used. It should be noted that LPSB.cep. is
a potent inducer of systemic PR gene expression and SAR, and
other LPS preparations, including that from S. minnesota, might
be weaker with regard to the induction of defence reactions
(Zeidler et al., 2004). For the localization of LPS by fluorescence
microscopy, A. thaliana leaves were pressure infiltrated with
100 mg/mL fluorescein-labelled LPSS.min.. The observation of
leaves 1 h after supplementation with fluorescein-labelled
LPSS.min. revealed a fluorescent signal in the intercellular space of
the infiltrated leaf area (Fig. 2a–c). After 4 h (Fig. 2d–f), the LPS
fluorescence was visible in the midrib of the leaves.After 6 h, this
fluorescence had spread to smaller leaf veins near the midrib
(Fig. 2g–i) and was finally detectable in lateral veins after 24 h
(Fig. 2j–l). For a more detailed analysis of LPSS.min. fluorescence in
the vascular bundle, cross-sections of the midribs were made; 3 h
after supplementation with fluorescein-labelled LPS, a green

Fig. 2 Investigation of lipopolysaccharide (LPS)
mobilization in Arabidopsis thaliana leaves using
fluorescein-labelled LPS from Salmonella
minnesota (LPSS.min.). After pressure infiltration of
100 mg/mL fluorescein-labelled LPSS.min., images
were obtained from the abaxial leaf side at the
indicated time points under bright field (a, d, g, j)
and fluorescent (green light filter, 505–530 nm; c,
f, i, l) light. Chlorophyll autofluorescence was
captured with a long-pass filter (585 nm; b, e, h,
k). Scale bar, 10 mm.
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fluorescent signal was observed in the xylem (Fig. 3). This is
interesting as the transport of defence signals is usually associ-
ated with the phloem (Gomez and Stuefer, 2006; Robert and
Friml, 2009). However, the transport of signal peptides through
the xylem has been suggested previously, and signal peptide
activity has been detected after the treatment of cell cultures
with purified xylem sap (Neumann, 2007). The possibility for the
uptake and diffusion of external molecules into leaves have been
shown previously using two fluorescent dyes as model xenobi-
otics in broad bean plants (Liu and Gaskin, 2004). Other studies
have demonstrated the internalization of fluorescently labelled
LPS in tobacco cells (Gross et al., 2005). Interestingly, we could
not observe the intracellular accumulation of fluorescent LPS, as
described for X. campestris pv. campestris LPS, in nonhost plant
cells of Nicotiana tabacum (Gross et al., 2005).

For confirmation that the detected fluorescence originated
from fluorescein-labelled LPS rather than nonbound fluorescein
or other nonspecific fluorescing compounds, an independent
approach was used (Fig. 4). Capillary zone electrophoresis is the
most efficient separation technique available for the analysis of
both large and small molecules (Xu, 1996). We used capillary
zone electrophoresis for the detection and analysis of fluores-
cently labelled LPSS.min. in local and systemic A. thaliana leaves.

Defined amounts of sample were introduced by controlling
either the injection voltage or injection pressure, resulting in a
narrow sample zone, which is surrounded by separation buffer.
As an electric field is applied, each component in the sample
zone migrates according to its (own) apparent mobility. The
distribution of fluorescently labelled LPS from S. minnesota was
observed in treated and systemic leaves. For the investigation of
local leaves, midribs were excised and extracts were separated
by capillary zone electrophoresis. To obtain standard separation
data, the first run was performed with LPSS.min. stock solution
(Fig. 4a). For the detection of LPSS.min., samples of untreated leaf
veins (Fig. 4c) were compared with treated veins, 1 h (Fig. 4e)
and 6 h (Fig. 4g) after injection. The LPS peak (dark red arrow)
was visible 1 h and increased 6 h after treatment. These results
are in accordance with the microscopic analyses, in which fluo-
rescent LPS entered the vasculature at 4 h after treatment.

Systemic leaves were tested in the same way. No LPS was
detected in systemic control leaves (Fig. 4b) or in systemic leaves
6 h (Fig. 4d) after application. However, after 24 h (Fig. 4f), an
LPS signal (dark red arrow) appeared, which could be intensified
by spiking for 5 s with LPS stock solution (5 mg/mL; Fig. 4h).
In addition to capillary zone electrophoresis, sodium
dodecylsulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
was used for the detection of LPS mobilization in A. thaliana
leaves. This is the most suitable separation technique for LPS,
during which the heterogeneous mixture of polymers separates
into a characteristic ladder or banding pattern (Palva and
Makela, 1980). Only the midribs of local leaves of LPSS.min.-
treated Arabidopsis were analysed as the method was not suf-
ficiently sensitive for the detection of LPS in systemic leaves.
After gel electrophoresis, LPS and proteins were stained with
different techniques. The ProQ Emerald stain is specific for LPS
and visualized the characteristic LPS pattern (dark red arrow) in
midrib extracts of LPS-treated leaves at time points of 1, 6 and
24 h (Fig. 5a, lanes 5–7). Equal loading was checked by staining
the protein content of the samples with Sypro Ruby (Fig. 5b).
Finally, silver stain was used for the detection of LPS and proteins
together (Fig. 5c). Overall, using three different techniques, our
results were strongly suggestive that LPS molecules are
transported throughout the plant from inoculated leaves into
systemic leaves.

The intercellular signal transduction mechanisms leading to
the development of SAR are not well understood. Several mol-
ecules are currently being discussed as possible systemic SAR
signals (Vlot et al., 2008). The original hypothesis, that SA could
be the systemic signal for SAR, has been disputed (Vernooij
et al., 1994; Vlot et al., 2009). Other molecules currently under
discussion include methyl salicylate, azelaic acid, jasmonic acid
derivatives and other lipid-derived signals (e.g. Shah, 2009). It
has been difficult to prove that any one signal is responsible for
the systemic induction of SAR, and there are indications that

Fig. 3 Investigation of lipopolysaccharide (LPS) mobilization in
cross-sections of Arabidopsis thaliana leaves using fluorescently labelled
LPS from Salmonella minnesota (LPSS.min.). After pressure infiltration of
100 mg/mL fluorescein-labelled LPSS.min., images of cross-sections were
obtained after 3 h under fluorescent light (green light filter, 435–485 nm;
red light filter, 653–695 nm). (a) LPS fluorescence (green) and
autofluorescence of chloroplasts (red); (b) green fluorescence of injected
LPS; (c) toludine blue staining shows pectin and pectic substances
(pink to purple); (d) phloroglucinol test shows lignin (red–violet);
(e) autofluorescence of ferulic acid bound to lignin- or cutin-containing
cells (blue). Staining was performed to characterize tissue-specific
properties. CZ, cambial zone; P, phloem; X, xylem.
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Fig. 4 Investigation of lipopolysaccharide (LPS) mobilization using capillary zone electrophoresis. After treatment of Arabidopsis leaves with 100 mg/mL
fluorescently labelled LPS from Salmonella minnesota (LPSS.min.), leaves were harvested at the indicated time points and veins (local leaves) or whole leaves
(systemic leaves) were investigated. The LPS signal (dark red arrows) became visible after 1 and 6 h in local midribs and after 24 h in systemic leaves. An
additional peak indicative of nonbound fluorescein was also observed (orange arrow). rfu, relative fluorescence units.
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multiple signals could be involved (Vlot et al., 2008). Flg22, the
active epitope of flagellin, has been shown to elicit SAR in
A. thaliana (Mishina and Zeier, 2007), but the mobility of bacte-
rial peptides inside the plant has not been examined to date. It
seems possible that peptides or LPS originating from pathogens
or symbionts may be transported into the systemic leaves via the
vascular system. In any case, the results of our study suggest that
great care should be applied when analysing the data of experi-
ments in which LPS is used for the induction of SAR and ISR. It is
difficult to ascribe the observed biochemical responses to LPS as
uniquely local or systemic, as these responses may overlap
because of the mobility of LPS in the plant vascular system.

EXPERIMENTAL PROCEDURES

Plants

Arabidopsis thaliana (Col) was grown as described previously
(Gerber et al., 2004). The lower leaves of A. thaliana were pres-
sure inoculated with LPS or buffer A (2.5 mM MgCl2 and 1 mM

CaCl2) using a 1-mL needleless syringe. Inoculated leaves were
labelled and harvested after 4, 8, 24 and 48 h, and used for
‘local’ analysis. Upper, noninoculated leaves were harvested at
24 and 48 h, and used for ‘systemic’ analysis. Plant material was
stored at -80 °C until RNA preparation.

LPS preparation

LPS (1 mg/mL) were dissolved in water containing 2.5 mM MgCl2
and 1 mM CaCl2, shaken for 3 h on a mixer (Thermomixer
Comfort, Eppendorf, Hamburg, Germany) at 1400 r.p.m., and
stored at 4 °C until further use. If there is no other description,
experiments were performed with LPS from an endophytic strain
of B. cepacia (ASP B 2D), purified using the phenol–water
method as described previously (Coventry and Dubery, 2001), or,
for control, with buffer A containing 0.25 mM CaCl2 and 0.1 mM

MgCl2.

Determination of SA

Free and conjugated SA were determined with some modifica-
tions following a standard protocol, using a high-performance

liquid chromatography (HPLC) system equipped with an autosam-
pler, an RP-18 Nucleosil-Column and a fluorescence detector
(excitation, 305 nm; emission, 407 nm) (Huang et al., 2004).

Quantification of bacterial growth

Two days before infection with P. syringae pv. tomato DC3000,
plants were pretreated with either LPS to induce a possible
resistance, or with buffer A (control). Three systemic leaves per
plant were pressure infiltrated from the abaxial side with bac-
terial suspension using a 1-mL needleless syringe. The concen-
tration of the bacterial inoculum was equivalent to an optical
density at 600 nm (OD600) of 0.0002, which correlates with 105

colony-forming units/mL. Bacterial virulence was measured in an
assay for bacterial multiplication within the host tissue as
described previously (Zeidler et al., 2004).

Treatment of leaf tissue with fluorescent LPS

LPSS.min. (Alexa Fluor® 488 conjugate; Invitrogen, Darmstadt,
Germany) were used to investigate LPS mobilization in Arabi-
dopsis leaves. For this purpose, 100 mg of lyophilized LPS were
dissolved in 1 mL double-distilled H2O and incubated for 10 min
at 37 °C and 1400 r.p.m. Leaves were then pressure inoculated
with a needleless syringe from the abaxial side and analysed at
the indicated time points using a fluorescence microscope
(Axioskop, Zeiss, Jena, Germany) equipped with a digital camera
(G2 powershot, Canon, Krefeld, Germany). Cross-sections of LPS-
treated leaves were cut with a razor blade. The filter settings for
fluorescein-labelled LPS were as follows: green light filter, 505–
530 nm. Chlorophyll autofluorescence was captured with a long-
pass filter (585 nm; Fig. 2b,e,h,k).

Capillary zone electrophoresis

Leaves were pressure infiltrated with fluorescently labelled
LPSS.min. as described above, and incubated in the dark. After 1, 6
and 24 h, five to six leaves per time point were sampled; the
veins of treated leaves were cut out, whereas systemic leaves
were used as whole leaves.Veins or whole leaves were ground in
liquid nitrogen using a mortar and pestle. Fine powder was
dissolved in a concentration of 2 mg fresh weight/mL double-

Fig. 5 Visualization of lipopolysaccharide (LPS) in midribs of Arabidopsis thaliana leaves with sodium dodecylsulphate-polyacrylamide gel electrophoresis. Gels
were stained with an LPS-specific stain (a), a protein-specific stain (b) or a nonspecific stain (c). Lanes: 1, LPS standard (100 mg/mL); 2, LPS standard
(10 mg/mL); 3, untreated control; 4, whole treated leaf directly after LPS inoculation; 5, midrib after 1 h; 6, midrib after 6 h; 7, midrib after 24 h.
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distilled H2O. The mixture was incubated for 10 min at 37 °C and
1400 r.p.m., followed by centrifugation at 13 200 r.p.m. for
5 min.The supernatant was centrifuged again to remove all solid
particles, and stored at -80 °C in the dark until use.

Capillary zone electrophoresis measurements were performed
with a Beckman Coulter (Krefeld, Germany) P/ACE 5510 CE
system, equipped with a fluorescence detector (excitation,
488 nm; emission, 520 nm), an autosampler and a power supply.
Data acquisition was obtained by a computer with correspond-
ing software (Gold Software Version 8.10). An uncoated fused
silica capillary (inside diameter, 75 mm; outside diameter,
375 mm; length to detector, 50 cm; total length, 57 cm; Polymicro
Technologies, Phoenix, AZ, USA), liquid cooled and filled with
adequate buffer, was used for separation. The capillary was
washed before and between each run, first with 0.1 M NaOH for
5 min and then with double-distilled H2O for 2 min. Finally, the
capillary was filled with separation buffer (20 mM carbonate
buffer, 20 mM SDS), which was changed after every run. Samples
were automatically applied by hydrodynamic injection for 2–5 s.
Sample separation was performed at 32 °C and 25 kV for
6–7 min.

Analysis of LPS in SDS-PAGE gels

For the separation of LPS, an SDS-PAGE gel, consisting of a
12.5% separating and 4% stacking gel, was used, as described
previously (Palva and Makela, 1980). LPS was stained with the
ProQ Emerald 300 dye (Molecular Probes, Invitrogen, Darmstadt,
Germany), which reacts with periodate-oxidized carbohydrate
groups, creating a bright green fluorescent signal. After LPS had
been separated by standard SDS-PAGE, the gels were immersed
in 100 mL fixing solution for 45 min according to the manufac-
turer’s instructions. This step was repeated once, and the gels
were washed twice with 100 mL washing solution for 10 min.
The carbohydrates were then oxidized with 25 mL oxidizing solu-
tion for 30 min. Gels were stained in freshly prepared ProQ
Emerald 300 staining solution for 2 h. ProQ Emerald stain was
visualized using a 300-nm UV transilluminator.

Staining with Sypro® Ruby protein gel stain
The Sypro Ruby protein gel stain is an ultrasensitive, lumines-
cent dye for the detection of proteins separated by PAGE (Bio-
Rad Laboratories, Munich, Germany). This dye could be used for
the detection of proteins after staining the LPS gel with ProQ
Emerald. Therefore, the gels were incubated in 50 mL Sypro
Ruby protein gel stain overnight with gentle agitation on an
orbital shaker. Proteins were visualized using a 300-nm UV
transilluminator.

Silver staining
After staining the LPS gel with ProQ Emerald and Sypro Ruby, the
gels were additionally stained with silver nitrate to detect LPS

and protein together. LPS and proteins in the gels were oxidized
twice in 100 mL oxidizing solution for 30 min.The gels were then
washed three times with double-distilled H2O and stained as
described previously (Tsai and Frasch, 1982).
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