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The structure of the cell wall has a major impact on plant growth and development, and alteration of cell wall structural
components is often detrimental to biomass production. However, the molecular mechanisms responsible for these negative
effects are largely unknown. Arabidopsis (Arabidopsis thaliana) plants with altered pectin composition because of either the
expression of the Aspergillus niger polygalacturonase II (AnPGII; 355:AnPGII plants) or a mutation in the QUASIMODO2 (QUA?2)
gene that encodes a putative pectin methyltransferase (qua2-1 plants), display severe growth defects. Here, we show that
expression of Arabidopsis PEROXIDASE71 (AtPRX71), encoding a class III peroxidase, strongly increases in 355:AnPGII and
qua2-1 plants as well as in response to treatments with the cellulose synthase inhibitor isoxaben, which also impairs cell wall
integrity. Analysis of atprx71 loss-of-function mutants and plants overexpressing AtPRX71 indicates that this gene negatively
influences Arabidopsis growth at different stages of development, likely limiting cell expansion. The atprx71-1 mutation partially
suppresses the dwarf phenotype of qua2-1, suggesting that AtPRX71 contributes to the growth defects observed in plants
undergoing cell wall damage. Furthermore, AtPRX71 seems to promote the production of reactive oxygen species in qua2-1
plants as well as plants treated with isoxaben. We propose that AtPRX71 contributes to strengthen cell walls, therefore restricting

cell expansion, during normal growth and in response to cell wall damage.

The cell wall is a complex, multifunctional and dy-
namic structure that provides mechanical support to
plant cells, and it is involved in cell adhesion, defense
against pathogens, regulation of metabolic functions, and
cell-to-cell communication (Keegstra, 2010). Cell walls
are usually composed of polysaccharides (cellulose,
hemicelluloses, and pectins), phenolic compounds (e.g.
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ferulic acid and lignin), and proteins (Carpita and
McCann, 2000). In the apoplast, cellulose microfibrils are
associated to hemicelluloses, such as xyloglucans (XGs),
producing a network embedded in a matrix of pectins.
The latter are mainly composed of linear chains of
homogalacturonan (HG) and branched chains of rham-
nogalacturonans. Pectins are abundant in the middle la-
mella, where they ensure cell adhesion, as well as in
primary and, to a lesser degree, secondary walls (Willats
etal.,, 2001). HG is synthesized in a highly esterified form
in the Golgi apparatus (Zhang and Staehelin, 1992) and
then secreted in the apoplast, where pectin methyl-
esterases remove part of the methyl groups (Pelloux et al.,
2007). Free carboxylic groups allow the formation of so-
called egg box structures, in which adjacent HG chains
are linked by calcium-mediated ionic bridges, making the
pectin matrix more rigid (Micheli, 2001). Pectins can also
form other types of interactions, such as covalent cross
links with other cell wall polysaccharides, phenolic
compounds, and proteins (Caffall and Mohnen, 2009;
Tan et al., 2013).

The wall structure influences both the extent and the
direction of cell expansion (Mirabet et al, 2011).
Growth takes place perpendicularly to the direction of
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cellulose microfibrils, which are deposited along the
perpendicular axis of the cell, providing resistance to
turgor pressure and extensibility along the longitudinal
axis (Crowell et al., 2010). Two major classes of proteins
have been proposed to promote cell wall expansion: XG
endotransglycosylases, which cleave XG chains and
link together the newly generated reduced end to a new
XG chain (Fry et al., 1992), and expansins, which promote
primary cell walls relaxation by disrupting cellulose-
hemicellulose noncovalent links (Cosgrove, 2000). Dur-
ing expansion, the cell wall is relaxed, whereas turgor
forces induce its deformation; subsequently, expansin
inhibition and formation of cross links between structural
proteins (such as extensins), polysaccharides, and/or
monolignols cause wall stiffening and, consequently,
slow down expansion (Wolf et al., 2009).

Regulation of apoplastic levels of reactive oxygen spe-
cies (ROS) is important to determine cell expansion rate
and organ size (Gapper and Dolan, 2006). ROS produc-
tion in the cell wall is controlled, both under physiological
conditions and in response to environmental stimuli, by
several classes of enzymes, most prominently plasma
membrane NADPH oxidases (Torres and Dangl, 2005)
and class Il peroxidases (CIII Prxs; Bolwell et al., 1999;
Cosio and Dunand, 2009). NADPH oxidases, commonly
known as respiratory burst oxidase homologs (Rbohs),
are transmembrane proteins that oxidize cytoplasmic
NADPH, translocate electrons across the plasma mem-
brane, and generate superoxide radicals in the cell wall
(Torres et al., 2002; Torres and Dangl, 2005). Superoxide
radicals are then rapidly converted into hydrogen
peroxide (H,0O,) either spontaneously or in a reaction
catalyzed by superoxide dismutases (Bolwell et al., 1999).

CIII Prxs are heme-containing enzymes secreted in the
extracellular space or the vacuole, where they perform two
different enzymatic cycles, namely the peroxidative and
hydroxylic cycles (Welinder et al.,, 2002; Passardi et al.,
2004). During the peroxidative cycle, the enzyme uses
H,0, as an oxidant in a two-step reaction to convert dif-
ferent substrates, including cell wall phenolic compounds
and structural proteins, into free radicals that can subse-
quently combine together to form covalent linkages. This
activity contributes to cell wall stiffening and therefore
limits growth. CIII Prxs can also cause cell wall loosening
through the hydroxylic cycle, in which H,0, and O, are
used in a Fenton-type reaction to generate hydroxyl radi-
cals, including *OH, that lead to nonenzymatic cleavage of
polysaccharides (Chen and Schopfer, 1999; Dunand et al.,
2003; Passardi et al., 2005). CIII Prxs can, therefore, play
opposite roles in cell expansion, being able to cause both
wall stiffening and loosening, depending on the growth
conditions. CIII Prxs can also generate O, ", which is then
dismutated into H,O,, through the oxidation of NAD(P)H.
These enzymes can both positively and negatively mod-
ulate apoplastic ROS levels (Passardi et al., 2004).

The enzymatic characteristics of CIII Prxs allow them
to participate in a wide range of physiological pro-
cesses, including seed germination, plant growth, and
elongation and defense against pathogens, as well as
the catabolism of several extracellular molecules,
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including auxins (Hiraga et al., 2001). CIII Prxs are also
involved in lignification through the H,0,-dependent
generation of monolignol phenoxy radicals that spon-
taneously form lignin polymers (Marjamaa et al., 2009).
Lignin monomers can also cross link cell wall polysac-
charides, including pectins, through ferulate bridges or
diferulate bonds formed by CIII Prxs in the presence of
H,0, (liyama et al., 1994). Notably, in some plant species,
CIII Prxs-mediated cross links between ferulic acid and
pectins arrest cell expansion (liyama et al., 1994). Lastly,
CIII Prxs can cross link Tyr and Lys residues of extensins,
contributing to the formation of a dense network within
the cell wall (Schnabelrauch et al., 1996).

CIII Prxs likely appeared when plants colonized land
and subsequently underwent a high rate of gene du-
plication, with the consequent increase of functional
specialization (Passardi et al., 2005). For instance, the
Arabidopsis (Arabidopsis thaliana) genome encodes 73
putative CIII Prxs, with various spatiotemporal ex-
pression profiles, suggesting that different isoforms
play specific roles in growth, development, and adap-
tation to the environment (Tognolli et al., 2002; Welinder
et al., 2002). In this article, we show that the Arabidopsis
CIII Prx gene AtPRX71, which is strongly expressed upon
loss of cell wall integrity (CWI), negatively affects growth
and cell size and positively regulates ROS levels. In ad-
dition, when AtPRX71 is lacking, both ROS accumulation
and growth defects caused by cell wall alterations are
significantly reduced. We propose that accumulation of
ROS-generating CIII Prxs is a mechanism to cope with
loss of CWI both during normal development and in
response to stress, leading to wall stiffening and therefore
limiting cell expansion and growth.

RESULTS

Levels of AtPRX71 Transcripts Are Higher in Plants with
Altered Cell Walls

We have previously shown that tobacco (Nicotiana
tabacum) and Arabidopsis plants expressing an attenu-
ated version of the Aspergillus niger polygalacturonase
II (AnPGIL; 355:AnPGII plants) have a reduced content
of deesterified HG and a significant reduction of
growth that correlates with the levels of expression of
the transgene (Capodicasa et al., 2004). Furthermore,
355:AnPGII plants show constitutive activation of de-
fense responses and accumulation of high levels of ROS
in their tissues (Ferrari et al., 2008). To obtain insights into
the mechanisms underlying the growth defect of 355:
AnPGII plants, whole-genome transcript analysis of ro-
sette leaves of two independent transgenic lines, 355:
AnPGII 57 and 26, that show high levels of expression of
the transgene (Lionetti et al., 2010) was performed using
custom Arabidopsis 28K microarrays (GenBank Gene
Expression Omnibus [GEO] Platform ID no. GPL15543).
Differentially expressed transcripts were identified using
a false discovery rate (FDR) < 0.05 and a module of
logged fold change (FC) on base 2 ( |log, FC|) = 1 (GEO
accession no. GSE66980). With this filtering criteria, the
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transcript levels of 16 genes increased, and those of 4
genes decreased in a statistically significant way in rosette
leaves of both transgenic lines compared with the wild
type (Table I). Gene Ontology functional categories of
these genes were enriched in response to stress and
defense against other organisms (P < 0.001). Notably, one-
third of the genes significantly induced in both 355:AnPGII
lines compared with the wild type encoded proteins
putatively involved in cell wall structure and/or ROS
homeostasis, including EXTENSIN4 (EXT4; At1g76930), a
pectin esterase (At4g02330), copper/zinc superoxide dis-
mutasel (CSD1; At1g08830), and a CIII Prx (At5g64120).

At5g64120, which was among the genes whose
expressions increased the most in 355:AnPGII plants
(Table I), encodes the apoplastic CIII Prx ATP15a/
AtPRX71, previously shown to produce ROS in response
to hypoosmolarity (Rouet et al., 2006) and recently impli-
cated in the regulation of stem lignin composition (Shigeto
et al,, 2013, 2015). AtPRX71 is expressed under physio-
logical conditions in rosette leaves and, to a lesser extent,
roots and stems (Shigeto et al., 2015). Because we have
previously observed high levels of ROS and apoplastic
Prx activity in 355:AnPGII plants (Ferrari et al., 2008), we
hypothesized that AfPRX71 might contribute to the
growth reduction observed in these plants by promoting
ROS production. This gene was, therefore, selected for
further characterization.

Higher levels of AtPRX71 transcripts in rosette leaves of
355:AnPGII 57 plants compared with the wild type were
confirmed by quantitative PCR (qPCR; Fig. 1A). More-
over, AtPRX71 mRNA levels also increased in the
quasimodo2-1 (qua2-1) mutant (Fig. 1A), which is impaired

A Class III Peroxidase Negatively Regulates Growth

in a putative pectin methyltransferase and, like 355:AnPGII
plants, shows reduced levels of deesterified HG and im-
paired growth (Mouille et al., 2007). Moreover, AtPRX71
transcript levels increased in wild-type Arabidopsis seed-
lings treated with the herbicide isoxaben (IXB; Fig. 1B),
which inhibits cellulose synthases and affects cellulose
deposition (Scheible et al., 2001). Taken together, these data
indicate that alterations in different cell wall structural
components promote the expression of AtPRX71.

AtPRX71 Negatively Regulates Arabidopsis Growth

To investigate the function of AtPRX71, two indepen-
dent insertion lines for this gene were isolated; these lines,
named atprx71-1 and atprx71-2, carry a transfer DNA
(T-DNA) insertion in the second exon and the promoter of
the gene, respectively (Fig. 2, A and B). AtPRX71 tran-
script levels were undetectable in atprx71-1 and strongly
reduced in atprx71-2 seedlings (Fig. 2C). Basal guaiacol
Prx activity, which characterizes CIII Prxs, was reduced
in seedlings of both mutants by about 20%, compared
with the wild type (Fig. 2D). Adult atprx71-1 and
atprx71-2 plants displayed enhanced rosette size (Fig. 3A)
and a significant increase in both fresh (Fig. 3B) and dry
(Fig. 3C) biomass. An increase in biomass was also ob-
served in 10-d-old mutant seedlings compared with the
wild type (Fig. 3D). Hypocotyls of etiolated seedlings
were significantly longer in both mutants than in the wild
type (Fig. 3E), whereas average length and fresh weight
of floral stems of wild-type and atprx71-1 plants were
not significantly different (Supplemental Fig. S1). These
results indicated that AtPRX71 negatively affects

Table I. Genes differentially expressed in both 355:AnPGll 57 and 26 plants compared with the wild type
Differentially expressed transcripts were identified using Limma R package using an FDR < 0.05 and a

module of logged FC on base 2 |log, FC| = 1.0.

Arabidopsis Genome

Initiative Code Annotation 57¢ 26°
At1g77510 PROTEIN DISULFIDE ISOMERASE6 3.3 2.4
At1g76930 AtEXT4 2.8 3.0
At1g76960 Unknown protein 2.8 2.9
At5g64120 AtPRX71 2.7 2.7
At4g02330 PECTIN METHYLESTERASE41 2.4 1.6
At1g21520 Unknown protein 2.4 2.3
At1g08450 CALRETICULIN3 2.2 2.4
At5g50460 Protein transport protein SEC61 y-subunit 2.1 1.9
At1g30720 RetOx-like flavin adenine dinucleotide-binding 2.1 1.9

domain-containing protein
At4g21620 Gly-rich protein 1.8 1.8
At3g62600 ER-LOCALIZED DnaJ-LIKE PROTEIN 3b 1.7 1.4
At1g19380 Unknown protein 1.5 1.4
At1g08830 COPPER/ZINC SUPEROXIDE DISMUTASET (CSDT1) 1.4 1.4
At2g38870 Ser-type endopeptidase inhibitor 1.4 2.2
At1g72070 DnaJ heat shock N-terminal domain-containing protein 1.3 1.5
At1g71697 CHOLINE KINASE1 1.3 1.7
At3g52500 Aspartyl protease -2.1 -1.6
At3g47340 GLUTAMINE-DEPENDENT ASPARAGINE SYNTHASE1 -1.9 —-1.6
At3g15570 NON-PHOTOTROPIC HYPOCOTYL3 family protein -1.7 —-1.4
At1g25550 MYB family transcription factor -16 17

“Log, FC of the expression in the transgenic line compared with the wild type.

Plant Physiol. Vol. 169, 2015

2515

Downloaded from www.plantphysiol.org on December 14, 2015 - Published by www.plant.org
Copyright © 2015 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org/cgi/content/full/pp.15.01464/DC1
http://www.plantphysiol.org/
http://www.plant.org

Raggi et al.

>

1.6
1.4

1.2

1.0
0.8
0.6
0.4
0.2 -
0.0 T T

WT  35S:AnPGlIl quaz-1

AtPRX71 normalized expression

129

104

8
6
4
o
0

[|soxaben] (nM)

AIPRX71 normalized expression

Figure 1. Elevated AtPRX71 expression in plants with altered cell walls.
Expression of AtPRX71 in rosette leaves of 4-week-old wild-type (WT),
355:AnPGll, and qua2-1 plants (A) or 10-d-old wild-type seedlings
treated for 24 h with 0, 30, or 300 nm IXB (B) was determined by qPCR
and normalized using the UBQJ5 gene. Bars represent average arbitrary
units = sp of three technical replicates. This experiment was repeated
three times with similar results.

Arabidopsis growth. To corroborate this conclusion, we
generated transgenic plants expressing AfPRX71 under
the control of the constitutive Cauliflower mosaic virus 355
promoter. Four independent 355:AtPRX71 lines (21-24)
accumulating high levels of AtPRX71 transcripts (Fig.
4A) were selected for further analysis. When grown in
soil, transgenic plants had smaller, more compact rosettes
compared with the wild type (Fig. 4B). Lines 22 and 24,
which showed higher expression of the transgene (Fig.
4A), exhibited a marked reduction of rosette size (Fig. 4B)
and a significant reduction of rosette fresh weight (Fig.
4C). These lines also accumulated very high levels of
guaiacol Prx activity in their leaves (Fig. 4D) compared
with untransformed plants. Taken together, these data
indicate that high levels of AtPRX71 expression have a
negative impact on plant growth. It has been proposed
that CIII Prxs can restrict cell expansion by the formation
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of cell wall cross links (Passardi et al., 2004, 2005). We
therefore hypothesized that the effects of AtPRX71 on
Arabidopsis growth may depend on its ability to influence
cell size. To verify this hypothesis, the area of the epider-
mal cells of rosette leaves was measured in wild-type,
atprx71-1, atprx71-2, and 355:AtPRX71 plants. Average
cell area in both atprx71 mutants increased by approxi-
mately 30% with respect to the wild type, whereas 35S:
AtPRX71 plants showed a reduction of cell size of 20% to
30% (Fig. 5, A-F). These results, therefore, suggest that

A atprx71-2

atprx71-1

— —
71-2RP 71-1RP
B WT atprx71-1  WT  atprx71-2

LP+RP | i -— |
Lba1+RP — | _I

0.05 4

C

AtPRX71 normalized expression

WT alprx71-1  atprx71-2

S A NN W WS BWO o o == o
o oumoumo umo oo o o o o o
TR N T Y T N T B B CI’ —I‘ 'T’ ‘*I’ ‘T

Peroxidase activity (nkatal mg-")

WT atprx71-1 atprx71-2

Figure 2. Isolation of insertional mutants for AtPRX71. A, Schematic
representation of the AtPRX71 locus. Exons and introns are represented
in black and white, respectively. Localization of T-DNA insertions (gray)
and the primers used for genotyping of atprx71-1 and atprx71-2 are
shown. B, Genotyping of atprx71-1 and atprx71-2. Genomic DNA from
the wild type (WT) and mutants was subjected to PCR using primer pairs
for the wild-type allele (LP + RP) or the T-DNA insertion (Lba1 + RP). LP,
71-1LPor 71-2LP; RP, 71-1RP or 71-2RP. C, Expression of AtPRX71 was
analyzed in wild-type, atprx71-1, and atprx71-2 rosette leaves by qPCR
using UBQ5 as the reference gene. Bars represent average arbitrary
units = sp of three technical replicates. This experiment was repeated
twice with similar results. D, Total peroxidase activity in protein extracts
from wild-type, atprx71-1, and atprx71-2 10-d-old seedlings was deter-
mined by a guaiacol oxidation-based assay. Bars represent average activ-
ity = st of at least six independent samples. This experiment was repeated
twice with similar results. *, Statistically significant differences between
the wild type and mutants according to Student’s ¢ test (P < 0.05).
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AtPRX71 negatively regulates Arabidopsis growth, be-
cause its activity limits cell expansion.

To determine if the elevated levels of expression of
AtPRX71 contribute to the dwarf phenotype observed in
plants with impaired CWI, we crossed atprx71-1 and 35S:
AnPGII plants; however, expression of the transgene
progressively declined in the subsequent generations,
likely as a consequence of gene silencing, and homozy-
gous F3 double-mutant plants did not show detectable PG
activity (data not shown). For this reason, we crossed
atprx71-1 with qua2-1 and analyzed the growth of homo-
zygous double-mutant plants. Rosettes of soil-grown
atprx71-1 qua2-1 plants were bigger (Fig. 6A), and rosette
fresh weight was almost 4 times greater (Fig. 6B) than in
single qua2-1 mutants. Hypocotyls of etiolated seedlings
were also significantly longer in the double mutant com-
pared with qua2-1 seedlings (Fig. 6C). Total guaiacol per-
oxidase activity was higher in qua2-1 plants than in the
wild type at both seedling and adult stages, whereas
activity in the qua2-1 atprx71-1 double mutant was similar
to that of the wild type, although not as low as in the
atprx71 mutants (Fig. 7). These data indicate that high

Plant Physiol. Vol. 169, 2015
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A Figure 3. Loss of AtPRX71 increases
growth. A to C, Representative picture (A),
fresh weight (B), and dry weight (C) of
4-week-old soil-grown wild-type (WT),
atprx71-1, and atprx71-2 rosettes. Bar =1.5 cm.
D, Fresh weight of 10-d-old wild-type,
atprx71-1, and atprx71-2 seedlings grown in
vitro on solid medium in the light. E, Hypo-
cotyl length of 5-d-old wild-type, atprx71-1,
and atprx71-2 etiolated seedlings grown in
vitro on solid medium. B to E, Bars represent

WT atprx71-1 atprx71-2 average weight = st (n > 10 in each exper-

B C iment); asterisks indicate statistically signifi-
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levels of AtPRX71 expression contribute to the dwarf
phenotype of qua2-1 plants, likely as a consequence of
increased CIII Prx activity.

We also investigated whether AtPRX71 contributes
to the growth defects caused by IXB treatment. Because
this inhibitor strongly impairs Arabidopsis primary
root elongation (Cafo-Delgado et al., 2003; Tsang et al.,
2011), we measured root length of wild-type, atprx71-1,
and atprx71-2 seedlings grown for 3 d in the presence of
2.5 and 10 nm IXB. In the absence of IXB, root length was
comparable in all three genotypes (Fig. 8), indicating
that AtPRX71 does not play a major role in regulating
the growth of this organ. However, root elongation of
atprx71-1 and atprx71-2 seedlings was less inhibited by
IXB compared with the wild type (Fig. 8), suggesting
that increased expression of AtPRX71 triggered by the
disruption of cellulose deposition contributes to restrict
root growth. Transcript levels of two defense-related
genes, PHYTOALEXIN DEFICIENT3 (PAD3/At3¢26830),
encoding an enzyme catalyzing the biosynthesis of
camalexin (Zhou et al., 1999), and At1g26380 (RetOx),
encoding a protein with homology to reticuline oxidases
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Figure 4. Overexpression of AtPRX71 causes reduced growth. A, RNA
was extracted from leaves of four-week-old wild-type (WT) plants and
four independent lines expressing AtPRX71 under the control of the 35S
promoter (35S:AtPRX71). Expression of AtPRX71 was determined by
reverse transcription PCR using UBQ5 as reference gene. B, Repre-
sentative picture of rosettes of the same lines described in A. Bar =5 cm.
C, Average rosette fresh weight = se (n > 10) of the wild type and 355:
AtPRX71 lines 22 and 24 4-week-old soil-grown plants. D, Peroxidase
activity in leaves of wild-type and 355:AtPRX71 plants grown as in C.
Bars represent average enzymatic activity (nanokatal milligram™" pro-
tein) * sp (n = 3). ***, Significant differences between wild-type and
transgenic plants according to Student’s t test (P < 0.01).
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(Denoux et al., 2008), were also analyzed in wild-type,
atprx71-1, and atprx71-2 seedlings to determine whether
AtPRX71 is required also for IXB-induced gene expres-
sion. However, transcripts of both genes increased in
response to IXB to a similar extent in wild-type and
mutant plants (Supplemental Fig. S2). Therefore, partial
resistance of atprx71-1 and atprx71-2 seedlings to IXB is
likely not caused by an altered uptake or perception of
the inhibitor. Taken together, these results lead to the
conclusion that up-regulation of AtPRX71 expression
contributes to the reduced growth observed in plants
undergoing loss of CWI.

AtPRX71 Promotes the Accumulation of ROS in Response
to Cell Wall Alterations

Because CIII Prxs can inhibit cell expansion by pro-
moting the accumulation of H,O, in the apoplast (Lu

Cell area (mm?2)
O =~ N W b~ 00O N
1
*
b

WT 71-1  71-2 #22 #24

35S:AtPRX71

Figure 5. AtPRX71 negatively affects leaf epidermal cell size. Rosette leaves
from 3-week-old wild-type (WT; A), atprx71-1 (B), and afprx71-2 (C) plants
and two lines overexpressing AtPRX71 (355:AtPRX7 1 lines 22 [D] and 24 [E])
were cleared and stained with ruthenium red, and images of the epidermis
were taken with a microscope. Bars = 100 um. F, Bars represent the average
area of epidermal cells = st (n > 20). Asterisks indicate significant differences
between the wild type and mutants or transgenic plants according to Stu-
dent's ttest. 71-1, atprx71-2; 71-2, atprx71-2. *, P < 0.05; ***, P < 0.01.
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Figure 6. Loss of AtPRX71 partially restores qua2-1 growth defects. A,
Representative picture of wild-type (WT), atprx71-1, qua2-1, and
atprx71-1 qua2-1 3-week-old soil-grown rosettes. Bar = 1 c¢m. B,
Rosette fresh weight of wild-type, atprx71-1, qua2-1, and atprx71-1
qua2-14-week-old soil-grown plants. Bars indicate average weight = se
(n > 10). C, Hypocoty! length of 5-d-old wild-type, atprx71-1, and
atprx71-2 etiolated seedlings grown in vitro on solid medium (n > 10).
Different letters in B and C indicate significant differences according to
one-way ANOVA followed by Tukey’s significance test (P < 0.05).

et al., 2014), we investigated whether high levels of
AtPRX71 expression are associated with increased ROS
accumulation. Staining of leaves of 35S:AnPGII plants
with 3’,3’-diaminobenzidine (DAB) results in a strong
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brown coloration of the whole lamina, indicative of
high levels of H,O, and CIII Prxs (Ferrari et al., 2008).
Here, we show that an intense DAB staining can also be
observed in leaves of qua2-1 plants (Fig. 9A), indicating
that accumulation of high level of H,O, is a common
feature of plants with altered pectin. Notably, staining
of rosette leaves was strongly reduced in leaves of the
atprx71-1 qua2-1 double mutant compared with qua2-1
plants (Fig. 9A). This observation suggests that elevated
levels of expression of AtPRX71 are at least partially
responsible for the accumulation of ROS caused by al-
tered pectin composition. Consistently, leaves of 35S:
AtPRX71 plants showed a strong DAB staining (Fig.
9B), supporting the conclusion that high levels of ex-
pression of AtPRX71 promote the accumulation of ROS.

It has been reported that IXB induces the accumula-
tion of H,O, in Arabidopsis seedlings and that this ac-
cumulation is dependent on the NADPH oxidase
AtrbohD (Denness et al., 2011). To determine whether
AtPRX71 also contributes to this IXB-induced oxidative
burst, wild-type and atprx7-1 seedlings were treated
with IXB using the atrbohD mutant as a negative control.
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Figure 7. Peroxidase activity in atprx”1 and qua2-1 mutants. Total
proteins were extracted from 10-d-old in vitro-grown seedlings (A) or
rosette leaves from 4-week-old soil-grown plants (B) and assayed for
peroxidase activity. Bars represent average enzyme activity (nanokatal
milligram’] protein) * sb (n = 3). Letters indicate significant differences
according to one-way ANOVA followed by Tukey’s significance test
(P <0.05). 71-1, atprx71-1; 71-2, atprx71-2; WT, wild type.
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Figure 8. Inhibition of root elongation by IXB is partially reduced in
atprx71 mutants. Wild-type (WT), atprx71-1, and atprx71-2 seedlings
grown for 5 d on solid medium were transferred to solid medium
containing the indicated doses of IXB. Primary root elongation was
measured after 3 d. Bars indicate average elongation = st (n > 12).
Asterisks indicate significant differences between the wild type and
mutants according to Student’s t test. This experiment was repeated
twice with similar results. *, P < 0.05; ***, P < 0.01.

H,0, started to accumulate in the wild type 3 to 4 h after
treatment and steadily increased at least for the subse-
quent 14 to 15 h, whereas as expected, its accumulation
was completely abolished in atrbohD seedlings (Fig. 9C).
H,0O, production in atprx71-1 and wild-type seedlings
was comparable during the first 10 to 12 h of treatment,
but then it increased much more slowly in the mutant,
and after 18 h of treatment it was about one-half of that
observed in the wild type (Fig. 9C). This observation
leads to the conclusion that AtPRX71 is not necessary for
the initial onset of the IXB-induced oxidative burst, but it
is required to ensure a sustained production of high
levels of H,O, in the apoplast. Taken together, these data
indicate that AtPRX71 contributes to the accumulation of
ROS in plants with altered cell walls.

Production of ROS mediated by AtPRX71 may affect
not only growth but also resistance to biotic stresses. In-
deed, it was previously reported that Arabidopsis plants
overexpressing AtPRX71 show increased resistance to
the fungus Botrytis cinerea (Chassot et al., 2007), sug-
gesting that this CIII Prx can protect against pathogen
infections. However, susceptibility of both atprx71-1 and
atprx71-2 mutants to B. cinerea was comparable with that
of the wild type (Supplemental Fig. S3), indicating that
lack of AtPRX71 alone is not sufficient to impair resis-
tance to this fungus.

DISCUSSION

The plant cell wall is constantly subjected to modifi-
cation and reorganization, both under physiological
conditions and in response to abiotic and biotic stresses
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(Cheung and Wu, 2011). These changes allow cells to
adapt their shape and size during development and in
response to environmental stimuli. However, changes
in cell wall composition can have detrimental effects,
and plants, therefore, must constantly adjust cell walls
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Figure 9. AtPRX71 promotes ROS accumulation in response to cell
wall modifications. ROS accumulation in rosette leaves of 4-week-old
qua2-1, atprx71-1, and atprx71-1 qua2-1 plants (A) and 35S:AtPRX71
plants belonging to lines 22 and 24 (B) was revealed by DAB staining. A
representative picture for each genotype is shown. This experiment was
repeated three (A) and two (B) times with similar results. C, Wild-type
(WT), atprx71-1, and atrbohD seedlings grown for 3 d in liquid medium
were treated with 600 nm IXB, and H,O, production was measured every
10 min for 18 h with a luminol-based assay. Each point represents the
average luminescence of 12 seedlings = sb. This experiment was repeated
three times with similar results. RLU, Relative luminescence unit.
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to maintain their mechanical properties. Increasing
evidence indicates that plants possess one or more
mechanisms to perceive changes in the wall that may
undermine its integrity and activate proper responses,
including new structural modifications aimed at
maintaining CWI (Hamann, 2012). CIII Prxs are likely
among the effectors of this CWI maintenance system,
contributing to strengthen the cell wall and, as a con-
sequence, limiting cell expansion and plant growth.
Indeed, CIII Prxs play important roles in the regulation
of cell wall mechanical properties and cell expansion
(Passardi et al., 2004, 2005). Here, we have shown that
expression of an Arabidopsis gene encoding a CIII Prxs,
namely AtPRX71, is elevated in plants with altered
pectin composition (355:AnPGII and qua2-1 plants) or
impaired in cellulose deposition (plants treated with IXB)
and that lack of AtPRX71 partially restores growth defects
observed in these plants. Moreover, AtPRX71 limits
growth not only upon alterations of CWI but also under
physiological conditions. Finally, AtPRX71 likely acts by
promoting the accumulation of apoplastic ROS, which in
turn may catalyze the formation of cross links, therefore
stiffening the cell wall and restricting cell expansion.

The conclusion that AtPRX71 encodes a CIII Prx that
negatively affects growth is based on the observa-
tions that reduced expression of this gene leads to both
reduced levels of peroxidase activity and increased
rosette size and biomass, whereas 355:AnPGII plants
show high levels of peroxidase activity and a significant
reduction of biomass. Our findings are in agreement
with previous reports describing other Arabidopsis CIII
Prxs having negative effects on growth. For instance,
overexpression of AtPRX37 causes dwarfism (Pedreira
et al., 2011), and plants mutated for or overexpressing
AtPRX53 exhibit longer or shorter hypocotyls, respec-
tively (Jin et al., 2011). We also observed enhanced
hypocotyl elongation in atprx71-1 and atprx71-2 etio-
lated seedlings; this latter result indicates that AtPRX71
regulates plant growth by restricting cell size rather
than cell number, because it has been shown that
elongation of etiolated hypocotyls occurs mainly by cell
expansion (Gendreau et al.,, 1997). This conclusion is
supported by the observation that, compared with the
wild type, plants with reduced or increased levels of
expression of AtPRX71 display increased or decreased
leaf epidermal cell size, respectively. Indeed, it has been
recently reported that increased peroxidase activity is
responsible for the defective cell expansion caused by
the kuodal mutant, which is impaired in a myeloblas-
tosis oncoprotein (MYB)-like transcriptional repressor
of different CIII Prx genes (Lu et al., 2014).

In addition to its role as a negative regulator of
growth during normal development, AfPRX71 seems
to limit growth in plants with altered pectin composi-
tion, which was initially suggested by the elevated ex-
pression of this gene and the increased CIII Prx activity
detected in 355:AnPGII plants (Ferrari et al., 2008) and
qua2-1 (this work) and subsequently, confirmed by the
observation that the constitutively high peroxidase ac-
tivity and the dwarf phenotype of qua2-1 plants are
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partially reverted by the atprx71-1 mutation. Further-
more, AtPRX71 seems to contribute to the growth de-
fects caused by an altered cellulose deposition, because
roots of atprx71 seedlings are partially resistant to the
inhibitory effect of IXB. Indeed, it has been previously
shown that bean (Phaseolus vulgaris) cells habituated to
dichlobenil, another inhibitor of cellulose synthesis,
show increased guaiacol Prx activity (Garcia-Angulo
et al., 2009). It is, therefore, likely that accumulation of
CIII Prxs is a conserved response of higher plants to cell
wall damage.

The effects of AtPRX71 on Arabidopsis cell expansion
and growth are likely mediated by its ability to promote
the accumulation of apoplastic H,O,. Four lines of ev-
idence support this hypothesis: (1) leaves of plants
overexpressing AtPRX71 accumulate high levels of
ROS, (2) leaves of plants with altered pectin composi-
tion (355:AnPGII plants and qua2-1) also accumulate
high levels of ROS, (3) the qua2-1 atprx71-1 double
mutant shows reduced ROS accumulation compared
with qua2-1, and (4) production of H,O, in Arabidopsis
seedlings treated with IXB is partially dependent
on AtPRX71. ROS-mediated cross linking of wall
structural components may be directly or indirectly
catalyzed by AtPRX71 and, possibly, other CIII Prx
isoforms to counteract cell wall damage. This mecha-
nism may also act during normal development; indeed,
ROS homeostasis controlled by CIII Prxs has been
proposed to regulate leaf size in Arabidopsis (Lu et al.,
2014). Notably, AtPRX71 affects only the late phase of
H,0, production in response to IXB, indicating that this
and possibly, other CIII Prxs may not be required for
the initial onset of the oxidative burst triggered by cell
wall damage, which is indeed dependent on NAPDH
oxidases (Denness et al., 2011). However, CIII Prx may
be necessary to maintain a robust and prolonged pro-
duction of ROS for longer times after the initial burst is
triggered.

The exact biochemical mechanism responsible for the
effects of AtPRX71 on Arabidopsis growth still needs to
be elucidated. AtPRX71 has been implicated in stem
lignification, although no alterations in stem lignin con-
tent but just a slight increase in the syringyl/guaiacyl
lignin ratio was observed in knockout plants for this
gene (Shigeto et al., 2013). Consistently, we did not detect
significant differences in stem length and weight between
wild-type and atprx71 plants, confirming that AtPRX71
has a negligible role in the lignification, at least in this
organ. Characterization of AtPRX71 activity in vitro,
however, indicates that this protein is able to oxidize 2,6-
dimethoxyphenol and syringaldazine, which are model
monolignol compounds (Shigeto et al., 2014), suggesting
that this PRX may promote polymerization of lignin
under specific conditions or in specific tissues. Moreover,
AtPRX71 is also able to form protein radicals in vitro
(Shigeto et al., 2014); the significantly increased expres-
sion of EXT4 observed in 35S:AnPGlII plants, therefore,
suggests that AtPRX71-mediated extensin cross links
may be formed in response to altered CWI to strengthen
the cell wall.
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In addition to their role in plant growth, ROS-
producing CIII Prxs have also been implicated in defense
against pathogens. In Arabidopsis, AtPRX33 and
AtPRX34 contribute to a significant proportion of the H,O,
generated in response to microbe-associated molecular
patterns and are required for resistance to different path-
ogens and for the activation of some defense responses
(Bindschedler et al., 2006; Daudi et al., 2012; O’Brien et al.,
2012) and in particular, salicylic acid-mediated gene ex-
pression (Mammarella et al., 2015). ROS generated by
AtPRX33 and AtPRX34 during infection can therefore
participate in Arabidopsis defense not only by promoting
cell wall reinforcement but also indirectly through the
modulation of the immune response. Additional CIII Prx
isoforms, including AtPRX71, that are able to favor the
accumulation of ROS in the apoplast, may also contribute
to Arabidopsis resistance against microbes. Indeed, it
was previously shown that overexpression of AtPRX71
as well as two other CIII Prx genes confers strong resis-
tance to B. cinerea infection (Chassot et al., 2007). How-
ever, AtPRX71 is dispensable for basal resistance to this
pathogen, because atprx71-1 and atprx71-2 plants show
wild-type susceptibility (this work). This apparent in-
congruence can be explained if expression of multiple
CIII Prxs is induced during infection, acting redundantly
to promote ROS production and resistance to microbes. If
this is the case, lack of a single isoform would not sig-
nificantly decrease the plant ability to limit pathogen
growth; however, overexpression of any of these Prxs
would be sufficient to boost accumulation of ROS, which
we have observed in the case of 355:AtPRX71 plants,
therefore conferring a strong resistant phenotype.

The results presented in this work indicate that
modifications of different cell wall structural compo-
nents increase the expression of AtPRX71, which in
turns, leads to ROS production and cell wall rein-
forcement. This implies that CWI perturbations may
activate common responses, regardless of the specific
component that is affected. For example, alterations of
different structural polysaccharides would result in cell
wall weakening, which may be perceived through the
stretching of the plasma membrane under the effect of
turgor pressure (Hamann, 2012). Mechanosensitive
channels may thus be activated and trigger down-
stream responses, including accumulation of CIII Prxs.
This model is supported by the observation that some
phenotypes induced by IXB, such as ectopic deposition of
lignin, can be reverted by osmotic support (Hamann
etal., 2009). Moreover, hypoosmotic stress alone can lead
to AtPRX71-mediated production of ROS (Rouet et al.,
2006), suggesting that changes in turgor pressure can
directly induce the expression of this peroxidase. Alter-
natively, loss of CWI may result in the release of elicitor-
active cell wall fragments, which may be responsible for
the induction of AtPRX71 expression. For instance,
oligogalacturonides produced by partial degradation of
HG trigger the activation of several defense responses in
Arabidopsis (Ferrari et al., 2013; Benedetti et al., 2015),
including the expression of AtPRX71 (Ferrari et al., 2007;
Denoux et al., 2008). Further studies are required to
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discriminate between these two hypotheses, which are
not, however, mutually exclusive.

Other than providing unique insights into the bio-
logical mechanisms regulating plant growth, our find-
ings can be relevant to improve crops dedicated to the
production of biofuels and other industrial products.
Increasing evidence supports the idea that targeted
modifications of cell wall structural components can
increase the efficiency of conversion of lignocellulosic
biomasses (Chen and Dixon, 2007; Kaida et al., 2009;
Selig et al., 2009; Lionetti et al., 2010). Knowledge about
how to manipulate cell wall composition without detri-
mental effects on growth and resistance to stresses is,
therefore, needed. We have previously shown that 355:
AnPGII and qua2-1 plants are more efficiently degraded
by cellulase (Lionetti et al., 2010; Francocdi et al., 2013),
indicating that pectin composition strongly affects bio-
mass utilization. However, a major reduction in HG
content severely impairs growth, strongly limiting the
application of this approach. According to the results
presented here, the detrimental effects of pectin modifi-
cation on growth might be avoided by reducing the ex-
pression of specific CIII Prx isoforms. Notably, we found
that lack of AtPRX71 increases biomass production
without negative effects on resistance to pathogens, at
least in the case of B. cinerea. Because CIII Prxs also neg-
atively regulate saccharification efficiency (Kavousi et al.,
2010), crops with both targeted modifications of cell wall
composition and reduced levels of selected CIII Prxs may
be more efficiently processed without detrimental effects
or even a positive impact on biomass production.

In conclusion, our results indicate that wall stiffening
and the consequent inhibition of growth mediated by
CIII Prxs like AtPRX71 may be an important component
of CWI maintenance (Hamann, 2012), both during
physiological developmental processes (e.g. expansion of
new organs) and in response to stresses (e.g. wounding
or pathogen attack). These findings provide unique in-
sights into the mechanisms of regulation of plant growth
and may be used in the development of crop varieties
with improved biomass production and utilization.

MATERIALS AND METHODS
Biological Material and Growth Conditions

All Arabidopsis (Arabidopsis thaliana) plants used in this work are in the
Columbia-0 (Col-0) background. Wild-type Col-0 seeds were obtained from
Lehle Seeds. The insertion lines atprx71-1 (SALK_123643) and atprx71-2
(SALK_121202C) were obtained from the Salk Institute Genomic Analysis
Laboratory (Alonso et al., 2003). The generation of Col-0 plants expressing the
Aspergillus niger PGII gene (355:AnPGII plants; lines 26 and 57) and the isolation
and characterization of the qua2-1 mutant have been previously described
(Mouille et al., 2007; Lionetti et al., 2010).

Plants were grown in soil (Einheitserde) in a growth chamber at 22°C and 70%
relative humidity with a 16-h-light/8-h-dark photoperiod using fluorescent
lamps (Osram). Light intensity was about 120 umol m™? s™'. Before sowing,
seeds were always stratified in sterile water for 3 d in the dark at +4°C.

For in vitro growth, seeds were surface sterilized as previously described
(Ferrari et al., 2007) and stratified as described above. For growth on solid
medium, seeds were germinated on plates containing one-half-strength
Murashige and Skoog medium (MS; Murashige and Skoog, 1962) basal salts
supplemented with 1% (w/v) Suc unless otherwise stated and 0.7% (w /v) plant
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agar, pH 5.0. For analysis of gene expression after IXB treatments, sterilized
seeds were distributed in 12-well plates (about 10 seeds per well) containing
1 mL of 2.2 g L™ basal MS supplemented with 0.5% (w/v) Suc, pH 5.5. After
9 d, the medium was replaced with fresh medium, and after 1 d, seedlings were
treated for 24 h with filter-sterilized 0.01% (v/v) dimethyl sulfoxide or IXB
(Sigma) at the indicated concentrations.

Gene Expression Analysis

Leaves or seedlings were frozen in liquid nitrogen and homogenized with an
MM301 Ball Mill (Retsch) for about 2 min at 30 Hz. Total RNA was extracted with
Isol-RNA Lysis Reagent (5'-Prime) according to the manufacturer’s instructions.

Full-genome transcriptome analysis was performed on custom Arabidopsis
28K v2.0 Microarrays (GenBank GEO Platform ID no. GPL15543) synthesized
using a CombiMatrix B3 Synthesizer (Combimatrix) according to manufac-
turer’s instructions. Total RNA (1 ug) was amplified, and 6 ug of antisense RNA
was labeled using the RNA AmpULSe Amplification and Labeling Kit with Cy5
for CombiMatrix Arrays (Kreatech Biotechnology) according to the manufac-
turer’s instructions. Labeled samples were hybridized to the microarrays
according to CombiMatrix protocols. Scanning was performed on a GenePix
4000B Scanner (Molecular Devices). Data extraction was done using Microarray
Imager software (Combimatrix), and quantile normalization of data was per-
formed using Blist v0.6 software (Combimatrix). Differentially expressed tran-
scripts were identified using Limma R package using an FDR < 0.05 and a module
of logged FC onbase 2 |log, FC| = 1 (Smyth, 2004). Expression data are available
from the National Center for Biotechnology Information (GEO accession no.
GSE66980). Gene Ontology categories enrichment of differentially expressed genes
was determined with the aid of the AgriGO Toolkit (Du et al., 2010).

For reverse transcription PCR analysis, RNA was treated with RQ1 DNase
(Promega), and first-strand complementary DNA was obtained using Improm II
Reverse Transcriptase (Promega). PCR was performed using Taq DNA Polymerase
(RBC-Bioscience) with primers specific for the genes of interest (Supplemental
Table S1) using the following conditions: 94°C for 2 min; 28 cycles as follows: 30 s at
94°C, 30 s at 58°C, and 30 s at 72°C; and 72°C for 5 min. Real-time PCR was per-
formed using a CFX96 Real-Time System (Bio-Rad). Complementary DNA (cor-
responding to 50 ng of total RNA) was amplified using GoTaq qPCR Master Mix
(Promega) and 0.4 mm each primer. Expression levels of each gene, relative to
UBIQUITINS (UBQ5) were determined using a modification of the method by
Pfaffl (2001)) as previously described (Ferrari et al., 2006).

Plant Growth Measurement

Rosette fresh weight was measured in 4-week-old soil-grown plants. Dry
weight measurements were performed on the same material after incubation for
8 h at 60°C. Fresh weight of seedlings was determined after 10 d of growth in
solid MS.

For measurements of hypocotyls in etiolated seedlings, sterilized seeds were sown
on solid MS containing 1% (w/v) plant agar. Plates were incubated for 4 h under
constant light at 25°C, wrapped with aluminum foil, and transferred to a growth
chamber. Hypocotyl length was measured after incubation in the dark at 22°C for 5d.

For cell area determination, the fifth leaf of 3-week-old soil-grown plants (at
least four plants for genotype) was harvested, and chlorophyll was extracted in
100% boiling ethanol. Cleared leaves were stained with 0.05% (w/v) ruthenium
red. Excess dye was removed by washing leaves with water. Leaves were mounted
in 20% (v/v) glycerol and examined using a Nikon Eclipse E200 Microscope.
Images were taken with a Nikon Digital Sight DS-Filc Camera, and cell area was
measured using Image]J (http:/ /rsbweb.nih.gov/ij/index.html).

Fungal Infections

Growth of Botrytis cinerea and inoculation of Arabidopsis leaves were con-
ducted as previously described (Ferrari et al., 2003).

Isolation and Genotyping of Mutants

Genomic DNA was extracted from 4-week-old plants using the method
by Edwards et al. (1991). Genomic DNA was subjected to PCR to detect the
wild-type allele of AtPRX71 using 71-1RP and 71-1LP primers (Supplemental
Table S1) for atprx71-1 and 71-2RP and 71-2LP for atprx71-2. To detect the in-
sertion of the T-DNA, the Lbal primer (Supplemental Table S1) was used in
place of the LP primer. Samples were subjected to amplification using Taqg DNA
Polymerase (RCB-Bioscience) under the following conditions: 2 min at 94°C; 35
cycles as follows: 30 s at 94°C, 30 s at 60°C, and 45 s at 72°C; and 7 min at 72°C.
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PCR products were separated by agarose gel electrophoresis and visualized by
ethidium bromide staining.

Generation of double atprx71-1 qua2-1 mutants was achieved by crossing of
single-mutant plants. F2 individuals were screened for the atprx71-1 mutation
as described above, whereas the qua2-1 mutation was detected by high-
resolution DNA melting analysis (Vossen et al., 2009). Briefly, genomic DNA
was amplified by real-time PCR as described above with the QUA2FW and
QUAZ2REV primers (Supplemental Table S1) using an annealing temperature of
59°C. Melting curves of the PCR products from 70°C to 80°C were obtained
using 0.2°C increments in temperature at each fluorescence measurement step.

Generation of Plants Overexpressing AtPRX71

The AtPRX71 genomic region, starting from the predicted translation start co-
don and ending in correspondence of the predicted translation stop codon, was
amplified using Col-0 genomic DNA as a template. PCR was performed with
High-Fidelity PCR Master Mix (Roche) using the OEXPOX1FW and OEXPOX1-
REV primers (Supplemental Table S1). The purified PCR fragment was cloned into
the pGEM T-Easy Vector (Promega), and the obtained plasmid was introduced in
Escherichia coli DH5a by electroporation. The insert was excised from the plasmid
using Xbal and Sacl (Fermentas), gel purified, and subcloned into the binary vector
pBI121 (Stratagene) in place of the beta-glucuronidase uidA gene. After ligation and
electroporation into E. coli DH5a cells, the obtained plasmid (pBI121-AtPRX71),
which contains the AtPRX71 gene under the control of the Cauliflower mosaic virus
35S promoter, was introduced in Agrobacterium tumefaciens GV3101 cells. Arabi-
dopsis Col-0 plants were transformed with the obtained bacterial strain using the
floral dip method (Clough and Bent, 1998). Transformants were selected on solid
MS plates supplemented with 50 ug mL ™! kanamycin.

Oxidative Burst Assay

For determination of the oxidative burst elicited by IXB, a luminol-based
protocol (Denness et al., 2011) was used. Arabidopsis seedlings were grown in
sterile 96-well plates (Costar) on Gamborg’s medium supplemented with 1%
(w/v) Suc, pH 5.5, for 6 d at 23°C. Before the experiment, the medium was
removed, and 100 uL of assay solution (17 mwm luminol [Sigma], 1 um horse-
radish PRX [Sigma], and 600 nM IXB) was added to each well. Plates were
placed in a GloMax 96 Microplate Luminometer (Promega), and luminescence
was measured for 18 h at 10-min intervals using an integration time of 1 s.

Histochemical Analyses

For H,0, visualization, rosette leaves from 4-week-old plants were incu-
bated for 12 hin a solution containing 1 mg mL ™' DAB, pH 5.0. Chlorophyll was
extracted for 10 min with boiling ethanol and 2 h with ethanol at room tem-
perature before photography (Orozco-Cardenas and Ryan, 1999).

Measurement of CIII Prx Activity

Soluble proteins were extracted from 10-d-old seedlings and 4-week-old rosette
leaves by grinding in the following extraction buffer (1 mL for 100 mg of seedlings
and 50 uL for 100 mg of leaves): 20 mm HEPES, pH 7.0, 1 mm EGTA, 10 mm vitamin
C, and PVP PolyclarAT (100 mg g " fresh weight). The extract was centrifuged two
times (10 min at 10,000g and 4°C) to remove insoluble material. Subsequent
experiments were carried out on the supernatant. The protein content was deter-
mined using the Bradford Reagent (Serva) with bovine serum albumin (Sigma-
Aldrich) as a standard (Bradford, 1976). PRX activity was measured at 25°C by
following the oxidation of 8 mm guaiacol (Fluka) at 470 nm in the presence of 2 mm
H,0, (Carlo Erba) in a phosphate buffer (200 mm, pH 6.0).

Sequence data from this article are as follows: At5¢64120 (AtPRX71),
At3¢62250 (UBQ5), At3g26830 (PAD3), and At1¢26380 (RetOx).

Supplemental Data
The following supplemental materials are available.
Supplemental Figure S1. Lack of AtPRX71 does not affect stem growth.

Supplemental Figure S2. Gene expression induced by IXB is not altered in
atprx71 plants.
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Supplemental Figure S3. AtPRX71 is not required for basal resistance to
B. cinerea.

Supplemental Table S1. Primers used in this work.
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Supplemental Figure S1. Lack of AtPRX71 does not affect stem growth.
Length of the main floral stem (A) and fresh weight of its first, second and third
internode (starting from the rosette) of seven-week-old WT and atprx71-1 soil-
grown plants. Bars represent average = SE (n>15). No significant differences
between WT and mutants were observed. This experiment was repeated twice
with similar results.
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Supplemental Figure S2. Gene expression induced by isoxaben is not
altered in atprx71 plants. Expression of PAD3 (A) and RetOx (B) was
analyzed by gPCR using total RNA extracted from WT, atprx71-1 and atprx71-2
seedlings grown in liquid medium for 10 days and then treated for 24 h with the
indicated doses of isoxaben. Expression was normalized using the UBQ5 gene.
Bars represent average expression =SD of three technical replicates.
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Supplemental Figure S3. AtPRX71 is not required for basal
resistance to Botrytis cinerea. Leaves of four-week-old WT and
atorx71-1 (A) or atprx71-2 (B) plants were inoculated with a B. cinerea
spore suspension and lesion area was measured after two days. Bars
indicate average area = SE (n>10). Differences between WT and
mutants were not significant, according to Student’s t-test (P>0.05).



Supplemental Table 1. Differentially expressed proteins in the leaf proteome of AtECS1 in
comparison to Col-0 as identified by MALDI TOF-TOF MSMS.

SSP | Accession Protein [organism] Fold | Score | Peptide | SC | Theoretical
no. no. change count | (%) | Mw (kD)
/pl

Carbon metabolism

1 | gi|15220615 | CAB1 (CHLOROPHYLL 0.03 326 10 69 | 28.28/5.47
A/B BINDING PROTEIN 1);
chlorophyll binding [A.
thaliana]

2 | 0i|21593220 33 kDa polypeptide of 0.29 153 15 53 | 35.36/5.55
oxygen-evolving complex
(OEC) in photosystem 11 [A.

thaliana]
3 0i|16374 chlorophyll a/b binding 0.04 184 9 71 25.00/5.12
protein (LHCP AB 180) [A.
thaliana]
4 | gi|15222166 PSBP-1 (OXYGEN- 0.05 255 9 43 28.25/6.9

EVOLVING ENHANCER
PROTEIN 2); poly(U)
binding [A. thaliana]

5 | 0i|21593520 chlorophyll a/b-binding 0.47 127 7 32 25.03/5.12
protein-like [A. thaliana]

6 0i[7525041 ribulose-1,5-bisphosphate 0.05 623 22 55 | 53.43/5.88
carboxylase/ oxygenase large
subunit [A. thaliana]

7 | gi|18405145 RCA (RUBISCO 0.14 378 20 58 | 52.35/5.87
ACTIVASE) [A. thaliana]

8 gi|7525041 ribulose-1,5-bisphosphate 26.62 638 23 56 53.4/5.88
carboxylase/ oxygenase large
subunit [A. thaliana]

9 | gi|13926229 F1019.10/F1019.10 [A. 13.97 462 10 72 | 14.91/5.69
thaliana]

10 | gi|30687995 RCA (RUBISCO 2.15 650 18 54 | 49.35/7.55
ACTIVASE) [A. thaliana]

11 | gi|18405145 RCA (RUBISCO 3.02 222 15 47 52.34/5.87
ACTIVASE) [A. thaliana]

12 | gi|15219826 RBCS1A,; ribulose- 3.04 225 11 67 | 20.48/7.59
bisphosphate carboxylase [A.
thaliana]

13 | gi|15219826 RBCS1A,; ribulose- 2.69 316 12 64 | 20.48/7.59
bisphosphate carboxylase [A.
thaliana]

14 | gi|13926229 F1019.10/F1019.10 [A. 2.49 636 13 90 | 14.91/5.69
thaliana]

15 | gi|14032593 ATPase alpha subunit 0.46 243 14 32 | 55.33/6.01
4 [Brassica juncea]

16 | gi|17939849 mitochondrial F1 ATP 5.45 612 26 65 63.55/6.52
synthase beta subunit [A.
thaliana]

17 | gi[7525040 | ATP synthase CF1 beta 245 | 794 25 67 | 53.95/5.38




subunit [A. thaliana]

18

gi[7525018

ATP synthase CF1 alpha
subunit [A. thaliana]

241

373

20

45

55.35/5.19

19

9i|1022805

phosphoglycerate kinase [A.
thaliana]

64.88

240

11

45

41.99/4.93

20

0i|15240578

cpHSC70-2 (HEAT SHOCK
PROTEIN 70-7); ATP
binding / unfolded protein
binding [A. thaliana]

22.65

252

13

22

77.06/5.17

21

gi[15219234

VHA-A; ATP binding /
hydrogen ion transporting
ATP synthase, rotational
mechanism [A. thaliana]

1.56

125

16

33

69.11/5.11

Stress and

defense

22

0i|15220604

ABC transporter | family
member 17 [A. thaliana]

0.03

66

53

29.9/6.04

23

0i[15241492

FDH (FORMATE
DEHYDROGENASE); NAD
binding /binding / catalytic/
cofactor binding /
oxidoreductase, [A. thaliana]

0.01

462

18

55

42.67/7.12

24

gi|15231702

ATMDAR1
(MONODEHYDROASCOR
BATE REDUCTASE 1);
monodehydroascorbatereduct
ase (NADH) [A. thaliana]

0.25

93

11

37

46.6/6.41

25

0i[15226973

GDCH (Glycine
decarboxylase complex H)
[A. thaliana]

0.08

96

61

18.04/5.24

26

0i[28973653

putative TPR-repeat protein
[A. thaliana]

0.48

62

10

23

64.76/5.85

27

0i[23802792
2

Peptidyl-prolylcis-trans
isomerase A
[Burkholderiaglumae BGR1]

2.96

49

29

20.49/9.25

28

gi|15241844

BIP1; ATP binding [A.
thaliana]

2.07

193

15

26

73.83/5.08

29

gi[397482

heat shock protein 70 cognate
[A. thaliana]

23.62

480

24

49

71.72/5.03

30

gi[397482

heat shock protein 70 cognate
[A. thaliana]

34.82

523

27

52

71.72/5.03

31

0i[15229033

MTO3 (S-
adenosylmethionine synthase
3); methionine
adenosyltransferase[A.
thaliana]

21.95

337

17

55

43.16/5.51

32

0i|15223576

DHARL1
(DEHYDROASCORBATE
REDUCTASE); glutathione
dehydrogenase (ascorbate)

[A. thaliana]

2.12

255

10

70

23.74/5.56

33

gi[21555831

peptidylprolylisomeraseROC
4 [A. thaliana]

15.18

92

44

28.52/8.83




34

gi|15240578

cpHSC70-2 (HEAT SHOCK
PROTEIN 70-7); ATP
binding / unfolded protein
binding [A. thaliana]

22.65

252

13

22

77.06/5.17

35

0i|975646

dehydrin[A. thaliana]

2.18

95

67

29.91/4.78

36

gi[42573371

CA2 (BETA CARBONIC
ANHYDRASE 2); carbonate
dehydratase/ zinc ion binding

[A. thaliana]

3.64

214

29

28.66/5.36

37

0i[21555831

peptidylprolylisomerase
ROC4 [A. thaliana]

2.2

383

44

28.52/8.83

38

gi[3341717

ACC oxidase [A. thaliana]

3.12

47

45

36.16/4.97

39

gi[15231718

peroxiredoxin type 2, putative
[A. thaliana]

2.11

115

44

24.78/9.12

40

0i[21553667

2-cys peroxiredoxin-like
protein [A. thaliana]

1576

84

25

29.66/5.71

41

gi[625155

cold stress protein [A.
thaliana]

487.6

46

50

11.42/7.26

42

gi[58177602

Chain A, X-Ray Structure Of
Annexin Gene At1g35720 [A.
thaliana]

1.45

380

14

59

36.25/5.21

Othe

Irs

43

gi|15227376

ATSFGH (ARABIDOPSIS
THALIANA S-
FORMYLGLUTATHIONE
HYDROLASE); S-
formylglutathione hydrolase
[A. thaliana]

0.27

187

13

68

31.92/5.91

44

0i[30696056

LOS1 (Low expression of
osmotically responsive genes
1) [A. thaliana]

0.26

58

13

19

94.7/5.89

45

gi[47600741

cobalamin-independent
methionine synthase [A.
thaliana]

2.13

362

21

37

84.60/6.09

Supplemental Table 2. Differentially expressed proteins in the leaf proteome of pad2-1 in
comparison to Col-0 as identified by MALDI TOF-TOF MSMS.

SSP | Accession Protein [organism] Fold | Score | Peptide | SC | Theoretical
no. no. change count | (%) | Mw (kD)
/pl
Carbon metabolism
46 | gi|7525041 ribulose-1,5-bisphosphate 0.22 219 17 44 53.4/5.88
carboxylase/ oxygenase large
subunit [A. thaliana]
47 0i|336390 glyceraldehyde 3-phosphate 0.2 305 15 38 43.16/5.6
dehydrogenase B subunit [A.
thaliana]
48 | gi|22242452 | AT3G54890 [A. thaliana] 0.44 136 5 28 17.65/6.1
8




49 | gi|15228983 | thylakoid lumenal 20 kDa 0.89 65 9 45 28.72/9.3
protein [A. thaliana]
Energy metabolism
50 | gi|15237054 TUF (VACUOLAR ATP 0.46 171 15 54 26.27/6.04
SYNTHASE SUBUNIT E1)
[A. thaliana]
51 | gi|7525040 ATP synthase CF1 beta 2.03 856 24 64 | 53.95/5.38
subunit [A. thaliana]
52 | gi|15219234 VHA-A; ATP binding / 44.85 411 27 52 | 69.11/5.11
hydrogen ion transporting
ATP synthase, rotational
mechanism [A. thaliana]
Stress and defense
53 | gi|20197312 glutathione S-transferase 0.12 64 5 34 | 24.12/6.09
(GST6) [A. thaliana]
54 | gi|[79325249 | FSD1 (FE SUPEROXIDE 0.49 102 5 32 | 21.08/6.16
DISMUTASE 1); iron
superoxide dismutase [A.
thaliana]
55 | gi|62320917 carbonic anhydrase, 0.42 588 14 62 28.5/5.29
chloroplast precursor [A.
thaliana]
56 | gi|22720445 | AT2G37660 [A. thaliana] 0.43 333 8 39 26.3/5.29
5
57 | 9i|30685030 | CA2 (BETA CARBONIC 0.44 65 16 28 | 28.66/5.36
ANHYDRASE 2); carbonate
dehydratase/ zinc ion binding
[A. thaliana]
58 | gil42573371 | CA2 (BETA CARBONIC 0.04 175 9 57 | 28.66/5.36
ANHYDRASE 2); carbonate
dehydratase/ zinc ion binding
[A. thaliana]
59 | gi|15231718 | peroxiredoxin type 2, putative | 0.07 74 6 37 | 24.78/9.12
[A. thaliana]
60 | gi|4586021 cytoplasmic 0.11 204 23 38 98.7/5.79
aconitatehydratase[A.
thaliana]
61 | gi|79328685 TGG2 (GLUCOSIDE 0.47 203 15 35 53.9/6.43
GLUCOHYDROLASE 2);
hydrolase, hydrolyzing O-
glycosyl compounds [A.
thaliana]
62 0i|166574 | 60-kDa chaperonin-60 alpha- | 0.08 116 8 45 | 25.98/4.89
polypeptide [A. thaliana]
63 | gi[23397152 | putative heat shock protein 0.14 413 30 45 80.32/4.95
81-2 (HSP81-2) [A. thaliana]
64 | gi|15218382 PATL1 (PATELLIN 1); 0.04 264 20 36 | 64.12/4.82
transporter [A. thaliana]
65 | gi|15241844 BIP1; ATP binding [A. 0.14 345 21 35 | 73.86/5.08
thaliana]
66 | gil3341717 | ACC oxidase [A. thaliana] 0.42 69 10 39 | 36.16/4.97

Others




67 | gi|22543158 | PREDICTED: hypothetical 0.06 246 12 47 41.9/5.31
5 protein [Vitisvinifera]
68 | gi|21536745 ferritin 1 precursor [A. 0.4 362 11 41 | 28.15/5.73
thaliana]
69 i|487791 GF14omega isoform [A. 0.03 125 9 40 29.2/4.71
thaliana]
70 | gi|22544339 | PREDICTED: hypothetical 2.16 155 17 36 | 68.96/5.24
9 protein [V. vinifera]
71 | gi|22649912 | long-chain-fatty-acid-CoA 2.03 75 13 26 | 61.54/6.23
8 ligase-like protein [Zea mays]

Supplemental Table 3. List of primers used.

Gene Forward primer (5’- 3’) Reverse primer (5’- 3°)

,-ECS AATCTAGATATGGCCTTGATGTCC | AAGAGCTCAATCAGTAGAGAAGCTCC
AGGC TCAAA

,-ECS-700bp | AATATTTCTTCACGGAATTCCTC | AAGAGAGCTGTAGCAATAGGC

nptll GAGGCTATTCGGCTATGACTG ATCGGGAGGGGCGATACCGTA

PR1 ATGAATTTTACTGGCTATTCTCGA | ATGTACGTGTGTATGCATGATCAC
1T

ACS1 ATGTCTCAGGGTGCATGTGA CCGCCGTACAAATAGATGCC

ACS2 GGGTCTTCCGGGAAAAAATAAAG | TTGGAAATTAGCGATGTCGCTAAA

ACS4 ACGACGTTACCAAGAACCCT GAAGGAAGAGAGGCCATGGT

ACS5 CCGGGTTGGTTTAGGGTTTG CACGATCGGTCCATGAAACC

ACS6 ATGGTGGCTTTTGCAACAGAGAA | CAATGTCACTGAATTGATTCACAC

ACS7 TGTTTGAAAGGGAACGCAGG TTCGTCGGTCCATGAACTCA

ACS8 TTTTCGCGTTGGGGTGATTT TGTCTGTTCTTGAGCCGGAT

ACS9 AAATGGAGAACGGGAGCAGA AAGAGGGTTAGACGGGTTGG

ACS10 CGTTCCATGTAGAAGTGCGG TCACGGGCAAAGTCCAAAAG

ACS11 CCAGGCTCATCGTGTCATTG AGAGGAAAGCTTGGAGACCC

ACO1 GATCAAAGAGAGAGAGATGGAG | TGAAATGTTTGGGATCTGACAGAT
A

ACO2 ATGGAGAAGAACATGAAGTTTCC | AGAAAGTGCTTTCCCAATCGAC

A

proACS2

ATTAAGCTTCAAACAAAAAGTTC

ATTCCATGGTGCTGTGTCAATTCTCAC




TTCTTAGAC

TTC

ProACS6 ATAGGATCCCTAAAAATGTAGAG | ATTCCATGGCTTCTTTAATATAGGTTT
ACAGATGGA CTTTTG

proACO1 TTAGGCCTCTTTTGGCTTGTTTAG | TTACCGGTTTATTTACTTTTTCTCACA
TTTGGAG CACAG

MPK3 ATGAACACCGGCGGTGGCCA ATGATCAAGATGACGAAGAAGCTT

MPK6 CGGTGGTTCAGGTCAACCGG AATTTTCTTAATCGCAACGCTCTC

MKK4 TGAAAAGCCGTCCCCGTCGC TATACCGTTCCACCTGCTCCG

MKK5 AAACCGATTCAATCTCCTTCTGG | CGTGACGTCGGAGTGTGGATT

MKK9 GGCTTTAGTACGTGAACGTCGT | CCATCTCTCGCATCAACTGTC

GUS GTAGAAACCCCAACCCGTGA AGTCTGCCAGTTCAGTTCGTT

actin GGCTGATGGTGAAGATATTCAAC | CATTGTAGAAAGTATGATGCCAGA

WRKY33 ATTGAATTCATGGACAATAGCAG | ATTCCATGGTCAGGGCATAAACGAAT
AACCAGACAA CGAAAAA

PACS2 AGGCCATAAGCCCATTCAAA GCCTACAGTGCACGACTTCA

(ChIP)

PACS6 AAAGTCGTTGAGATTGTGTTGG | TGGCAGCCTTAAAGACCAGT

(ChIP)




