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ABSTRACT

We studied the effects of four major pests [capsule borer, Dichocrocis
punctiferalis (Guenée), semilooper, Achaea janata (L), tobacco cutworm, Spodoptera
litura (Fabricius) and sucking pest, Empoasca flavescens (Fabricius)] feeding on the
castor Ricinus communis (L) plants, on primary metabolites and biochemical
constituents of leaves. We measured the primary metabolites (amino acids, glutamine,
urea, ammonia, carbohydrates, proteins, phenols and oxidative and hydrolyzing
enzymes) involved in the synthesis of secondary metabolites. The quantities of
biochemical constituents (except glutamine) were increased by the feeding of leaf
eating insects than sucking pests or mechanically damaged plants. All the enzymes
activities enhanced in the semilooper, tobacco cutworm and capsule borer damaged
plants. We concluded that the defence mechanism of plant differs with the type of
attacker pest and were related to the enhanced enzymatic activities.

Keywords: Achaea janata L. Castor Ricinus communis L., Dichocrocis punctiferalis G.,
Empoasca flavescens F., insect feeding, Oxidative enzymes, Spodoptera
litura F.

INTRODUCTION

Plants contain several chemicals that play defensive role against herbivorous
insects and recently it has become an area of intensive research, to understand the insect-
plant interactions. Most plants are very complex, dynamic mosaics of various chemical
compounds and nutrients, which govern the acceptance and suitability of plant to feeding
insects (11). The nutritional disorders can affect (i) the plant growth, (ii) plant’s
susceptibility to pests and (iii) host plant resistance (8). These primary metabolites as
insect nutrients can have profound effects on insect behavior and physiology. Many
aspects of nutrient-allelochemical interactions are probable key factors in the suitability of
a given plant species as a host for a particular insect. As Reese (41) suggested, many
deleterious physiological effects of plant allelochemicals may be due primarily to various
interactions between these allelochemicals and essential nutrients. The nutritive value and
morphology of plant for its insect pests appears to play an important role in determining
the susceptibility of the plant to insect attack.
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Berenbaum (8) stated that nutritional defenses could be expected to arise most
frequently in those cases in which the nutritional needs of plant and animal diverge most
dramatically. Plants require proteins, lipids, carbohydrates, vitamins and micronutrients to
grow and reproduce. The feeding stress caused by herbivore often might result in changes
in these contents affecting the plant growth or causing changes in its physiology. Hence it
is necessary to investigate the differences in biochemical and nutrient constituents in
plants, and study the effects of herbivore attack on these chemicals. However, the effects
or differences of these nutritional compounds in the pest damaged plants is reported in a
very few cases (45). Zangerl et al. (48) found adverse effects of caterpillar feeding on
photosynthesis, which extend well beyond the areas of the leaflet in which caterpillars
removed tissues.

Proteins and their constituent amino acids are among the primary metabolites
most likely to be influenced by insect herbivory. Increased herbivore damage resulted in
higher proteinase inhibitor (PI) activity, a Jasmonate-regulated defensive protein (40). A
more dispersed pattern of caterpillar damage altered the expression of induced responses
(40). Insect feeding often results with a hypersensitive response in plants, characterized by
a rapid oxidative burst of reactive oxygen species (ROS): hydrogen peroxide, the hydrogen
radical and the super oxide radical (42). ROS play different roles in plant defence against
pest as well as pathogen attack (31) and the pest feeding (wounding) has been shown to
trigger the production of ROS in plant tissues (12). We made a thorough investigation on
the defensive chemicals and biochemicals that are induced due to the herbivory by castor
pests.

The castor, Ricinus communis (L.) (Euphorbiaceae) is major crop in Southern
India and its oil has great medicinal value. Several pests attack this plant at various stages
of growth. In this study, the impact of herbivory on the degree of variation in plant primary
metabolism, the effects of plant’s nutritional and biochemical stress, the changes in foliar
nutritional quality due to herbivore feeding and the oxidative defence was determined.

MATERIALS AND METHODS

I. Plants

The Experiment consisted of 4 herbivores [jassid, Empoasca flavescens F.
(Homoptera: Jassidae), the capsule borer, Dichocrocis punctiferalis Guenee (Lepidoptera:
Pyralidae), the semilooper, Achaea janata L. (Lepidoptera: Noctuidae), and the tobacco
cutworm, Spodoptera litura Fab. (Lepidoptera: Noctuidae)] feeding on Castor, Ricinus
communis L. plants. The treatments were replicated thrice in randomized block design.
The study was conducted in laboratory conditions at temperature 25+2°C and relative
humidity 65+5%. Castor, Ricinus communis L. ‘Aruna’ (highly susceptible to the attack of
both leaf feeding pests, i.e. Achaea janata L. and Spodoptera litura F) plants were used in
this study. The seeds were planted in garden potting soil mix in plastic pots (10 x 15 cm
dia) kept in green house (12h light/ 12 h dark, 25+2°C and relative humidity 65+5%). The
study was carried out during July - September 2007. Two seeds were planted in each pot
and 15d old plants having 5 leaves were used for the experiments.
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IL. Insects

The cultures of castor semilooper, Achaea janata (L) and the cluster caterpillar,
Spodoptera litura (Fab) were maintained in our laboratory. The diet consisted of bouquets
of fresh castor leaves, with their petioles immersed in glass conical flasks (100 ml
capacity) containing tap water to keep the leaves fresh for longer periods. Two such
bouquets were placed inside a big plastic tub (15 1 capacity) and covered with fine muslin
cloth after releasing 20 larvae in each tub. The leaves were replaced every morning with
fresh castor leaves. Larvae pupated at the bottom of the plastic tub or on the leaves. Pupae
collected in glass Petri dishes (3” dia), and placed inside a big nylon mesh cage (30 x 30 x
45 cm) with a Zinc bottom. A bouquet of castor leaves was offered to the emerging adults
for oviposition.

The cultures of the Capsule borer, Dichocrocis punctiferalis Guenee and jassids,
Empoasca flavescens were maintained in the lab fields. The infested leaves were collected
from the plants grown in the laboratory campus.

I1I. Pest Feeding

Castor plants 45 day old were brought to the laboratory and one 3 instar larva
was released on terminal leaf of each plant and confined to the point of release by
enclosing it in a muslin bag. S. litura larvae were released during the early hours of the
day. Both the insects fed on the leaves for 6 h and the leaf portions remaining after feeding
by caterpillars were used for the enzyme analysis. Larvae usually consumed approximately
30-50% of the leaf during this time.

Leaves of castor plants having capsules infested with Dichocrocis punctiferalis
for about 60 days and the 45 day old castor plants infested with jassids for about 10 days
were selected from the field and the leaves plucked at the bottom of the petiole. For
obtaining mechanically damaged leaves, the leaves from 45 d old castor plants were
damaged mechanically by making holes and cuts on the leaf surface using a surgical blade.
Each response was analyzed after 24 h. In all experiments, fresh leaves from the normal
and healthy castor plants were used as controls for comparison.

IV. Biochemical estimations

Standard methods were employed to estimate amino acids (38), glutamine (16),
ammonia (10), urea (39), total carbohydrates (19), proteins (32) and total phenols (24). For
extracting the biochemicals, the leaves were excised at the upper end of petiole followed
by macerating them in a tissue grinder. The amino acids are expressed as Teq/gm fresh
weight and the other biochemicals were expressed in pg/gm fresh weight (FW).

V. Enzyme methods

Catalase (CAT) activity was assayed colorimetrically as per Aebi (2) and the
Peroxidase (POX) activity by Kar and Misra (27) with slight modifications. Assay mixture
containing 1.0 ml of 0.1 M phosphate buffer (pH 7.0), 0.5ml of 1% H,0, and 1.0 ml of
0.05 M pyrogallol was measured at 420 nm. The estimation of Superoxide dismutase
enzyme (SOD) activity was done by Beauchamp and Fridovich (5) method. In this a 1-ml
reaction mixture contained 30ul enzyme extract and a 970 ul solution of: 2 uM riboflavin,
0.1 mM EDTA, 75 pl 4-nitro blue tetrazolium chloride (NBT) and 13 mM methionine.
Irradiation was performed by placing the sample 30 cm below two fluorescent lamps (2 x
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40 W) for 30 min in an aluminium foil-covered box. A sample without irradiation was
used as control during the measurement of absorbance at 560 nm. Glucanase activity was
assayed using the method of Abeles and Forrence (1) with laminarin (Lanunaria digitata,
Sigma) as the substrate. Reactions were run at pH 5 at 50°C.

To determine the Chitinase activity, the amount of reducing sugars produced from
chitin were measured using dinitrosalicylic acid (DNS) (37). The reaction mixture
contained 0.5 ml of 0.1 M potassium phosphate buffer (pH 6.75), 0.4 ml of 1% colloidal
chitin, and 0.1 ml of the sample material. The mixture was incubated at 50°C for 30 min.
The activity was described as change in absorbance per 30 min per gm FW.

The reaction mixture for PAL activity consisted of 6-uM L-Phenyl alanine, 0.5
M Tris-HCI buffer (pH 8.0), and 200 pL of plant extract. After 60 min at 37°C, the
reaction was terminated by the addition of 0.05 mL of 5 N HCI and the activity was
assessed by measuring the cinnamic acid extracted in toluene at 290 nm and is expressed
as change in absorbance per hour per gm FW, similar to the procedure described by
Beaudoin-Eagan and Thorpe (6).

The polyphenol oxidase was measured by the method of Thaler et al. (44). Assay
mixture contained 10-30 pl of enzyme extract, Iml of 2.92mM Caffeic acid in pH-8
phosphate buffer was added and absorbance measured at 470nm.

VI. Protease and protease inhibitor assay

Total protease activity in the extracts was determined as per previously described
procedure (36). The assay mixture contained 35ul leaf extract, Sml of 0.5mg/ml (w/v)
Trypsin dissolved in 50mM Tris pH 8.0. After 30-min incubation at 37°C, 80 pl of 2%
(w/v) azocasein (1 mg protein) in assay buffer was added to the enzyme/inhibitor solution,
and the complete mixture was incubated for 3 h at 37°C. After proteolysis, 300 pl of 10%
(w/v) trichloroacetic acid was added to the mixture and residual azocasein was removed by
centrifugation at 13 000xg for 5 min. The supernatant (350 pl) was added to 400 pl of 1 N
NaOH and the absorbance (A) was measured at 440 nm using a spectrophotometer.

All enzymatic measurements were made in sets of three and each set consisting of
5 replicates, thus for a single sample there were 15 replicates measured. A
spectrophotometer (Molecular Devices Soft Max Pro) was used for the measurement of
enzyme activities, which was performed at 25°C.

Statistical analysis: All the enzymatic activities were expressed as change in absorbance
per min per gm FW. The differences in the activities between pest infested/mechanically
damaged and normal non-infested plants (controls) were analyzed using paired t- test at P<
0.05. All the statistical analysis was performed and the figures were plotted using the
software Origin (version 7.5).

RESULTS AND DISCUSSION

The results of the investigations revealed the quantitative differences in various
biochemicals and nutrients in pest infested and normal (uninfested) castor plants. Changes
occurred in different biochemical and nutritional profiles of the plant, which depend on the
mode of feeding on the plant i.e., leaf surface or the internal tissue of the capsule.
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Statistical analysis showed significant differences in biochemical constituents of castor
plants fed by the four pests, A. janata, S. litura, E. flavescens and D. punctiferalis;
irrespective of the fact that whether they were resistant or susceptible to the above pest
infestation (Figs. 1, 2, 3). Changes in “primary metabolites” may change the efficacy of
secondary metabolites. For example herbivore attack increases the titer of ROS and
reduces the level of antioxidants such as ascorbic acid (12). These changes should combine
to the increase the oxidative damage directly to herbivores and to leaf nutrients that
herbivores use.

A reduction in the amino acid content was observed in pest-infested plants than
the control plants in all the treatments except that of A. janata infested plants (Fig. 1). It is
interesting to note that, though both A. janata and S. litura has similar feeding modes and
even the same feeding extent, the differences observed in the amino acid content denotes
possible involvement of other factors such as role of salivary enzymes or any other
unknown factor. Although proteins are not secondary metabolites, certain types of proteins
have functions similar to secondary metabolites, including protection of the plant against
insects (7). There was an enhancement in protein content of wounded plants. However,
these changes were not found in sucking pest, E. flavescens infested leaves and
mechanically damaged plants. Earlier reports states that the proteins accumulate in
apoplasts in plants are induced by insect wounding (25) and are known to involve in the
plant defense mechanism (14).

Amino acids, vitamins, sterols and other herbivore nutrients are chemical
constituents of plants that are synthesized sequestered or metabolized as alkaloids,
coumarins and secondary metabolites (8). Considerable evidence exists that they play an
essential role in determining host-plant suitability for herbivores such analysis of primary
metabolism stands to make sustained contribution to understanding the chemical bases of
for host-plant choice in insects and the evolutionary responses of plants to herbivory.

There was a significant decrease in carbohydrates due to sucking pest, borer
insect attack and mechanical damage. The damage caused by the leaf chewing insects- A.
Jjanata and S. litura resulted in the increased carbohydrate content (Fig. 1). The induction
is assumed to be caused due to the mobilization of the carbohydrates to the wounded sites
as plant might be attempting to cope with the loss. Similar observations were made in the
Arabidopsis plant also (35). Plants require nutrients to grow and reproduce as the reduction
in the amounts of these constituents may comprise a plant’s physiological capabilities at
the same time may decrease the attractiveness to herbivores (8). These primary
metabolites- carbohydrates and proteins are exploited by the herbivores for their growth
and development (3).

A slight increase in the quantities of ammonia and urea were recorded in the leaf
eating and borer infested plants and decrease in the jassids and mechanically damaged
plants when compared to the normal plants (Figure 1). It is also interesting to note that the
amount increased depending on the mode of feeding and is specific to the pest insect. The
content of Glutamine decreased in E. flavescens, D. punctiferalis, A. janata and
mechanically damaged plants, while a slight increase was found in the case of S. litura fed
leaves in comparison with normal healthy castor plants (Figure 1). Considerable increase
in the quantities of urea was observed in the case of A. janata infested castor plants while
in E. flavescens, S. litura and mechanically damaged plants a decrease was noted (Fig. 1).
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Figure 1. Biochemical changes in Castor leaves in response to insect feeding by four major pests:
and mechanical damage. The biochemical contents in control (uninfested) and infested plants
are significantly different (P< 0.05) (paired t-test), NS= not significant. (N=15 replicates of
each sample).
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An increase in the phenol content was recorded due to damage inflicted by A.
janata, S. litura and capsule borer D. punctiferalis on R. communis leaves (Fig,. 1). A
decrease was also observed in the mechanically damaged and jassid infested plants,
suggesting that the loss of larger areas of the leaf biomass is stimulating the plant to
enhance the phenolic contents. It is previously reported that high phenol contents reduce
the performance of the larval feeding. Cotton bollworm, Heliothis armigera (Hubner),
feeding on cotton, Gossypium hirsutum increased phenolics in the plants, which was
detrimental to the conspecifics (30). Possibly for similar function the phenols in castor
plants are also increased. Many of the secondary metabolic pathways are inducible by
herbivory. Enhanced availability of common precursors within these inducible pathways
may result incidental overproduction of primary metabolites (48). It is also suggested that
these compounds may contribute to the defense of the plants against herbivores by
reducing digestibility or palatability.

Feeding by different insects on castor plants increased the activity of the catalase
enzyme as found in Helicoverpa zea larval feeding on cotton foliage (13) and alfalfa
(Medicago sativa L.) with the spotted alfalfa aphid, Therioaphis maculata B. (18). There
was a significant increase in peroxidase activity in D. punctiferalis, A. janata and S. litura
infested plants when compared to their respective control plants suggesting the cause being
the extent of feeding damage (Fig. 2). Past reports are available on Peroxidase activity,
which was shown to be increased in foliage damaged by two-spotted spider mite (23), and
H. zea (12). However, it is interesting to note a decreased activity of POX in E. flavescens
and mechanically damaged plants (Fig. 2). Perhaps the reason for these quantitative
changes could be the lesser amounts of damage. A number of reports have suggested that
peroxidases play an important role in herbivore resistance in crop plants (15, 17).

The castor plants infested with capsule borer and semilooper induced the
antioxidant superoxide dismutase activity (Fig. 2). The result similar to this was also found
in the herbivore wounded lima bean plants (33), and gall insect infestation in eucalyptus
(29). However, the activity of this enzyme was reduced in E. flavescens, a sucking pest
infested castor plants, and a similar response was found in the cabbage plants due to the
infestation of the phloem sucking aphids, Brevicoryne brassicae L (28). It appears that the
reduction in the SOD enzyme activity seems to be related to that of the sucking mode of
feeding, and we suspect the involvement of sight of wounding also playing role in this type
of response. No change was recorded in the mechanically damaged plants.

In several instances plant resistance to herbivores has been correlated with an
enhanced oxidative state of plant tissue (12), which involves in generation of ROS.
Wounding has been found to rapidly increase the activity of lipoxygenases (13,43)
Peroxidase (44) and Polyphenol oxidase (17,44). Since oral secretions from caterpillars,
dramatically increase oxidative enzymes (12, 43) and trigger the jasmonate cascade (34)
plants may be responding specifically to the damage caused by caterpillar feeding. The
enzymes are involved in few defense related events that occur in extra cellular matrix.
These include the strengthening by lignification and the formation of intermolecular cross
links, suberin formation and the production of ROS which is associated with eliciting and
signaling events as well as direct defense (14).
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Figure 2. Changes in the activities of defence-related enzymes of castor upon infestation with four insect pests.
JA: Empoasca flavescens, CB: Dichocrocis punctiferalis, Al: Achaea janata, SL: Spodoptera litura
and MD: Mechanically damaged plants: (a) Catalase (b) peroxidase, (c) superoxide dismutase and
(d) chitinase. Bars indicate Mean + SE. Differences between the undamaged and damaged plants are
significant  (P< 0.05) (Paired t-test), NS= Not significant. (N=15 replicates of each sample).

Chitinase activity increased in all the four pests infested and mechanically
damaged plants as also being reported in tomato plant due to aphid infestation (Fig. 2). All
kinds of wounding including mechanical disturbance of the leaf structure appear to trigger
the chitinase activity. These enzymes are known to act as amylase inhibitors and interfere
in the digestion of the plant parts by insect gut enzymes (4). Hence, the induction of this
enzyme might also affect the insect development, feeding and growth, and may finally
cause death (47).

The activity of B-1, 3-glucanase was more in D. punctiferalis, A. janata and
S. litura infested plants (Fig. 3). The increased glucanase activity was also reported
previously in the silver leaf whitefly (Bemisia Sp.) infested plant (26). The suppressed
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Figure 3. Changes in the activities of defence-related enzymes of castor upon infestation with four insect pests.
JA: Empoasca flavescens, CB: Dichocrocis punctiferalis, AJ: Achaea janata, SL: Spodoptera litura
and MD: Mechanically damaged plants: (a) b- 1,3-glucanase, (b) PAL- phenylalanine ammonia lyase
(c) PI- Protease Inhibitor and (d) PPO- Polyphenol oxidase. Bars indicate Mean + SE. Differences
between the undamaged and damaged plants are significant (P<0.05)(Paired t-test), NS= Not
significant. (N=15 replicates of each sample).

activity of the glucanase was identified in the jassids and mechanically damaged plants. 3-
1, 3-glucanase enzyme is generally known to be induced by the fungal pathogen infection
(46). A possible mechanism for the B-1, 3-glucanase action is to release oligosaccharides
from the plant cell wall, molecules, which are known to trigger other defense reactions in
plants (9).

The feeding damage caused by the capsule borer, castor semilooper and tobacco
cutworm induced the activity of PAL enzyme in the plants as found in the birch foliage on
caterpillar damage and artificial damage (22). The byproducts of the enzyme in the phenyl
propanoid pathway are attributed to alter the palatability and suitability of the plant to an
insect (20). There was a decline in the activity of PAL in E. flavescens and mechanically
damaged plants (Fig. 3), which can be attributed to the lesser feeding damage. In the past it
has been reported that the plants with suppressed PAL have low levels of salicylic acid but
can have an effective grazing-induced resistance to Heliothis virescens, whereas in those
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plants in which PAL has been over expressed there is a decrease in grazing-induced
resistance (21).

The PPO activity was induced by the capsule borer and castor semilooper insect
(Figure 3) and was also described in the chewing and leaf-eating insects previously (43).
Felton et al. (21) have found a strong negative correlation between PPO activity and the
growth of Heliothis zea. The decreased activity of the Polyphenol oxidases is seen in the
D. punctiferalis, S. litura and mechanically damaged plants when compared to the normal
plants. Polyphenol oxidases are the enzymes involved in the lignin formation, oxidation of
a variety of phenolic compounds as well as help in quinine formation thus having direct
role in resistance.

In general, the herbivory by the insects causing maximum damage like D.
punctiferalis, A. janata and S. litura increased the activities of catalase, peroxidase,
superoxide dismutase, chitinase, glucanase, phenylalanine ammonia lyase, polyphenol
oxidase and Proteinase inhibitor enzymes while reduced activities were observed for the
sucking pest, E. flavescens and mechanically damaged plants. There were increased
activities of catalase, peroxidase and chitinase enzymes in pest-damaged plants (Fig. 2).
The enhanced activities of these enzymes may increase the scavenging capacity for free
oxygen species. Similar results have been recorded by Stout et al. (43); Bi et al. (13) and
Constabel, (17) in different plant species.

The survival of plants through evolutionary time is due largely to their own
defensive strategies. It is necessary to develop crop plants resistant to insect infestation to
avoid or reduce the quantity of harmful pesticides that are responsible for environmental
hazards. It has become clear that secondary compounds and the relative concentrations of
primary nutrients in plant tissues will help in restricting the feeding and growth of
herbivorous insects. Thus the study of biochemical changes and enzymatic changes in
castor plants infested with insect pests suggest their role in the defense mechanism.
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