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A Peroxidase-Dependent Apoplastic Oxidative Burst
in Cultured Arabidopsis Cells Functions in
MAMP-Elicited Defense1[W][OA]

Jose A. O’Brien2, Arsalan Daudi3, Paul Finch, Vernon S. Butt, Julian P. Whitelegge, Puneet Souda,
Frederick M. Ausubel, and G. Paul Bolwell*

School of Biological Sciences, Royal Holloway, University of London, Egham, Surrey TW20 0EX, United
Kingdom (J.A.O., A.D., P.F., V.S.B., G.P.B.); Pasarow Mass Spectrometry Laboratory, Department of Psychiatry
and Biobehavioral Sciences, David Geffen School of Medicine, University of California, Los Angeles,
California 90095 (J.P.W., P.S.); and Department of Genetics, Harvard Medical School, and Department of
Molecular Biology, Massachusetts General Hospital, Boston, Massachusetts 02114 (F.M.A.)

Perception by plants of so-called microbe-associated molecular patterns (MAMPs) such as bacterial flagellin, referred to as
pattern-triggered immunity, triggers a rapid transient accumulation of reactive oxygen species (ROS). We previously identified
two cell wall peroxidases, PRX33 and PRX34, involved in apoplastic hydrogen peroxide (H2O2) production in Arabidopsis
(Arabidopsis thaliana). Here, we describe the generation of Arabidopsis tissue culture lines in which the expression of PRX33
and PRX34 is knocked down by antisense expression of a heterologous French bean (Phaseolus vulgaris) peroxidase cDNA
construct. Using these tissue culture lines and two inhibitors of ROS generation, azide and diphenylene iodonium, we found
that perxoxidases generate about half of the H2O2 that accumulated in response to MAMP treatment and that NADPH
oxidases and other sources such as mitochondria account for the remainder of the ROS. Knockdown of PRX33/PRX34 resulted
in decreased expression of several MAMP-elicited genes, including MYB51, CYP79B2, and CYP81F2. Similarly, proteomic
analysis showed that knockdown of PRX33/PRX34 led to the depletion of various MAMP-elicited defense-related proteins,
including the two cysteine-rich peptides PDF2.2 and PDF2.3. Knockdown of PRX33/PRX34 also led to changes in the cell wall
proteome, including increases in enzymes involved in cell wall remodeling, which may reflect enhanced cell wall expansion as
a consequence of reduced H2O2-mediated cell wall cross-linking. Comparative metabolite profiling of a CaCl2 extract of the
PRX33/PRX34 knockdown lines showed significant changes in amino acids, aldehydes, and keto acids but not fatty acids and
sugars. Overall, these data suggest that PRX33/PRX34-generated ROS production is involved in the orchestration of pattern-
triggered immunity in tissue culture cells.

A current model for plant defense specifies various
tiers of surveillance, starting with pattern-triggered
immunity (PTI; or basal resistance). PTI involves the

recognition of so-called microbe-associated molecular
patterns (MAMPs) such as bacterial flagellin or pep-
tidoglycan. However, some potential pathogens can
overcome PTI by producing effectors that interfere
with defense signaling. These effectors, in turn, can be
recognized by resistance (R) proteins, leading to a
second tier of resistance, which in some cases includes
the hypersensitive response (HR) involving program-
med cell death of infected host cells (Dangl and Jones,
2001; Chisholm et al., 2006; Jones and Dangl, 2006).

The use of plant cell tissue cultures has played an
important role in the dissection of host defense mech-
anisms because they facilitate detailed analysis of the
earliest events following MAMP recognition by recep-
tors in the plasma membrane (Ramonell et al., 2002;
Navarro et al., 2004). Indeed, the activation of recep-
tors leading to rapid responses such as Ca2+ and H+

influx and K+ efflux were first characterized in tissue
cultures (Bolwell and Daudi, 2009). These studies have
contributed significantly to our understanding of the
underlying biochemistry leading to the generation of
reactive oxygen species (ROS), including hydrogen
peroxide (H2O2), superoxide, and nitric oxide, as an-
timicrobial factors or as intracellular or intercellular
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signaling molecules. More recently, the hypersensitive
response has been modeled in Arabidopsis (Arabidop-
sis thaliana) tissue culture cells treated with effector
proteins (Kaffarnik et al., 2009).

The production of ROS in response to pathogen
attack is one of the first measurable events in the plant
defense response. Although there are many potential
ROS generation systems, genetic analysis and bio-
chemical studies using inhibitors of ROS-generating
enzymes have established that two main categories of
enzymes are involved in ROS production in response
to pathogens: NADPH oxidases and class III cell wall
peroxidases. The NADPH oxidase-dependent oxida-
tive burst is diphenylene iodonium (DPI) sensitive and
has been shown to be required for ROS production in
Arabidopsis plants in response to infection by Per-
onospora parasitica or Pseudomonas syringae pv tomato
DC3000 expressing the type III effector avrRpm1 (Torres
et al., 2002). However, because there are several iso-
forms of the main subunit of the NADPH protein
complex encoded by separate genes (rboh genes), it has
been difficult to assess whether NADPH oxidases play
an essential role in the plant defense response, al-
though recently, rbohF loss-of-function mutants were
shown to be more susceptible to P. syringae (Chaouch
et al., 2012).

In addition to NADPH oxidases, class III cell wall
peroxidases have been shown to play a key role in the
generation of an oxidative burst (Bindschedler et al.,
2006; Bolwell and Daudi, 2009; Daudi et al., 2012). The
peroxidase-dependent oxidative burst, which, in con-
trast to the NADPH-generated burst, is sodium azide
and cyanide sensitive but DPI insensitive, has been
described as a three-component system (Bolwell et al.,
2002) involving peroxidases, ion fluxes, and provision
of a suitable substrate. The natural physiological sub-
strates used by these peroxidases to generate ROS
have not yet been identified. Peroxidase-dependent
oxidative bursts have been described in Arabidopsis
(Bindschedler et al., 2006; Davies et al., 2006), Daucus
carota (Bach et al., 1993), French bean (Phaseolus vulga-
ris; Bolwell, 1995, 1999; Bolwell et al., 2001), Capsicum
annum (Choi et al., 2007), and Lactuca sativa (Bestwick
et al., 1997). Importantly, Arabidopsis plants compro-
mised for the expression of at least two cell wall
peroxidase-encoding genes, PRX33 and PRX34, ex-
hibited dramatically enhanced susceptibility to a va-
riety of fungal and bacterial pathogens (Bindschedler
et al., 2006; Daudi et al., 2012). This latter phenotype of
the peroxidase mutants potentially differentiates the
role of peroxidases from that of the NADPH oxidases
during plant defense. In contrast to the peroxidases,
there are no published reports that NADPH oxidase
mutants are highly susceptible to pathogen attack;
however, a caveat is the potential redundancy of rboh
genes (Torres et al., 2002).

Although the pathogen-elicited oxidative burst can
be readily detected in planta, detailed physiological
analysis of the oxidative burst is facilitated in elicitor-
treated plant cell cultures. Transcriptional analysis of

flagellin- and chitin-treated suspension-cultured cells
(Ramonell et al., 2002; Navarro et al., 2004), as well as
proteomic analysis of cell cultures treated with elicitor
preparations derived from the maize (Zea mays) path-
ogen Fusarium moniliforme (Chivasa et al., 2006) or P.
syringae (Kaffarnik et al., 2009), have shown that the
transcript and protein profiles of elicitor-treated cell
cultures are similar to those found in planta in re-
sponse to pathogen attack. These cell culture studies
have also linked various physiological responses with
the subsequent generation of an oxidative burst. For
example, work in French bean cells treated with an
elicitor from Colletotrichum lindemuthianum or Arabi-
dopsis cells treated with an elicitor from Fusarium
oxysporum showed that cAMP, G proteins, and Ca2+

and K+ fluxes were required for peroxidase-mediated
H2O2 generation (Bolwell, 1995; Bolwell et al., 1999,
2002; Bindschedler et al., 2001; Davies et al., 2006).

In previous work from our laboratories, transgenic
lines of Arabidopsis were generated in which the
expression of cell wall peroxidases were knocked
down by antisense expression of an antisense hetero-
logous French bean peroxidase cDNA (Bindschedler
et al., 2006). In French bean, the oxidative burst is
generated at least in part by a cell wall type III
peroxidase referred to as French bean peroxidase
1 (FBP1; Bolwell, 1999; Blee et al., 2001; Bolwell et al.,
2002). Transgenic Arabidopsis plants expressing anti-
sense FBP1 cDNA showed reduced levels of mRNA
corresponding to the class III peroxidase-encoding
genes At3g49110 (PRX33) and At3g49120 (PRX34), re-
duced levels of H2O2 production in response to a F.
oxysporum cell wall elicitor, and increased susceptibility
to both bacterial and fungal pathogens (Bindschedler
et al., 2006; Daudi et al., 2012). In this study, we utilized
a similar RNA interference-mediated strategy in tissue
culture cells. The uniformity of cultured cells and the
ability to uniformly expose them to a variety of treat-
ments facilitated exploration of the roles of peroxidases
in response to MAMPs. This led to the findings that
PRX33/PRX34 are required for a MAMP-elicited oxi-
dative burst and for the expression of a variety of
proteins involved in defense and cell wall expansion.
Interestingly, H2O2 generated by PRX33/PRX34 also
appears to activate the expression of the PRX33,
PRX34, and RBOHD genes.

RESULTS

Generation of Arabidopsis Cell Cultures Expressing
Antisense FBP1 cDNA

Arabidopsis (ecotype Landsberg erecta [Ler]) cell
cultures expressing a full-length French bean peroxi-
dase1 cDNA sequence in an antisense orientation
(asFBP1; referred to below as LerasFBP1) were gener-
ated by Agrobacterium tumefaciens-mediated transfor-
mation as described in “Materials and Methods.”
Several independent lines derived from single cells

O’Brien et al.
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were selected from different transformation events,
and the insertion sites of the transgenes were mapped
in several lines determined to be carrying a single
insertion as described in “Materials and Methods”
(Supplemental Fig. S1). Two lines, IG-2, with a single
insertion in chromosome 1, position 23.286.830, and
IG-3, with a single insertion in chromosome 4, position
16.064.022, were selected for further analysis (Supple-
mental Fig. S2). The insertion sites in both lines were in
presumptive noncoding regions of the genome (Sup-
plemental Fig. S2). Similar to transgenic plants ex-
pressing the FBP1 cDNA (Bindschedler et al., 2006;
Daudi et al., 2012), PRX33 and PRX34 mRNA levels in
IG-2 and IG-3 were significantly lower than in the
nontransformed Ler cell culture both before and after
elicitation with a cell wall elicitor preparation from F.
oxysporum (Table I).

Depletion of the PRX34 Protein in Cell Wall Preparations
from the Transgenic Cell Lines

CaCl2 has been used previously to extract proteins
including peroxidases from plant cell walls (Robertson
et al., 1997; Blee et al., 2001; Chivasa et al., 2006). Nano-
liquid chromatography-nanoelectrospray ionization-
tandem mass spectrometry (nLC-nESI-MS/MS) anal-
ysis of CaCl2-extracted proteins from Ler cell cultures
identified a weakly staining 45-kD band as PRX34
(Fig. 1A). Despite the incomplete silencing of the
PRX34 transcript level in the IG-2 and IG-3 transgenic
lines (Table I), this level of silencing was sufficient to
reduce the cognate PRX34 protein to undetectable
levels in IG-2 and IG-3 by nLC-nESI-MS/MS analysis.
In contrast to PRX34, the levels of PRX33 in the
nonelicited Ler tissue cultures was below the detec-
tion limits of MS/MS analysis, consistent with quan-
titative reverse transcription (qRT)-PCR analysis,
which showed that PRX33 mRNA is present at a
more than 1,000-fold lower level than PRX34 mRNA
in the nonelicited Ler cultures (Table I). Diminished
PRX34 protein levels in the IG-2 and IG-3 transgenic
lines was confirmed by western-blot analysis. Fortu-
itously, a polyclonal antibody raised against horse-
radish peroxidase appears to cross-react with PRX34.
A band is present in the Ler wild-type [Ler (wt)] cell
culture extract with the same molecular mass as
PRX34, but the abundance of this cross-reacting
45-kD protein is clearly reduced in the LerasFBP1
lines IG-2 and IG-3 (Fig. 1B).

Consequences of the Knockdown of PRX33/PRX34 on
ROS Production

We tested the LerasFBP1 tissue culture lines IG-2 and
IG-3 for ROS production following treatment with the
F. oxysporum cell wall elicitor preparation, the synthetic
peptide elicitors Flg22 and Elf26 (which correspond to
conserved epitopes of bacterial flagellin and elonga-
tion factor EF-Tu, respectively; Felix et al., 1999; Kunze
et al., 2004), or an oligogalacturonide preparation
(Ferrari et al., 2007). All of these elicitors stimulated
a robust oxidative burst in the nontransformed Ler cell
culture, which was significantly reduced in the trans-
genic lines IG-2 and IG-3 (Fig. 2). The F. oxysporum cell
wall preparation and Flg22 elicited 50% as much H2O2
in IG-2 and IG-3 as in Ler (wt), whereas Elf26 and
oligogalacturonide elicited only 40% as much (for
quantitation of the data in Fig. 2, see Supplemental
Fig. S3A).

In both the Ler (wt) and the LerasFBP1 lines, treat-
ment with 2 mM sodium azide, which blocks the

Table I. PRX33 and PRX34 mRNA levels in F. oxysporum-elicited IG-2 and IG-3 cell lines

PRX
Ler IG-2 IG-3

Basal Elicited Basal Elicited Basal Elicited

mRNA levels normalized to basal PRX33 or PRX34 mRNA levels in Ler
PRX33 1.0 24 6 3.01 0.50 6 0.09 0.35 6 0.02 0.45 6 0.04 0.46 6 0.04
PRX34 1.0 3.05 6 1.0 0.26 6 0.09 0.58 6 0.30 0.27 6 0.10 0.49 6 0.07

mRNA levels normalized to basal PRX33 mRNA levels in Ler
PRX34 1,728 6 59.3 238 6 4.7 861 6 95.3 2,448 6 358 1,095 6 5.4 1,979 6 96.9

Figure 1. Identification of PRX34 by one-dimensional SDS-PAGE
analysis and western-blot analysis of CaCl2-extracted cell wall proteins.
After treatment, the cell cultures were filtered and then incubated for 30
min in 200 mM CaCl2, as described in “Materials and Methods.”
Proteins were precipitated with 80% acetone, resuspended in sample
buffer, loaded on an SDS-PAGE gel, and run overnight. The gels were
stained with Coomassie blue for protein visualization. Proteins were
identified by in-gel protein digestion and sequencing. A, The region
between 40 and 55 kD, showing the presence of PRX34 in Ler (wt) and
the absence of PRX34 in LerasFBP1 cells by lack of detection by nLC-
nESI-MS/MS. B, Western-blot detection of PRX34 using a polyclonal
antibody raised against horseradish peroxidase.

Peroxidase-Dependent Apoplastic Oxidative Burst

Plant Physiol. Vol. 158, 2012 2015



peroxidase-mediated oxidative burst, completely
abolished the H2O2 production elicited by the F. oxy-
sporum cell wall preparation (Fig. 3A). In contrast, DPI,
at a concentration of 0.2 mM, which is relatively specific
for the inhibition of NADPH oxidases (Davies et al.,
2006), only inhibited about 25% of the oxidative burst
in both Ler (wt) and the LerasFBP1 lines (Fig. 3B;
Supplemental Fig. S3B). These results are consistent
with our previous data, which showed that Ler (wt)
Arabidopsis cell cultures produce a sodium azide-

sensitive but relatively DPI-insensitive oxidative burst
in response to a F. oxysporum cell wall preparation
(Bindschedler et al., 2006). Inhibition of an oxidative
burst by 0.2 mM DPI, which causes 50% inhibition (I50)
of the oxidative burst, is indicative of the involvement of
anNADPH/NADHoxidase, whereas inhibition by azide
with an I50 greater than 50 mM suggests a peroxidase-
dependent mechanism (Bolwell et al., 1998; Frahry and
Schopfer, 1998).

In addition to exhibiting lower elicited levels of
H2O2 following MAMP treatment, we also observed
approximately 20% lower basal levels of H2O2 in
nonelicited IG-2 and IG-3 cultures (Supplemental
Fig. S4). A similar level of reduction was also observed
in the Ler (wt) culture after sodium azide treatment,
but not after DPI treatment (Supplemental Fig. S4).
Because the basal levels of H2O2 are not significantly
affected by 0.2 mM DPI, which is relatively specific for
NADPH oxidases, these data suggest that the residual
basal levels of H2O2 that are not generated by perox-
idases are most likely generated by cell metabolism
rather than from the dismutation of NADPH oxidase-
derived superoxide.

RBOHD, PRX33, and PRX34 Expression Is Induced
by H2O2

Figure 4 shows that the expression of PRX33 and
PRX34 as well as the expression of RBOHD are sig-
nificantly induced by F. oxysporum cell wall elicitor in

Figure 2. H2O2 production in Ler (wt), IG-2, and IG-3 Arabidopsis cell
cultures after treatment with bacteria and fungal elicitors. Arabidopsis
Ler (wt), IG-2, and IG-3 were filtered and resuspended in fresh medium
at 250 mg mL21. After recovery, the cell cultures were elicited with
100 mg mL21 F. oxysporum cell wall elicitor (A), 1 mM Flg22 (B), 1 mM

Elf26 (C), or 100 mg mL21 oligogalacturonide (OG; D). At 20-min
intervals, H2O2 production was measured by the xylenol orange assay,
as described in “Materials and Methods,” and normalized against Ler
(wt). Representative graphs from three independent experiments are
shown.

Figure 3. Effect of sodium azide and DPI on H2O2 production after
treatment with F. oxysporum cell wall elicitor in Ler (wt), IG-2, and
IG-3 cell cultures. Arabidopsis Ler (wt), IG-2, and IG-3 were filtered
and resuspended in fresh medium at 250 mg mL21. After recovery, the
cells were pretreated for 15 min with 2 mM sodium azide (A) or 0.2 mM

DPI (B) followed by 100 mg mL21 F. oxysporum extract. At 20-min
intervals, H2O2 production was measured by the xylenol orange assay,
as described in “Materials and Methods,” and normalized against Ler
(wt). Errors bars represent SD of three independent experiments with two
technical replicates each.
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the Ler (wt) tissue culture cells. Somewhat unexpect-
edly, however, both the basal and induced levels of
RBOHD expression were reduced in IG-2 and IG-3,
suggesting that RBOHD expression is dependent on
the expression of PRX33 and PRX34 and that RBOHD
expression may be regulated by the H2O2 generated by
PRX33 and PRX34.
We took advantage of the differential inhibitory ac-

tivities of sodium azide and DPI and the LerasFBP1
tissue culture lines to further investigate the regulation

of the PRX33, PRX34, and RBOHD genes. Consistent
with the conclusion thatRBOHD expression is regulated
by H2O2, Figure 4C shows that F. oxysporum cell wall
preparation-elicited activation of RBOHD is completely
blocked by sodium azide but not by DPI pretreatment.
Moreover, sodium azide pretreatment also appeared to
significantly lower nonelicited (basal) levels of RBOHD.
Also unexpectedly, sodium azide (but not DPI) mark-
edly lowered the basal levels of PRX33 and PRX34
expression in IG-2 and IG-3 (Fig. 4, A and B).

The data in Figure 4 suggest that PRX33, PRX34, and
RBOHD transcription is positively regulated by H2O2,
allowing feed-forward increases in H2O2 production
from the basal state during pathogen attack. The
observation that RBOHD transcription as well as
PRX33 and PRX34 transcription are regulated by
H2O2 is particularly interesting, since it provides new
evidence for a common regulatory mechanism for
PRX- and RBOH-dependent H2O2 production. It was
not likely that azide or DPI had a negative overall
effect on transcription, since the levels of glyceralde-
hyde 3-phosphate dehydrogenase (GADPH), a com-
monly used “housekeeping” gene, were not affected
after azide or DPI treatment (Supplemental Fig. S5).

Knockdown of PRX33 and PRX34 Affects the Expression
of Key Genes Involved in PTI

To further explore the roles of PRX33 and PRX34 in
PTI, we analyzed the relative transcriptional activation
of selected defense-related genes known to be up-
regulated by MAMPs. MYB51 and the CYTO-
CHROME P450 genes 79B2 (CYP79B2) and 81F2
(CYP81F2), which are involved in indole glucosinolate
(IGS) biosynthesis, are required for callose deposition
in seedling cotyledons following MAMP treatment
(Clay et al., 2009). In the Ler (wt) culture, MYB51,
which encodes a transcription factor, was up-regulated
up to 10-fold 2 h after elicitation with the F. oxysporum
cell well preparation (Fig. 5D). Similarly, the IGS
biosynthetic genes CYP79B2 and CYP81F2 were up-
regulated 30- and 100-fold, respectively (Fig. 5, B and
C). In contrast, there was no significant up-regulation
of these three IGS-related genes in the LerasFBP1 lines.
Similar results were obtained with CYP71A2, a gene
involved in camalexin biosynthesis (Fig. 5A; Millet
et al., 2010). When Ler (wt) cells were pretreated with
DPI, specifically inhibiting NADPH oxidases, all four
MAMP-activated genes were up-regulated by F. oxy-
sporum elicitor, but at an approximately 25% lower
level compared with Ler (wt). In contrast, in Ler (wt)
cells pretreated with sodium azide, which inhibits
both peroxidase-mediated and mitochondrial ROS
production, none of the four genes were induced.

Knockdown of PRX33/PRX34 Affects Proteins Involved
in Pathogen Defense

We carried out proteomic analysis to determine the
effects of the knockdown of PRX33 and PRX34 on

Figure 4. qRT-PCR quantification of transcript levels of PRX33, PRX34,
and RBOHD in Ler (wt), IG-2, and IG-3 lines. Expression levels of PRX33,
PRX34, and RBOHD mRNAs in Ler (wt), IG-2, and IG-3 cell cultures
were measured at 0 and 2 h following elicitation with purified cell wall
extract from F. oxysporum. Cell cultures were pretreated with 2 mM

sodium azide or 0.2 mM DPI and incubated for 15 min before elicitation.
Data represent averages 6 SD of three independent experiments.
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CaCl2-extracted cell wall proteins involved in patho-
gen defense (Tables II and III; Supplemental Fig. S6). A
number of proteins directly linked with plant defense
were down-regulated in IG-2 and IG-3. One such
group of proteins was the ROS-scavenging enzymes
catalase (CAT3) and ascorbate peroxidase (APX1; Sup-
plemental Fig. S6, bands 6 and 23), whose production
is normally induced by ROS. These two enzymes were
only detected in Ler (wt) cultures, consistent with the
reduced levels of H2O2 observed in LerasFBP1 lines.
Three other proteins involved in defense were also
absent, plant defensins PDF2.2 and PDF2.3, and Gib-
berellic Acid-Stimulated Transcript1 (GAST1)-like
protein (Supplemental Fig. S6, bands 15 and 13).
GAST1-like protein is a Cys-rich peptide involved in
plant defense as part of a two-component protein
complex that is cross-linkedwith a 42-kD chitin-binding
Pro-rich protein and immobilizes invading pathogens
in the cell wall (Bindschedler et al., 2006). PDF2.2 and
PDF2.3 are low-molecular-weight Cys-rich protease
inhibitors that prevent the degradation of cell wall
proteins by microbial proteases. Down-regulation of
PDF2.2 and PDF2.3 is consistent with previous results
showing that genes such as At5g44420, which encode
other members of this protease inhibitor family, are
also down-regulated in PRX33/PRX34 knockdown
plants (Bindschedler et al., 2006). In contrast to the
defense-related proteins described above, at least one
defense-related protein, polygalacturonase-inhibiting
protein (PGIP2; Devoto et al., 1998; Ferrari et al., 2006),
was clearly more abundant in nonelicited IG-2 and
IG-3 cells than in the Ler (wt) culture (Supplemental
Fig. S6, band 30).

Knockdown of PRX33/PRX34 Affects Proteins Involved
in Cell Wall Remodeling

The knockdown of PRX33/PRX34 in IG-2 and IG-3
not only affected the expression of defense-related
proteins but also affected several cell growth-related
proteins (Table III) such as purple acid phosphatase
(PAP10), which was clearly present in IG-2 and IG-3
but was not detected in Ler (wt) plants (Supplemental
Fig. S6, band 29). PAPs are involved in the induction of
b-glucan synthases in the cell wall (Kaida et al., 2009,
2010). PGIPs, which, as discussed above, are also up-
regulated in IG-2 and IG-3, play an important role in
cell growth in addition to pathogen defense. By
inhibiting the cell wall-loosening activity of endoge-
nous polygalacturonases, PGIPs inhibit cell expansion
in a similar way to peroxidase-mediated cross-linking
of cell wall components. Up-regulation of PGIPs,
therefore, could be a consequence of enhanced cell
growth due to lower H2O2 levels in IG-2 and IG-3.
Interestingly, the leaves of PRX33/PRX34 knockdown
plants are approximately 30% larger than those of
wild-type plants (Daudi et al., 2012), consistent with
the hypothesis that the up-regulation of PGIP2 and
PAP10 contributes to the stiffening and remodeling of
the cell wall.

Figure 5. qRT-PCR quantification of transcript levels of CYP79B2,
CYP71A12, MYB51, and CYP81F2 in Ler (wt), IG-2, and IG-3 lines.
Expression levels of CYP79B2, CYP71A12, MYB51, and CYP81F2
mRNAs in Ler (wt), IG-2, and IG-3 cell cultures were measured at 0 and
2 h following elicitation with purified cell wall extract from F. oxy-
sporum. Cell cultures were pretreated with 2 mM sodium azide or 0.2
mM DPI and incubated for 15 min before elicitation. Data represent
averages 6 SD of three independent experiments.
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In contrast to the up-regulation of PGIP2 and PAP10,
pectinacetylesterase and pectinmethylesterase (Supple-
mental Fig. S6, bands 10 and 22, respectively) were
down-regulated in IG-2 and IG-3. The down-regulation
of these proteins, which are involved in the breakdown
of pectin, may inhibit the role that the pectin matrix
plays in maintaining cell wall integrity by cross-linking
with the cellulose and xyloglucan structural framework
(Carpita and Gibeaut, 1993). These lines of evidence
suggest that peroxidases are directly (by cross-linking)
or indirectly (by regulating H2O2 levels) regulating cell
growth (Passardi et al., 2005; Cosio and Dunand, 2009).

Knockdown of PRX33/PRX34 Leads to a Differential
Accumulation of Organic Acids during ROS Production

To help identify potential substrates that generate
H2O2 via peroxidases in response to pathogen attack,
we profiled the CaCl2-extracted supernatant solutions
(see “Materials and Methods”) from wild-type and
IG-2 and IG-3 cultures for metabolites that accumu-
lated during the apoplastic oxidative burst in response
to elicitation by the F. oxysporum cell wall preparation.
Previous metabolomic studies of cell wall fractions of
French bean and Arabidopsis cell wall cultures re-

Table II. Identifier numbers of proteins identified by in-gel trypsin digestion of CaCl2-extracted cell wall proteins of Arabidopsis Ler (wt) and
LerasFBP1 cells

nd, Not determined; ni, not identified.

Band No.

Arabidopsis

Genome

Initiative No.

Description Score
Peptide

No.a
Coverage

Relative Abundanceb

IG-2 IG-3

% fold change SD fold change SD

Ler (wt) unelicited
1 ni ni – – – 0.73 0.025 0.76 0.069
2 At1g32960 ATSBT3.3 (subtilase) 442 11 15 0.96 0.059 1.01 0.103
3 At5g20950 Glycosyl hydrolase family 3 931 19 31 1.47 0.039 1.56 0.088
4 At4g12420 SKS5 (copper ion binding/oxidoreductase) 673 15 25 nd nd nd nd

At5g49360 BXL1 (b-xylosidase 1) 393 9 11
5 At3g18080 AtBGLU44 (glycosyl hydrolase family 1) 771 23 36 1.23 0.073 1.38 0.205
6 At1g78850 Curculin-like (Man-binding) lectin 810 17 37 nd nd nd nd

At1g20620.1 CAT3 (catalase) 217 6 10
7 At1g70710 Endo-1,4-b-glucanase (ATCEL1) 635 13 28 1.27 0.094 1.32 0.377
8 At1g71380.1 ATCEL3/ATGH9B3 (glycosyl hydrolase 9B3) 916 17 34 1.09 0.103 1.00 0.092
9 At5g08380 ATAGAL1 (a-galactosidase 1) 536 11 27 nd nd nd nd

At3g49120.1 ATPERX34 (peroxidase 34) 408 9 25
10 At4g19410.1 Pectinacetylesterase 295 8 20 0.74 0.048 0.77 0.087
11 At5g06870.1 PGIP2 (polygalacturonase-inhibiting protein 2) 739 16 51 1.81 0.272 1.69 0.435

At4g37520 PRXR2 (peroxidase ATP9a) 134 3 11 nd nd nd nd
21 At5g64120 PRX71 (peroxidase 71) 524 8 29
22 At3g14310 ATPME3 (pectin methylesterase 3) 865 16 26 0.62 0.241 0.63 0.267
12 At3g45960.1 ATEXLA3 (expansin-like A3) 543 11 43 1.12 0.021 0.93 0.005
19 At4g38400.1 ATEXLA2 (expansin-like A2) 505 12 36 nd nd nd nd

At3g45970.1 ATEXLA1 (expansin-like A1) 381 9 31
23 At1g07890.1 APX1 (ascorbate peroxidase 1) 364 8 42 nd nd nd nd
24 At1g02930.1 ATGSTF6 (glutathione-S transferase 6) 288 7 24 nd nd nd nd
25 At4g11650 Osmotin 135 3 9 nd nd nd nd
26 At4g38740 ROC1 (rotamase CyP 1; peptidyl-prolyl cis-trans

isomerase)
340 8 43 nd nd nd nd

27 At3g52960 Peroxiredoxin type 2 120 4 16 nd nd nd nd
13 At1g75750 GAST1-like protein 438 7 46 nd nd nd nd
14 At2g02130.1 Plant defensin PDF2.3 (low-molecular-weight

Cys-rich 68)
117 2 31 0.61 0.006 0.45 0.091

At2g02100.1 Plant defensin PDF2.2 (low-molecular-weight
Cys-rich 69)

108 2 41

At3g18280 Protease inhibitor/seed storage/lipid transfer
protein (LTP)

103 4 31

LerasFBP1 unelicited
29 At2g16430.2 ATPAP10 (acid phosphatase) 877 20 53 nd nd nd nd
30 At5g06870.1 PGIP2 (polygalacturonase-inhibiting protein 2) 831 16 55 nd nd nd nd
32 At3g18280 Protease inhibitor/seed storage/lipid transfer

protein (LTP)
128 5 31 nd nd nd nd

aPeptides identified are described in Supplemental Table S2. bThe relative abundance of the most intense bands was calculated from SDS-
PAGE gels using ImageJ.
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vealed that glycerol, malate, citrate, succinate, malo-
nate, fumarate, palmitate, and stearate accumulated
after elicitation with fungal extracts during the apo-
plastic oxidative burst, where peroxidases are actively
producing H2O2 (Bolwell, 1999; Bolwell et al., 2002).
Organic acids have also been found in P. syringae-
infected plants (Rico and Preston, 2008).

In the experiments reported here, CaCl2-extracted
metabolites from tissue culture cells were profiled as
bis(trimethylsilyl)trifluoroacetamide (BSTFA), ethyl
chloroformate (ECF), or 2,4-dinitrophenylhydrazine
(DNPH) derivatives using gas chromatography (GC)-
MS and/or HPLC. Typical profiles are shown in
Supplemental Figures S7 and S8. HPLC allowed the
identification of aldehydes and ketones as DNPH
derivatives, ECF identified organic acids and amino
acids, and BSTFA identified fatty acids and sugars.
CaCl2-extracted metabolites of Ler (wt) and IG-2 and
IG-3 were compared before and 30 min after elicitation
with the F. oxysporum cell wall preparation.

In the case of the Ler (wt) cell cultures, there was no
accumulation of any of the organic acids identified
previously. However, in IG-2 and IG-3, malate and
fumarate accumulated to 4-fold higher levels than in
the wild-type culture (Fig. 6). In contrast, the levels of
lactate decreased by 50% upon elicitation in the Ler
(wt) and LerasFBP1 lines. Even though succinate,
malate, and fumarate are part of the citric acid cycle
in mitochondria and the glyoxylic acid cycle in per-
oxisomes, changes in the accumulation of malate,
fumarate, and lactate in the apoplast could indicate a
perturbation of malate dehydrogenase and lactate
dehydrogenase (LDH) enzyme activities, which has
long been known to be involved in providing NADH
for H2O2 production by peroxidases (Halliwell, 1977,
1978). Interestingly, both malate dehydrogenase and
LDH have been described as present in cell walls
(Chivasa et al., 2002). Moreover, changes in the accu-
mulation of small organic acids could also be due to a
perturbation of cell metabolism. Thus, changes in the
activity of enzymes such as glycolate oxidase could
directly affect constitutive H2O2 levels (Noctor et al.,
2002; Fahnenstich et al., 2008).

Alternative Sources of H2O2

The use of DNPH as a derivatization reagent
showed that when peroxidases and possibly other
heme proteins are inhibited with sodium azide, keto
acids and aldehydes accumulated in Ler (wt) cultures
after treatment with a cell wall extract from F. oxy-
sporum (Fig. 7; Supplemental Fig. S9A). HPLC and LC-
MS/MS analysis of these samples showed that the
main compound accumulating after sodium azide
treatment was acetaldehyde (Supplemental Fig. S9B),
which suggests that some of the ROS production
under these conditions could be derived from intra-
cellular sources. As previously mentioned, sodium
azide treatment will not only inhibit peroxidases but
heme proteins in general. Thus, it is possible that
sodium azide treatment causes a nonspecific pertur-
bation of plant cell metabolism. On the other hand, the
rapid accumulation of acetaldehyde and the known
inhibitory activity of sodium azide in aerobic respira-
tion suggest that mitochondria could be one of the
intracellular sources of ROS (Gleason et al., 2011).
Also, as these cell cultures were maintained under
continuous light and the cultures were green, photo-
synthesis-derived H2O2 could also be a source of ROS
during the oxidative burst.

DISCUSSION

By generating Arabidopsis cell culture lines in
which the expression of two genes encoding cell wall
peroxidases, PRX33 and PRX34, is knocked down by
heterologous expression of an antisense heterologous
French bean peroxidase cDNA, we have shown that
these peroxidases are required for a variety of MAMP-
activated responses, including the production of an
oxidative burst and the expression of a variety of
MAMP-activated genes. We also took advantage of the
ability to easily treat tissue culture cells with chem-
ical inhibitors to investigate the relative roles of
peroxidases and NADPH oxidases in MAMP-elicited
responses. These studies showed that sodium azide,

Table III. Down-regulated and up-regulated cell wall proteins in LerasFBP1 lines in comparison
with Ler (wt)

Band No. Description

Down-regulated proteins in IG-2 and IG-3
6 CAT3 (catalase)

10 PAE (pectinacetylesterase)
22 PME3 (pectin methylesterase 3)
23 APX1 (ascorbate peroxidase 1)
13 GAST1-like protein
14 Plant defensin PDF2.3 (low-molecular-weight

Cys-rich 68)
14 Plant defensin PDF2.2 (low-molecular-weight

Cys-rich 69)
Up-regulated proteins in IG-2 and IG-3

29 ATPAP10 (acid phosphatase)
11 PGIP2 (polygalacturonase-inhibiting protein 2)
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which primarily inhibits peroxidases but not NADPH
oxidases, blocks MAMP-mediated responses in Arabi-
dopsis tissue culture cells, whereas DPI, which preferen-
tially inhibits NADPH oxidases, does not. Unexpectedly,
we also found that transcription of PRX33 and PRX34, as
well as RBOHD, which encodes an NADPH oxidase, is
positively regulated by H2O2, indicating a feed-forward
mechanism for enhancing the level of the defense re-
sponse during the course of pathogen attack.
We also took advantage of the tissue culture system

to carry out proteomic and metabolomic analyses. The
proteomic studies showed that knocking down the
expression of PRX33 and PRX34 had a significant
impact on the levels of a variety of cell wall-associated
proteins involved in defense or cell expansion. The
goal of the metabolomic studies was to identify the
substrate for peroxidase-mediated production of
H2O2. Although the substrate was not identified, the
metabolomic data suggest that there is a direct link
between malate/lactate cell wall metabolism and the
peroxidase-dependent oxidative burst. Thus, malate
dehydrogenases and/or LDHs may be involved in the
oxidative burst by generating NADH, which could be
used as a substrate by cell wall-associated peroxidases.
The presence of these enzymes in the cell wall has been
described previously (Gross et al., 1977; Halliwell,
1977, 1978).

Relative Roles of PRX33 and PRX34 during the
Oxidative Burst

Given that antisense expression of the FBP1 cDNA
knocks down the expression of both PRX33 and
PRX34 and that it is likely that some expression
remains in the knockdown lines, it is not possible to
reach any definitive conclusions about the respective
roles of PRX33 and PRX34 in this experimental sys-
tem. On the other hand, our previous observations in

Arabidopsis leaves showed that PRX34 is expressed at
higher levels than PRX33 (Bindschedler et al., 2006;
Daudi et al., 2012). Similarly, PRX34 is expressed at a
substantially higher level than PRX33 in Ler (wt) cell
cultures, and only the PRX34 protein was detectable in
CaCl2 extracts by nLC-MS/MS analysis. Considering
that the oxidative burst starts within 5 to 10 min after
elicitation and that only PRX34 was detected in the
apoplast, it seems likely that PRX34 plays a major role
in the generation of H2O2 during the oxidative burst.
While PRX33 was not detected in nonelicited cultures,
the relatively strong up-regulation of PRX33 (24-fold)
following elicitation compared with PRX34 (3-fold)
suggests that it may play an important role after theFigure 6. Quantification of small organic acids present in the CaCl2

extracts of Ler (wt), IG-2, and IG-3 cell cultures before and after
elicitation. Ler (wt), IG-2, and IG-3 cell cultures were elicited with
purified cell wall extract from F. oxysporum. After elicitation, the cell
cultures were filtered and then incubated for 30 min in 200 mM CaCl2.
The supernatant was then recovered, derivatized with ECF or BSTFA,
and analyzed by GC-MS, as described in “Materials and Methods.”
Data represent averages 6 SD of the normalization against Ler (wt).

Figure 7. Accumulation of H2O2, keto acids, and aldehydes following
elicitation in Ler (wt) cell cultures. Arabidopsis Ler (wt) cell cultures
were resuspended in newmedium and pretreatedwith sodiumazide (1 or
2 mM; A) or DPI (2.5 or 25 mM; B) and then elicited with 100 mg mL21

F. oxysporum extract. Samples were collected every 10 min, and after
centrifugation, the supernatants were collected. H2O2 was measured
using the xylenol orange assay, and keto acids and aldehydes were
quantified by DNPH derivatization as described in “Materials and
Methods.”
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oxidative burst, although the absolute level of PRX34
mRNA was still approximately 200-fold higher than
PRX33 mRNA after elicitation (Table I). In addition,
because DPI treatment leads to a modest but signifi-
cant reduction in the oxidative burst, it appears likely
that NADPH oxidases also participate in H2O2 gener-
ation during the oxidative burst. Interestingly, RBOHD
transcript levels are also up-regulated upon elicitation,
apparently in response to H2O2 production.

It is not likely that PRX33 and PRX34 have different
enzymatic functions, due to their high sequence sim-
ilarity. PRX33 and PRX34 probably originated from a
recent tandem duplication, sharing 91% similarity at
the DNA level and 94% similarity at the amino acid
level. However, the promoter regions of the two genes
only show 35% similarity (Cosio and Dunand, 2009).
Thus, the roles of these two peroxidases appear most
likely to be determined by their expression and local-
ization patterns rather than their enzymatic specificity.

Other Sources of H2O2

Taking advantage of the differential effects of so-
dium azide and DPI on peroxidase and NADPH
activity, we estimated that peroxidases account for
approximately 50% of the H2O2 produced during the
oxidative burst, whereas NADPH oxidases and possi-
bly mitochondria and chloroplasts contribute the re-
maining approximately 50% (Fig. 8). The postulated
contribution of mitochondria to H2O2 production is
based on our finding that acetaldehyde accumulates
after sodium azide treatment. While we cannot rule
out other possible intracellular ROS sources, the role of
mitochondria in ROS production has recently been
described (Gleason et al., 2011). In mitochondria,
sodium azide inhibits complex IV (Moller, 2001),

which leads to the indirect inhibition of complexes II
and III (Moller, 2001; Hargreaves et al., 2007). Muta-
tions in SUCCINATE DEHYDROGENASE1-1, which
disable complex II, not only result in diminished ROS
production in response to pathogens but enhanced
susceptibility to Rhizoctonia solari and P. syringae pv
tomato DC3000 (Gleason et al., 2011).

It is also important to keep in mind when interpret-
ing the azide and DPI experiments described in this
paper that azide inhibits other enzymes besides per-
oxidases and that DPI is not a specific inhibitor of
NADPH oxidases. For example, because the cell cul-
tures in our experiments were maintained in contin-
uous light and were green, and because azide is a
potent inhibitor of photosynthesis (Yuan and Daniels,
1956), it is also possible that some intracellular ROS
could be derived from photosynthesis. Indeed, photo-
respiration is an important source of ROS (Noctor
et al., 2002). Similarly, DPI is a nonspecific flavin-
binding compound that can inhibit a variety of flavo-
enzymes in addition to NADPH oxidases (Riganti
et al., 2004).

Roles of Peroxidases and NADPH Oxidases in PTI

Interestingly, MAMP-elicited gene expression was
more severely affected in the PRX33- and PRX34-
depleted tissue culture lines than the oxidative burst.
Therewas very little or noMAMP-elicited up-regulation
of a variety of genes tested, including several genes
involved in the biosynthesis of indoleglucosinolates
(CYP79B2, CYP81F2, and MYB51) or camalexin
(CYP71A12). Similar results were obtained with the
activation of PRX33, PRX34, and RBOHD. These latter
data suggest that not all ROS are equally capable of
activating gene expression, depending perhaps on the

Figure 8. Proposed model of the different com-
ponents of the oxidative burst response in higher
plants. Upon recognition of a pathogen, a cas-
cade of signaling events is initiated, leading to an
increase of extracellular pH, release of a reduc-
tant (RH), and activation of the cell wall perox-
idases, mitochondrial ROS production, and
NADPH oxidases through calcium-dependent
protein kinase (CDPK)-dependent phosphoryla-
tion. Activation of these mechanisms ultimately
results in an H2O2 signal that activates defense
response pathways.
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nature of the ROS, its location, or the timing of its
production. Consistent with these data, DPI treatment,
which is relatively specific for NADPH oxidases, had a
minimal effect on MAMP-elicited gene expression,
whereas treatment with sodium azide completely
inhibited any induction of expression, suggesting
that peroxidase and mitochondrial sources of H2O2
are essential for triggering these signaling pathways
whereas NADPH oxidases are not. Similar conclusions
concerning an active role for PRX33 and PRX34 (Daudi
et al., 2012) and the lack of involvement of NADPH
oxidases (Galletti et al., 2008; Daudi et al., 2012) in
activating MAMP-elicited responses have been pub-
lished previously.

Proteomic Changes in the Transgenic Cell Lines

One somewhat unexpected observation was the
decreased levels of pectinacetylesterases and pectin-
methylesterases and the increased levels of PGIPs in
the PRX33/PRX34 knockdown tissue culture lines.
Pectinacetylesterases and pectinmethylesterases con-
trol the degree of acetyl and methyl esterification of
cell wall polygalacturonans, and PGIPs inhibit cell
expansion by inhibiting the cell wall-loosening activity
of polygalacturonases that hydrolyze pectin. Although
significant changes in the cross-linking of Hyp-rich
glycoproteins following elicitor treatment have not
been observed (Brisson et al., 1994; Wojtaszek et al.,
1995; Brown et al., 1998), it is possible that the knock-
down of basal levels of PRX33 and PRX34 leads to cell
expansion by diminishing peroxidase-catalyzed cross-
linking of cell wall polymers, which in turn affects the
regulation of genes involved in cell expansion. A
similar compensatory mechanism has also been ob-
served in mutants lacking the cellulose synthase gene
CESA3, where a reduction of cellulose content affected
the pectin and xyloglucan composition of the cell wall
(Caño-Delgado et al., 2003; Bosca et al., 2006). These
data together with our proteomic data suggest a
sensing mechanism that monitors the integrity of the
cell wall. Consistent with this model, previous studies
in French bean cell cultures and legumes have shown
that Fusarium cell wall elicitor causes peroxidative
cross-linking and immobilization of Pro- and Cys-rich
polypeptides within the wall (Bradley et al., 1992;
Wojtaszek et al., 1995; Wojtaszek, 1997; Bindschedler
et al., 2006). Also consistent with this model is the
finding that leaves of ecotype Columbia plants ex-
pressing asFBP1 are about 30% larger than wild-type
leaves (Bindschedler et al., 2006; Daudi et al., 2012).
Interestingly, although it appears that PRX33 and

PRX34 are essential for the production of H2O2 in
response to various MAMPs, their postulated role in
peroxidative cell wall cross-linking utilizes H2O2 as a
substrate. The ability of peroxidases to both generate
H2O2 and utilize H2O2 as a substrate is well docu-
mented, although little is known about the conditions
that determine which reaction is catalyzed in vivo
(Dunford, 1993).

Metabolic Changes in the Transgenic Cell Lines

The peroxidase-dependent oxidative burst has been
described as a three-component system, which con-
sists of the peroxidases, a pH change, and the release
of the substrate (Bolwell, 1999; Bolwell et al., 2002).
Although the substrates utilized by peroxidases to
generate an oxidative burst in vivo have not been
identified, clues to the nature of such a substrate or
substrates may be found in the accumulation of stea-
rate, palmitate, glycerol, malate, citrate, and succinate
in CaCl2 extracts of French bean cell cultures in re-
sponse to fungal elicitors, suggesting that there is a
direct role of cell wall organic and fatty acids in the
oxidative burst (Bolwell, 1999; Bolwell et al., 2002).
However, it is important to note that strong reductants
such as these metabolites are volatile and highly
unstable, consequently making them very difficult to
characterize. Therefore, despite considerable efforts, it
was not possible to specifically identify an individual
substrate of the cell wall peroxidases in this study. On
the other hand, the metabolomic studies have pro-
vided evidence of the pathways that underlie the
provision of the substrate, thereby providing clues
about the nature and identity of the in vivo substrate.

In our study, the major differences between Ler (wt)
and LerasFBP1 CaCl2 extracts following elicitation
were observed in organic acids, mainly malate and
fumarate, which were up to 4-fold higher in the
LerasFBP1 lines than in the wild type. In contrast,
lactate levels decreased in response to elicitation in
both Ler (wt) and LerasFBP1 cells. The accumulation of
organic acids has been linked with the activity of
NADH peroxidases. Malate, fumarate, and lactate are
intermediates in the production of NADH, which is a
substrate for the generation of H2O2 by peroxidases
(Gross et al., 1977; Halliwell, 1977, 1978). Specifically,
malate is oxidized to oxaloacetate by malate dehydro-
genase and lactate is oxidized to pyruvate by LDH to
produce NADH from NAD+ (Gross et al., 1977; Halli-
well, 1977, 1978). Thus, the decrease in the accumula-
tion of lactate could be due to the activity of a LDH,
which may provide NADH as a reducing agent for the
peroxidases. Even though a LDH was not identified in
proteomic aspects of this study, previous work with
this cell culture demonstrated that LDH is present in
the cell wall of Arabidopsis Ler cell cultures (Slabas
et al., 2004).

The role of organic acids in the cell wall is still
unknown. However, changes in the accumulation of
organic acids upon elicitation suggest that they play an
active role in plant defense. In addition, succinate,
malate, and fumarate are part of the citric acid cycle in
mitochondria and the glyoxylic acid cycle in peroxi-
somes. Thus, another possibility for the changes in the
accumulation of these metabolites following elicitation
is that they are a consequence of exocytosis events that
are known to occur in plant cell-pathogen interactions
(Brown et al., 1998) and may involve peroxisomes that
move toward and accumulate at the site of infection
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(Scheel, 1998; Lipka et al., 2005; An et al., 2006;
Hardham et al., 2008).

CONCLUSION

Our data suggest that the class III cell wall perox-
idases PRX33 and PRX34 play key roles in both path-
ogen defense and cell growth. The production of H2O2
by PRX33 and PRX34 appears to be required for both
basal and MAMP-elicited transcription of PRX33,
PRX34, RBOHD, and other defense-related genes,
suggesting a positive feed-forward self-amplifying
activation of defense responses. The requirement of
PRX33 and PRX34 for the transcription of defense-
related genes is reflected in proteomic data showing
that several defense proteins, including PDF2.2,
PDF2.3, and GAST-1, are absent or down-regulated
in the nonelicited LerasFBP1 lines. With respect to cell
growth, in the absence of PRX33 and PRX34, the lack of
H2O2 leads to increased cell size as a consequence of
decreased levels of polymer cross-linking in the cell
wall. The higher levels of PGIP observed in the
LerasFBP1 lines may be due to a compensatory feed-
back system involved in the inhibition of cell wall
loosening.

MATERIALS AND METHODS

Materials

Naphthalene acetic acid, kinetin, 3,3-diaminobenzidine, and xylenol or-

ange were obtained from Sigma-Aldrich.

Plant Material and Elicitors

Arabidopsis (Arabidopsis thaliana) ecotype Ler suspension-culture cell lines

were a gift from Prof. A.R. Slabas (Durham University) and were maintained

in Murashige and Skoog basal salts with minimal organics medium (Sigma-

Aldrich) containing Suc (30 mg mL21), naphthalene acetic acid (0.5 mg mL21),

and kinetin (0.05 mg mL21) and buffered to pH 5.6 to 5.7 with sodium

hydroxide. The cultures were kept under low light intensity in a 16-h-light/8-

h-dark regime. Fusarium oxysporum cell wall elicitor was generated according

to Davies et al. (2006). The synthetic peptides Flg22 and Elf26 were synthe-

sized by the Massachusetts General Hospital Peptide/Protein Core Facility

and used at 0.5 mM. Purified oligogalacturonides were prepared as described

(Ferrari et al., 2007) and were used at 50 mg mL21. Sodium azide and DPI

pretreatments were carried out at 2 mM and 0.2 mM, respectively, unless

otherwise stated.

Cell Culture Transformation

Ler cell cultures were transformed by Agrobacterium tumefaciens-mediated

transformation according to Ferrando et al. (2000) with modifications. Briefly,

A. tumefaciens strain LB4404 containing the vector pBin19 with the antisense

sequence of the French bean (Phaseolus vulgaris) peroxidase (asFBP1; Bind-

schedler et al., 2006) was grown on Luria-Bertani medium containing 10 mg

mL21 rifampicin and 50 mg mL21 kanamycin to an optical density at 600 nm of

0.8. Cells were pelleted by centrifugation and resuspended in sterile Mura-

shige and Skoogmedium, and approximately 13 1010A. tumefaciens cells were

added to 100 mL of a freshly subcultured Arabidopsis Ler (wt) cell culture and

kept in the dark under constant agitation. Three days after cocultivation, the

suspension culture was removed from the shaker for 5 min to allow the cells to

sediment, and the medium was removed and replaced with fresh medium

containing 60 mg mL21 kanamycin and 200 mg mL21 timentin. The medium

was replaced once every week for the following 5 weeks to eliminate

nontransformed cells from the population of cells in the culture. Once the

cells began to grow and generated a healthy, green coloration, 10 mL of cells

was subcultured in 100 mL of fresh medium containing 60 mg mL21

kanamycin.

PCR-Based Genome Walking

PCR-based genome walking was carried out following the protocol de-

scribed by Siebert et al. (1995). Briefly, tissue culture cells were filtered under

gentle vacuum through a single layer of filter paper (Whatman no. 1; Sigma-

Aldrich) to remove the supernatant and then frozen in liquid nitrogen. Before

genomic DNA (gDNA) extraction, frozen samples were ground using a

mortar and pestle and gDNA was extracted from plant material using the

cetyl-trimethyl-ammonium bromide method (Moore and Dowhan, 2002).

After quantification, 2.5 mg of gDNA was digested overnight with ScaI.

Digested gDNAwas purified by phenol-chloroform extraction and resuspen-

ded in 20 mL of deionized water. An adaptor was prepared by making a 25 mM

solution containing both the long and short adaptor primers (Supplemental

Table S1) and incubating the mixture for 2 min at 100�C. The adaptor was

ligated to 5 mL of digested gDNAwith concentrated T4 DNA ligase (Biolabs),

and the reaction was incubated overnight at 16�C. Further incubation at 70�C
for 5 min inactivated the ligase. The sample was then diluted 10-fold in TE

buffer (10 mM Tris [pH 7.5] and 1 mM EDTA) to a final volume of 100 mL. For

the PCR amplification of specific sequences in the genome, four sets of primers

were used: adaptor primer 1 (AP1), nested adaptor primer 2 (AP2), gene-

specific primer 1 (GSP1), and gene-specific primer 2 (GSP2), as described in

Supplemental Table S1. The amplification of the sequence of interest was

carried out by two consecutive nested PCRs. For the first reaction, 1 mL of the

diluted gDNA-adaptor sample was used with the AP1/GSP1 primers and a

thermocycler program as follows: seven cycles of 25 s at 95�C followed by

3 min at 72�C, then 32 cycles of 25 s at 95�C and 3 min at 67�C, and finally one

cycle of 7 min at 72�C. The first PCR was then diluted 1:50, and the dilution

was used to do a nested reaction with the AP2/GSP2 primers and a

thermocycler program as follows: five cycles of 25 s at 95�C followed by

3 min at 72�C, then 20 cycles of 25 s at 95�C and 3 min at 67�C, and finally one

cycle of 7 min at 72�C. The PCR products of the nested PCR were analyzed on

a 1% agarose gel, and the products were purified from the gel using the

QIAquick gel extraction kit (Qiagen) and sequenced (Eurofins).

H2O2 Detection

H2O2 production in elicited Arabidopsis cells was measured using a

xylenol orange assay as described previously, in which hydroperoxides are

reduced by ferrous ions in acid solution, forming a ferric product-xylenol

orange complex that is detected spectrophotometrically at 560 nm (Gay et al.,

1999; Bindschedler et al., 2001).

CaCl2 Treatment of Arabidopsis Cell Culture

Tissue culture cells were filtered under gentle vacuum through a single

layer of filter paper to remove the supernatant. Then, the cells were

resuspended in ice-cold 200 mM calcium chloride buffer, pH 5.0, at a concen-

tration of 2 mL g21 dry tissue and incubated under gentle agitation for 30 min

at 4�C. After the incubation, cells were filtered and the supernatant was

collected for further analysis.

DNPH Derivatization and Analysis by HPLC

Low-Mr carboxylic acids and aldehydes present in the CaCl2 extracts of cell

cultures were derivatized with DNPH. The derivatization was performed as

described by Qureshi et al. (1982) with some modifications. Briefly, 20 mL of

cells was elicited with 100 mg mL21 F. oxysporum elicitor. At specific time

points, cells were pelleted by centrifugation and 2 mL of supernatant medium

was collected. To 300 mL of the supernatant medium, 75 mL of 0.2 N HCl was

added. After a second centrifugation, 300 mLwas incubated for 15min at room

temperature after adding 50 mL of 5 mM DNPH solution in 2 N HCl. For total

quantification, 150 mL of deionized water and 0.5 mL of potassium phosphate

buffer, pH 12.5, were added to the derivatized samples. Then, the samples

were cleared by centrifugation for 3 min at maximum speed and transferred to

1-mL cuvettes. Finally, the A450 was read 15 to 60 min after addition of the
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phosphate buffer. For HPLC analysis, DNPH derivatives were extracted twice

with 300 mL of ethyl acetate. The combined organic phases were extracted

with 300 mL of 10% Na2CO3 in order to separate the nonreactive DNHP and

aldehydes. The aqueous phase was cleaned once with 300 mL of ethyl acetate.

The aqueous layer containing derivatized keto acids was recovered, and 200

mL was taken for HPLC analysis. The remaining organic layer containing

derivatized aldehydes was diluted (1:1) with water, and 200 mL was used in

HPLC analysis. Twentymicroliters of sample was then injected into a Hewlett-

Packard 1050 series high-performance liquid chromatograph equipped with a

C18 reverse-phase column (250 3 4.6 mm, 5-mm particle size; Phenomenex

Sphereclone) and a Milton Roy detector. The samples were analyzed using an

isocratic solvent system according to Qureshi et al. (1982).

ECF Derivatization

Cultured cells were elicited with 100 mg mL21 F. oxysporum elicitor. At 0

and 25 min, the supernatant was derivatized with a modification of the

protocol described by Huang et al. (1993). Briefly, 1 mL of each sample was

placed in a 15-mL glass tube. Then, 300 mL of ethanol, 100 mL of pyridine, and

100 mL of ECF were added. After vortexing, the samples were incubated in an

ultrasonic bath for 5 min. Following that, 50 mg of NaCl was added and the

samples were vortexed. Once the NaCl was dissolved, 75 mL of chloroform

and 25 mL of toluene were added and the samples were vortexed for 1 min.

Subsequently, all samples were centrifuged for 1 min at 3,000 rpm. One

hundred microliters of the chloroform-toluene fraction was transferred to a

GC vial for GC-MS analysis.

BSTFA Derivatization

Arabidopsis cells were elicited with 100 mg mL21 F. oxysporum elicitor. At

different time points, 10 mL of medium was vacuum filtered and 25 mg of

cells was collected in an Eppendorf tube and frozen in liquid nitrogen.

Samples were thawed on ice and extracted for 10 min in an ultrasonic bath at

room temperature in 200 mL of chloroform containing tritert-butylbenzene

and 4-phenylbutyric acid as internal standards. A water:methanol solution

(1:3, v/v) was prepared, and 800 mL of the solution was added. The samples

were extracted in an ultrasonic bath for 20 min. Following that, all samples

were centrifuged for 10 min at 5,000 rpm. Three hundred microliters of the

supernatant was taken in a sterile Eppendorf tube, and the samples were

concentrated to dryness in a SpeedVac at 45�C. To the dry samples, 20 mL of

methoxyamine hydrochloride (20mgmL21) was added, and the samples were

incubated overnight at room temperature to allow methoxymation of alde-

hydes and keto groups. Subsequently, 20 mL of BSTFA (containing 1%

trimethylchlorosilane) was added, and the samples were incubated at room

temperature for 1 h. Finally, 20 mL of hexane was added, and the samples were

transferred to a GC vial for GC-MS analysis.

GC-MS Conditions

Twomicroliters of the derivatized sample was injected in splitless mode by

a Hewlett-Packard 7673 autosampler into a Hewlett-Packard 5890 series II gas

chromatograph equipped with a 25-m 3 0.22-mm (i.d.) HT5 column. The gas

chromatograph was coupled to a Hewlett-Packard 5970 series mass selective

detector. The data obtained were analyzed with Chemstation software

(Agilent).

Preparation of Proteins for MS Analysis

Proteins were extracted from the cell walls of intact cells by the CaCl2
method and processed for SDS-PAGE as described previously (Wojtaszek

et al., 1995). Selected bands from SDS-PAGE gels were excised, cut into 1-mm2

pieces, and placed in nonstick Eppendorf tubes. To remove the Coomassie

blue, gel pieces were sequentially washed twice with ammonium bicarbonate

(ABC) followed by three to five consecutives washes in ABC:acetonitrile

(ACN; 1:1, v/v). The supernatant was removed after each washing step, and

gel pieces were dried in a SpeedVac for 10 min without heating. The dry gel

pieces were resuspended in 10 mM dithiothreitol in ABC and incubated for 1 h

at 56�C in order to reduce the proteins. The resulting free thiol (without

sulfhydryl) protein groups were alkylated by adding an equal volume of 55

mM iodoacetamide in ABC and incubating the reaction for 1 h in the dark. The

gel pieces were then washed three times with ACN:ABC (1:1, v/v) followed

by one wash with 100% ethanol. The dehydrated gel pieces were dried in a

SpeedVac for 10 min without heating. Dry gel pieces were rehydrated in 15 mL

of 12.5 mM trypsin (Promega) and 25 mL of ABC. The samples were incubated

for 16 h at 37�C. After incubation, the supernatant containing the digested

peptides was removed and transferred to a new tube. The remaining gel

pieces were then washed with 50% ACN in 3% trifluoroacetic acid for 10 min,

and the resulting supernatant was combined with the previous one. The gel

pieces were washed again in the same solution followed by an incubation of 5

min in an ultrasonic bath, and the resulting supernatant was combined with

the previous one. Finally, the gel pieces were washed in 100% ACN for 2 min.

The combination of all the supernatants was concentrated to 20 mL in a

SpeedVac and stored at 280�C until protein analysis.

Protein Sequencing

For multidimensional protein identification, nLC-nESI-MS/MS analysis

was performed using an Eksigent MDLC HPLC device attached to a Thermo

Scientific 7 Tesla LTQ-FT Ultra mass spectrometer operating in positive ion

mode operating in the positive ion mode. Tryptic peptides were filtered

through a 0.45-mm nylon filter, and 25-mL samples were injected in the HPLC-

MS system. A CVC Microtech analytical C18 column (Biobasic C18, 5-mm

particle size, 300-Å pore size, 10 cm x 75 mm) was used to separate peptides at

a flow rate of 300 nL/min using water with 0.1% formic acid as phase A and

ACN with 0.1% formic acid as phase B with the following gradient: 0 min, 1%

B; at 60 min, 75% B; washing at 100% B for 10 min; and reequilibrating the

column at initial conditions for 10 min. The mass spectrometer was operated

with the Thermo nanospray source without sheath or auxiliary gas, an ion-

spray voltage of 1800 V, and a capillary temperature of 200˚C. The mass

spectrometer was operated in data-dependent acquisition mode with a high

resolution (100,000 at 400 mass-to-charge ratio) survey scan (mass-to-charge

ratio, 350–1600), and data-dependent low-resolution MS/MS on the six most

abundant ions with dynamic exclusion after two MS/MS experiments.

Database searches of nLC-nESI-MS/MS mass spectra with Mascot (version

2.3, Matrix Sciences) included the following parameters: precursor mass

tolerance, 1.2 D; product ion mass tolerance, 0.6 D; peptide charge of +1, +2,

and +3; and trypsin for digesting enzyme with up to three missed cleavages

allowed. Viridiplantae proteins were searched using the nonredundant Na-

tional Center for Biotechnology Information database (National Center for

Biotechnology Information no. 20090430). Mascot reported that a score of 43

was required for 95% confidence in the peptide identification, whereas

manual examination of the measured delta mass between measured mass

and that calculated for the assigned peptide (delta; Supplemental Table S2)

revealed that nearly all assignments were achieved at less than 5 ppm,

substantially increasing confidence in the peptide identifications.

PCR and qRT-PCR

Total RNAwas extracted from plant material using the Qiagen RNeasy Mini

Kit (Qiagen). RT from total RNA was performed using the QuantiTect Reverse

Transcription Kit (Qiagen). PCR was carried out using GoTaq DNA Polymerase

(Promega) with gDNAor cDNA as the template. The product of each reactionwas

then analyzed by running the samples under constant voltage on an agarose gel

containing 13 SYBR Safe DNA gel stain (Invitrogen). The amplification products

were visualized under UV light. qRT-PCR was carried out using a Rotor-Gene Q

real-time machine (Qiagen) and SYBR Green Jump Start (Sigma). The program

used was as follows: 2 min at 94�C, followed by 45 cycles of 15 s at 94�C, 60 s at

58�C, and 20 s at 72�C. The run finished with a melting curve from 72�C to 95�C
with 1�C increments every 5 s The expression values were normalized against

tubulin b-9 chain. The sequences of the primers used for each gene are listed in

Supplemental Table S1.

Statistical Analyses

For all experiments, at least three independent replicates were performed

(unless otherwise stated). SE values are shown. All graphs and statistical

calculations were done in PRISM version 4.0 (GraphPad Software).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Mapping of the insertion sites in IG-2 and IG-3.
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Supplemental Figure S2. Insertion sites of the transformation cassette of

LerasFBP1 lines IG-2 and IG-3.

Supplemental Figure S3. H2O2 production in Ler (wt), IG-2, and IG-3 cell

cultures after MAMP elicitor treatment.

Supplemental Figure S4. Basal H2O2 levels in Ler (wt), IG-2, and IG-3.

Supplemental Figure S5. qRT-PCR quantification of transcript levels of

GADPH in Ler (wt) after elicitation with F. oxysporum extract pretreated

with sodium azide or DPI.

Supplemental Figure S6. Coomassie blue-stained SDS-PAGE gel of CaCl2-

extracted proteins from Ler (wt) and LerasFBP1 cell cultures in response

to F. oxysporum elicitor.

Supplemental Figure S7. GC-MS chromatogram of ECF derivatives of

elicited Ler (wt) cell culture.

Supplemental Figure S8. GC-MS chromatogram of ECF derivatives of

elicited LerasFBP1 cell culture.

Supplemental Figure S9. HPLC analysis and quantification of DNPH

derivatives.

Supplemental Table S1. List of primers used in this study for qRT-PCR,

RT-PCR, and genome-walking experiments.

Supplemental Table S2. List of peptides identified by in-gel trypsin

digestion of CaCl2-extracted cell wall proteins of Arabidopsis Ler (wt)

and LerasFBP1 cells.
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