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Differential Regulation of Root Arginine Catabolism
and Polyamine Metabolism in Clubroot-Susceptible
and Partially Resistant Arabidopsis Genotypes

Meélanie Jubault, Céline Hamon, Antoine Gravot, Christine Lariagon, Régine Delourme,
Alain Bouchereau, and Maria J. Manzanares-Dauleux*

INRA, Agrocampus Rennes, Université de Rennes 1, UMR118, Amélioration des Plantes et
Biotechnologies Végétales, 35653 Le Rheu cedex, France

The hypertrophy and hyperplasia of infected roots into clubs are the intrinsic characteristics of clubroot, one of the
economically most important diseases in Brassica crops worldwide. Polyamines, arginine (Arg)-derived metabolites, have long
been recognized as cell proliferation and differentiation regulators in plants and Lt)ﬂ‘-:t’(_[LlL’ﬂtl\ are suitable candidates for
potential g Uall development factors. Furthermore, Arg Latabohsm through arginase, which is strongly connected to polyamine
mvtabohsm would play an important role in response to wound tmuma and pathoovn infection. In this study, we vxplmtvd
the Arabidopsis (Arabidopsis thaliana)-Plasmodiophora brassicae pathosystem to investigate the involvement of polyamine
metabolism and Arg catabolism in host responses to the pathogen infection and in partial clubroot resistance mechanisms. We
demonstrated at the transcriptional, enzymatic, and metabolic levels that polyamine metabolism and Arg catabolism are
induced during the later stages of disease in compatible Arabidopsis-P. brassicae interactions. However, susceptible and
partially resistant plants showed strikingly different Arg metabolism signatures. Susceptible plants were characterized by a
transient agmatine production, a massive induction of arginase, and a strong accumulation of proline. The potential functions
of this marked activation of the arginase pathway in the P brassicae pathogenicity strategy are discussed. Partially resistant
plants showed a continuous agmatine production and a weaker arginase pathway activity than the susceptible genotype.
Results suggest that the symptom severity was strongly associated to the differential regulation of root polyamine metabolism
and Arg catabolism. Further work using arginase transgenic plants will provide insight into the physiological function of the
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E'il'gil"lé'i.‘-'st.’ pE’ith\u\-’ﬁ‘\-’ in partial clubroot resistance.

Clubroot, caused by the obligate biotrophic protist
Plasmodiophora brassicae Woron., is one of the econom-
ically most important diseases of Brassica crops in the
world. The life cycle of this soil-borne pathogen can be
divided into two phases: a primary phase in which
events are confined to the root hairs, and a secondary
phase that occurs in the cortex and the stele of the
hypocotyl and roots of the infected plants. During the
second p} ase, multinucleate plasmodia cause the hy-
pertrophy (abnormal cell enlargement) and hy perpla-
sia (uncontrolled cell division) of infected roots into
characteristic clubs (Ingram and Tommerup, 1972).
These symptoms obstruct nutrient and water trans-
port, stunt the growth of the plant, and consequently
reduce crop \'ILId and quality. Since the pathogen
survives as resting spores for a long period (up to 15
years) in the soil, control of the dlsease by agricultural
practices and /or chemical treatments is difficult and/
or expensive. Thus, the development of resistant cul-
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tivars is currently the most efficient way to control
clubroot among Brassica crops. Both qualitative and
quantitative clubroot resistances have been identified
and analyzed in different cultiv ated Brassicaceae spe-
cies (Manzanares-Dauleux et al., 2000a; Suwabe et al.,
2003; Hirai et al., 20( J4 Piao et al., 2004; Rocherieux
et al., 2004; Hirai, 2006; Saito et al., 2006; Suwabe et al.,
2006). Monogenic or ollgogcmc conferred clubroot
resistance introduced into commercial cultivars leads
to complete resistance (incompatible interaction) but is
rapidly overcome. Partial resistance (compatible inter-
action), controlled by multiple genes, would be over-
come by the pathogen more 5]0&\]\ and is thus an
alternative for developing durable host-plant resis-
tance. However, mechanisms associated with partial
quantitative resistance remain poorly understood.
\T‘abld()p‘»l% (Aral frd{:para thaliana), a wild Brassica
ceae, also is a host species for clubroot (Koch et al,
1991). Natural variation in the responses to clubroot
occurs in the model plant (Fuchs and Sacristan, 1996;
Siemens et al., 2002; Alix et al., 2007) and our group
discovered that the Burren-( (Bur )) accession is par-
tially resistant to the eH P. brassicae isolate (Alix et al,,
2007). The resistance harbored by this accession is
under polygenic control (M. Jubault, C. Lariagon, M.
Simon, R. Delourme, and M.]. Manzanares-Dauleux,
unpublished data) and is characterized by a reduction
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Figure 1. Polyamine biosynthetic pathway in Arabidopsis. ADC, Arg
decarboxylase; AlH, agmatine iminohydrolase; CPA, N-carbamoylpu-
trescine amidohydrolase; SPDS, spermidine synthase; SPMS, spermine
synthase; SAMDC, S-adenosyl-Met decarboxylase.

of symptom severity. Compared to a susceptible geno-
type (main and secondary root systems are erIaced
by a big club), the partially resistant plants usually
show (ml\ tiny clubs confined to the secondary root
system. These findings make it possible to exploit the
model plant and its panel of available biological and
genomic resources to gain insight into ::Iubr(mt path-
ogenesis and the ms_cham%ms contmllmv parhal re-
sistance. Furthermore, P. brassicae does not show host
specificity in Brassicaceqe (i.e. the same isolate can
infect different species). Consequently, knowledge ac-
quired on Arabidopsis could then be rapidly inte-
grated and transferred to cultivated crops. To date,
rcsearch on clubroot using Arabidopsis as a model
host systerm was mainly focused on the role of hor-
monal regulation by auxin (Ludwig-Muller et al., 1999;
Cr%ic Rausch et al., 2000; Neuhaus et al., 2000; Ando

t al., 2006; Devos et al., 2006; Schuller and Ludwig-
Mulle 2006) and /or cvtokmma (Devos et al., 20( J(a
Siemens et al., 2006) in the development of clubroot
symptoms. However, other molecules, such as poly-
amines, could also be involved in cell proliferation and
differentiation. These metabolites are of interest re-
garding the development of clubroot symptoms and
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were previously proposed to participate in club
formation in infected roots of susceptible Brassica
(Walters and Shuttleton, 1985; Cao et al., 2008).

Polyamines are ubiquitous aliphatic cations that are
produced by almost all living organisms, including
plants, animals, fungi, and bacte ria. Their biosy nthesh
and catabolism pathu ays have been fully character-
ized for many c}re,am%ma (mammah fungi, plants). In
Arabidopsis, the amino acid Arg is the starting point
for polyamine biosynthesis. ;\rg is decarboxvlated by
Arg decarboxylase to yield agmatine (Fig. 1), which
then serves as the substrate for the biosynthesis of
putrescine through the activities of two enzymes,
agmatine iminohydrolase and | -'-carbamm'lputreqcine
amidohydrolase. In higher plants, putrescine is also
produced by an alternative pathway, from Orn, as the
result of the action of Orn decarboxylase. However,
several plant species, including the model plant Arabi-
dopsis, show reduced or absent Orn decarboxylase
activity, so that polyamine biosynthesis must be mostly
dependant on the basic amino acid Arg (Hanfrey et al.,
2001). Putrescine is then converted in to the polyamines
spermidine and spermine by addition of amino-propyvl
residues from decarboxylated S-adenosyl-Met, which
results from decarboxylation of S-adenosyl-Met by
S-adenosyl-Met decarboxylase. These reactions are
sequentially catalyzed by two closely related but dis-
tinct enzymes, ‘-)pE_T]TIICIII'lE_‘ synthase and spermine
synthase. In higher plants, in addition to their impli-

cation in fundamental cellular processes, such as chro-
matin organization, cell proliferation, differentiation,
and pr(wrammcd cell death (Thomas and Thomas,
2001; Bais and Ravishankar, 2002), polyamines were
also reported to be involved in adaptive responses to
abiotic (for review, see Bouchereau et al.,, 1999; Urano
et al., 2003; Kuznetsov et al 2006) and biotic stresses
(for review, see Walters, 2003). First, they are essential
components of the plant cell wall, a crucial physical
barrier against pathogen invasion (Berta et al., 1997).
In addition, polyamine catabolism may also contribute
to defense responses through two reaction products
(for review, see Cona et al., 2 J06): y-aminobutyric acid,
an important metabolite largely and rapidly produced
in response to biotic and abiotic stresses (Bouche and
Fromm, 2004), and the reactive oxygen species HZOZ,
which has long been recognized to pla\ a key role in
defense (Gechev et al., 2006). Last, polyamine conju-
cation with phenolic acids was also linked with plant
defense to pathogen infection (Walters, 2000).

Two major metabolic pathways are closely connected
to polyamine metabolism. Arg is also the precursor for
the biosynthesis of nitric (}‘(Idi_‘ (NO), Orn, and urea
(Fig. 2). The step catalyzed by NO synthase (NOS),
which allows the two-step oxidation of Arg to NO and
citrulling, is intensively studied during abiotic stresses
and plant-pathogen interactions (Mur et al., 2006;
Arasimowicz and Floryszak-Wieczorek, 2007). The
second Arg catabolism pathway is catalyzed by argi-
nase, w hlc} hydrolyzes Arg to Orn and urea. W hercas
Orn contributes to the IJIO.‘-:} nthesis of Pro and Glu,
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Figure 2. Arg catabolism in Arabidopsis. ADC, Arg decarboxylase.

urea is further catabolized by urease to carbon dioxide
and ammonium. Although research on plant arginase
has mainly focused on its role in mobilizing Arg as
a nitrogen source during postgermination growth
(Kolloffel and van Dijke, 1975; Zonia et al., 1995;
Palmieri et al., 2006), plant arginase was also reported
to be involved in stress responses. Arginase activity
was induced in tomato (Lycopersicon e aerh:ihun) leaves
in response to wounding; treatment with jasmonic
acid, a potent signal for plant defense responses; and
infection with a virulent strain of Pseudomonas syringae
pv fomato (Chen et al.,, 2004). Potential roles in pro-
tection against herbivores and in pathogen virulence
were conhequentl_\_- proposed. However, although they
are strongly interconnected because they compete for a
common substrate, these three Arg catabolic path-
ways, Le. biosynthesis of polyamines, biosynthesis of
NO, and the urea cycle, are frequently considered
independently in higher plants. In contrast to animal
systems, where a sw ltch between the different branches
of Arg metabolism has long been recognized to be in-
volved in response to wound trauma and pathogen
infection (\mcendeau et al., 2003; Duleu et al., 2004;
Pfaff et al., 2005), the potential role of Arg metabolism
regulation in the plant-pathogen relationship is still
unclear.

Consequently, Arg metabolism appears o be an
exciting metabolic patm ay potentially involved i
Bmwmum-ﬂ brassicae interactions due to, on one
hand, its central role in plant defense-responses and,
on the other hand, the role of polvamines in cell
proliferation and differentiation regulation. The pres-
ent work aims to determine, first, whether polyamine
metabolism and Arg catabolism through arginase are
implicated in host responses to P brassicae infection,
and, second, whether these metabolic pathways might
be involved in partial clubroot resistance mechanisms.
Thus, we examined the temporal responses of poly-
amines and arginase to clubroot in roots of both the
susceptible Columbla -0 (Col-0) accession and the par-
tially resistant Bur-0 accession. We analyzed the ex-

2010
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pression levels of genes involved in polyamine
biosynthesis and encoding arginase, and quantified
arginase activity, Arg-related amino acids, and free
polyamine levels. Our results show that the expression
of genes involved in Arg catabolism and polyamine
met abohsm is induced upon inoculation with P. bras
sicae in both susceptible and parhalh resistant acces-
sions. However, free polyvamine pmductmn and Arg
utilization is clearly regulated differently in parhall_\_-
resistant plants compared to susceptible ones.

RESULTS
Clubroot Resistance Tests

In each test, the Arabidopsis accessions Bur-0 and
Col-0 were evaluated at 21 d postinoculation (dpi) for
clubroot symptoms. A set of differential hosts, includ-
ing susceptible and resistant genotypes of different
Brassica species, was also evaluated at 49 dpi to char-
acterize the isolate’s pathogenicity. This confirmed
that the selection isolate eH (Fahling et al., 2003)
used in this study belongs to the most virulent P.
brassicae pathotype P1 (Somé et al., 1996). ANOVA
revealed no significant difference between tests but a
significant phenotypic variation between genotypes
(P <= 0.001). The Col-0 accession, with a mean disease
index (DI) of 86, was classified as significantly more
susceptible than the Bur-0 accession (P < 0.05), which
showed an intermediate behavior with a mean DI of 64

as previously reported (Alix et al., 2007).

Transcriptional Profiling of Genes Involved in
Polyamine Metabolism and Arg Catabolism

We used quantitative real-time reverse transcription
(RT)-PCR to examine the e*{pre%i(m levels of poh—'—
amine biosynthesis and arginase-encoding genes in
control and infected roots of the partially resistant
Bur-0 accession and the susceptible Col-0 accession.
Four independent experiments were carried out at
four time points (2, 7, 14, and 21 dpi) to relate specific
host responses to the life cvcle of the pathogen. The
first time point corresponds to the primary phase of
P. brassicae infection, i.e. the first contact between
primary zoospores and root hairs and development
of primary plasmodia. Seven, 14, and 21 dpi corre-
spond in a susceptible genotype to the early events of
cortical cells col(muah(m and club formation, respec-
tively, during the secondary phase of infection (Fuchs
and Sacristan, 1996). For each time point, an ANOVA
was performed to evaluate inoculation and genotype
effects on gene expression.

First, we could not detect any significant differences
between the transcriptional profiles of genes involved
in polvamine biosynthesis and Arg catabolism in
control roots of the two Arabidopsis genotypes. Sim-
ilarly, no significant differences were observed be-
tween COI'IH"OI and P. brassicae-infected roots for either
gene sel or accession at the first two time points (data

Plant Physiol. Vol. 146, 2008
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not shown). In contrast, at 14 and 21 dpi, the ANOVA
showed that expression of most genes mvolved in
polyvamine biosynthesis and Arg catabolism had been
significantly affected by the inoculation with tran-
scripts accumulating in response to P. brassicae infec-
tion in both susceptible and partially resistant roots.

Close examination of specific gene expression pro-
files showed that expression of genes encoding Arg
decarboxylase (ADC1), agmatine iminohydrolase (AIH),
N-carbamoylputrescine amidohvdrolase (CPA), spermi-
dine synthase (SPDSI, SPDS2), and S-adenosyl-Met
du:arbcwv ase (SAMDC2) was significantly hlc'her in
P. brassicae moculated roots t} an in the ccmtrol at 14
and 21 dpi (P < 0.05 to P < 0.001; Fig. 3, A and B).
Transcription of S/h"wTD(_.I, a second gene encoding
S-adenosyl-Met decarboxylase, and SPMS, encoding
spermine sy nt} ase was alao induced by P. brassicac
infection (P << 0.05 and P < 0.01 respectiv eh) butonly
transiently at 14 dpi. In contrast, mRNA levels of
ADC2, a second gene encoding Arg decarboxylase, did
not change in response to infection, and expression of
ACL5, a second gene encoding spermine synthase,
decreased in infected plants at 14 and 21 dpi (P < 0.05
and P <2 0.001). None of the genes showed significant
different expression patterns between infected roots of
the susceptible and partially resistant accessions.

The expression of the two genes encoding arginase,
ARGAHT and ARGAH2, was also monitored through-
out P brassicae infection. ARGAHT mRNA levels in-
creased significantly at 14 and 21 dpi in both
accessions compared to control roots (P < 0.05; Fig.
4A), but there was no significant differences in re-
sponse level between the two genotypes. ARGAH?2
mRNA levels were also higher in Col-0 and Bur-0
inoculated roots than in the control at 14 and 21 dpi.
[nterestingly, however, ARGAH2 mRNA levels were
drastically induced in 5115ccphb|e infected roots com-
pared to partially resistant infected roots (Fig. 4B). This
observation proved to be statistically significant with a
clear interaction between genot_\_!pe and inoculation
factors at 14 and 21 dpi (P < '3 and P < 0.01).
Duncan’s multiple-range test (u = (0.05) perf(mﬂed on
the four genotype X inoculation treatments also
showed that ARGAH2 was expressed at significantly
higher levels in infected Col-0 roots at 14 and 21 dpi.
For example, at 21 dpi, the ARGAH2 expression was
25-fold higher in inoculated roots than control Col-0
roots but onlv 3-fold higher for the partially resistant
genotype Bur-0.

Arginase Activity

To validate our results showing induced arginase
expression at the transcriptional level, arginase activ-
ity was measured in control and infected Col-0 and
Bur-0 roots at 21 dpi (Fig. 5). A striking increase in
arginase activity was observed in susceptible Col-0
roots in response to P brassicae infection. Indeed,
arginase activity was 10-fold higher in infected roots
than in control roots. In contrast, arginase activity in

Plant Physiol. Vol. 146, 2008
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infected roots of the partially resistant Bur-0 accession
only increased 5]10}1Hv, as was observed at the tran-
scriptional level.

Arg-Related Amino Acids

Next, we measured the amino acid content of roots
at 21 dpi, specifically looking at Arg and related amino
acids, i.e. Orn, Glu, and Pro contents (Fig. 6). In non-
infected roots, there was approximately 3 times more
Arg in Bur-0 than Col-0. No significant change was
observed for Arg contents in response to moculahon
Orn levels remamed relatively low (<0.1 pmol g~ dr\'
weight [DW]) regardless of conditions or genotvpes
(data not show n) In contrast, infections had a strong
impact on Pro accumulation, which reached high
levels in the infected Col-0 roots. Pro also accumulated
in Bur-0 roots, but in a much lower proportion.
ANOVA revealed a significant interaction between
senotype and inoculation factors (P << 0.05). A Dun-
can’s multiple-range test (e = 0.05) performed on the
four genotype X inoculation treatments also showed a
significant higher accumulation of Pro in the infected
C()I 0 roots. In comparison, apparently higher levels of
Glu in infected roots were very modest. \[\O\' A did
not reveal significant changes in Glu contents in re-
sponse to nmculahon.

Free Polyamine Levels

To further investigate the role of polvamine metab-
olism following on from the above results obtained at
the transcriptional level, we quantified the levels of the
precursor diamines agmatine and putrescine and the
levels of polyamines c,pcrmme and spermidine at 2, 7,
14, and 21 dpi (Fig. 7; Table I). These measures were
performed on the four independent experiments pre-
viously used for the transcript profiling,.

Metabolic profiling of control Arabidopsis roots
showed that agmatine and spermidine are the most
abundant polyamines. An ANOVA was performed to
evaluate time-point and genotype effects on each
metabolite level. No significant differences in putres-
cine and spermine content were detected between the
two genotypes. However, whereas spermine content
did not change along the time course, the putret;cine
level decreased 510111f1r:ant|\' at 21 dpi in both Col-(
and Bur-0 roots (P 0.05). Significant increases in
agmatine and spermidine were ober\- ed at 14 dpi in
Col-0 roots (P << 0.05).

For each time point, ANOVA was then performed to
evaluate inoculation and genotype effects on metabo-
lite level. At the two first time points, there was no
significant difference in agmatine levels in noninfected
and P. brassicae-infected roots (Fig. 7). At 14 dpi, how-
ever, the agmatine level significantly increased in
response to infection in both susceptible and partially
resistant roots. At 21 dpi, the effect of the interac-
tion between accession and inoculation factors was

2011
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Figure 3. Relative transcript levels of polyamine biosynthetic genes encoding Arg decarboxylase (ADCT, ADC2), agmaline
iminohydrolase (AIH), N-carbamoylputrescine amidohydrolase (CPA), spermidine synthase (SPDS1, SPDS2), spermine
synthase (SPMS, ACL5), and S-adenosyl-Met decarboxylase (SAMDCI, SAMDCZ) in noninfected (control) and infected roots
of the susceptible accession Col-0 (A} and the partially resistant accession Bur-0 (B} at 14 and 21 dpi. Values were obtained by
real-time quantitative RT-PCR and are normalized to the host Acting gene. Samples of control and infected roots were analyzed
in duplicate in four independent experiments. Significant differences from controls are shown at ¥, P<2 0.05; **, P<2 0.01; and

whv PE20.061.

significant (P << 0.01). Indeed, whereas agmatine level
continued to rise at 21 dpi in the partially resistant
roots, it stopped in the susceptible roots. A Duncan’s
multiple-range test (¢ = 0.05) performed on the four
accession ¥ inoculation freatments confirmed that
there was a significantly higher level of agmatine in
the Bur-0 infected roots (Fig. 7).

2012

The level of putrescine did not change in response to
clubroot infection either in susceptible or partially
resistant roots (Table I). As opposed to Bur-0 roots,
variations in spermidine and spermine levels were
detected at 7 and 14 dpi in Col-0 roots. Upon F
brassicae infection, spermidine and spermine levels in
susceptible roots tended to increase at 7 dpi and then

Plant Physiol. Vol. 146, 2008
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Figure 4. Relative transcript levels of the genes ARGAH1 (A} and ARGAH2 (B} encoding arginase in noninfected (contral} and
infected roats of the susceplible accession Col-0 and the partially resistant accession Bur-0 at 14 and 21 dpi. Values were
obtained by real-lime quantitative RT-PCR and are normalized to the haost Acting sene. Samples of control and infected roots
were analyzed in duplicate in four independent experiments. For each time point, same letters indicate nonsignificant difference

at P= 0.05.

to decrease at 14 dpi; however, these variations were
not statistically significant.

DISCUSSION

This study reports the involvement of Arg me-
tabolism in the Arabidopsis-P. brassicac interaction,
Consistent results obtained at the transcriptional, en-
zymatic, and metabolic levels demonstrated that poly-
amine metabolism and Arg catabolism are induced
in compatible f\]’abld()pﬁl‘ﬂ -P brassicae interactions.
Furthermore, we demonstrated that upon P. brassicac
infection, susceplible and parlia]l\" resistant plants
exhibit striking differences in the regulation of Arg
metabolism. In susceptible plants (Col-0), arginase
activity was massively induced at 14 dpi and 21 dpi.
This was associated with no change in Orn content but
with a large accumulation of Pro. Furthermore, poly-
amine biosynthesis was also up-regulated with an
accumulation of agmatine at 14 dpi. Partially resistant
p]ants (Bur-0), on the other hand, exhibited a slight
arginase induction and a moderate aculmulalmn of
Pro. In addition, as in susceptible plants, polyamine
biosynthesis was also induced; however, agmatine
accumulation, observed from 14 dpi, continued to
increase at 21 dpi.

Transcriptional and Enzymatic Analyses of
Arg Metabolism

We determined the transcriptional profile of genes
involved in Arg metabolism in response to . Ilr.w.um’
infection. In this study, we were particularly interested
in the arginase and polyamine pathways. The NOS
pathway was not included in this study because the
nature of its coding gene remains elusive and contro-
versial (Guo et al., 2]0.’», Zemojtel et al., 2006). In
Arabidopsis, most of the enzymes involved in Orn and
polyamine production are encoded by duplicated
genes, However, although they encode the same en-
zyme, duplicated genes encoding Arg decarboxylase

Plant Physiol. Vol. 146, 2008

(ADCT and ADC2), spermine synthase (SPMS and
ACLS), and arginase (ARGAHT and ARGAH2) were
expressed d]ﬂeranl]a]]\ following P. Irassicae infection.
Whereas ADCI and SPMS tran%cnpt% accumulated at
14 and 21 dpi, like other polyamine biosynthetic genes,
the expression of ADC2 and ACL5 was surprisingly
opposite. While ARGAHT transcripts accumulated in a
similar fashion in both susceptible and partially resis-
tant accessions, ARGAH2 overexpression was signifi-
cantly higher in the ‘-ﬂ.‘.l‘-:(.(.‘pllbll_‘ accession than in the
partially resistant accession at 14 and 21 dpi. This
differential regulation of gene responsiveness was
previously observed in biotic and abiotic stress. In-
deed, ADC2 was found to be specifically involved in
hyperosmotic stress (Soyka and Heyer, 1999), in water
stress (Alcazar et al., 2006), and in response to jasmonic
acid and abscisic acid appllcatmns (Perez-Amador
et al., 2002; Urano et al., 2003). Exogcnou% abscisic
ac1d also up-regulated SPMS c\{prc%lcm (Hanzawa
et al., 2002; Uram)c al., 2003) but not ACL5, which was
speaﬁcal]\ induced upon indolacetic acid app]lcatmn
(Hanzawa et al., 2000). Even if two genes (LeARGI and
LeARG2) encoding arginase were identified in tomato,

120 a
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40

Arginase activity
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Figure 5. Levels of arginase activity in noninfected icontrol} and
infected roots of the susceptible accession Col-0 and the partially
resistant accession Bur-0 at 21 dpi. Arginase aclivity was expressed as
nanomoles of Om released per minute per milligram of protein. Values
represent means of two replicates. Same letters indicate nonsignificant
difference at P = 0.05.
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Figure 6. Effect of P. brassicae inoculation on Arg-related amino acid
contents in roots of the susceptible accession Col-0 and the partially
resistant accession Bur-0 at 21 dpi. Amino acid contents were ex-
pressed as micromoles per gram of DW. Values represent means of two
replicates. For each amino acid, same letters indicate nonsignificant
difference at P = 0.05.

specific induction of LeARG2Z was observed in re-
sponse to wounding, jasmonic acid treatment, and
infection with a virulent strain of P. syringae pv tomaio
(Chen et al., 2004).

Arginase activity measurements do not appear to
exactly reflect the expression of both ARGAHI and
ARGAH2, the two genes encoding arginase. ARGAH]
showed higher basal and P. brassicae-induced expres-
sion levels than ARGAH?2, but the strong enhancement
of arginase activity in susceptible infected roots ap-
pears to be more consistent with the massive increase
in ARGAH?2 expression in susceptible plants than with
the overall higher ARCGAH1 expression. Taken to-
gether, these results suggest that ARGAH2 is the
predominant P. brassicae-inducible isoform in Arabi-
dopsis roots and that the two arginase isoforms have

Figure 7. Contents of agmatine in noninfected (con- = 34
trol) and infected roots of the susceptible accession =
Col-0 and the partially resistant accession Bur-0 at 2, % 25
7,14, and 21 dpi. Agmatine contents were expressed S
as micromoles per gram of DW. Samples of control E ,)
and infected roots were analyzed in four independent =
experiments. For each time point, same letters indi- Z
ignificant diff = 0.05 g 157
cate nonsignificant difierence at P = 0.05. o
c
o
o 14
]
£
=
® 054
£
o
< o

http://www.ncbi.nlm.ni h.gov/pmc/articles/ PMC2287367/pdf/pp146200...

contrasting biochemical properties or differing post-
transcriptional regulations.

Polyamine Metabolism and Arginase Are Induced in
Compatible Arabidopsis-P. brassicae Interactions

Arg metabolism was induced in response to club-
root infection in both susceptible and partially resis-
tant plants. In the literature, similar induction was
previously reported in biotic stress, both through
arginase and polyamine pathways. Chen et al. (2004)
reported an increase in arginase activity in tomato
plants infected with a virulent strain of P. syringae pv
tomate. Furthermore, in mammalian systems, arginase
induction has long been associated with various par-
asite infections (Vincendeau et al., 2003; Duleu et al.,,
2004). The polyamine biosynthesis pathway was in-
duced in both compatible and incompatible host-
pathogen interactions (for review, see Walters, 2000,
2003). Furthermore, consistent with our results, Cao
et al. (2008) also reported, at the proteome level, the
up-regulation of the polyamine biosynthetic enzyme
spermidine synthase in Brassica napus in response to P
brassicae infection. Previous reports on polyamine
contents generally focused on the diamine putrescine
and/or the polyvamines spermidine and spermine;
however, no information is currently available on the
regulation of agmatine, the precursor to putrescine, in
response to pathogen infection. The present study is
thus the first report of agmatine involvement in biotic
stress. Surprisingly, whereas agmatine accumulated in
response to infection in Col-0 and Bur-0 roots, no
significant variations in putrescine, spermidine, and
spermine levels were reported. Burtin and Michael
(1997) also reported that ADC overexpression in trans-
genic tobacco plants induced agmatine accumulation
but did not affect putrescine, spermine, and spermi-
dine levels. These results suggest that other poly-
amine-regulating mechanisms are involved, such as
polyamine catabolism (for review, see Cona et al,
2006), conjugation, and transport (for review, see
Martin-Tanguy, 2001). Hydroxycinnamic acid amide

2 dpi

7 dpi 14 dpi 21 dpi

|E| Col-0 control Col-0 infected  [] Bur-0 control Bur-0 infected

2014

Plant Physiol. Vol. 146, 2008

13/03/2013 18:11



pp117432 2008..2019 - pp1462008.pdf

8 sur 12

http://www.ncbi.nlm.ni h.gov/pmc/articles/ PMC2287367/pdf/pp146200...

Arginine and Polyamine Metabolisms in Clubrooted Arabidopsis

Table 1. Effect of P. brassicae inoculation on free polvamine concentrations in roots of the susceptible accession Col-0 and the partially

resistant accession Bur-0 at 2, 7, 14, and 217 dpi

Values represent means of four independent experiments *st.

Polyamine Content

Polyamine Genotype Inoculation
2 dpi 7 dpi 14 dpi 21 dpi
pmol g 7 DW
Putrescine Col-0 Noninoculated 0.37 = 0.08 0.6 * 0.6 0.54 * 0.43 017 = 0.04
Inoculated 0.32 + 0.1 0.58 + 03 0.44 + 014 0.26 + 015
Bur-0 Noninaculated 0.45 + 017 0.46 + 018 0.25 + 0.03 0.22 0.0
Inoculated 0.38 + 0.24 0.45 + 017 0.35 010 0.29 + 0.08
Spermidine Col-0 Noninoculated 0.3 =029 0.79 = 0.13 1.8 =079 0.61 + 0.82
Inoculated 0.18 + 0.06 202 +1.10 0.44 + 029 0.87 + 0.84
Bur-0 Noninaculated 0.18 + 0.1 0.42 + 039 0.33 + 039 0.63 * 0.64
Inoculated 0.33 £ 033 0.28 * 0.1 0.18 = 0.11 0.69 * 0.72
Spermine Col-0 Noninoculated 0.22 + 017 0.35 £ 026 0.46 = 0.55 0.06 * 0.03
Inoculated 0.18 + 0.06 0.49 + 045 0.08 + 0.01 0.05 + 0.02
Bur-0 Noninaculated 0.14 + 0.1 0.09 + 0.04 0.07 + 0.03 0.06 * 0.01
Inoculated 0.19 + 013 0.14 + 0.05 0.06 + 0.02 0.09 + 0.04

conjugates were proposed to play a role in defense
mechanisms against biotic and abiotic stress, by acting
asradical scavengers, antifungal agents, or in strength-
ening the plant cell wall against microbial degradation
(Bors et al., 1989; Walters, 2000; Von Roepenack-
Lahave et al, 2003). Walters and Shuttleton (1985)
measured the free polyamine levels in turnip (Brassica
rapa) roots infected by P. brassicae and showed that
putrescine, spermidine, and spermine concentrations
were higher in “clubbed” regions of the infected
turnip roots than in noninfected roots, while the con-
centrations were lower in regions of infected roots not
exhibiting symptoms of clubroot development. These
results suggest that in infected roots, homeostatic
regulation, involving transport of polyamines from
regions not E_‘{l'llblhl'l‘-' symptoms to “clubbed” re-
gions, may be akmu place. Because we looked at
whole roots, any localized variations in polyamine
levels due to this type of transport mechanism be-
tween the different parts of infected roots were not
detected. Last, we cannot exclude that some of the
polyamines we measured were contributed by P
brassicae. Indeed, due to its exclusive intracellular life
cvcle, it is difficult to distinguish between metabolites
of plant or pathogen origin.

Susceptible and Partially Resistant Plants Showed
Differences in Arg Catabolism Regulation following
P. brassicae Infection

Arginase catabolism was strongly induced in the
su%cephblc plants. ARGAHT and parhcularh ARGAH?2
expression and arginase activity markedly increased
upon P. brassicae infection. Induction of arginase may
represent a pathogenicity strategy by F. brassicae. In-
deed, because arginase competes with NOS for a
common substrate, its induction could play an impor-
tant role in pathogenesis by attenuating the produc-
tion of NO-mediated host defenses. This hypothesis is

Plant Physiol. Vol. 146, 2008

supported by increasing evidence from mammalian
systems (Vincendeau et al, 2003). For example, try-
panosomes can ev ade host defenses by stimulating the
expression of macrophage arginase, which effech\ ely
inhibits NO produch(m and NO-mediated trypano-
some killing (Duleu et al., 2004). Arginase induction
could also be a way of diverting nitrogen metabolism
in favor of the pathogen. Induction occurred at 14 d
and 21 dpi, corresponding to the second phase of the
P. brassicae life cycle (Fuchs and Sacristan, 1996). Dur-
ing this p} ase, multinucleate plasmodia grow by mi-
totic division and consequently cause the }n pertrophy
and hyperplasia of host cells. By analogy to the pro-
posed role of arginase in nitrogen met tabolism during
postgerminative growth (Kolloffel and van Dijke,
1975; Zonia et al., 1995), P. brassicae-induced degrada-
tion of Arg to ammonium and Orn may provide a
mechanism to divert plant nitrogen into the pro-
duction of amino acids indispensable for pathogen
multiplication. Plasmodia would thus redirect host
nutrients to their own benefits, thereby acting as a
metabolic sink. P. brassicac was previously pmpmed to
interfere in host carbon metabolism following obser-
vations that carbohydrates accumulate in infected
tissues (Evans and Scholes, 1995). We also observed
an acute accumulation of Pro in Col-0 infected roots,
which strengthens the idea that ‘al_l‘aCE_pth]]h’ 1S asso-
ciated with an enhancement of the metabolic flux from
Arg to Pro. Free Pro biosynthesis and accumulation at
hlﬂh levels is very common in plants subjected to
osmotic, drought, or saline strains (Delauney and
Verma, 1993). Of note, although reasonable, the
amounts of Pro detected in infected roots in this
L*{pi_l‘ll'l'li_t'lt were of surprising magnitude (92 umol g
DW ™), and this may warrant further attention. Pro,
y-aminobutyric acid, and a-aminoadipic acid were
recently observed to strongly accumulate in T-DN A-
induced Arabidopsis tumors cells and were viewed by
the authors as stress metabolites (Deeken et al., 2006).
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