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Abstract We tested the hypothesis that PAL activity in
chilli plants CM-334 inoculated with Nacobbus aberrans
(Na) alone or in combination with Phytophthora
capsici (Pc), is lower than in those inoculated only
with Pc. At 21 days after nematode inoculation,
inoculated plants showed a significant (P<0.01)
reduction of 48% in PAL activity compared to those
non-inoculated in two separate experiments. In two
other tests, where plants were inoculated with the
oomycete 21 days after inoculation with the nematode,
PAL activity at 2, 4, 6, 8 and 24 h after inoculation
with Pc was significantly higher (Tukey, P<0.01) in
plants inoculated only with Pc than in plants inoculated
only with Na or both pathogens (Na+Pc).
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One of the most important diseases affecting the
production of chilli (Capsicum annuum) around the
world is wilting caused by the oomycete Phytophthora
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capsici infecting roots (Black et al. 1991). Chilli
CM-334 has shown a high level of resistance to
P capsici; however, we have previously demonstrated
that CM-334 plants, are susceptible to the oomycete
when they have previously been infected by the false
root-knot nematode Nacobbus aberrans; the resis-
tance therefore breaks down (Hernandez et al. 1992;
Vargas et al. 1996; Trujillo-Viramontes et al. 2005).
The maximum degree of resistance breakdown of
chilli CM-334 occurred when P. capsici was inocu-
lated 21 days after inoculating the plants with N.
aberrans (Trujillo-Viramontes et al. 2005).

The resistance to P capsici in different chilli
accessions is explained in part by increases in the
activity of the enzyme phenylalanine ammonia lyase
(PAL; Mozzetti et al. 1995; Fernandez-Pavia 1997;
Fernandez-Pavia and Liddell 1997), changes in pheno-
lic compounds and increases in the activity of acidic
peroxidases (Pox; Candela et al. 1995; Fernandez-
Pavia 1997). Fernandez-Pavia (1997) reported that,
although the oomycete is capable of penetrating
the roots of CM-334, the colonization of the root
system by the mycelium is eventually halted. Only a
light necrosis appears at the root tips without the plant
showing signs of wilting and this is in contrast to
susceptible plants, which die after 7 to 10 days. The
resistant responses are associated with a slight
increase in the expression of the gene pal, which in
turn is associated with the presence of phenolic
compounds that inhibit the growth of P capsici in
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vitro. An increase in the activity of acidic peroxidases
is also observed. The fact that small necrotic areas are
seen suggests that the pathogen causes a hypersensitive
response in plants of chilli CM-334.

Plant-parasitic nematodes, such as Meloidogyne
spp. and Nacobbus spp., induce specialised feeding
sites (giant cells and syncytia, respectively) in their
host plants (Goddijn et al. 1993; Sijmons 1993). In
this interaction, the nematode alters the patterns of
genetic expression in plant cells destined to become
part of the feeding site (Sijmons 1993; Opperman et
al. 1994). There is evidence that the root-knot
nematode Meloidogyne incognita, in compatible
hosts, suppresses the expression of the gene pal,
which codes for the synthesis of PAL (Goddijn et al.
1993), a key enzyme in the synthesis of phenolic
compounds (including phytoalexins) with antimicro-

bial properties that are important in the defence of
plants (Klessing and Malamy 1994; Rhodes 1994).

From the above it has been proposed that resis-
tance breakdown to P. capsici caused by N. aberrans
in chilli CM-334 could be associated with suppression
of the gene pal and reduction in the enzymatic
activity of PAL (Zavaleta-Mejia 2002). Therefore,
the hypothesis tested in this study was that PAL
activity in roots of chilli plants CM-334 inoculated
with N. aberrans, alone or in combination with P,
capsici, is lower than in those inoculated only with
P capsici.

Chilli seeds of Serrano type CM-334, resistant to
P capsici, were used. The management of the plants,
conditions, inoculum production and inoculation
(2,000 second stage juveniles (J;) and 300,000
zoospores/plant) were according to Trujillo-Viramontes
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et al. (2005). Isolate 6143 of P. capsici, provided by
Dra. Fernandez-Pavia, was used.

In the two first experiments, plants at the 4-green-
leaf stage were inoculated only with N. aberrans
(Na), and the controls consisted of non-inoculated
plants (C); there were 60 plants per treatment. In the
first test, at 2, 4, 10, 12, 14 and 21 days after
inoculation, roots of 10 plants of each treatment were
frozen in liquid nitrogen and stored at —80°C until
use. In the second test, at 7, 14 and 21 days after
inoculation, roots of 20 plants of each treatment were
frozen and stored.

In a third and a fourth test (using 192 plants in
each) the treatments were: (1) plants inoculated only
with N. aberrans (Na), (2) plants inoculated only with
P capsici (Pc), (3) plants inoculated with both
pathogens (Na+Pc), and (4) non-inoculated plants
(C). Inoculation with Pc was carried out 21 days after
inoculation with the nematode (Trujillo-Viramontes et
al. 2005). In the third test, at 2, 4, 6 and 8 h after
inoculation of P. capsici, roots of 12 plants of each
treatment were frozen and stored at —80°C until
further use. In the fourth test, at 2, 6 and 24 h after
inoculation with Pc, roots of 16 plants were frozen
and stored. Additionally, in each test 10 CM-334
plants each were inoculated with either Pc or both

pathogens and symptoms were monitored for 20 days.

Extraction of total proteins from 2 g of roots was
carried out as described by Kim and Kook (1994).
Protein concentration was determined by the Bradford
method (1976), using bovine serum as standard.
Enzymatic activity was assayed, as described by
Saunders and McClure (1975). All data were sub-
jected to analysis of variance (ANOVA) and Tukey’s
Studentized Range (HSD) test. All statistical proce-
dures were performed using Statistical Analysis
System (SAS) software; differences with P<0.05
were considered significant.

In the first experiment, the enzyme activity was
significantly lower (P<0.01) in plants inoculated only
with the nematode than in non-inoculated, except at 10
and 12 days after inoculation (Fig. 1a); at 21 days PAL
activity was 48.3% lower in plants with N. aberrans
than in non-inoculated. In the second experiment, little
difference in PAL activity was recorded at 7 and
14 days after inoculation, but at 21 days it was 48%
lower in those plants inoculated with the nematode
(Fig. 1b). The differences found at 21 days were
significant (P<0.01) in both experiments.

In the third experiment, PAL activity at 2, 4, 6 and
8 h after inoculation with P. capsici was significantly
higher (P<0.01) in plants inoculated only with Pc
than in all other treatments; while in the fourth
experiment such differences were evident only at 6
and 24 h (Fig. 2a,b). In both experiments the greatest
PAL activity in plants inoculated only with Pc was
detected at 6 h after inoculation (Fig. 2a,b). PAL
activity at 2, 4 and 8 h in plants inoculated only with
the nematode was significantly lower (P<0.01) than
that observed in plants without the nematode and with
both pathogens; however, at 6 h it was significantly
higher (P<0.01) in plants inoculated with Na alone
but only in the third experiment. In the third
experiment, when both pathogens (Na+Pc) were
present, PAL activity at all evaluated times was
significantly lower (P<0.01) compared to the other
three treatments; this activity was almost a third that
of the control (Fig. 2a).

Fourteen to twenty days after inoculation with Pc,
plants CM-334 inoculated with both pathogens began
to show symptoms of flaccidity, chlorosis, defoliation
and wilting and some plants died; in contrast, plants
of CM334 inoculated only with the oomycete did not
show any of these symptoms.

A reduction in PAL enzymatic activity in roots of
chilli plants CM-334 was observed when N. aberrans
was present, whereas P. capsici increased enzyme
activity. When both pathogens were present, enzyme
activity was similar to that in non-inoculated controls
and much lower than in plants infected only by
P capsici. These results could in part explain the
susceptibility of the plants to P. capsici in the
presence of N. aberrans, i.e. resistance breakdown
occured due to the reduction in PAL enzymatic
activity, probably preceded by a reduction of the gene
expression by N. aberrans. Our results agree with
those of Fernandez-Pavia and Liddell (1997) with
regard to resistance to P. capsici in chilli CM-334,
being explained in part by an increase in the
expression of gene pal associated with the presence
of phenolic compounds that inhibited growth of
P capsici. These results suggest that N. aberrans, like
M. incognita (Goddijn et al. 1993), also can repress
gene pal expression in compatible interactions.

Resistance to P. capsici has been associated with
an increase in PAL activity (Mozzetti et al. 1995;
Fernandez-Pavia 1997; Fernandez-Pavia and Liddell
1997) and quantitative and qualitative changes in
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phenols that are toxic to oomycetes (Candela et al.
1995; Fernandez-Pavia 1997). The products of the
expression of gene pal show different patterns of
accumulation depending on the stimulus type (Liang
et al. 1989); for example, in susceptible plant—
nematode interactions, gene pal expression is often
repressed (Goddijn et al. 1993; Baldridge et al. 1998).
In a compatible interaction, inhibition of expression
of the gene coding for the enzyme involved in the
synthesis of compounds with antipathogen properties
(Nicholson and Hammerschmidt 1992; Gogoi et al.
2001) would favour the survival of the nematode.
Such reductions in PAL activity might be a pre-
requisite for development of the nematode, and are
responsible for changes in the susceptibility of the
plant to the nematode (Goddijn et al. 1993). Pegard
et al. (2005) found that CM-334 is resistant to
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Meloidogyne arenaria, M. incognita and M. javanica
and such resistance was associated with post-penetra-
tion biochemical responses (including the hypersen-
sitive response); they also suggested that phenolic
compounds, particularly chlorogenic acid, might be
involved in CM-334 resistance.

The content of soluble phenols extracted 6 h after
inoculation of plants CM-334 with P. capsici was
significantly lower in roots infected by N. aberrans
alone or in combination with P. capsici compared to
that from roots inoculated only with the oomycete
(unpublished data). Currently, work has been under-
taken to compare the expression by real-time PCR of
gene pal in plants CM-334 inoculated with each
pathogen separately and in combination, and also to
isolate and identify by HPLC the putative defence
compounds involved in resistance to P. capsici.
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