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Arabidopsis peroxidase AtPRX53 influences
cell elongation and susceptibility
to Heterodera schachtii
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Cyst nematodes establish and maintain feeding sites (syncytia) in the roots of host plants by altering expression of host
genes. Among these genes are members of the large gene family of class lll peroxidases, which have reported functions in
a variety of biological processes. In this study, we used Arabidopsis-Heterodera schachtii as a model system to functionally
characterize peroxidase 53 (AtPRX53). Promoter assays showed that under non-infected conditions AtPRX53 is expressed
mainly in the root, the hypocotyl and the base of the pistil. Under infected conditions, the AtPRX53 promoter showed
upregulation at the nematode penetration sites and in their migration paths. Interestingly, strong GUS activity was
observed in H. schachtii-induced syncytia during the early stage of infection and remained strong in the syncytia of third-
stage juveniles. Also, AtPRX53 showed upregulation in response to wounding and jasmonic acid treatments. Manipulation
of AtPRX53 expression through overexpression and knockout mutation affected both plant morphology and nematode
susceptibility. While AtPRX53 overexpression lines exhibited short hypocotyls, aberrant flower development and reduced
nematode susceptibility to H. schachtii, the atprx53 mutant showed long hypocotyls and a 3-carpel silique phenotype as
well as a non-significant increase of nematode susceptibility. Taken together these data therefore indicate diverse roles

of AtPRX53 in the wound response, flower development and syncytium formation.

Introduction

Cyst nematodes are sedentary obligate biotrophic plant parasites
that cause severe yield loss to crops worldwide.! Infective second-
stage juveniles (J2) penetrate roots and then migrate intracel-
lularly in search of a suitable location to initiate a feeding site,
called a syncytium. The formation of the syncytium is a tightly
controlled process involving both the parasite and the host plant.
While nematode effector proteins, which are produced in the
esophageal gland cells and secreted into host plant cells through
the nematode stylet, are critical for the establishment of the feed-

ing sites and nematode parasitism,*¢

host factors also are pivotal
in this process.” Genome-wide expression profiling of the plant
response to cyst nematodes resulted in the identification of genes

that are regulated by cyst nematode infection.®'?

Despite con-
siderable progress in the identification of host genes responsive
to cyst nematode infection, little is known about the functional
roles of most of these genes during parasitism. Examination of
plant genes differentially expressed in response to cyst nematode
infection revealed that members of the peroxidase gene family

frequently are among the highly responsive genes,®'?

which sug-
gested important roles during parasitism.
The peroxidase superfamily is divided into three distantly

related structural classes.'” class I encompasses intracellular
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proteins and can be found in mostliving organisms but not
in animals. These peroxidases function mainly in detoxify-
ing excess H,O,."" Class II peroxidases are found exclusively
in fungi and mostly act in degrading soil debris.”” Class III
peroxidases are found in land plants and contain N-terminal
signal peptides for secretion to the cell wall or vacuoles.'®'®
Genes coding for class IIT peroxidases have been duplicated
extensively during evolution and thus form large gene fami-
lies in all land plant species studied.'® Some of these enzymes
have been shown to be involved in a wide range of physiologi-
cal and developmental processes, which include cross-linking of
cell wall components during cell wall formation and modifica-

2122 suberization® and auxin catabolism.?

tion,"”?" lignification,
Accumulated experimental evidence also implicates class 111
peroxidases in plant defense responses to pathogen/pest attacks,

such as bacteria,”?’ fungi,” viruses,? insects®

and cyst nema-
todes.?! Two major functional roles have been attributed to class
IIT peroxidases in response to pathogen attack. The first role is
the cross-linking of cell wall components, which strengthens
cell walls to impede pathogen invasion.?>% A second role lies
in the ability to generate reactive oxygen species (ROS) that
produce adverse circumstances for pathogen survival?**% and/
or trigger downstream signaling pathways to activate additional

defense mechanisms.?>3¢
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Figure 1. Expression analysis of AtPRX53 in response to nematode infection. (A) Upregulation of AtPRX53 mRNA in wild-type Arabidopsis (Col-0) roots
in response to Heterodera schachtii infection relative to the non-infected control. The expression levels of AtPRX53 were quantified by quantitative
real-time RT-PCR (gPCR) in root tissues of wild-type plants. Infected and non-infected roots were collected at 3, 8 and 14 d post inoculation (dpi). Data
are averages of three biologically independent experiments. Actin8 was used as internal control to normalize mRNA expression levels. Mean values
significantly different from the non-infected control were determined by unadjusted paired t-tests. Asterisks indicate mean fold-changes significantly
different from those of non-infected wild-type roots (p < 0.05). (B-K) Histochemical localization of GUS activity in transgenic Arabidopsis plants
harboring the pAtPRX53:GUS construct. Three independent homozygous T, lines expressing the pAtPRX53:GUS construct were generated, and GUS
activity was histochemically analyzed in both non-infected and infected plants. (B) through (G), GUS staining in non-infected plants. Whole mount (B),
close-up of main root tip (C), emerging lateral root (D and E), flower (F) and developing silique (G). (H) through (J), GUS staining in plants infected with
Heterodera schachtii. Arrows point to nematodes and S indicates syncytium. Three days post inoculation (dpi) (H), 8 dpi (I) and 14 dpi (J), J3 nematode
(1) with syncytium (S1); male (2) with syncytium (S2); mature female (3) with syncytium (S3). (K) GUS staining in root tissue wounded by stabbing with a

The Arabidopsis (Arabidopsis thaliana) genome contains 73
genes predicted to encode class III peroxidases, of which only few
have been functionally characterized.”*>¥” A further understand-
ing of peroxidase functions, thus, is of prime interest. One mem-
ber of the Arabidopsis class I1I peroxidase gene family, A2PRX53,
previouly has been shown to be upregulated by Heterodera schachti
infection.®'? In the current study, we addressed the potential role
of AtPRX53 during plant-nematode interactions. Using promoter
activity assays we showed that AzPRX53 is strongly upregulated
in H. schachtii-induced feeding sites during early infection. Gain-
and loss-of-function mutations showed effects on plant morphol-
ogy as well as on susceptibility to H. schachtii. Analysis of all data
presented here suggests that A#PRX53 most likely is involved in
cross-linking of cell wall compounds during H. schachtii-induced
syncytium growth.

Results

AtPRX53 is upregulated in response to Heterodera schachtii
infection, wounding and jasmonic acid treatment. To begin
investigating the function of A#PRX53 in the plant response to
cyst nematode infection, we used quantitative real-time RT-PCR
(gPCR) assays to assess the mRNA expression profile using
gene-specific primers designed to discriminate between different
members of the peroxidase gene family. Ten-day-old wild-type
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Arabidopsis seedlings (Col-0) were inoculated with H. schachtii,
and root tissues were harvested from both infected and non-
infected plants at 3, 8 and 14 d post inoculation (dpi) for RNA
extraction. Data from three independent experiments showed
significant upregulation of AsPRX53 in H. schachtii-infected
roots at 3 and 8 dpi relative to non-infected roots (Fig. 1A),
thus, confirming the 3 dpi observation of Puthoff et al. At 14
dpi, AzPRX53 mRNA abundance was decreased to non-infected
control levels (Fig. 1A).

In order to identify where the APRX53 gene was expressed
in the developing plant and infected roots, we generated trans-
genic Arabidopsis lines expressing the B-glucuronidase (GUS)
reporter gene under the control of the AzPRX53 promoter. Three
independent transgenic lines were analyzed and showed simi-
lar results. Under non-infected conditions, GUS activity was
detected in the vascular tissues of the primary root but not in
the meristem or the elongation zone of 3-d-old plants (Fig. 1B
and C). GUS staining was also observed in the lateral roots
10-d-old plants (Fig. 1D and E). In shoots of non-infected
plants, GUS activity was discovered in the hypocotyl (Fig. 1B),
the base of the pistil (Fig. 1F), and the internode of the silique
(Fig. 1G). Under infected conditions, the A#PRX53 promoter
showed activity at the site of root penetration of nematodes and
in their migration paths (data not shown). Strong GUS activity
was detectable in H. schachtii-induced syncytia as early as 3 dpi
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Table 1. Putative regulatory cis-elements present in the 986 bp promoter region upstream of the AtPRX53 translation start codon

Motif Sequence Annotation Location (strand)

ABRE ACG TG Abscisic acid response-like element 454,792 ()
ELRECOREPCRP1 TTG ACC Salicylic acid and elicitor-responsive element 591

ERELEE4 ATTTCA AA Ethylene-responsive element 818
MYB WAA CCA Drought and abscisic acid-responsive element 247 (-)

NEMATODE-box CAATTG Nematode-responsive box 401, 685
T/GBOXATPIN2 AAC GTG Jasmonic acid-responsive element 453,792 (-)

W-box TTG AC Salicylic acid-responsive element 591, 135 (), 846 (-)

WRKY710S TGA C Defense-responsive element 333,399, 592, 135 (-), 846 (-), 915 (-)

Putative regulatory cis-elements were identified by the PLACE database.*® Location denotes the position of the first input nucleotide from the 5' end of

the promoter fragment. (-) denotes the antisense strand.

(Fig. 1H), which was sustained also at 8 dpi (Fig. 1I).
At 14 dpi, GUS activity remained strong in the syncy-
tia of third-stage juveniles, but only weak or no GUS
staining could be detected in the syncytia of fourth-
stage females or males (Fig. 1J). These data implicated
AtPRX53 in playing a role in the wound response and
syncytium initiation and development.

Because we observed GUS activity at the sites of
nematode penetration and migration, we tested whether
the expression of AzPRX53 can also be activated in
response to wounding alone. Roots of pAtPRX53:GUS
seedlings were wounded, and 3 d post treatment GUS
activity was histochemically assayed. GUS expression
increased around wounding sites (Fig. 1K), which sug-
gested that activation of A#PRX53 is part of the plant
wound response associated with the early infection
process.

Since jasmonic acid (JA) is well known as an essential
signal in wound-induced gene expression, we assessed
whether the A#PRX53 promoter contains JA-responsive
cis-elements by scanning the A#PRX53 promoter region

A DsTransposon

ATG TGA

AtPrx53

Actin8

AN e

atprx53 Ler

Figure 2. Characterization of the Arabidopsis atprx53 mutant. (A) Schematic rep-
resentation of the atprx53 mutant allele used in this study showing the location

of Ds transposon insertion. Black boxes indicate exons and lines between black
boxes indicate introns. AtPRX53 encompasses four exons and three introns and the
Ds transposon is located at the third exon, 550 bp downstream of the translation
start codon. The translation start codon (ATG) and stop codon (TGA) are indicated.
(B) AtPRX53 mRNA accumulation in the atprx53 mutant. AtPRX53 mRNA abundance
was determined by qPCR using gene-specific primers. The PCR products were
resolved on a syber safe-stained 2% agarose gel. No PCR products were detected
after 40 cycles of amplification of cDNA from homozygous atprx53 mutants,

using the PLACE (Plant cis-acting elements) data-
base.?® Two JA-responsive cis elements® were identified

whereas specific amplifications were detected after amplification of cDNA from
wild-type plants (Ler). Arabidopsis Actin8 was used an internal positive control.

(Table 1), potentially explaining the wound-responsive-
ness of the AtPRX53 promoter. We further investigated
the mRNA expression level of A#PRX53 in response to JA treat-
ment. In this experiment, 10-d-old Arabidopsis wild-type seed-
lings were treated with 100 wM methyl jasmonic acid (MeJA),
and after 48 h, root tissues were collected for RNA extraction
and qPCR analyses. Data obtained from three biological sam-
ples revealed a statistically significant 35-fold upregulation of
AtPRX53 in MeJA-treated roots compared with the non-treated
control. Also, our analysis revealed that the A#PRX53 promoter
contains other stress-responsive elements including ethylene-!
and ABA-* responsive cis-elements as well as two nematode
boxes described by Escobar et al. (Table 1). Though these regu-
latory cis-elements are potentially interesting, their functional-
ity was not pursued further in this study.

Morphology and nematode susceptibility as a function of
altered AtPRX53 expression. To study the phenotypic effects
of altered AtPRX53 expression, we obtained a Ds transposon
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insertional mutant line (azprx53) from the Cold Spring Harbor
Laboratory mutant collection.** Sequence analysis revealed
that the Ds transposon was inserted into the third exon
(Fig. 2A). The mRNA expression level of AtPRX53 was quanti-
fied in wild-type plants (Ler) and the homozygous mutant line
using qPCR. No AzPRX53 mRNA was detected after 40 cycles
of amplification of ¢cDNA from homozygous mutant plants
(Fig. 2B). Morphological analyses of azprx53 mutant revealed a
long hypocotyl phenotype relative to wild-type plants (Fig. 3A).
We also discovered at least one 3-carpel silique in 68% of the
atprx53 mutant plants assayed (Fig. 3B—E) while this pheno-
type was entirely absent from the wild type (Ler). In order to
scrutinize this phenotype, we overexpressed the AtPRX53 cod-
ing sequence in the azprx53 mutant. The 3-carpel silique pheno-
type was partially rescued in that only 14% of the transgenic T'1
plants exhibited this alteration, thereby validating this silique
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Figure 3. Phenotype of Arabidopsis lines with altered AtPRX53 expres-
sion. (A) Hypocotyl length of the atprx53 mutant and a representative
transgenic Arabidopsis AtPRX53 overexpression line (AtPRX530E).
Homozygous atprx53 mutant and T, homozygous AtPRX530E exhibited
longer and shorter hypocotyls, respectively, than the corresponding
wild type. Data are presented as means of 30 plants + the standard
error (SE). Asterisks indicate mean values significantly different from the
wild type (p < 0.05). (B-G) Flower and silique phenotypes. Wild-type
(Ler) silique longitudinal view (B) and cross section (C) with two carpels.
atprx53 mutant silique longitudinal view (D) and cross section (E) with
three carpels. Single wild-type (Col-0) silique (F) and AtPRX530E double
siliques (G).

phenotype as a consequence of the azprx53 mutant allele despite
its low penetrance.

In order to evaluate the influence of A#PRX53 on nematode
susceptibility, the azprx53 mutant along with the wild type were
subjected to cyst nematode susceptibility assays. Ten-day-old
plants were inoculated with H. schachtii ]2 nematodes and the
number of J4 females was determined three weeks after inocu-
lation and used to quantify plant susceptibility. As shown in
Figure 4A, a trend of increased susceptibility of the azprx53
mutant compared with the wild type was detected, although this
increase was statistically non-significant. Because we found that
reduced A#PRX53 expression can affect both plant morphology
and nematode susceptibility, it was particularly interesting to see
whether elevated AtPRX53 expression would produce opposite
phenotypes. To investigate this, we generated transgenic lines
overexpressing the AtPRX53 coding sequence in the Col-0 back-
ground under the control of the CaMV 35S promoter. Three
independent homozygous T, lines with confirmed A#PRX53
mRNA abundance increases were phenotypically investigated.
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In contrast to the azprx53 mutant, AtPRX53 overexpression lines
exhibited significantly shorter hypocotyl lengths than the wild
type (Fig. 3A). As was conducted for the atprx53 mutant, we
assayed AtPRX53-overexpressing T, lines along with wild-type
plants for susceptibility to H. schachtii in four independent exper-
iments. Compared with the wild type, A#PRX53 overexpression
plants exhibited reduced susceptibility to H. schachtii (Fig. 4B).
We also discovered altered silique morphology. We reproducibly
observed a double silique phenotype in AtPRX53 overexpres-
sion lines albeit at a low frequency, i.e., ~5% of the tested plants
showed at least one double silique (Fig. 3F and G).

AtPRX53 is not involved in lignification or ROS-mediated
defense responses. As has been reported, AcPRX53 may func-
tion in lignifications.?! We, therefore, tested the lignin deposition
in the roots of the A#PRX53 overexpression lines as compared
with the wild type at 3, 8 and 14 dpi with H. schachtii using
phloroglucinol staining, which produces a reddish color in lig-
nified cells. No clear differences between the tested lines could
be observed (Fig. S1). After nematode infection, lignin stain-
ing was visible around the nematode head in two genotypes but
never in or around the syncytium, i.e., the location where we had
observed strong AtPRX53 promoter activity (Fig. 1H and I). We,
therefore, conclude that AtPRX53 has no observable function in
lignification during cyst-nematode infection.

Peroxidases have been demonstrated to play a role in generat-
ing reactive oxygen species (ROS), which in turn function as
signaling molecules in defense responses.®* If AcPRX53 had a
function in ROS generation then this activity should be reflected
in changes of mRNA abundances of pathogenesis-related (PR)
genes. In particular, PR genes should be upregulated in AzPRX53
overexpression lines. To test this hypothesis, we quantified the
expression level of seven PR genes (PRI, PR2, PR3, PR4, PR6,
PDF1.2 and PAD4) in the roots of AtPRX53 overexpression
lines and wild-type plants using qPCR. Data obtained from
three independent experiments showed that the expression lev-
els of PRI, PR2 and PR3 were similar to those in the wild type
(Fig. 5), while PR6 and PDFI.2 were undetectable in roots. In
contrast, PR4 and PAD4 showed significant downregulation in
the roots of AtPRX53 overexpression plants compared with the
wild-type plants. Absence of upregulation of PR genes in the
tested AtPRX53 overexpression lines indicates that AtPRX53
does not function in ROS-mediated activation of defense
response signaling in roots during cyst nematode parasitism.
In addition, quantification of ROS in the A#PRX53 overexpres-
sion and wild-type plants using 3,3'-diaminobenzidine (DAB)
showed no significant differences (data not shown) supporting
the above conclusion.

Discussion

Secreted class IIT peroxidases represent a large plant protein fam-
ily believed to be involved in a variety of physiological processes
such as auxin catabolism, lignification, suberization, defense
responses and cell wall cross-linking.”” Functional characteriza-
tion of individual isoforms is complicated because of genetic
redundancies and low substrate specificities in vitro. In this study,
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Figure 4. Nematode susceptibility assays of the atprx53 mutant and
three AtPRX530E lines. (A) The atprx53 mutant showed a consistent
trend of increased susceptibility to Heterodera schachtii in four experi-
ments (Exp) with Exp 1 showing statistically significant effects. (B) Two
out of three AtPRX530E lines showed significantly reduced susceptibil-
ity to H. schachtii. Arabidopsis plants were planted into 12-well plates
containing modified Knop’s medium, and ten-day-old plants were
inoculated with ~200 surface-sterilized H. schachtii second-stage juve-
niles per plant. Three weeks after inoculation, the number of fourth-
stage (J4) females per plant was determined. Mean values significantly
different from the corresponding wild type were determined by modi-
fied t-test (p < 0.05).

we report on our work to determine the roles of AtPRX53 in plant
development and cyst nematode parasitism.

Using promoter-GUS fusion assays, we demonstrated that the
AtPRX53 promoter was active in the root vascular tissue, the sites
of lateral root emergence as well as in the base of the flowers and
maturing siliques. These spatial expression profiles are very simi-
lar to those obtained by Ostergaard et al.*! suggesting a specific
function in these organs. Because our qPCR studies revealed a
significant increase of AtPRX53 mRNA abundance eatly on dur-
ing cyst nematode infection when penetration and migration
through root tissues are associated with massive wounding of
root tissues, we tested whether the expression of A#PRX53 can
be induced by wounding. In this experiment, we showed that
the AtPRX53 promoter in fact is wound-responsive. Wounding
and pathogen responses share overlapping signaling pathways**°
in which JA is a key factor.’! Therefore, we tested the AzPRX53

expression in response to JA application and found that A#PRX53
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Figure 5. Pathogenesis-related (PR) gene expression in a representative
Arabidopsis line overexpressing AtPRX53 (AtPRX530E). mRNA expres-
sion levels of PR genes were quantified by gPCR in root tissues of a
representative AtPRX530E line and wild-type plants 10 d after planting.
Data are averages of three biologically independent experiments. Ac-
tin8 was used as internal control to normalize mRNA expression levels.
Mean values significantly different from the wild type were determined
by unadjusted paired t-tests. Asterisks indicate mean fold-changes
significantly different from wild-type roots (p < 0.05).

expression was highly upregulated after JA treatment. This result
is consistent with the existence of two JA-responsive cis-elements
in AtPRX53 promoter. In addition, AzPRX53 promoter contains
two abscisic acid response-like elements (ABRE motif, Table 1).
While we did not test the function of these cis elements, several
pieces of evidence indicate that the expression of some peroxi-
dase genes is controlled by abscisicacid.’** Whether nematodes-
induce AtPRX53 expression is abscisic acid-dependent needs
further investigation.

However, when assaying GUS activity following cyst nema-
tode infection, we documented higher GUS activity not only at
the site of penetration or the migration path, but rather in the
developing syncytium at 3 and 8 d post H. schachtii inoculation.
Once the syncytium had assumed its maximum size (14 dpi), pro-
moter activity largely ceased, demonstrating a role for AZPRX53
only in the early stages of nematode infection when initiation
and expansion of the syncytium are taking place. In other words,
the role of AtPRX53 during cyst nematode infection most likely
is part of a classical plant wound response but also is associated
directly with the growing syncytium.

Interestingly, the aprx53 mutant showed a trend of non-sig-
nificant increase of nematode susceptibility to cyst nematodes.
In contrast, AtPRX53 overexpression lines exhibited a reduced
nematode susceptibility phenotype. These data provide a con-
vincing reason to claim an important role of AtPRX53 during
plant-nematode interactions. Also, azprx53 mutant and A2PRX53
overexpression plants exhibited opposite morphological changes.
While the atprx53 mutant showed long hypocotyl and three-
carpel silique phenotypes, the A#PRX53 overexpression lines
exhibited short hypocotyls as well as aberrant flower organ num-
bers in that two pistils originated from one flower. In agreement
with Ostergaard et al.> we found that the A#PRX53 promoter
was highly active in the base tissues of flowers corroborating our
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discovery of these morphological aberrations in the knockout and
overexpression mutants. In other words, the three-carpel silique
phenotype found in the azprx53 mutant is most likely associated
with the absence of A#PRX53 activity, and the constitutive over-
expression of AtPRX53 resulted in morphological changes in the
same tissue, asserting a likely function of A#PRX53 in the forma-
tion of the Arabidopsis pistil.

AtPRX53, as an extracellular peroxidase, was first isolated
from highly lignifying Arabidopsis cell suspension culture, sug-
gesting a role of this gene in lignin biosynthesis.?"** However, we
did not detect any clear lignin deposition differences between
Arabidopsis lines with increased AtPRX53 expression and the
corresponding wild-type plants using phloroglucinol staining.
Lignin deposition was only observed around the nematode head
and to comparable degrees in all tested lines suggesting that
AtPRX53 does not play a major role in lignification during the
expansion of the nematode feeding site.

Another known function of peroxidases is generating ROS
in SA-, JA- or ET-mediated defense response pathways.?® To test
whether AtPRX53 functions in this manner, we quantified the
expression of PR genes in AtPRX53 overexpression plants using
gqPCR. None of the PR genes showed upregulation in the trans-
genic plants overexpressing AtPRX53 relative to the wild type.
In contrast, two-PR genes, PR4 and PAD4, exhibited significant
downregulated indicating that AzPRX53 likely is not involved in
the generation of ROS and the activation of defense responses.

An additional possible role of AtPRX53 is mediating cell
growth through several different mechanisms.”® First, peroxi-
dases can activate cell elongation by generating ROS to cleave cell
wall polymers, which loosens the cell wall, resulting inincreased

cell size.>®

5% As a second possibility, peroxidases can induce cell
growth also through TAA signaling pathways.“ i.e., Cosio et al.*
found that transgenic Arabidopsis constitutively expressing a
zucchini peroxidase, which showed an auxin oxidase activity in
vitro, exhibited longer hypocotyl lengths than wild-type plants.
In both cases, increased peroxidase activity led to increased cell
size. However, our data showed the exact opposite phenotypes
of short hypocotyls in the A#PRX53 overexpression line and long
hypocotyls in the mutant line, which argues against a role of
AtPRX53 in mediating cell elongation through cell wall loosen-
ing or auxin catabolism.

A shortened or lengthened hypocotyl is a clear indicator of
reduced or activated cell elongation, respectively, as no further cell
divisions are taking place in this plant tissue.”” Our observation
of reduced hypocotyl length in the A#PRX53 overexpression lines
and increased length in the azprx53 mutant, therefore, suggested
a strong negative effect of AtPRX53 on cell elongation. In fact,
plant peroxidases have been reported to inhibit cell elongation
by catalyzing cross linking of phenolic groups and proteins such

as extensins?%%°

or compounds like ferulic acid, monolignol and
aliphatic components.'”®""®* The short and long hypocotyl phe-
notypes found in AtPRX53 overexpression and atprx53 mutant
lines, respectively, provide strong support for the hypothesis that
AtPRX53 could catalyze the cross linking of cell wall compounds
to modulate, or potentially counteract, cell elongation. Such a role

also makes sense with regard to the expression of AtPRX53 in the
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developing syncytium. After a competent cell is selected by the
nematode, substantial cell wall changes and cell expansions occur
as can be seen by the conspicuous swelling of Arabidopsis roots in
the area of a syncytium. Cell wall cross linking during this phase
appears to be a crucial component of controlled expansion of this
novel plant organ. Once the syncytium is fully developed, the cell
wall reorganization and extension discontinue and the expression
of AtPRX53 is inhibited, which is what we observed in our stud-
ies where the A#PRX53 promoter was inactivated in the mature
syncytium at 14 dpi. Consistent with this hypothesis, AZPRX53
is not expressed in the zone of root elongation but becomes active
only in adjacent older root tissues, i.e., when cells cease growth
and their cell walls need to harden.

Such a scenario could also explain the reduced susceptibility of
AtPRX53 overexpression lines, which most likely is due to a rein-
forcement of cell walls, which could impede H. schachtii infec-
tion. The weak effect of AtPRX53 overexpression on nematode
susceptibility could be due to the fact that early reinforcement of
cell walls was not strong enough to inhibit A. schachtii invasion.
The fact that the Arabidopsis genome contains a high number
of genes coding for peroxidases with likely redundant functions
could explain the only slight effect of the a#prx53 mutant on
nematode susceptibility. In this context, A¢Prx54 which shares
73% amino acid identity with A#PRX53 in addition to several
cis-regulatory elements® showed a considerable upregulation (-5
fold) at 3 dpi with A. schachtii (data not shown). This common
transcriptional regulation in response to H. schachtii infection
reinforces a potential role of these peroxidases in cell wall cross
linking.

Materials and Methods

Plant materials and growth conditions. Arabidopsis [ecotype
Columbia-0 (Col-0) and Landsberg erecta (Ler)] were used in
this study. Seeds were surface-sterilized in 50% commercial
bleach with 0.1% Tween20 for 5 min followed by five washes
in sterile water. Plants were grown on Murashige and Skoog
(MS) medium (PlantMedia, Catalog: 30630067-1) containing
2% sucrose solidified with 0.8% Phyto Agar (Research Products
International Corp., Catalog: A20300-1000.0) or in Metro-Mix
200 soil mixture (Sun Gro Horticulture) in a growth chamber
(16 h light/8 h dark) at 23°C.

Identification of azprx53 mutant. One Ds transposon inser-
tional mutant (ET11708, azprx53) in the Ler background was
obtained from the Cold Spring Harbor Laboratory mutant col-
lection.** Sequence analysis revealed that the Ds transposon
element is inserted in exon 3,550 bp downstream of the trans-
lation start codon. The homozygosity of this mutant was veri-
fied using the primer pairs Forward/Ds3-4, Reverse/Ds5-4 and
Foward/Reverse (Table S1) and the mRNA expression level was
quantified by quantitative real-time RT-PCR (qPCR) using gene-
specific primers for AzPRX53 (Table S1).

Plasmid construction and generation of trans-
genic Arabidopsis lines. For the A#PRX53 promoter:GUS
(pAtPRX53:GUS) construct, a 986 bp fragment upstream of the
translation start codon of the A#PRX53 gene was amplified from
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genomic DNA using primer pairs containing Sall and BamH1
restriction sites in the forward and reverse primers, respec-
tively (Table S1). PCR products were digested, gel purified and
cloned into Sa/l/BamH1 sites of the binary vector pBI101. For
the overexpression construct, the coding sequence of A#PRX53
was amplified from Arabidopsis cDNA using gene-specific prim-
ers designed to create the BamHI and Sacl restriction sites in
AtPRX53 forward and reverse primers, respectively (Table S1).
The amplified AtPRX53 fragment was then cloned into the
respective sites in the binary vector pBI121. All constructs were
confirmed by sequencing and introduced into Arabidopsis by
Agrobacterium tumefaciens-mediated transformation following
the floral dip method.®

Nematode susceptibility assay. Arabidopsis seeds of trans-
genic homozygous T, lines, azprx53 mutant and wild-type con-
trols (Col-0 or Ler) were surface sterilized and planted in a random
block design in 12-well Falcon culture plates (BD Biosciences,
Catalog: 353043) containing modified Knop’s medium® solidi-
fied with 0.8% Daishin agar (Brunschwig Chemie, Catalog:
A20350-1000.0). Plants were grown at 26°C under 16 h light/8
h dark conditions. Ten-day-old seedlings were inoculated with
~200 surface-sterilized ]2 Heterodera schachtii as previously
described by Baum et al.% Inoculated plants were maintained
under the conditions described above. Three weeks post inocula-
tion, the number-of H. schachtii J4 females was counted using
a dissecting microscope. Each plant line was replicated at least
15 times, and four independent experiments were performed.
Average numbers of J4 females were calculated, and statistically
significant differences between plant lines and the corresponding
wild-type control were determined in a modified ttest using the
statistical software package SAS.

Histochemical detection of GUS activity. The histochemi-
cal detection of GUS activity was performed with the substrate
5-bromo-4-chloro-3-indolylglucuronide ~ (X-Gluc,  Research
Products International Corp., Catalog: B72200-1.0) according
to Jefferson et al. At different time points post inoculation with
H. schachtii, both infected and non-infected plants were stained
with GUS solution at 37°C overnight. After GUS staining, plants
were incubated in 70% ethanol to remove chlorophyll from the
green tissues. Stained tissues were observed and photographed
with a Zeiss Axiovert 100 microscope.

Wounding treatment. Wounding treatment was performed
by repeatedly piercing whole Arabidopsis roots with a needle.
Three days after wounding, whole roots were stained with GUS
solution at 37°C overnight.

Quantitative real-time RT-PCR (qPCR). Total RNA was
extracted from approximately 100 mg Arabidopsis roots using
the RNAqueous kit (Ambion, Catalog: AM1912) following the
manufacturer’s instructions. Genomic DNA contamination was
completely removed from the samples by DNase I (Invitrogen,
Catalog: 18068-015) treatment. Gene-specific primers to
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Arabidopsis AtPRX53, PRI, PR2, PR3, PR4, PR6, PDFI.2,
PAD4 and Actin8 were designed and used in qPCR (Table S1).
Gene expression levels were quantified in three independent bio-
logical samples, each consisting of four technical replicates. PCR
reactions were run in an ICycler (Bio-Rad). PCR program and
quantification of the relative changes in gene expression were
conducted as previously described in reference 69.

Hypocotyl length measurement. For hypocotyl length
measurement, Arabidopsis seeds were planted in Petri dishes
(150 x 15 mm) containing modified Knop’s medium. Plates were
incubated vertically in a growth chamber at 26°C under 16 h
light/8 h dark condition. Seven days after planting, the hypo-
cotyl length of at least 30 plants per line was measured in three
independent experiments. Statistically significant differences
between transgenic line and the corresponding wild-type control
were determined by unadjusted unpaired ttest (p < 0.05).

Phloroglucinol histochemical staining of Arabidopsis
roots. Arabidopsis roots, collected at 3, 8 and 14 d post
inoculation, were fixed overnight in FAA solution (50%
ethonal:formaldehyde:acetic acid = 18:1:1) at 4°C. After remov-
ing fixation solution, 1% phloroglucinol solution was added to
the roots for 5 min. Stained tissues were observed and photo-
graphed with a Zeiss Axiovert 100 microscope within 15 min of
phloroglucinol staining.””

Hydrogen peroxide staining of Arabidopsis roots. AtPRX53
overexpression and wild-type roots were treated with 1 mg/l
3,3-Diaminobenzidine (DAB) (Acros Organics, Catalog:
AC11209-0050) in 50 mM TRIS-acetate buffer, pH 5.0, at 25°C
for 24 h in the dark.” Stained roots were observed under a Zeiss
Axiovert 100 microscope.

Accession Numbers

AtPRX53: At5g06720, PRI: At2gl4610, PR2: At3g57260,
PR3: At3g12500, PR4: At3g04720, PRG: At2g38900, PDFI.2:
At5g44420, PAD4: At3g52430 and Actin8: Atlg49240.
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