
Abstract The intercellular peroxidase and chitinase ac-
tivities of three wheat cultivars [Triticum aestivum L. cvs
‘Tugela DN’, ‘Molopo DN’ (Gariep) and ‘Betta DN’] con-
taining the Dn-1 gene for resistance to the Russian wheat
aphid (RWA) Diuraphis noxia (Mordvilko) and the corre-
sponding near-isogenic susceptible cultivars (‘Tugela’,
‘Molopo’ and ‘Betta’) were studied under conditions of in-
festation and non-infestation. The aim was to gain infor-
mation on the mechanism of resistance. The resistance re-
sponse was induced by RWA infestation. Infestation rap-
idly induced the activities of both enzymes selectively in
resistant wheat to levels of magnitudes higher than those
in susceptible wheat. The genetic background in which the
Dn-1 resistance gene is bred played a role and the level of
activity corresponded to the level of resistance. Immuno-
logic studies confirmed that the induction of enzyme ac-
tivities was due to the induction of higher protein levels.
These results indicate that peroxidase and chitinase may
have a role in insect resistance.
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Introduction

The Russian wheat aphid (RWA), Diuraphis noxia (Mord-
vilko), causes serious damage to wheat and barley in many
wheat-producing areas of the world (Smith et al. 1991). In
South Africa it became recognized as a pest of wheat in
1978 (Walters et al. 1980) and is currently regarded as the
most destructive insect pest of wheat.

Control of this pest in South Africa is achieved mainly
by spraying insecticides (Du Toit 1989a). Resistant culti-
vars, as an alternative to chemical control, contributed
roughly 10% of the total wheat crop during 1996. The rapid
development of new resistant cultivars has become a pri-
ority, also because of the possibility that new resistant
RWA biotypes may evolve. Although it has been estab-
lished that RWA resistance or tolerance is a combination
of antibiosis and antixenosis (Du Toit 1989b) the contrib-
uting defence mechanism of the plant is still unknown.
Knowledge of the defence mechanism and of the genes in-
volved may contribute to more directed and efficient breed-
ing of resistant wheat cultivars.

Aphids probe mainly intercellularly before the stylet
penetrates the phloem (Pollard 1973). The apoplast is
known to play an important role in the plant’s defence
mechanism as is the case during pathogenesis. Many de-
fence-related products accumulate in the apoplast, includ-
ing pathogenesis-related (PR) proteins (Bowles 1990). It
was found that RWA infestation induced the accumulation
of specific proteins in the intercellular fluids of resistant
wheat cultivars. Some were serologically related to the 
PR proteins, chitinases, and were suspected to be involved
in resistance to the RWA (Van der Westhuizen and Pretor-
ius 1996). Peroxidases are also implicated in several de-
fence-related events that occur in the extracellular matrix
(Bowles 1990).

The purpose of the study reported here was to ascertain
whether intercellular chitinase and peroxidase activities
are induced by RWA infestation in near-isogenic suscepti-
ble and resistant wheat cultivars and, if so, whether these
activities are also induced systemically. Finally, we wanted
to establish the effect of the genetic background, in which
the resistance gene was bred, on the resistance response.

Materials and methods

Resistant wheat plants (Triticum aestivum L.) [cvs. ‘Tugela DN’,
‘Betta DN’, ‘Molopo DN’ (Gariep)] containing the Dn-1 resistance
gene from PI 137739 (Du Toit 1989a) and susceptible ones (cvs.
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‘Tugela’, ‘Betta’, ‘Molopo’) to the RWA were grown under green-
house conditions at a day temperature of 22°C (±2°C) and a night
temperature of 16°C (±2°C). Culture conditions and infestation pro-
cedures are described by Du Toit (1988). Plants were infested (ap-
prox. 6 aphids per plant) at an early two leaf-stage by tapping a vial
containing a predetermined number of aphids and thus scattering
them onto the plants. The aphids multiply and as the plant develops,
they infest younger leaves. Plants were harvested (excluding the first
leaf) at specific times indicated and frozen immediately in liquid ni-
trogen. On the last harvesting day (14 days after infestation) plants
of all cultivars were on average in the four- and early five-leaf growth
stage.

To investigate the systemic induction of chitinase and peroxidase
we caged approximately 30 aphids on the second leaves of ‘Tugela
DN’ plants in the third-leaf growth stage. After 8 days of infestation
the second and remaining leaves were harvested separately for as-
say purposes.

Antisera

Antisera against tobacco chitinase (PR-Q) (Stintzi et al. 1993) and
horseradish peroxidase (Sigma) were used. Chitinases are serologi-
cally closely related between plant species and even between differ-
ent plant families (Joosten and De Wit 1989).

Collection of intercellular fluids

At predetermined time intervals entire plants were harvested, after
which the leaves were cut into 7-cm pieces. The cut ends were rinsed
twice with distilled water. Intercellular wash fluids (IWF) were col-
lected twice from the same leaf pieces by centrifugation (500 g) af-
ter vacuum infiltration (5 min) with 50 mM TRIS-HCl buffer (pH 7.8)
and removal of excess liquid from the leaf surfaces.

Protein concentration

The protein concentration was determined according to the method
of Bradford (1976) using bovine γ-globulin as a standard.

Malate dehydrogenase (MDH) activity

The relative activity of the cytosolic enzyme, MDH, in the apoplast
was taken as a measure of cytosolic contamination.

Determination of MDH activity was according to Cooper (1977).
The assay mixture contained 3.75 mM 1,4-dithiothreitol, 7 mM
MgCl2, 0.25 mM NADH, 2.3 mM oxalacetic acid in 80 mM phos-
phate buffer (pH 7.5) and an aliquot of crude enzyme (IWF or cell
extract). The reaction was initiated by the addition of oxalacetic ac-
id and monitored at 340 nm. Contamination was determined by ex-
pressing MDH activity in the apoplastic fluid as a percentage of the
total (apoplastic and symplastic) MDH activity.

Peroxidase activity

A modified method of Zieslin and Ben-Zaken (1991) was used. The
assay solution contained 0.1 M phosphate buffer (pH 5), 3 mM H2O2,
3 mM guaiacol and an aliquot of the enzyme extract. The formation
of tetraguaiacol was monitored at 470 nm. Peroxidase activity was
expressed as µ mol tetraguaiacol min–1 mg–1 protein. Sodium phos-
phate buffers of different pHs were used to determine the pH for op-
timum peroxidase activity.

Chitinase activity

The method of Boller et al. (1983) was modified. The initial reac-
tion mixture (500 µl) containing 1.5 mg colloidal chitin in 50 µl so-

dium acetate buffer (pH 6.5) and an aliquot of enzyme extract was
incubated at 37°C for 30 min. After centrifugation (1000 g, 2 min)
0.3 ml of the supernatant was used in a second reaction mixture con-
taining 20 µl 1.5% (m/v) desalted snail gut enzyme (cytohelicase)
and 30 µl 1 M phosphate buffer (pH 7.1). Chitin oligomers formed
in the first reaction were hydrolysed at 37°C for 30 min after which
the resulting GlcNAc was determined. A mixture of 0.25 ml secon-
dary reaction solution and 50 µl 0.8 M tetraborate buffer (pH 9.1)
was heated in a boiling water bath for 3 min. After cooling and ad-
dition of 1.5 ml 1% (m/v) 4-dimethyl-aminobenzaldehyde, the mix-
ture was incubated at 37°C for 20 min and subsequently cooled in
tap water. The absorbance was read at 585 nm. A standard curve re-
lating A585nm to GlcNac concentration was used to calculate chiti-
nase activity, which was expressed as µmol GlcNAc h–1 mg–1 pro-
tein. Sodium acetate buffers of different pHs were used to determine
the pH for optimum chitinase activity.

Immunoblotting

Polypeptides of intercellular wash fluids were separated on SDS-
PAGE gels in a mini-gel system according to Laemmli (1970). West-
ern blots were performed by transferring the separated polypeptides
onto nitrocellulose membranes using a BioRad Trans-Blot semidry
Electrophoretic Transfer Cell. The transfer buffer contained 25 mM
TRIS-HCl (pH 8.3), 192 mM glycine and 20% (v/v) methanol. The
nitrocellulose filters were blocked for 1 h in 8% (m/v) bovine serum
albumin in TBST buffer [10 mM TRIS-HCl, pH 7.9; 150 mM NaCl;
0.1% (v/v) Tween-20]. The blots were then incubated in primary anti-
body. The peroxidase and chitinase antisera were used at dilutions
of 1 :80 000 and 1 :5000, respectively. After rinsing in TBST, the fil-
ters were probed with secondary antibody, goat antirabbit IgG 
(BioRad) at a dilution of 1 :9000 in TBST containing 4% (m/v) BSA.
After successive rinses in TBST and TBS (10 mM TRIS-HCl, pH 7.9;
150 mM NaCl), peroxidases and chitinases were detected using
0.018% 4-chloro-1-naphthol in phosphatase buffer (50 mM TRIS-
HCl, pH 9; 50 mM MgCl2 · 6H2O).

Results and discussion

Damage symptoms became visible approximately 10 days
after infestation and had no visual effect on the growth rate
of resistant and susceptible cultivars after 14 days of in-
festation. On a damage scale of one to six (Du Toit 1988),
‘Molopo DN’ (Gariep) and ‘Betta DN’ were each rated 3
and ‘Tugela DN’ 2.4 after 3 weeks of infestation. The rat-
ing is based on the sizes of chlorotic spots on the leaves:
1 = small isolated chlorotic spots, highly resistant; 6 = se-
vere white/yellow streaks, leaves tightly rolled, highly sus-
ceptible. In contrast to wounding, the damage caused by
the RWA, a phloem feeder, is due to the effect of a phyto-
toxin, secreted during feeding, which results in early 
chloroplast breakdown in susceptible cultivars (Fouché 
et al. 1984; Burt and Burton 1992). Ultrastructural studies
showed that limited chloroplast breakdown occurred in the
leaf cells of resistant cultivars after feeding (results not
shown). According to Belefant-Miller et al. (1994) RWA-
infested resistant barley produced significantly more col-
lapsed, auto fluorescent cells than did infested susceptible
barley, which was typical of a hypersensitive cell death 
response. To what extent wounding (possibly caused by
probing aphids) is responsible for the RWA resistance re-
sponse was not investigated in the present study, but a 
previous study has shown that the expression of chitinase
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isoforms in response to mechanical wounding and RWA
infestation was different (Botha et al. 1998).

No major cytosolic contamination of the IWF occurred
as measured by the presence of MDH activity. The IWF
MDH activity was below 0.1% of the total activity found
in the cell. According to Fink et al. (1988), who used the
same method of IWF collection from oat leaves, it is there-
fore unlikely that the cells were damaged.

The optimum pH for peroxidase activity was found to
be 5.0 and the half-optimal pHs were 4.0 and 6.5. Maxi-
mum chitinase activity was at pH 6.5 and half maximum
at 4.6. The intercellular peroxidases and chitinases are
therefore well adapted to function in the acidic environ-
ment (pH 5.6) of the apoplast.

In all cultivars, the peroxidase activity in uninfested sus-
ceptible and resistant plants was very low and remained
relatively constant during the investigation period with no

significant differences (Fig. 1). Peroxidase activity was se-
lectively induced by RWA-infestation to higher levels in
all infested resistant cultivars. In contrast, no significant
increase in peroxidase activity was observed in the infested
susceptible cultivar, ‘Tugela’, while the peroxidase activ-
ity in the infested susceptible cultivars ‘Molopo’ and
‘Betta’ was significantly induced at a very late infestation
stage. The increase in peroxidase activity in all infested re-
sistant cultivars was initiated within 48 h of infestation.
During the 14-day investigation period it reached differ-
ent maximum levels in the different resistant cultivars, var-
ying from five to tenfold higher than that of the control
plants. This variation may be attributed to the genetic back-
ground in which the Dn-1 resistance gene was bred. The
lowest increase in activity was observed in ‘Betta DN’. In
a separate experiment where the peroxidase activity was
followed in resistant ‘Tugela’ DN plants for 22 days of in-
festation, a 25-fold increase was observed (results not
shown). No such data on this late stage of infestation are
available for ‘Molopo DN’ and ‘Betta DN’. When the ac-
tivities were expressed per unit dry mass similar tenden-
cies could be observed (results not shown).
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Fig. 1 Effect of RWA infestation (inf.) on intercellular peroxidase
and chitinase activities of susceptible(S) and resistant (R) cultivars.
Nonoverlapping standard deviations (n = 3) were regarded as signif-
icant differences



There is quite a large number of reports on the induc-
tion of peroxidase activity by different biotic and abiotic
stress conditions or treatment with elicitors. Most of these
reports, however, deal with the nonselective induction of
peroxidase by conditions other than insect attack (Bowles
1990). According to Gotthardt and Grambow (1992) Pgt-
elicitor treatment resulted in a significant increase in per-
oxidase activity in a suspension culture of a resistant wheat
line while the susceptible culture was unaffected. Nema-
tode infestation of tomato plants selectively induced per-
oxidase activity in resistant cultivars (Zacheo et al. 1982).
Ganguly and Dasgupta (1979) found only a slightly higher
induction of peroxidase activity by nematodes in resistant
tomato plants compared with susceptible ones. On our
Western blots (Fig. 2) it can be seen that peroxidase-
related proteins increased quantitatively as infestation 
proceeded, indicating that the increase in peroxidase ac-
tivity was due to the induction of protein levels. Increased
peroxidase activity not only occurred at the RWA feeding
site (second leaves) but also in the uninfested leaves of 
the plant (Fig. 3). This systemic response was observed
during wounding, virus, fungal or bacterial infections 
and infestation of roots with cyst nematodes (Bowles
1990).

The increased peroxidase activity in infested resistant
wheat could be involved in an array of defence related re-
actions which collectively could contribute to resistance
against the RWA. Peroxidases are involved in a few de-
fence-related events that occur in the extracellular matrix.
These include the strengthening of cell walls by lignifica-
tion and the formation of intermolecular crosslinks, sub-
erin formation and the production of reactive oxygen spe-
cies, which is associated with eliciting and signalling
events as well as direct defence (Bowles 1990; Mehdy
1994). In a separate investigation (results not shown) it was
observed that RWA infestation, induced cell-wall thicken-
ing of approximately 12% in mesophyll cells of resistant
wheat. This response likely hinders aphid probing. In sev-

eral instances plant resistance to herbivores has been cor-
related with an enhanced oxidative state of the plant tis-
sues (Felton et al. 1994) which involves the generation of
reactive oxygen species. Oxidative shifts may result from
the increased activities of oxidative enzymes such as li-
poxygenase (Hildebrandt et al. 1989) or polyphenol oxi-
dase (Felton et al. 1992) in addition to peroxidase (Bron-
ner et al. 1991b). It is argued that the potential roles for
oxidative injury in antiherbivore defence are: direct oxi-
dative injury to the herbivore; indirect injury to the herbi-
vore through oxidative damage to dietary compounds; 
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Fig. 2 Western blots of inter-
cellular proteins, collected on
different days during infesta-
tion, from uninfested (C) and
infested (i) susceptible (S) cv
‘Tugela’ and resistant (R) cv
‘Tugela DN’. Blots were
probed with purified IgG
against horseradish peroxidase
(left) and antiserum against to-
bacco chitinase (PR-Q) (right)

Fig. 3 Effect of RWA infestation of second leaves only on the inter-
cellular peroxidase and chitinase activities of resistant (‘Tugela DN’)
wheat leaves. A Uninfested second leaves (controls), B uninfested
remaining upper leaves (controls), C infested second leaves, D in-
fested remaining upper leaves. Nonoverlapping standard deviations
(n = 3) were regarded as significant differences



signal transduction for eliciting plant defensive systems
(Felton et al. 1994).

The chitinase activities in uninfested resistant and sus-
ceptible cultivars were low and remained relatively con-
stant during the investigation period. RWA infestation 
selectively induced chitinase activity in all three resistant
cultivars. The induction was initiated within 48 h of infes-
tation. In fact, in ‘Tugela DN’ and ‘Molopo DN’ the in-
crease was already evident 24 h after infestation. The 
maximum level reached in infested ‘Betta DN’ during the
fourteen day investigation periods was 20% lower than in
‘Tugela DN’. After fourteen days of infestation the chiti-
nase activity of ‘Tugela DN’ was increased threefold 
(Fig. 1) and reached a peak (sevenfold increase) after 18
days (results not shown). When the activities were ex-
pressed per unit dry mass, similar tendencies were also ob-
served (results not shown). There was a tendency for the
chitinase activity of infested susceptible cultivars, espe-
cially ‘Molopo’ and ‘Betta’, to increase around the end of
the investigation period (Fig. 1). This might be an indica-
tion that the chitinase-related defence response in these two
susceptible cultivars is too late for effective resistance.

In Solanum dulcamara another group of phytophagous
organisms, mites, also induce enhanced chitinase activity
only in resistant cultivars (Bronner et al. 1991b). There are
also reports on the differential induction of chitinase ac-
tivity between susceptible and resistant plants by patho-
gens and elicitors. Many examples are cited of the non-dis-
criminatory induction of chitinase activity (Bowles 1990).
Boyd et al. (1994) recorded the induction of chitinase gene
expression in barley infected with powdery mildew. Fink
et al. (1988) confirmed the presence of a considerable
amount of chitinase in the intercellular space of oat crown
rust-infected oat leaves.

According to the Western blots (Fig. 2), polypeptides ser-
ologically related to chitinase were selectively induced by
RWA infestation to greater quantities in resistant than in sus-
ceptible wheat. These proteins distinctly increased quanti-
tatively as infestation proceeded. This observation is in
agreement with the results found for the chitinase activities
(Fig. 1) and indicates that the increased activity can be as-
cribed to higher protein levels and not the activation of ex-
isting chitinases. The induction of chitinase activity not only
occurred locally at the infestation site but also occurred
systemically in other parts of the plant. The local activity
was, however, higher than the remote activity (Fig. 3).

There is no clearly defined defence functions for chiti-
nases against insect attack. There is, however, substantial
evidence that chitinases indeed play a role in defence
against microbial attack in vivo (Boijsen et al. 1993). It is
suggested that citrus chitinases may play a role in defence
against the borer weevil by disrupting the peritrophic mem-
brane in the midgut (Mayer et al. 1995). However, many
fluid-feeding insects, such as Homoptera are exceptional
in lacking a peritrophic membrane (Gullan and Cranston
1994). Bronner et al. (1989) observed that feeding mites
released some chitosan in plant cells, which presumably
denaturated the DNA. Chitinases with chitosanase activ-
ity might remove these chitosans by hydrolysis, thereby

protecting the plant cell DNA (Bronner et al. 1991a). It is
not known whether probing RWA release chitinous com-
pounds. In addition, the digestion of such chitinous com-
pounds by chitinases will produce oligosaccharide frag-
ments, which might act as elicitors to trigger defence re-
actions (Osswald 1994). Another viewpoint is that in-
creased chitinase activity might just be part of a general
defence mechanism, e.g. hypersensitive reaction, which
eventually is responsible for resistance. Belefant-Miller 
et al. (1994) indicated that the response to the RWA in re-
sistant plants is similar to the hypersensitive response.

Results obtained in this study confirm those of previ-
ous studies of Van der Westhuizen and Pretorius (1995,
1996) that an effective RWA resistance response is induced
by RWA infestation and not constitutively expressed. All
indications are that increased intercellular peroxidase 
and chitinase activities are part of the resistance response.
The RWA probes in the apoplast, which is recognised as
the site at which the signals originate to elicit defence re-
sponses and where many defence-related products accu-
mulate (Bowles 1990). As indicated, peroxidases might
change the intercellular matrix in a number of ways. These
changes include the strengthening of the cell walls and gen-
eration of reactive oxygen species which might be involved
in eliciting and signalling events leading to an exaggerated
resistance response. In addition, the reactive oxygen spe-
cies might affect the RWA detrimentally as found by Fel-
ton et al. (1994) for other herbivores. No specific role in
defence against aphids can be assigned to the PR-like chi-
tinases as in the case of pathogenesis. These changes in en-
zyme activities in infested resistant cultivars might be part
of one of the most important defence mechanisms in plants,
the hypersensitive reaction (HR), which is elicited by dif-
ferent biotic stresses (Collinge et al. 1994). Noteworthy is
that these enzyme activities were induced in all three re-
sistant cultivars which were genetically different except
for the presence of the Dn-1 resistance gene. The level of
response varied in the different resistant cultivars accord-
ing to their resistance response in the field. The genetic
background in which the Dn-1 resistance gene is bred,
therefore, plays a role in the effectiveness of the resistance
response.
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