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Lipopolysaccharides (LPS) are major components of the outer membrane of gram-negative bacteria and are an important
microbe-associated molecular pattern (MAMP) that triggers immune responses in plants and animals. A previous genetic
screen in Arabidopsis (Arabidopsis thaliana) identified LIPOOLIGOSACCHARIDE-SPECIFIC REDUCED ELICITATION
(LORE), a B-type lectin S-domain receptor kinase, as a sensor of LPS. However, the LPS-activated LORE signaling
pathway and associated immune responses remain largely unknown. In this study, we found that LPS trigger
biphasic production of reactive oxygen species (ROS) in Arabidopsis. The first transient ROS burst was similar to that
induced by another MAMP, flagellin, whereas the second long-lasting burst was induced only by LPS. The LPS-triggered
second ROS burst was found to be conserved in a variety of plant species. Microscopic observation of the generation of
ROS revealed that the LPS-triggered second ROS burst was largely associated with chloroplasts, and functional
chloroplasts were indispensable for this response. The lipid A moiety, the most conserved portion of LPS, appears to
be responsible for the second ROS burst. Surprisingly, the LPS- and lipid A-triggered second ROS burst was only
partially dependent on LORE. Together, our findings provide insight on the LPS-triggered ROS production and the
associated signaling pathway.

Plant innate immunity is initiated by the recognition
of microbe-associated molecular patterns (MAMPs),
leading to MAMP-triggered immunity (MTI). MAMPs
are structural motifs that are highly conserved in mi-
crobes; for example, bacterial flagellin, elongation fac-
tor Tu, peptidoglycan, and fungal chitin (Nürnberger
et al., 2004). Plants use membrane-associated pattern
recognition receptors (PRRs) to sense MAMPs. Most
PRRs belong to the Leu-rich repeat receptor-like ki-
nases, lysin motif (LysM, the conserved 40-amino acid
motif that recognizes GlcNAc oligomers) receptor-like
proteins, and lectin receptor kinases (Boller and Felix,
2009; Antolín-Llovera et al., 2012; Choi et al., 2014;
Liang et al., 2014; Macho and Zipfel, 2014; Ranf et al.,
2015).

MTI includes a wide variety of responses, such as
the elevation of cytosolic calcium ([Ca2+]cyt), production
of reactive oxygen species (ROS), activation of mitogen-
activated protein (MAP) kinases, expression of
defense-related genes, deposition of callose, and re-
striction of pathogen growth (Jones and Dangl, 2006).
The MAMP-triggered ROS burst is one of the best

characterized MTI responses. The ROS burst is pro-
duced in the apoplast and is often very fast and
transient, induced a few minutes after elicitor treat-
ment, reaching a peak within 30 min, and subse-
quently dropping to basal levels within an hour
(Baker and Orlandi, 1995; Lamb and Dixon, 1997). In
Arabidopsis (Arabidopsis thaliana), the flagellin-
triggered rapid ROS burst is mediated by plasma
membrane-localized NADPH oxidase RBOHD (Res-
piratory Burst Oxidase Homolog D) and class III cell
wall peroxidases (Torres et al., 2002; Daudi et al., 2012;
O’Brien et al., 2012; Kadota et al., 2014; Li et al., 2014).
However, some elicitors were found to trigger a more
complicated ROS burst. AsES (Elicitor and Subtilisin),
an elicitor from Acremonium strictum, causes a triphasic
ROS burst in strawberry (Fragaria spp.) suspension
cells, with peaks at 30 min, 2 h, and 7 h after treatment
(Martos et al., 2015). INF1 (INFESTANS1), a major elicitor
secreted by Phytophthora infestans, triggers a late ROS burst
in Nicotiana benthamiana, which is mediated by transcrip-
tional activation ofRBOHB, anAtRBOHD ortholog, via the
MAPK-WRKY pathway (Adachi et al., 2015).
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Lipopolysaccharides (LPSs; also referred to as endo-

toxin) are abundant in the outer cell envelope of gram-
negative bacteria and are indispensable for bacterial
viability and survival. In mammals, bacterial LPS act as
a strong MAMP that is sensed by the membrane-
associated Toll-like receptor 4 (TLR4), leading to acti-
vation of a variety of innate immune responses, in-
cluding ROS production (Lambeth, 2004; Lu et al., 2008;
Song and Lee, 2012; Storek and Monack, 2015). Al-
though LPS-induced ROS production is believed to be
mediated by NADPH oxidases, mitochondrial ROS
production has been implicated in LPS-induced proin-
flammatory responses (West et al., 2011; Sena and
Chandel, 2012; Park et al., 2015; Pinegin et al., 2018).
Recently, other TLR4-independent intracellular recep-
tors, namely human caspase 4/5 andmouse caspase 11,
were reported to play a role in LPS-triggered non-
canonical inflammasome activation (Hagar et al., 2013;
Mahla et al., 2013; Yang et al., 2015). However, whether
this intracellular LPS recognition can induce ROS pro-
duction is still unclear.

In plants, LPS are also considered MAMPs, but plant
responses can be quite variable depending on the plant
species examined and the microbial source of LPS. For
example, LPS from the plant pathogen Xanthomonas
capestriswere shown to induce an ROS burst in cultured
cells of tobacco (Nicotiana tabacum; Braun et al., 2005),
whereas LPS from Pseudomonas syringae did not induce
an ROS burst in tobacco leaves (Ranf et al., 2015). In
Arabidopsis cells, different kinetics of the ROS burst

were observed using LPS derived from pathogenic and
nonpathogenic bacteria, and ROS were detected in the
cytosol (Mohamed et al., 2015). These variable immune
responses present a challenge regarding identification
of the common plant components involved in LPS
recognition and the related signal transduction events.
This may explainwhy a plant receptor for LPSwas only
recently identified (Ranf et al., 2015). Ranf and col-
leagues found that LPS from Pseudomonas and Xantho-
monas triggered a rapid elevation of [Ca2+]cyt in
Arabidopsis, and subsequently isolated an LPS-
insensitive mutant lore (lipooligosaccharide-specific re-
duced elicitation; Ranf et al., 2015). LORE encodes the
SD1-29 protein (B-type lectin S-domain receptor ki-
nase). Phylogenetic analysis has indicated that LORE is
restricted to the family Brassicaceae, suggesting that
LORE-mediated immunity is not a general LPS re-
sponse in the plant kingdom (Ranf et al., 2015). Re-
cently, it was reported that the chitin receptor CERK1
(Chitin Elicitor Receptor Kinase 1) might play a role in
LPS recognition in rice (Oryza sativa), but not in Ara-
bidopsis (Desaki et al., 2018). Overall, LPS-induced in-
nate immune responses, as well as the associated signal
transduction cascades, are largely uncharacterized.

In this study, we compared LPS-triggered immune
responses with the well-characterized MAMP, flg22 (a
conserved peptide of bacterial flagellin). Compared
with flg22, LPS-triggered early MTI responses were
weaker, whereas the late MTI responses were as strong
as or even stronger than those induced by flg22. Hence,
this aroused our interest in studying the phenomenon
in greater detail. We found that LPS induced a long-
lasting second burst of ROS, which appears to be con-
served based on tests conducted using other dicot and
monocot plants. Unlike the flg22-induced rapid apo-
plastic ROS burst, LPS triggered a second ROS burst
that appeared to be largely centered in the chloroplast.
The lipid Amoiety appears to bemainly responsible for
this intracellular ROS burst. These LPS- and lipid
A-triggered second ROS bursts were present in lore
mutants, albeit at significantly reduced levels. Taken
together, our results indicate the existence of multiple
pathways in which LPS are sensed as a MAMP.

RESULTS

LPS Trigger Weak Early but Strong Late MTI Responses

To investigate LPS-triggered innate immune re-
sponses, we compared typical MTI responses induced
by LPS and flg22. Previously, it was shown that 10 to
50 mg/mL commercial LPS purified from Pseudomonas
aeruginosa can trigger plant innate immune responses
(Sun et al., 2012; Ranf et al., 2015). Therefore, in our
initial experiments, we used 50 mg/mL LPS, whereas
100 nM flg22, a moderate concentration (Gómez-Gómez
and Boller, 2000; Zipfel et al., 2004), was used as a
control. Flg22 triggered typical early MTI responses
within 30 min, including elevation of [Ca2+]cyt, an ROS
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burst, MAP kinase activation, and induction of defense-
related gene expression. Although LPS induced a rapid
elevation of [Ca2+]cyt in the transgenic seedlings carry-
ing the calcium reporter aequorin, consistent with
previously published results (Ranf et al., 2015), this
response was significantly weaker than that seen with
flg22 (Fig. 1A). A rapid ROS burst was observed after
LPS treatment, but this was considerably lower than

that seen upon flg22 treatment (Fig. 1B). It is worth
noting that LPS itself inhibits luminol activity in vitro
(Supplemental Fig. S1), and therefore the actual ROS
level triggered by LPSmight be higher thanwhat can be
measured. Similarly, MAP kinase activation after LPS
treatment was barely detectable by immunoblotting
with an antiphospho-p42/p44 MAP kinase antibody.
A response could only be detected when larger

Figure 1. LPS trigger weak early, but strong late MAMP-triggered immunity responses. A, Elevation of [Ca2+]cyt. [Ca
2+]cyt was

measured using 5-d-old transgenic seedlings expressing the calcium reporter protein, aequorin. Signals were recorded for 15 min
after treatment. B, ROS burst. ROSwere monitored using a chemiluminescence assay with luminol as a substrate. Leaf disks were
punched from 4-week-old mature plants. Signals were recorded for 30min after treatment. C, MAP kinase phosphorylation. Total
protein was extracted from 10-d-old seedlings at different time points after treatment. Immunoblot analysis was performed using
an antip42/p44-MAPK antibody. Ponceau S staining was used for protein loading control. D and E,WRKY53 (D) andWRKY33 (E)
gene expression.Gene expressionwas quantified by RT-qPCR. RNAwas extracted from10-d-old seedlings 30min after treatment.
UBQ10 was used as the reference gene. F, Callose deposition. Ten-day-old seedlings were treated with water, flg22, or LPS for
24 h. Callose was stained with aniline blue. Representative images are shown. Bars = 100 mm. G, Quantification of the callose
intensity in F. The percentages were quantified as the number of fluorescent callose-corresponding pixels relative to the total
number of pixels covering the cotyledon surface using Image J software. H, Growth of P. syringae pv. tomato DC3000 (Pst
DC3000). Five-week-old Arabidopsis leaveswere primedwith the indicated treatment before bacterial infection. The inoculation
concentration of Pst DC3000 was 105 cfu/mL. Bacterial growth was determined 3 d after inoculation. I, Inhibition of seedling
growth. Five-day-old seedlings were transferred to the indicated liquid media and images were taken 5 d after incubation. Bar =
1 cm. J, Primary root length in I. LPS (50 mg/mL) and flg22 (100 nM) were used in these assays. The data are shown as means6 SE

(n = 8 in A, B, G, and J; n = 3 in D, E, and H). Asterisks indicate significant differences from the control treatment (Student’s paired
t test: *P # 0.05, **P # 0.01). All experiments were repeated twice with similar results.
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amounts of protein were loaded and when using a long
exposure time to develop the membrane (Fig. 1C). In
addition, we examined transcriptional induction of the
defense-responsive genesWRKY33 andWRKY53 30min
after LPS or flg22 treatment. Only WRKY53 showed a
slight induction after LPS treatment, whereas both genes
were highly induced by flg22 (Fig. 1, D and E). Collec-
tively, these results indicate that LPS-triggered earlyMTI
responses are considerably weaker comparedwith those
triggered by flg22.

We next compared some typical late MTI responses
to LPS and flg22 treatment. Callose deposition was
detected by aniline blue staining 24 h after LPS or flg22
treatment. We found that the intensity of LPS-triggered
callose was significantly higher than that triggered by
flg22 (Fig. 1, F and G). Pretreatment with flg22 or LPS
restricted P. syringae growth, whereas in contrast to
other measures (e.g. [Ca2+]cyt), LPS showed stronger
restriction than flg22 (Fig. 1H). Seedling growth inhi-
bition is another long-term response to flg22 elicitation,
and therefore primary root length was measured 5 d
after seedlings had been transferred to medium con-
taining flg22 or LPS. LPS showed similar inhibition of
primary root length, as seen with flg22 (Fig. 1, I and J).
Therefore, unlike the early responses, LPS-triggered
late responses appeared stronger than or equal to
those induced by flg22. These data indicate that LPS
may induce a signaling pathway that differs from that
induced by flg22, leading to stronger late responses.

LPS Induce a Strong Second ROS Burst

To explore possible alternative signaling pathways
for LPS, we monitored all early responses from 1 h to
24 h after treatment. Interestingly, we found that LPS
induced a biphasic elevation of ROS,whereas treatment
with flg22 showed only a single, rapidly appearing
peak relative to the water control (Supplemental Fig.
S2). The second long-lasting LPS-induced ROS burst
commenced after 2 h, reached a peak after ;3 to 10 h,
and then decreased to basal levels after;20 h (Fig. 2A).
Occasionally, two peaks and a longer duration were
observed (Supplemental Fig. S2). Moreover, when ob-
served, the earlier response was invariably significantly
weaker than the later response. To focus attention on
the later LPS responses, a graph was plotted from 1 h to
24 h after elicitor treatment, which avoids the very large
peak that occurs prior to 1 h due to the ROS triggered by
flg22 (Fig. 2A). The kinetics and magnitude of the sec-
ond ROS burst were dose dependent, and could be in-
duced by LPS concentrations greater than 10 mg/mL
(Fig. 2B). Overall, although LPS were found to induce a
second ROS burst, it did not induce MAP kinase acti-
vation (Supplemental Fig. S3). However, we cannot
rule out the possibility that the sampling times we used
may have missed a narrow window of MAP kinase
activation. We also examinedWRKY gene expression at
1, 3, 5, 10, and 24 h after LPS or flg22 treatment. The
transcripts ofWRKY33 andWRKY53were significantly

induced from 3 h to 24 h after LPS treatment, corre-
sponding to the timing of the second ROS burst (Fig. 2,
C and D). The transcripts of OXI1 (OXIDATIVE SIG-
NAL-INDUCIBLE1), a gene regulated by ROS, also re-
flect similar kinetics (Fig. 2E). Together, these results
indicate that LPS trigger a second ROS signaling path-
way that reprograms certain defense-responsive genes,
which we assume explains the strong late responses.

As noted above, the presence of the LORE receptor
appears to be specific to the Brassicaceae (Ranf et al.,
2015). Therefore, it was of interest to determinewhether
plant species outside Brassicaceae also showed the LPS-
triggered second ROS burst. Although not an exhaus-
tive list, all the plants we examined (three other dicot
species: tomato [Lycopersicum esculentum], Nicotiana
benthamiana, and soybean [Glycine max], and two
monocot species: rice and barley [Hordeum vulgare])
exhibited a late ROS response upon LPS elicitation. Not
all these plants showed a ROS burst within 1 h, but all
showed a late ROS burst with a peak occurring ;1 to
10 h after LPS treatment (Supplemental Fig. S4). The
absolute ROS levels in the monocot species were lower
than thosemeasured in the dicot plants (Fig. 2, F andG).
Together, these results indicate that the LPS-triggered
second ROS burst is probably conserved within a wide
range of plant species. Given that LORE is specific to the
Brassicaceae, it is most likely that, in species from other
families, another receptor(s) is involved in the LPS-
triggered second ROS burst.

LPS Trigger Intracellular ROS Production

In plants, ROS production induced by activation of
plasma membrane-associated MAMP receptors is largely
localized to the apoplast (Mignolet-Spruyt et al., 2016).
However, in some situations, ROS can be produced in
intracellular compartments, including chloroplasts, per-
oxisomes, and mitochondria (Camejo et al., 2016;
Mignolet-Spruyt et al., 2016). To localize the LPS-
triggered second ROS burst, we used isoluminol, which
is a luminol homolog that is cell membrane impermeable
and therefore can be used only tomeasure apoplastic ROS
production. By contrast, luminol can be used to measure
both extracellular and intracellular ROS. Given that the
flg22-triggered rapid ROS burst has been confirmed to
occur in the apoplast, this served as a good control for our
experiments. We adjusted the isoluminol concentration
relative to luminol to achieve a similar magnitude of
flg22-triggered apoplast ROS burst (Supplemental Fig.
S5). Comparedwith luminol, no strong second ROS burst
could be detected after LPS treatment when isoluminol
was used as a substrate for the chemiluminescence assay
(Fig. 3A), indicating that the second ROS burst triggered
by LPS occurs at an intracellular location.

To examine which cellular compartment might be
responsible for the LPS-triggered second ROS burst, we
performed 3,3-diaminobenzidine (DAB) staining 8 h
after flg22 or LPS treatment. DAB precipitates in the
presence of hydrogen peroxide (H2O2), and therefore
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should localize at the site(s) where H2O2 is generated.
Compared with flg22, stronger DAB staining, as indi-
cated by a brown color, was observed after LPS treat-
ment (Fig. 3B), and the staining was largely associated

with chloroplasts (Fig. 3C). In addition, we performed
dichlorodihydrofluorescein (DCF) staining to directly
visualize the subcellular compartments in which the
LPS-induced ROS burst occurs. This fluorogenic dye

Figure 2. LPS trigger an ROS burst. A and B, LPS-induced second ROS burst. ROS production was monitored using a
chemiluminescence assay with luminol as a substrate. Leaf disks were punched from 4-week-old mature plants. LPS
(50 mg/mL) and flg22 (100 nM) were used in A. The LPS concentration in B is indicated in the figure. Signals were recorded
for 24 h after treatment. The data are shown as means 6 SE (n = 8). C to E, WRKY33 (C), WRKY53 (D), and OXI1 (E) gene
expression. Gene expression was quantified by RT-qPCR. RNA was extracted from 10-d-old seedlings at the indicated
time points after treatment. UBQ10 was used as the reference gene. The data are shown as means 6 SE from three bi-
ological replicates. Asterisks indicate significant differences from the value at the 0 h time point (Student’s paired t test:
*P # 0.05, **P # 0.01). F and G, ROS burst in representative dicot (F) and monocot (G) species after LPS treatment. The
bar graph indicates the total integrated photon counts within 24 h after treatment. The data are shown as means 6 SE (n = 8).
Asterisks indicate significant differences between LPS and control treatments (Student’s paired t test: *P # 0.05, **P #

0.01). LPS (50 mg/mL) and flg22 (100 nM) were used in these assays. All experiments were repeated twice with similar
results.

Plant Physiol. Vol. 176, 2018 2547

LPSs Induce an Intracellular ROS Burst



can diffuse through the plasma membrane into the cell
where it is deacetylated by intracellular esterases
(Jakubowski and Bartosz, 2000). Subsequent oxidation

by ROS produces a highly fluorescent compound
within the cell. LPS clearly induced strong green fluo-
rescence inside the cell, and this was largely colocalized

Figure 3. The LPS-triggered
second ROS burst is associated
with chloroplasts. A, ROS burst.
ROS were monitored using a
chemiluminescence assay with
either luminol or isoluminol as a
substrate. Leaf disks were
punched from 4-week-old ma-
ture plants. Signals were recor-
ded for 21 h after LPS (50 mg/mL)
or water treatment. B and C,
Accumulation of H2O2 in
4-week-old leaves. H2O2 gener-
ation was detected by DAB
staining 8 h after water, LPS
(50 mg/mL), or flg22 (100 nM)
treatment. The brown color in-
dicates strong H2O2 production.
DAB-stained leaves in B were
examined under a microscope
(C). Bars = 5 mm (B) and 20 mm
(C). D, Fluorescence detection of
intracellular ROS. Two-week-
old seedlings were treated with
water, LPS (50 mg/mL), or flg22
(100 nM) for 1 h. ROS were
detected by CM-H2DCFDA
staining. ROS fluorescence
(green) and chlorophyll auto-
fluorescence (red) were ana-
lyzed under a confocal
microscope. Bars = 10 mm. E,
ROS burst in PDS-silenced
leaves. PDS was silenced in to-
mato leaves using the virus-in-
duced gene silencing (VIGS)
approach. The empty vector was
used as a negative control. Leaf
disks were punched 20 d after
VIGS. ROS production was
monitored for 20 h after LPS
(50 mg/mL) or water treatment
using a chemiluminescence as-
say with luminol as a substrate.
F, ROS burst in Arabidopsis var2
mutants. Leaf disks from white
sectors and green sectors of var2
mutants were used for measure-
ment of ROS. ROS were moni-
tored for 24 h after LPS (50mg/mL)
or water treatment using a
chemiluminescence assay with
luminol as a substrate. The data
(A, E, and F) are shown as
means 6 SE (n = 8). All experi-
ments were repeated twice with
similar results.
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with chlorophyll autofluorescence (red color) in both
mesophyll and stomatal cells (Fig. 3D; Supplemental
Fig. S6A). These data strongly suggest that the LPS-
induced second ROS burst is largely associated with
chloroplasts. However, given that the production of
chloroplastic, mitochondrial, and peroxisomal ROS is
tightly interconnected (Mignolet-Spruyt et al., 2016), it
is difficult to state unequivocally that the chloroplast is
the sole source of the intracellular ROS. Notably, when
young seedlings were used in this assay, which allowed
better penetration of the fluorogenic dye, ROS could be
detected 1 h after LPS treatment, which was consider-
ably earlier than the ROS burst detected by DAB
staining in mature leaves. This observation indicates
that young seedlings might be more sensitive to LPS.
Repeating the DAB staining with young seedlings
showed the presence of a strong brown color within 1 h
after LPS treatment (Supplemental Fig. S6B). Therefore,
all three assays with DAB and fluorogenic dye staining
consistently indicated that the LPS-triggered second
ROS burst is mainly associated with chloroplasts.
If chloroplasts are the major sites at which ROS are

generated after LPS treatment, we assumed that func-
tional chloroplasts would be required for this response.
To test this hypothesis, we used either the Arabidopsis
leaf-variegated variegated2 (var2) mutant line or tomato
plants in which PHYTOENE DESATURASE (PDS) had
been silenced. Loss of PDS results in loss of pigment, as
is also the case in the white sectors of var2mutants. The
LPS-triggered second ROS burst could not be detected
in leaves with little or no pigment (Fig. 3, E and F),
whereas these mutants showed a normal response to
flg22 elicitation (Supplemental Fig. S7, A and B). Dur-
ing darkness, chlorophyll is degraded (Hörtensteiner,
2006). Accordingly, we observed that when leaf disks
were incubated under dark conditions overnight, the
LPS-triggered second ROS burst was diminished
(Supplemental Fig. S7, C and D). Therefore, differenti-
ated functional chloroplasts appear to be indispensable
for the LPS-triggered second ROS burst.

LPS Impair Chloroplast Development and Function

We next examined whether LPS could impair chloro-
plast development and function. Effects on chloroplast
development were detected in transgenic plants express-
ing the nuclear-encoded and chloroplast-localized small
subunit of ribulose-1.5-bisphosphate carboxylase (SSU)
fused to the GFP. GFP was detected by confocal micros-
copy 3 h after the MAMP treatment. Following either
water or flg22 treatment, the GFP signal overlapped with
chlorophyll autofluorescence, whereas GFP appeared to
be released from chloroplasts upon LPS treatment, an ef-
fect similar to that seen upon addition of the herbicide
paraquat, which inhibits photosynthesis (Fig. 4A).
These observations led us to directly examine the

effect of LPS on photosynthetic capacity by monitoring
chlorophyll fluorescence in 2-week-old seedlings with
or without LPS treatment. The photosynthetic

efficiency of PSII in a dark-adapted state (Fv/Fm ) was
significantly reduced 2 h after LPS treatment (Fig. 4B).
In addition, we found that nonphotochemical quench-
ing (NPQ; a photoprotective process that converts ex-
cess excitation energy into heat) increased transiently
2 to 6 h after LPS treatment (Fig. 4C). These results
suggest a profound effect of LPS on chloroplast devel-
opment and photosynthetic capacity.

The Lipid A Moiety Appears to Be Largely Responsible for
the Intracellular ROS Burst

In most bacteria, LPS consist of three regions, an
O-specific repetitive oligosaccharide chain (termed the
O-antigen), a covalently linked nonrepetitive core oli-
gosaccharide region (termed the core oligosaccharide),
and a hydrophobic lipid region (termed lipid A; King
et al., 2009; Lam et al., 2011). The lipid A moiety of LPS
confers endotoxic activity and is responsible for both
TLR4- and caspase-mediated immune responses in
mammals, as well as LORE-mediated responses in
Arabidopsis (Lu et al., 2008; Song and Lee, 2012; Ranf
et al., 2015; Storek and Monack, 2015). To examine
whether the lipid A moiety is required for the intracel-
lular ROS burst, we extracted LPS from P. aeruginosa
PAO1 and P. syringae pv. tomatoDC3000. The ROS burst
induced by the lipid A isolated from both strains was
compared with that induced by LPS. The purity of LPS
and lipid A was examined by running SDS-PAGE gels
(Supplemental Fig. S8). For comparison with 25 mg/mL
lipid A, a concentration used for the detection of early
ROS burst (Ranf et al., 2015), we used 25 mg/mL LPS in
this experiment. Similar to the commercial LPS, the LPS
extracted from PAO1 and DC3000 induced weak early,
but strong late ROS production (Fig. 5). The purified lipid
A triggered a relatively stronger early ROS response
compared with LPS; however, this was still weaker than
the response induced by flg22 (Supplemental Fig. S9).
Each of the purified lipid A preparations triggered a
second long-lasting ROS burst (Fig. 5). Collectively, these
results indicate that the lipid A moiety is responsible for
the intracellular ROS burst.

The LPS-Triggered Intracellular ROS Burst Is Reduced but
Still Present in lore Mutant Plants

In Arabidopsis, LPS are sensed by LORE, and lore
mutants (sd1-29, T-DNA insertion mutants of LORE)
are defective in the rapid LPS-induced ROS burst (Ranf
et al., 2015; Fig. 6A). However, this initial report did not
examine the later second LPS-induced ROS burst.
Therefore, we measured this response in wild-type and
lore mutant plants and, to our surprise, found that the
second ROS burst was still present in the lore mutants
after treatment with 50 mg/mL LPS, albeit delayed
compared with the wild-type response (Fig. 6B). We
also examined the second ROS burst using 25 mg/mL
LPS and found that the lore mutants still showed re-
sponses, mimicking the ROS kinetics observed in the
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Figure 4. LPS impair chloroplast development and function. A, LPS impair chloroplast development. Transgenic plants
expressing the SSU fused to the GFP were treated with water, flg22 (100 nM), or LPS (50 mg/mL) for 3 h. GFP and chlorophyll
autofluorescence were detected under a confocal microscope. Paraquat (1 mM) was used as the positive control for the release of
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wild-type plants in response to treatmentwith 10mg/mL
LPS (Figs. 6C and 2B). These results indicate that the
LPS-triggered second ROS burst is not diminished in
lore mutants. Similarly, compared with wild-type
plants, the lipid A-triggered second ROS burst was re-
duced in lore mutant plants but still present (Fig. 6D).
To extend our observations, we also examined

seedling growth inhibition after LPS and lipid A treat-
ment (Fig. 6, E and F). Consistent with the second ROS
effect, loremutants still responded to LPS and lipidA, as
demonstrated by the significant inhibition of seedling
growth. In contrast to the lore mutants, the LPS-
triggered second ROS burst was similar to that ob-
served in the wild type when examined in loss-of-
function mutants of known PRRs, including FLAGEL-
LIN SENSING2 (FLS2) and BRASSINOSTEROID
INSENSITIVE1-ASSOCIATED RECEPTOR KINASE1
(BAK1) for flagellin sensing, and CERK1 and LysM
RECEPTOR KINASE5 (LYK5) for chitin sensing
(Supplemental Fig. S10). Taken together, these obser-
vations reveal that although the LPS-triggered intra-
cellular ROS burst is reduced in the loremutant plants, it
is still present, indicating the existence of a redundant
LPS recognition step that functions largely to trigger the
late responses to elicitor addition.

DISCUSSION

ROS are by-products of normal metabolism and also
act as signaling molecules during development and
stress responses (Galvez-Valdivieso and Mullineaux,
2010; Shapiguzov et al., 2012; Mignolet-Spruyt et al.,
2016; Qi et al., 2017). Chloroplasts are the major sites for
ROS production in plants, and chloroplastic ROS have
been implicated as intermediates in retrograde signal-
ing from chloroplasts to the nucleus (Asada, 2006;
Maruta et al., 2012). In this study, we found that LPS
triggered a substantially weaker early ROS burst and
little or no detectable early MAPK phosphorylation
changes, but also induced a second persistent elevation
of ROS in the ensuing 4 to 24 h. The downstream gene
expression corresponded to the timing of the second
ROS burst after LPS treatment. Our results indicate that
the LPS-induced second ROS burst acts as a signal that
appears to induce a long-term response as strongly as
or even stronger than flg22.
A biphasic accumulation of ROS has previously been

reported to occur in plants after biotrophic pathogen at-
tack (Baker and Orlandi, 1995; Lamb and Dixon, 1997).
The first ROS burst generally reflects MAMP-triggered

ROS production and is primarily localized to the apo-
plast. In Arabidopsis, a flagellin-triggered rapid ROS
burst is mediated by plasma membrane-localized
NADPH oxidases (Torres et al., 2002; Kadota et al.,
2014; Li et al., 2014). The secondROSburst observedupon
pathogen inoculation is associated with effector-triggered
immune responses, which typically accompany the hy-
persensitive response (Liu et al., 2007; Zurbriggen et al.,
2009). However, chloroplast-localized ROS production
has been observed when Arabidopsis leaves are infected
with a hrpA (HR and pathogenicity A) mutant of P.
syringae pv. tomatoDC3000, a strain that is defective in the
type III secretion system, thereby indicating that some
MAMPs can trigger a chloroplast ROS burst (de Torres
Zabala et al., 2015). However, to our knowledge, the
specificMAMP(s) that trigger this chloroplastic ROSburst
have not been identified. In this study,we found that LPS,
an important MAMP, could trigger an intracellular ROS
burst that is probably generated in the chloroplasts. Al-
though the LORE-mediated apoplastic rapid ROS burst
appears specific to the Brassicaceae family of plants,
this second long-lasting ROS burst in response to LPS
was observed in a variety of dicots and monocots.
Therefore, the LPS-triggered intracellular ROS burst
may represent the major immune response to LPS in
the plant kingdom and an initial event in MTI re-
sponses, which could be a useful model for deci-
phering the molecular mechanism of intracellular
ROS burst.

Consistent with the observation that LORE is re-
stricted to the Brassicaceae (Ranf et al., 2015), no LORE-
mediated early ROS burst could be detected inNicotiana
benthamiana, tomato, barley, or rice. Interestingly, a
strong early ROS burst could be induced in soybean
after LPS treatment. In contrast, the LPS-triggered sec-
ond ROS burst was observed in all these plant species.
These data indicate the presence of an LPS recognition
system, in addition toLORE,which iswidelydistributed in
plants and mediates this second cytoplasmically localized
ROS response to LPS elicitation. This hypothesis is con-
sistent with our finding that the LPS-induced second ROS
burst was still detectable in Arabidopsis lore mutants.
These data indicate that in some cruciferous plants, like
Arabidopsis, LORE-mediated recognition could potentiate
a presumably more broadly conserved signaling pathway
that involves a strong chloroplast-based ROS burst. At a
minimum, the fact that lore mutant plants retain the intra-
cellular response to LPS suggests that Arabidopsis has an
alternative mechanism whereby it recognizes and re-
sponds to LPS, which is partially redundant to the LORE-
mediated pathway.

Figure 4. (Continued.)
SSU-GFP from chloroplasts. Six seedlings were examined for each treatment. Bars = 20 mm. B, The photosynthetic efficiency of PSII
in Fv/Fm. Two-week-old seedlings grown on half-strength MS agar in 6-well plates were treated with water or LPS (50 mg/mL), and
chlorophyll fluorescence imagingwas performed at the indicated time points after treatment. C, NPQ. Experimental conditions were
the same as in B. The data are shown as means6 SE from three biological replicates. The experiment was repeated twice with similar
results.
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Althoughwe found that lipid A is largely responsible
for the intracellular ROS burst, we cannot rule out the
possibility that core oligosaccharides also play a role.
Previous studies reported that both the core oligosac-
charide and lipid A from X. campestris can induce PR1
and PR2 expression in Arabidopsis, which is indicative
of an immune response (Silipo et al., 2005). Core oli-
gosaccharides were shown to induce an early but rel-
atively weak up-regulation of gene expression at;12 h
after treatment, whereas lipid A triggered a substan-
tially stronger gene expression ;20 h after treatment
(Silipo et al., 2005).

Clearly, the details of the events leading to this sec-
ond ROS burst induced by LPS remain to be elucidated.
However, this work suggests that, in addition to LPS

recognition by LORE in Arabidopsis, plants have
probably evolved other pathways for LPS recognition
and/or response. One exciting possibility that remains
to be examined is that the intracellular responses to LPS
in plant and mammalian cells may reflect conserved
pathways, thereby providing evidence of a common
need to recognize pathogens via LPS, a universal bac-
terial MAMP.

CONCLUSION

In conclusion, we found that LPS, an important
MAMP, triggered two successive ROS bursts at distinct
cellular locations in Arabidopsis. ROS play important

Figure 5. Lipid A is responsible for the second burst of ROS. A, The ROS burst triggered by lipid A and LPS extracted from
P. aeruginosa PAO1. B, The ROS burst triggered by lipid A and LPS extracted from P. syringae pv. tomato DC3000. C, The ROS
burst triggered by lipid A extracted from commercial LPS of P. aeruginosa serotype 10. LPS (25 mg/mL) and lipid A (25 mg/mL)
were used in these assays. ROS was monitored for 24 h with luminol as a substrate. The data are shown as means 6 SE (n = 8).
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roles as signaling messengers in the immune system.
A MAMP-induced ROS burst is often very fast and
produced in the apoplast in Arabidopsis. The LPS-
triggered first transient ROS burst is similar to that in-
duced by other MAMPs. However, we found that LPS
also triggered a second long-lasting ROS burst, which
was largely associated with chloroplasts. In Arabi-
dopsis, LORE was identified as an LPS sensor, which is
required for the LPS-triggered first transient ROS burst.
Surprisingly, we found that the LPS-triggered second
ROS burst was still detectable in the lore mutants, in-
dicating the presence of a redundant LPS recognition
mechanism, in addition to LORE, which functions to
trigger the second ROS burst.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

All Arabidopsis (Arabidopsis thaliana) plants were Col-0 ecotype. Aequorin-
expressing transgenic Arabidopsis was kindly provided by Marc Knight
(Knight and Knight, 1995). Lore (Sail_857_E06) mutant seeds were obtained
from the Arabidopsis Biological Resource Center (The Ohio State University).

The seeds of othermutants, including fls2-1 (Salk_026801), bak1-4 (Salk_116202),
cerk1-2 (Gabi-Kat line, 096F09), and lyk5-2 (Salk_131911), were previously de-
scribed (Liang et al., 2013). For young seedling assays, Arabidopsis seeds were
sterilized with 10% sodium hypochlorite, and then grown on half-strength
Murashige and Skoog (MS) agar plates in a growth chamber (model
A1000AR; Conviron) under a 16-h photoperiod at 22°C. For mature plant
assays, plants were grown in pots containing Sunshine soil in a plant growth
room under a 16-h photoperiod and 70% humidity at 22°C. Soybean (Glycine
max), tomato (Solanum lycopersicum), Nicotiana benthamiana, rice (Oryza sativa),
and barley (Hordeum vulgare) plants were grown in Sunshine soil in a plant
growth room at 25°C with a 16-h photoperiod, and very young leaves were
used for the ROS assay.

Chemical Reagents

All chemicals, unless otherwise mentioned, were purchased from Sigma-
Aldrich. LPS (Sigma L9143) and flg22 (GenScript) were dissolved in sterilized
ddH2O.

Chemiluminescence Assay of ROS Production

ROSproductionwasmeasured asdescribedpreviously (Liang et al., 2013). In
brief, leaf disks (0.2 cm2) fromdicot species or slices (0.23 0.5 cm) frommonocot
species were excised and incubated overnight in a 96-well plate with water. The
following day, 200 mM luminol, 20 mg/mL horseradish peroxidase, and elicitors
were added to each well. Isoluminol was used to detect the apoplastic ROS

Figure 6. The LPS-triggered second ROS burst is only partially dependent on LORE. A, The first rapid ROS burst after
treatment with 50 mg/mL LPS in wild-type and loremutant plants. ROS were monitored for 30 min with 400 mM luminol as a
substrate. B, The second ROS burst after treatment with 50 mg/mL LPS in wild-type and lore mutant plants. ROS were
monitored for 45 h with 200 mM luminol as a substrate. C, The second ROS burst after treatment with 25 mg/mL LPS in wild-
type and loremutant plants. ROS were monitored for 25 h with 200 mM luminol as a substrate. D, The second ROS burst after
treatment with 25 mg/mL lipid A in wild-type and lore mutants. ROS were monitored for 45 h with 200 mM luminol as a
substrate. E and F, Inhibition of primary root length in wild-type and lore mutant plants. Five-day-old seedlings were
transferred to the indicated liquid media and the primary root length was measured 5 d after incubation. The data are shown
as means 6 SE (n = 18). Asterisks indicate significant differences (Student’s paired t test: *P # 0.05). All experiments were
repeated twice with similar results.
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burst since it is membrane impermeable. The chemiluminescent signal was
immediately recorded using a Photek camera HRPCS5 (Photek).

Light Microscopy Observation of ROS Generation

DAB (3,39-diaminobenzidine) staining was performed as previously de-
scribedwith somemodifications (Liu et al., 2007). Healthy leaveswere detached
and placed inDAB solution (1mg/mL, pH 3.5) for 12 h. The leaveswere cleared
by boiling in 95% ethanol for 10 min, chlorophyll was removed, and then the
leaves were stored in 60% glycerol. The reddish-brown color of leaves was
observed as H2O2 generation, and images were obtained under a light micro-
scope (Nikon).

Confocal Microscopic Observation of ROS Generation

Intracellular H2O2 was measured using the membrane-permeable ROS in-
dicator chloromethyl-29,79-dichlorodihydrofluorescein diacetate (CM-
H2DCFDA; Invitrogen). CM-H2DCFDA staining and image acquisition were
carried out as described previously with some modifications (de Torres Zabala
et al., 2015). The chloromethyl group enhances the retention time of ROSwithin
the cell. Two-week-old seedlings were treated with water, LPS (50 mg/mL), or
flg22 (100 nM) for 1 h, and then CM-H2DCFDA (10 mM) was added 30 min
before confocal observation followed by washing with distilled water for a few
minutes. Fluorescence was analyzed under a confocal microscope using a
488-nm filter, with ROS signals being visualized at 501 to 556 nm and chloro-
phyll autofluorescence detected at 640 to 735 nm. Imageswere obtained under a
confocal microscope (Zeiss). The GFP signal for transgenic plants expressing
SSU-GFP was detected under the same conditions.

Aequorin Luminescence-Based Calcium Assay

A cytosolic calcium ([Ca2+]cyt) assay was performed as previously described
with some modifications (Liang et al., 2013). Fifty microliters of water con-
taining 10 mM coelenterazine (Nanolight Technology) was added per well in a
96-well plate. Vertically grown 5-d-old transgenic seedlings harboring the ae-
quorin protein were individually transferred to each well and incubated
overnight in the dark at room temperature. The following day, 50 mL of water
containing the elicitor was added to eachwell, and the chemiluminescent signal
was immediately recorded using a Photek camera HRPCS5. The remaining
unchelated aequorin was discharged by adding 100 mL of 2 M CaCl2 and 20%
(v/v) ethanol. Photon counts were converted to calcium concentration.

Callose Deposition Assay

Arabidopsis seeds were germinated on half-strength MS agar plates and
grown for 10 d, and then the seedlings were transferred to 24-well plates and
treated with water, flg22 (100 nM), or LPS (50 mg/mL) for 24 h. Seedlings were
fixed in ethanol and stained with 0.01% Aniline Blue (Clay et al., 2009). Images
were obtained using a stereo microscope (Nikon) and callose was observed
under UV excitation. The intensity was measured using Image J software.

RNA Isolation and RT-qPCR

Total RNA was extracted from 10-d-old seedlings using an RNeasy kit
(Transgen) according to themanufacturer’s instructions. First-strand cDNAwas
synthesized from 1 mg RNA using reverse transcriptase (Promega). A SYBR-
Green master mix (Bio-Rad) was used for RT-qPCR reactions. RT-qPCR was
performed using a Bio-Rad CFX60 real-time PCR device. After normalization to
the UBQ10 control, the relative levels of gene expression were calculated using
the 2(2DDCt) method. All primers used for RT-qPCR are listed in Supplemental
Table S1.

Immunoblotting Analysis

For protein immunoblotting, total protein was extracted using a buffer
(50 mM pH 7.5 Tris-HCl, 150 mM NaCl, and 0.5% Triton X-100) containing
protease inhibitors and the phosphatase inhibitor calyculin. Proteins were
separated by 10% SDS-PAGE and transferred to polyvinylidene difluoride
membranes (Bio-Rad) at 80 V for 2 h at 4°C. After blocking with 3% BSA,
membranes were incubated with an antiphospho-p44/p42 MAP kinase

antibody (Cell Signaling Technology). Signals were detected using Supersignal
substrate (Pierce), and Ponceau S staining was used for loading control.

Bacterial Infection Assay

Five-week-oldArabidopsis leaveswere infiltratedwithwater,flg22 (100 nM),
or LPS (50 mg/mL) from the abaxial side. Twenty-four hours later, Pseudomonas
syringae pv. tomato DC3000 (1 3 105 cfu/mL) was infiltrated into the same
leaves. Seventy-two hours after bacterial inoculation, four leaf discs (1.5 cm2)
were ground in 500 mL of 10 mM MgCl2 to extract bacteria, and serial dilutions
were prepared for plating on NYG medium (5 g peptone, 3 g yeast extract, 2%
glycerol, and 1.5% agar per liter) containing antibiotics.

VIGS Analysis

VIGS was performed as previously described (Liu et al., 2002). ROS was
measured in the newly formed young leaves 20 d after infiltration.

Chlorophyll Fluorescence Imaging

Chlorophyll fluorescence imaging was performed as previously described
with some modifications (de Torres Zabala et al., 2015). Arabidopsis wild-type
seeds were germinated and grown on half-strength MS agar in a six-well plate
for 2 weeks. Three seedlings were treated with water and another three were
treated with LPS (50 mg/mL), and chlorophyll fluorescence imaging was per-
formed using a CF Imager (FluorCam; Photon System Instruments). NPQ and
maximum quantum yield (Fv/Fm) corresponding to PSII were calculated.

Isolation of LPS and Lipid A

LPS were extracted using the phenol-water method (Davis and Goldberg,
2012). Briefly, cultures of P. syringae DC3000 and P. aeruginosa PAO1 were
harvested and mixed with equal volumes of buffer and phenol (;12.5 mg/mL)
and left to stir at 68°C for 30 min. The samples were then centrifuged at 5,000g
for 20min, and the resulting aqueous layerwas removed prior to adding further
buffer to the phenol. The aqueous and phenol layers were then dialyzed against
deionized water for 3 d in 1-kD MWCO dialysis bags. The dialyzed samples
were then freeze dried. The lyophilized fractions were treated with RNase
(50 mg/mL) and DNase (5 mg/mL) in 50 mM MgCl2, pH 7.5, buffer overnight at
37°C. Proteinase K was then added to the samples, which were again digested
overnight. The fully digested samples were then dialyzed as mentioned pre-
viously. The lyophilized fractions obtained from the aqueous layers were then
dissolved in water and subjected to ultracentrifugation. The samples were
centrifuged at 100,000g for 18 h at 4°C. The supernatants were removed and the
LPS pellet was dried in the centrifuge tube. Lipid Awas released by addition of
2% acetic acid at 100°C for 3 h and then separated by centrifugation at 3,000g for
10 min (Yi and Hackett, 2000). A small fraction of the purified LPS and lipid A
was taken for SDS gel electrophoresis.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under the following accession numbers: LORE (At1g16380); WRKY33
(At2g38470);WRKY53 (At4g23810);OXI1 (At3g25250);VAR2 (At2g30950); SSU
(At4g38460); FLS2 (At5g46330); BAK1 (At4g33430); CERK1 (At3g21630); LYK5
(At2g33580); and PDS (Solyc03g123760).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. LPS inhibit luminol activity.

Supplemental Figure S2. Count rate of the ROS burst trend over 24 h.

Supplemental Figure S3. MAP kinase phosphorylation over 24 h.

Supplemental Figure S4. Count rate of the ROS burst trend in different
plant species.

Supplemental Figure S5. Comparison between isoluminol and luminol in
the flg22-triggered rapid ROS burst.
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Supplemental Figure S6. Detection of ROS in stomata and young cotyle-
dons.

Supplemental Figure S7. Functional chloroplasts are essential for the
lipopolysaccharides-triggered second ROS burst.

Supplemental Figure S8. Visualization of purified LPS and lipid A.

Supplemental Figure S9. A comparison of early accumulation of ROS in
response to treatment with lipid A and flg22.

Supplemental Figure S10. LPS-triggered accumulation of ROS in known
receptor mutants.

Supplemental Table S1. Sequences of the primers used in this study.
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