
SUMMARY

The accumulation of cell wall hydroxyproline-rich
glycoproteins (HRGPs) involved in plant defence re-
sponse was studied, in terms of hydroxyproline accu-
mulation on purified cell walls of leaves of tobacco cvs
Havana 425, Xanthi-nc (wild type), and NahG-trans-
formed Xanthi (carrying the gene for salicylate hydroxy-
lase). The leaves (7th and 8th leaves) were analysed after
treatment with salicylic acid (SA) and the SA analogue
acibenzolar-S-methyl (ASM). Upper untreated leaves
(9th leaf) were also analysed. Infiltration of 1 mM SA so-
lution into leaves 8 and 9 of Havana 425 and Xanthi-nc,
induced significant HRGP accumulation, which also oc-
curred in the upper untreated leaves, more evident at 4
and 5 days after treatment, whereas in NahG plants no
accumulation was observed, both in treated and upper
leaves. Spraying 1 mM ASM solutions induced insignifi-
cant or modest and transitory HRGP accumulation in
sprayed leaves of Havana and Xanthi respectively and a
clear accumulation in the upper leaves, at 4, 5 and, gen-
erally, at 6 days. In NahG plants, modest accumulation
was observed only in the upper leaves at 5 or 5 and 6
days. The pattern of HRGP accumulation induced by
SA and ASM in Havana and Xanthi-nc appears consis-
tent with the involvement of HRGPs in SAR. In SA-in-
sensitive NahG plants, the lack (SA treatment) or poor
(ASM treatment) HRGP accumulations also hint at
their involvement in SAR.
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INTRODUCTION

Many defence mechanisms are triggered by patho-
genic attacks, which induce a broad spectrum response
against the inducers and/or other pathogens, referred to
as systemic acquired resistance (SAR). Bel and Gaupels
(2004) stated that, despite the long-standing knowledge
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of the triggering of long-distance SAR, the translocation
pathway and identity of the signal involved have not
been determined precisely, as indicated by the recent re-
port of involvement of sieve tubes in signal translocation
(Kiefer and Slusarenko, 2003; Durrant and Dong, 2004).

According to Métraux (2001), the importance of sali-
cylic acid (SA) for SAR was demonstrated by Gaffney et
al. (1993) and others, using different Arabidopsis mu-
tants. Although numerous studies have implicated SA as
an important component of the plant transduction path-
way in pathogen-induced resistance, its function in
processes involved in cell death and resistance is still
poorly understood (Durrant and Dong, 2004; Bel and
Gaupels, 2004). In tobacco carrying the dominant “N”
gene, which induces a hypersensitive reaction (HR) to
Tobacco mosaic virus (TMV) and limits its replication
and movement, considerable evidence indicates that SA
is an endogenous signal involved in the induction of PR-
1 gene expression and SAR activation (Malamy et al.,
1996). NahG plants (tobacco plants transformed with a
bacterial salicylate hydroxylase gene nahG) are unable to
activate SAR (Gaffney et al., 1993) and show increased
susceptibility to TMV (Delaney et al., 1994). Many re-
sults, particularly those obtained utilising nahG-express-
ing tobacco rootstocks (showing strong reduction of SA
levels, Vernooij et al., 1995), support the conclusion that
SA does not seem to be the systemic signal, but is proba-
bly an intermediate signal between pathogen perception
and gene induction (Willits and Ryals, 1998). Based on
studies by Sticher et al. (1997), using leaf detachment
and various grafting experiments (particularly with
NahG plants), Métraux (2001) stated that SA is neces-
sary for the induction of SAR, but a signal other than SA
may be translocated and required for the onset of in-
duced resistance. Gene activation by these diverse stim-
uli is mediated via an as-1-like element (that is a cis-act-
ing sequence) in the PR-1a upstream region (Grüner et
al., 2003). These results suggest that PR-!a gene expres-
sion is mediated by the as-1-like element and the PR-1a
promoter is targeted by at least two signal transduction
pathways elicited by SA and by a yet unknown signal,
produced during the HR (Grüner et al., 2003). 

Acibenzolar-S-methyl (ASM), also named benzothia-
diazole derivative, is a potent inducer of both gene in-
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duction and inherent disease resistance mechanisms
(Görlach et al., 1996). ASM can act as an SA analogue in
natural SAR signal pathways, activating essentially the
same set of defence genes and inducing resistance
against the same spectrum of pathogens, with long last-
ing effects in monocots and less pronounced effects in
dicots (Oostendorp et al., 2001). ASM has the same ef-
fect on PR-1a gene expression as TMV and SA, based on
both the promoter elements involved (cis-acting promot-
er) and the tissue specificity of PR-1a expression (Uknes
et al., 1993). Pretreating roses with ASM increases resist-
ance against Diplocarpon rosae and, after infection, in-
duces increased accumulation of many extracellular pro-
teins (Suo and Leung, 2002). Enhanced resistance in sus-
ceptible Vigna unguiculata, after ASM-induction fol-
lowed by infection with Colletotrichum destructivum,
was associated with a rapid and transient increase (but
not in non-inoculated tissues) of the two key enzymes of
the phenylpropanoid/flavonoid pathway (inducing early
accumulation of kievitone and phaseolin) possibly by
potentiating an early defence response, rather than by al-
tering the constitutive resistance of the tissues (Latunde-
Dada and Lucas, 2001). ASM systemically protected
tomato plants against attacks by Pseudomonas syringae
pv. tomato, and is considered resistance inducer, also be-
cause it did not inhibit bacterial growth in vitro and the
protection it exert was observed after the compound has
almost completely disappeared in planta (Scarponi et al.,
2001). Similar results have been obtained on pepper
protected by this compound against Xanthomonas
campestris pv vesicatoria (Buonaurio et al., 2002). 

ASM treatment induces resistance against the same
spectrum of pathogens and the same biochemical
changes as used to define SAR in tobacco (e.g. a co-or-
dinate induction of the same set of mRNAs that are in-
duced by TMV and SA), but does not induce the accu-
mulation of either free or total SA. Consequently it is
unlikely that it acts through SA (Görlach et al., 1996).
Accordingly, ASM treatment induces PR-1 mRNA accu-
mulation in NahG plants with essentially the same time
course as wild-type Xanthi-nc and induces resistance to
Peronospora tabacina in a dose-dependent manner, inde-
pendent of SA and the expression of the nahG gene
(Uknes et al., 1993). 

Hydroxyproline-rich glycoproteins (HRGPs) are
abundant structural proteins in the plant cell wall. This
generic term includes molecules rich in hydroxypro-
line/proline: extensin, arabinogalactan-proteins, pro-
line/hydroxyproline-rich proteins and solanaceous lectin
(Sommer-Knudsen et al., 1998). These proteins are
known to be involved in plant defence, both in dicots
(Esquerré-Tugayé et al., 1979; Mazau and Esquerré-Tu-
gayé, 1986) and in monocots (Kang and Buchenauer,
2000; 2003; Shailasree et al., 2004). The involvement of
HRGPs in plant defence is likely because: (i) they accu-
mulate early and massively in the cell wall together with

the relative transcripts (Templeton et al., 1990) and in
tissues immediately adjacent to the inoculation site in in-
compatible combinations (Benhamou et al., 1990); (ii)
their accumulation is highly localized at sites where bac-
terial and fungal growth is arrested (O’Connell et al.,
1990); (iii) artificial induction of HRGP increases resist-
ance, whereas inhibition decreases it (Toppan et al.,
1982).

HRGP accumulation and cross-linking processes in
response to pathogen attacks has been noted (Bradley et
al., 1992; Brisson et al., 1994; Brady and Fry, 1997;
Shailasree et al., 2004) and the HRGP gene-encoding
sequence has been studied (Garcìa-Muniz et al., 1998).
HRGP mRNA accumulation has been induced by ap-
plication of elicitors isolated from fungi and accumula-
tion of the transcripts has also been induced by exoge-
nous SA administration to cultured parsley cells
(Thulke and Conrath, 1998), but the relationships be-
tween SA or ASM level and HRGP accumulation are
still largely unknown.

The aim of the present work was to understand the
effect of SA and ASM treatment on HRGP accumula-
tion in SA-accumulating plants (Havana 425 and Xan-
thi-nc) and SA non-accumulating plants (NahG-trans-
formed Xanthi, carrying the gene for salicylate hydroxy-
lase), both in directly treated leaves and in untreated
leaves immediately above.

MATERIALS AND METHODS 

The experiments were carried out by infiltrating sali-
cylic acid or spraying ASM on the basal leaves (7th and
8th true leaves from the bottom) of tobacco Havana 425,
Xanthi-nc, NahG-transformed Xanthi and then deter-
mining HRGP levels in treated leaves, in those immedi-
ately above and in respective controls, by analyzing hy-
droxyproline content in purified cell walls. On tobacco
Havana 425 the potential for inducible HRGP accumula-
tion of younger compared to older leaves was also tested.

Host materials, growth conditions and treatments.
Seeds of Nicotiana tabacum L., Havana 425, Xanthi-nc
(wild type) and NahG-transformed Xanthi (carrying the
bacterial gene for salicylate hydroxylase) were sown in
sterilized standard potting compost soil (sand and peat,
50/50) and the plants grown in a greenhouse at 20±4°C,
65-75% R.H., 14 h natural light conditions, supple-
mented with artificial light (400 Watt, Philips HLRG)
and at 14-16°C, 80-90% R.H., during 10 h of darkness.
A batch of uniform plants, at the three leaf stage, were
transferred to a growth chamber under the following
conditions: 23±1°C, 70% R.H., 10 h illumination at 240
µmol m-2 sec-1 photosynthetic photon flux density
(PPFD), produced by daylight and by fluorescent lamps
(Powerstar HQI-T 400W/D Osram daylight lamp, and
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58W/33 fluorescent lamp Philips TLD); 20±1°C and
80-90% R.H., during the 10 h of darkness; 20±1°C, 60-
65% R.H. and 120 µmol PPFD for 2+2 h transitions
(dark to light and vice versa). 

After 4 days acclimatisation in the growth chamber
plants: (i) were infiltrated under the lower epidermis of
the basal leaves (7th and 8th leaves), with a hypodermic
syringe with 1 mM salicylic acid solution (the maximum
concentration showing no phytotoxicity), in 50 mM
potassium phosphate buffer (pH 7),until almost all the
tissues appeared water-soaked. Control plants were in-
filtrated with the buffer (sham treated plants); (ii) were
accurately sprayed with a nebulizer on the basal leaves
(7th and 8th leaves), with 1 mM acibenzolar-S-methyl
(ASM), ex benzo(1, 2, 3)thiadiazole-7-carbothionic acid
S-methyl ester (also known as benzothiadiazole deriva-
tive, BTH) water solution. The controls plants were
sprayed with water. 

Sampling. Samples were taken from the two treated
leaves and the untreated leaves immediately above, and
consisted of 3 replicates each from 2 plants. Controls
were taken from correspondent leaves of basal sham
treated plants. Samples were taken on days 3, 4, 5 and 6
after treatment. Using the same sampling pattern, possi-
ble effects on leaf water content were previously evalu-
ated by determining the dry weight (constant weight at
85°C) and then the fresh weight /dry weight (f.w./d.w.)
ratio, in two independent trials for each treatment.

In the experiment designed for the evaluation of leaf

age on the inducibility of HRGP accumulation, treat-
ment with SA or ASM was carried out on basal and up-
per leaves of tobacco “Havana 425”. Older and younger
treated leaves and respective controls were sampled on
days 4 and 5 after treatment.

Preparation of purified cell walls and HRGP hydrol-
ysis. Interveinal leaf tissues (5 g f.w.) were homogenized
in 50 ml ice-cold 500 mM potassium phosphate buffer
pH 7, by 2 min grinding at 6000 rev min-1 (Omnimixer
Ultra-Turrax T25, Kunkel GmbH & Co. IKA
Labortechnik, Germany). The insoluble material was
collected by filtration on Miracloth, washed with 100 ml
cold buffer and 180 ml cold distilled water, resuspended
in 50 ml cold chloroform:methanol (1:1, v/v) and again
homogenized for 3 min. The solid material was collect-
ed by filtration and washed with 50 ml cold chloro-
form:methanol (1:1, v/v) and 100 ml acetone, then dried
at room temperature (Young and Sequeira, 1986; Mi-
nardi, 1990; Ye et al., 1992; Raggi, 1998, 2000; Shailas-
ree et al., 2004) and briefly stored at -20°C.

The HRGPs were hydrolyzed in HCl (about 200 mg
dry purified cell walls per 30 ml 6N HCl) at 110°C un-
der vacuum for 18 h, in nitrogen flushed Vendura tubes
(Schott Glass Werke Germany). The hydrolysate was
filtered with Whatman GF/C, dried in Rotavapor
(Büchi, Flawil, Schweiz), solubilized in 6 ml distilled
H2O, filtered with syringe filters and briefly stored at -
20°C (modified from Mazau and Esquerré-Tugayé,
1986; Shailasree et al., 2004).
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Table 1. SA- and ASM-induced hydroxyproline accumulation (µmol g-1 f.w.) in tobacco “Havana 425”, compared to respective
sham treated controls, and differences between induced accumulation in older and younger leaves (age effect), at 4 and 5 days af-
ter treatments. Data are the means of 3 independent samples. Asterisks indicate significant differences: *** significant at P≤0.001;
** at P≤0.01; * at P≤0.05.

Salicylic acid

Older leaves Younger leaves Older minus younger
Days Treated Controls Accumulation Treated Controls Accumulation

4 0.294±0.011 0.218±0.002 0.076** 0.379±0.018 0.202±0.007 0.177*** -0.101**
5 0.310±0,007 0.237±0.005 0.073** 0.419±0.005 0.226±0.004 0.193*** -0.120***

Acibenzolar-S-methyl

Older leaves Younger leaves Older minus younger
Days Treated Controls Accumulation Treated Controls Accumulation

4 0.321±0.010 0.277±0.005 0.044* 0.440±0.009 0.268±0.004 0.172*** -0.128***
5 0.334±0.005 0.288±0.008 0.046** 0.450±0.012 0.282±0.007 0.168*** -0.122**



Hydroxyproline-rich glycoprotein determination by
hydroxyproline (Hyp) analysis. Since almost all the hy-
droxyproline of purified cell walls comes from wall gly-
coproteins (Ye et al., 1992), the HRGPs were deter-
mined by analysing Hyp in the purified cell wall hy-
drolysate. Hyp was determined by eluting the amino
acid on ion exchange resins (aminex A4, 600x10 mm di-
ameter column) at 40°C, with lithium buffer (pH 2.8 ±
0.02), staining with ninhydrin at 100°C and colour read-
ing in continuous flow at 440 nm (Raggi, 1998, 2000,
and modified from Shailasree et al., 2004), using an
aminoacid analyser (Aminolyzer Optica, Milano, Italy)
coupled to a spectrophotometric detector SPD-10 AV
(Shimadzu, Analytical Instrument Division, Milano,
Italy). 

Statistical analysis. The data were submitted to vari-
ance analysis. Standard errors and significant differ-
ences (Student’s t-test), for treated versus sham treated
leaves (controls), are reported in the figures and in
Table 1. Differences between pools of data were also
analysed by Student’s t-test.

RESULTS

Fresh weight/dry weight ratio. SA and ASM treat-
ments did not appreciably alter the f.w./d.w. ratio of
treated and upper leaves, compared to the respective
controls (sham-treated plants) of the 3 tobacco varieties.
The differences were in fact quite modest (± 5%) and
not significant (data not shown). 

Hydroxyproline content. In Havana leaves, Hyp was
significantly higher, both in infiltrated and in immediate
upper leaves, compared to the respective controls, on
days 4, 5 and 6 after infiltration (Fig. 1A, 1st and 2nd tri-
al). Induced accumulations were significantly lower in
SA-treated basal leaves than in the upper untreated
ones, in absolute value (a.v.): -0.034*, -0.039**, -0.014*
µmol g-1 f.w. of Hyp at 4, 5 and 6 days respectively (-
0.030**, -0.044 *** and -0.008* in a.v.) in the 1st trial; -
0.079*, -0.082**, -0.033*, respectively (-0.058 **, -0.080
***,-0.025* µmol g-1 f.w. of Hyp, in a.v.) in the 2nd trial.
While ASM-sprayed Havana leaves showed no signifi-
cant changes, compared to controls, highly significant
Hyp accumulations were documented in the upper
leaves on days 4, 5 and 6 after treatment in the first trial,
days 4 and 5 in the second (Fig. 1B). The differences
were: -0.131*, -0.179*, -0.112***, at days 4, 5 and 6, re-
spectively (-0.094*, -0.158 **, and -0.126***, in a.v.) in
the 1st trial; -0.111*, -0.182*, -0.079** µmol g-1 f.w. at
days 4 and 5 respectively (-0.090*, -0.136 ns, -0.047*, in
a.v.) in the parallel trial.

Significant Hyp accumulations were also observed in
SA-infiltrated and especially in the upper leaves of to-
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Fig. 1. Hydroxyproline content (µmol g-1 f.w.) in tobacco “Ha-
vana 425” basal treated with salicylic acid (A) or acibenzolar-
S-methyl (B), 3-6 days after treatment: treated leaves (---�---)
and relative controls (---�---), upper leaf (---�---) and relative
controls (---�---), in two independent trials (1st and 2nd trial).
Each data is the means of 3 indipendent sample of two plants
each at days 3, 4, 5, and 6 after treatment. Asterisks indicate
significant differences between treated or upper leaves versus
their respective sham treated controls: *** significant at
P≤0.001; ** at P≤0.01; * at P≤0.05; ns, not significant. Vertical
bars represent ±SE.



bacco Xanthi (Fig. 2A). The differences were significant
if calculated on the pool of days 4 and 5 (-0.047 and -
0.052): - 0.0495 ** µmol g-1 f.w. average (- 0.036*, -
0.046* for days 4 and 5 in a.v.). ASM spray induced
modest Hyp accumulations (significant only on day 4)
in Xanthi treated leaves, while highly significant accu-
mulation in the upper leaves was documented on days
4, 5 and 6 after treatment (Fig. 2B), with the following
differences: -0.100**, - 0.132**, -0.098* µmol g-1 f.w.
for days 4, 5 and 6 after treatment, respectively (-
0.081**, - 0.138*** and - 0.084**, in a.v.). 

On NahG plants, no Hyp accumulation was noted in
SA-infiltrated and upper leaves, compared to respective
controls (Fig. 3A, 1st and 2th trial). ASM spraying in-
duced no Hyp accumulation in treated leaves and a
modest one in the upper leaves at day 5 (Fig. 3B, 1st and
2th trial), with the following differences: -0.067** (-
0.160***, in a.v.) at day 5, 1st trial; -0.086** and -0.043*
(-0.153***, -0.119***, in a.v.) at days 5 and 6 after
spraying respectively, 2nd trial.

Effect of leaf ageing on the potential for inducible
HRGP accumulation. SA or ASM treatment induced
lower Hyp accumulation in older than in younger Ha-
vana leaves (basal and upper treated versus correspon-
ding sham-treated leaves, Table 1) at days 4 and 5, clear-
ly showing a negative age effect.

DISCUSSION

The unchanged f.w./d.w. ratio, in both SA- and
ASM-treated and upper leaves of the 3 varieties, indi-
cates that no essential changes occurred in water rela-
tions of these leaves and justify basing Hyp and corre-
sponding HRGP content on f.w. 

HRGP contents of sham treated Havana leaves were
close to that documented in a previous study on the same
sham treated tobacco cultivar (Raggi, 1998; 2000), indi-
cating reliability of both the analysis and the plant re-
sponse. A higher HRGP content in younger than in older
control leaves of NahG plants, particularly in sham ASM-
treated ones, not observed in Xanthi, might be attributed
to changes in HRGP content during leaf growth.

In agreement with the modest accumulation of
HRGP transcripts induced by exogenous SA adminis-
tration to cultured parsley cells (Thulke and Conrath,
1998), the accumulation of HRGPs in SA-treated Ha-
vana (Fig. 1A) and Xanthi (Fig. 2A) were moderate.
Our results, particularly those for upper leaves, taken
together show the similarity between HRGP accumula-
tion trends induced by SA and ASM in both Havana
and Xanthi (see also Fig. 1B and 2B) in agreement with
the results of Lawton et al. (1996), indicating that these
compounds activate the same signal transduction path-
ways downstream of SA. 

The lack of significant HRGP accumulation after SA
infiltration, both in treated and upper leaves (Fig. 3A,
1st and 2nd trial), was expected in NahG plants, since
these plants carry the bacterial salicylate hydroxylase
gene (nahG gene) and are insensitive to SA (Gaffney et
al., 1993). HRGP accumulation induced by ASM in the
upper leaves of these plants (Fig. 3B, 1st and 2nd trial)
appears consistent with induction of: 1) the same signal
transduction pathways downstream of SA in NahG as
in wild-type Xanthi plants (Lawton et al., 1996; Görlach
et al., 1996); 2) PR-1 mRNA accumulation with essen-
tially the same time course in NahG as in the wild-type
Xanthi plants; 3) resistance to Peronospora tabacina in
these plants (Uknes et al., 1993). The much less evident
and more transitory HRGP accumulation induced by
ASM in NahG plants (Fig. 3B), than in Havana and
Xanthi (compare with Figs. 1B and 2B), also agree with
the suggestion of Molina et al. (1998) that ASM-protec-
tion is transient and repeated stimulations are required
for resistance activation, and this is probably because
ASM-treatment can compensate only partially for an
impaired signal transduction pathway in that plant. 

The lower (Havana and Xanthi) or absent (NahG
plant) HRGP accumulation in ASM-treated leaves com-
pared with the upper ones, may be mainly attributed to
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Fig. 2. Hydroxyproline content in tobacco Xanthi basal treat-
ed with salicylic acid (A) or acibenzolar-S-methyl (B): treated
leaves (---�---) and relative controls (---�---), upper leaf (---�---)
and relative controls (---�---). For further details see Figure 1.



a lower potential of the older leaves for HRGP accumu-
lation, as documented by the experiment on the effect
to leaf ageing (comparison between basal and upper
treated leaves versus respective sham treated control
leaves, Table 1).

Comparison of the present data on the upper un-
treated leaves of SA or ASM treated Havana, with the
corresponding data on the same cultivar basal infected
with Tobacco mosaic virus (TMV; Raggi, 1998) or with a

necrotic strain of Potato virus Y (PVYN; Raggi, 2000),
shows earlier, more transitory and lower HRGP accu-
mulation induced by SA and ASM compared to TMV
and PVYN. Earlier and shorter elicitation of the host re-
action might depend on the most rapid spread and
shorter lifetime of SA or ASM molecules, compared to
the viruses (TMV spread and necrotization last one
week or more, Malamy et al., 1990); while the lower ac-
cumulation might depend on weaker and shorter induc-
tion. Regarding this aspect, our results are also in agree-
ment with the lower SA accumulation induced in tobac-
co by the elicitor of Phytophthora megasperma (Dorey et
al., 1997) compared to that induced by TMV infection
(Malamy et al., 1990). The data obtained on virus-in-
fected Havana, showing lower HRGP accumulation in
TMV- or PVYN-infected older leaves, than in uninfect-
ed upper leaves (Raggi, 1998; 2000), also indicate a low-
er potential for HRGP accumulation in older compared
to younger leaves.

In conclusion, SA infiltration induced significant
HRGP accumulation in treated leaves and even more in
the upper untreated leaves of Havana and Xanthi, while
no accumulation was observed in NahG plants (in SA-
treated or upper leaves). ASM spraying induced transi-
tory and poor accumulation of these glycoproteins in
treated leaves and a highly significant accumulation in
the untreated upper (younger) leaves of cv Havana and
Xanthi, as well as a modest and transitory accumulation
in younger leaves of NahG plants. The pattern of
HRGP accumulation induced by SA or ASM treatment
appears consistent with the involvement of HRGPs in
host defence responses, both in “Havana 425” and
“Xanthi-nc” as well as in “NahG transformed tobacco”
(i.e. no accumulation, no resistance). Ageing seems to
reduce the potential for HRGP accumulation induced
by both SA and ASM treatments.
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