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Foreword 



FOREWORD 

With the exception of a few highly specialized species insects feed on 

a diet of macromolecules, many of which do not penetrate the gut wall. In 

order that these molecules may be used by the tissues, they must be 

reduced to an absorbable form by the process of digestion and the digestive 

products then cross the gut wall and are distributed to the tissues. The 

associated processes of digestion and absorption in insects have been 

reviewed by Day and Waterhouse (1953), Treherne (1967), Dadd (1970), 

House (1973) and Terra (1988). A s  the digestive enzyme of an insect is 

adapted to its food, studies on the digestive enzyme become very important 

and form the basis for the physiological study of insect nutrition. (Dadd, 

1970; Gooding, 1972; Wigglesworth, 1972; Prema and Moharned, 1980; 

Chapman, 1985; and Abdul Jabbar and Mohamed 1989, wood; and 

Kingsolver, ( 1999). 

Mostly digestion occurs in the midgut where varieties of enzymes are 

available in abundance (Engelmann, 1969; Persuad and Davey, 197 1 ; Hori 

et al., 198 1 ; Noriega et al., 1996). By virtue of salivary gland secretions or 

the regurgitations of the enzyme from the midgut, digestion commences in 

the foregut in certain insects. Rare instances of extra intestinal digestion 

are also reported in some insects (Chapman, 1982). The nature of the 

enzyme secreted depends mostly on the nature of the food. Herbivorous 

insects secrete more carbohydrases (Day and Powning, 1949; Wharton et 



al., 1965; Hori, 1973; Aganval and Behadur, 1978, 1981). Whereas 

carnivorous insects secrete predominantly proteases (Gooding, 1975; 

Billingsley and Hecker, 1991). Day and Waterhouse (1953) stated that the 

nature of the proteolytic enzymes present in the gut homogenate of insects 

is in generally similar to that of invertebrate animals. 

It is  generally suggested that the greater the diversity of the digestive 

enzymes exhibited by a species, the greater the diversity of food that can 

be utilised by it (House, 1974). Since practically very kind of natural 

organic material is eaten by some insect or other it is not unexpected that 

the list of digestive enzymes found within Insecta is a long one (Gilmour, 

1961). Though it is believed in general that the gut of herbivorous insects 

exhibits the activity of carbohydrate hydrolases and the ~arnivorous 

insects produce protein digestive enzymes. Fraenkel (1940) pointed out 

that the mere presence of an enzyme may not necessarily signify that the 

organism actually utilises the substrates of that enzymes. However, Dadd 

(1979) is of opinion that enzyme detected and their relative strengths 

reflect reasonably well the type of food normally consumed. Therefore it is 

planned in the present study to investigate the activity of protease enzyme 

and the influence of various diets on it in the midgut and hindgut of Iphita 

limbata (Heteroptera: Pyrrhocoridae) a heteropteran plant bug. 



Plan of study 

The alimentary canal of I. limbata is a straight tube with distinct, 

foregut, midgut and hindgut. The plan of study was to employ the 

homogenate technique to identify the kinetic properties of the enzyme 

protease in the gut of I. limbata, to quantify its activity and to study the 

effect of various diets on its activity. The assays were carried on both sexes 

separately and on the two distinct regions of the alimentary canal, viz., 

hindgut and midgut. A distinctive feature of the study was the separate 

assays on the tissue and lumen content of both parts of the gut. The 

availability of these data would permit a conclusion to be drawn about the 

secretion and action of the enzyme, the region of maximum activity, to 

compare the activity of the enzyme with respect to different diet and 

thereby arrive at the nature of proteolytic enzyme in the digestive 

physiology of the insect. 

Presentation of material 

The thesis commences with an introductory chapter. After a brief 

general account of the process of digestion in animals, especially in insect, 

the author has reviewed relevant literature on proteases in insects. It 

introduces the classification of enzyme, their kinetic properties, difference 

in activity related to different regions of alimentary canal, gut tissue, 

lumen content, sex, diet etc. The introductory chapter closes with a review 



of the role of diet on the control of enzyme secretion and/or the competitive 

inhibition of digestive enzymes with other food molecules. 

The introductory chapter is followed by a chapter on the material 

and methods employed during the experiments. The chapter which then 

follows is devoted to the presentation of data of the results obtained, 

pertaining to the analysis of the protease activity, its kinetic properties, 

differences related to sex, region of gut, gut tissue and lumen content, diet 

and control mechanism of enzyme secretion. 

This charter is followed by discussion and interpretation of the 

results obtained. 

The thesis ends with bibliography. 
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INTRODUCTION 

Digestive enzymes in insects 

A s  early as  1874 digestive enzymes in insects have been reported 

(Plateau, 1874). His studies revealed that the cockroach, the saliva is able 

to digest starch, foregut does not secrete any enzyme and midgut digests 

proteins and emulsified fat. Since this pioneer study a number of studies 

on the digestion in insects have been appeared (see reviews, Waterhouse, 
> 

1957; Gilbert, 1967; Wyatt, 1967; Dadd, 1970; Wigglesworth, 1972; Hori, 

1973; House, 1974; Chippendale, 1978; Turenen, 1979; Terra, 1988). The 

present review is focussed in the various aspects of digestion in insects 

that have immediate bearing on the lines along which the author's study 

was planned and executed. 

It is evident from the above reviews, together with many recent 

reports, that largely, most of the studies have been limited to the mere 

detection of the various digestive enzymes, using appropriate substrates. 

Quantitative data on the enzymes using specific substrates a t  optimal 

assay conditions are available only with respect to a few. Besides defining 

the gross lytic capacity of various digestive organs, gross measurements 

have been made of the relative secretory activity in relation to feeding, 

growth and metamorphosis (Dadd, 1970). Studies with purified enzyme 

preparations are also reported (Dedet et al., 1982; Peaucellier, 1983; 

Branca et al., 1999; Lam et al., 2000). 



The physiological conditions in the alimentary canal and the pattern 

of digestive enzymes show great variation among insects and both these 

depend mainly upon the food and feeding habits of the individuals. In 

plant-sucking bugs, the salivary enzymes are prominent and they have 

been studied in a large number of species (Hori, 1975; Colebatch et al., 

2002). Among coccinellids tested, Sakurai (1968) found that the activity of 

protease, lipase and trehalase is higher in entomophagous individuals than 

in phytophagous ones and this tendency may be correlated to their food 

habits. The digestive enzyme complement will vary with their taxonomic 

position also. It is generally believed that the greater the diversity of the 

digestive enzymes exhibited by a species, the greater the diversity of food 

that can be utilized by it (House 1974). Since practically every kind of 

natural organic material is --ten by some insect or the other, it is not 

unexpected that the list of digestive enzymes found within insects is a long 

one (Gilmour, 1961). House (1974) concluded that an insect is adequately 

equipped with the digestive enzymes needed to digest the components of 

its natural food material. Insects do indeed possess a wide complement of 

enzymes capable of Zysing the main classes of nutrients in their diverse 

foods. Since these major nutrients are complex carbohydrates, proteins 

and lipids, the major digestive enzymes in insects comprise of the 

respective hydrolases - carbohydrases, proteases and lipases. Although 

Fraenkel (1940) has pointed out that the mere presence of an enzyme may 



not necessarily signify that the organism actually utilizes the substrate of 

that enzyme detected and their relative strengths reflect reasonably well 

the type of food normally consumed (Dadd, 1970). Thus, carnivorous 

insects generally have predominantly proteolytic enzymes and deficient in 

amylases and saccharases, where as omnivorous and herbivorous ones 

usually possess powerful and varied carbohydrases. Insects possessing 

limited and specific diets usually have a narrow complement of digestive 

enzymes. For instance, nectar feeding lepidopteran adults possess a 

predominant sucrase and the cloth moth larvae possess a keratinase, 

which helps in the digestion of keratin present in their diet. However, a few 

anomaiies for the complementarity between food and digestive enzymes 

exist among insects. The digestion of cellulose in termites, starch in aphids 

and wax in wax moth by intestinal bacteria are considered as anomalies 

because the individuals themselves are incapable of elaborating the 

respective enzymes. However, because of the fact that the animals provide 

the essential conditions by harbouring the bacteria within their alimentary 

canal, this may be considered a s  a complementarities rather than an 

anomaly. 

In general the digestive enzymes such as amylase, maltase, 

invertase, tryptase, peptidase and lipases are commonly found in the 

salivary secretions and regions of the digestive tract of insect (Abbot, 1926; 

Hobson, 1931; Feltcher and Haub, 1933; Ballentane, 1940; Day and 



Powning, 1949; Saxena, 1954 a, b, 1955, 1958; Eisner, 1955; Ahmad et 

al., 1976, 1980; Prema and Mohamed, 1980; Houseman and Downe, 1982, 

a, b; Shukle et al., 1985; Wieman and Nielsen, 1988; Abdul Jabbar and 

Moharned, 1989; Christeller et al., 1990; Bauman, 1990; Lim et al., 1991; 

Gillikin et al., 1992; Milne and Kaplan, 1993; Gotz et al., 1993; Xu et al., 

1994; MC Chie et al., 1995; Nagaraju and Abraham, 1995; Usian et al., 

1995; Cheng et al., 1996; Noriega et al., 1996; Oppert et al., 2002). 

Digestive enzyme in phytophagous insects 

Several studies on digestive enzymes have been carried out in 

phytophagous insects based on the hydrolysis of various substrates by 

whole homogenates of the gut tissues, including their lumen content. 

These qualitative tests are indicative only of the presence of the various 

enzymes in the particular system. The mere detection of the various 

enzymes does not provide a complete picture of the functional pattern of 

enzyme activity in an individual. A comparison of the potential activities of 

the different enzymes in a given insect is possible only from the 

comparative data on total and specific activities as determined in uitro in 

optimal assay systems. Studies of this kind among various phytophagous 

insects have been reviewed by Waterhouse (1957), Dadd (1970), 

Wigglesworth (1 972), House (1974), Chippendale (1978), Foissac et al., 

(2002). 



Distribution of digestive enzymes along the alimentary system 

The various components in the food are broken down by the 

hydrolysis catalysed by the respective enzymes in the regions where they 

are sufficiently active. It is often found that some of the complex 

components of the food have to be subjected to the successive action of a 

series of enzymes before they are transformed into products suitable for 

absorption by the epithelium. Among continuous feeders, the midgut is 

found to be the major site of digestion. The discontinuous feeders are 

characterized by a storage organ, which may be either a modified crop, or 

the proximal part of the ventriculus (Wigglesworth, 1972). Though the 

midgut is the main site of digestion, reports are available among insects 

where the preliminary or perhaps more complete digestion occurs in the 

crop (Wigglesworth, 1972; House, 1974). In some biting flies, blood directly 

passes into the midgut, which then functions both as  a storage organ and 

digestion site (Dadd, 1970). Matsumoto et al., (1 997) studied distribution 

in various tissues including alimentary tract and germ cells in Sitophilus 

zeamais (maize weevil). In alimentary organs, cathepsin Glike cysteine 

proteinases are distributed in the gastric caeca, but not in the midgut. It is 

also present in genital organs, especially in oocytes and nurse cells, where 

it exists at high levels. These results indicate that it plays a variety of 

physiological roles including a role in food digestion. Compartmentalization 

of proteinases, amylases and pH in the midgut of Nauphoeta cinerea 



(Blattoptera : Blaberidae) was studied by Elpidina et al., (2001) in order to 

understand the organization of protein and starch digestion. Total 

proteolytic activity measured with azocasein was maximal at pH 11.5 both 

in anterior (AM) and posterior (PM) halves of the midgut, but the bulk of 

activity (67%) was found in PM. Total AM and PM preparations were 

fractionated on a Sephadex G-50 column and further analysed by means of 

activity electrophoresis and specific inhibitors and activators. The major 

activity in PM was classified as an unusual SH-dependent proteinase with 

M (r) 24 kDa; pH optimum with synthetic substrate BApNA at 10.0. The 

enzyme was 43-fold activated in the presence of 1 mM dithiothreitol, 

insensitive to synthetic inhibitors of serine and cysteine proteinases, 

strongly inhibited by STI and displayed four active bands on zymograms. 

In PM, activities of trypsin-like, chymotrypsin-like, subtilisin-like and 

cysteine proteinases were observed. Aspartic and metalloproteinases were 

not detected. In AM, activity of unusual SH-dependent proteinase also 

dominated and activity of chymotrypsin-like proteinase was observed, but 

their levels were much lower than in PM. Distribution of amylase activity, 

exhibiting an optimum at pH 6.0, was quite the opposite. The major part of 

it (67%) was located in AM. Treatment of amylase preparation with 

proteinases from AM and PM reduced amylase activity two fold. Enzyme 

activity is observed in the midgut of different insects. (Agarwal, 1981 a, b; 

Brey et al., 1995; Algimantas et al., 1999; Winnie Lam et al., 1999; Silva et 



al., 2001). Digestive enzymatic activities were also observed in the hindgut 

region of the insects (Nachman et al., 1996; Wijffels et al., 1997; Gontijo et 

al., 1998). 

The simple detection of a particular enzyme in various regions of the 

insect gut does not provide complete knowledge about its digestive capacity 

on a particular substrate in these regions. Since the degree of digestion of 

a substrate is correlated with the strength of the particular enzyme 

activity, quantitative study of the enzyme is essential to arrive at the site of 

digestion of a component in the food. These types of studies on the 

distribution of digestive enzymes in the alimentary canal were carried out 

in a number of insects (Agarwal, 198 1; Brey et al., 1995). 

Enzyme activity manifested by the gut tissue and lumen content 

Enzyme activity as determined in whole homogenate of a given 

region of the gut is a net value made up of two components: enzyme 

secreted into the lumen or otherwise present in the particular region of 

lumen and enzyme confined to the epithelial cells of the gut wall. Enzymes 

secreted into the lumen are those actually synthesized in the cells 

bordering the lumen, or those elaborated in glands and secreted through 

ducts opening into the lumen. An enzyme elaborated in the epithelia1 cells 

and passed into the lumen may have residual activity in the cells. A s  such, 

the enzyme activity determined in the homogenates separately of the tissue 

represents the activity of those enzymes, which are strictly intracellular 



and those enzymes, which are predominantly secreted outside, but whose 

residual activity, or even a zymogen form activated under the in uitro 

conditions of the assay, is present intracellularly. Similarly, an enzyme 

detected in a particular region of the lumen may not always have 

originated in that region; it might have been secreted into a preceding part 

of the gut and passed along with food. In Glossina morsitans morsitans the 

levels of trypsin and chymotrypsin activities in the gut lumen increase, 

following blood feeding and change significantly in the gut cells throughout 

the digestion cycle. (Yan et al., 2001). In Phlebotomus papatasi 

aminopeptidase activity was associated mainly with the midgut wall, 

whereas trypsin activity was confined to the midgut lumen (Dillon and 

Lane., 1993). The salivary enzymes are active in the foregut of a number of 

species (Swingle, 1925; Champlain and Fisk, 1956; Dadd, 1970; 

Wigglesworth, 1972), but in others, these are more active in the midgut 

(Saxena, 1954 a; 1963; Khatoon, 1967; Chapman, 1973; Takanona and 

Hori, 1974). It has also been reported that enzymes originating in the 

midgut are regurgitated into the crop for digestion in Blatella gennanica 

and Penplaneta americana (Day and Powning, 1949; Eisner, 1955) and in 
I ,  

Locusta migratona (Khan, 1963). 

Carbohydrates are absorbed as  oligosaccharides in addition to 

monosaccharides (Dadd, 1970); accordingly, several oligosaccharidases are 

recorded to be present in the gut wall. At the same time, many 



polysaccharidases essentially requiring high pH are more active in the 

lumen than in the epithelium of the gut (Khan, 1963; Applebaum et al., 

1964 a; Ishaaya et al., 1971; Nishide and Kusano, 1976; Terra et al., 

1979). However, vary limited information is available on the enzyme 

activity of the gut epithelium and content separately except in the studies 

conducted in B. orientalis (Swingle, 1925), Bombyx mori (Horie, 1959), 

Chilo zonellus (Pant et al., 1959), Penes rapae (Nishide and Kusano, 1976) 

Rhynchosciara americana (Terra et al., 1979) Helicoverpa zea (Johnson and 

Felton 2000) G. rnorsitans morsitans (Yan et al., 2001) and Opisina 

arenosella (Harshini et al., 2002). 

Enzyme activity in lumen content 

A likely source of enzyme activity in the lumen content, which does not 

seem to have received adequate attention of workers in the field, is of feed 

material origin. All raw food naturally contains the proper types and 

proportion of enzymes necessary to digest it (Beazel, 1941; Murray et al., 

1990; O'Keef et al., 1991). In phytophagous larva/insect, particularly the 

continuous feeders, which feed voraciously and in which the feed material 

stays in the gut for a few hours only, there is every possibility that the 

enzymes present in the plant tissue will be released on cell damage, during 

the duration in the buccal cavity and /or in the proventriculus and 

continuously act on the endogenous substrates. Applebaum et al., (1964 a) 

were seized of this possibility and tested for arnylase activity in the feed 



material (cotton leaves) used by Prodenia Iitura. The midgut lumen of this 

insect is highly alkaline. Tested under the condition of assay of the insect 

amylase, that is, at the pH of 9.5, the authors could not detect amylase 

activity in the cotton leaves and concluded that amylase of the leaf origin 

was not operative in the digestion of starch by Prodenia and that 

amylolysis in the larva was effected solely by enzyme elaborated in its 

tissues. In Tenebrio molitor when the insect was fed on wheat, the K- 

amylase was inhibited and digestion was mainly dependant on the P- 

amylase present in the wheat (Applebaum, 196 1, 1964 b). Yang and Davies 

(1968 a) found that in blood-fed Aedes aegypti the amylase resulted mainly 

from the ingested blood rather than from midgut secretion. It is possible 

that this exogenous activity, originating from the feed material may have 

physiological significance in the nutrition of the phytophagous insect and 

may operate synergistically with the tissue enzyme of the animal. During 

assays in vitro with added substrate, the transformation products of a 

particular enzyme will be those due to the activity of the enzyme in the 

plant tissue and the enzyme of insect origin. Ground plant tissues have 

generally a slightly acidic pH, but some enzyme activity could be expected 

even at the alkaline pH characteristic of the lumen content of 

lepidopterous larvae. 



Diurnal alteration in the activity of enzymes 

Another aspect which has not received due attention is a possible 

diurnal alteration in the activity of enzymes. It was already pointed out 

that the activity of insect enzymes may depend upon, or be influenced by, 

the composition of the diet (Wigglesworth, 1972); also, the enzyme activity 

in the alimentary system of the starved animal shows a marked change in 

few hours following feeding (Hori, 1973). The components of the leaves, 

particularly the type of carbohydrates, can vary markedly diurnally. Leaf 

starch, elaborated and accumulated during photosynthesis, is broken 

down in the dark and sucrose content increases. In case the digestive 

enzyme is subject to some degree of induction by the substrate, one should 

expect to find a diurnal change in the enzyme activity of gut tissue and 

salivary gland and therefore of lumen content also. In the case of starch 

digestion, the larvae may be comparatively starved in relation to starch 

during certain hours of the dark period. The changes in the enzymatic 

activity related to time of blood feeding is studied by Klowden (1990). 

Simpson and Bernays (1983) reviewed the dietary rhythm of locusts. 

Influence of hydrogen ion concentration in the environment 

The hydrogen ion concentration in the gut constitutes one of the 

most important physiological factors for an enzyme to manifest its optimal 

activity. According to Waterhouse (1949), the pH in the alimentary canal 

varies with the systematic position in which a particular insect belongs; 



thus, high midgut alkalinity is characteristic of lepidopterous larvae. The 

pH in the gut lumen is much higher than that of the gut wall in these 

insects. This wide variation in pH influences the major sites of digestive 

reactions. Therefore, certain enzymes, which require high pH optima, will 

be more active in the lumen and others with their low optimal pH tend to 

operate better at the lower pH prevailing intracellularly in the epithelium 

(Horie 1959; Wyatt, 1967). It is found that the pH optima using casein as 

substrate were about pH 6.8 for the rice weevil and pH 5.2 for the red flour 

beetle (Liang et al., 199 1). 

Blood meal digestion in the midgut of P. papatasi and Phlebotomus 

langeroni was studied by Dillon and Lane (1993) and found that the 

optimal activity occurred at  pH 8-9 for all enzymes examined in both 

species. In N. cinerea the pH of the midgut contents was 6.0-7.2 in anterior 

midgut, 6.4-7.6 in the first and 8.8-9.3 in the second halves of posterior 

midgut. Thus, pH in anterior midgut is in good agreement with the optimal 

pH of amylase, located in this compartment, but the activity of proteinases, 

including the ability to degrade amylase, in such an environment is low. 

Active proteolysis takes place in the second half of posterior midgut, where 

pH of the gut is close to the optimal pH of proteinases (Elpidinia et al., 

200 1). 

A trypsin-like enzyme purified by Milne and Kaplan (1993) from the 

spruce budworm Choristoneura,f;-lm~erana gut juice has a molecular mass 



of 25 kDa and its pH activity profile indicates a pKa of 8.0. The effect of pH 

on the digestive enzymes were done by many workers with different type of 

insects (Peterson et al., 1995; Blanco-Labra et al., 1996; Parker and 

Roberts, 1996; Gontijo et al., 1998; Regel et al., 1998; Smartt et al., 1998; 

Zhu and Baker, 1999; Zhu and Baker, 2000; Schernthaner et al., 2002; 

Nogueira de Me10 et al., 2001). Some of these studies on hemipteran 

insects show that they have an optimum pH in acidic range (Colebatch et 

al., 200 1 ) .  

In viw applicability of in vitro findings 

The biochemical observations on the individual enzymes by using 

synthetic substrates and provision of artificial conditions, may not furnish 

a true picture of the digestive physiology in the intact animal, since in L&O 

hydrolysis may not have total bearing on the situation in vivo. This is well 

illustrated in the case of an enzyme with acidic pH optimum, which occurs 

in both gut epithelium and lumen content. Its activity as determined in 

uitro in the lumen content will not have a real bearing on the physiology of 

the animal, since this enzyme would be much less active under the 

alkaline conditions prevailing in the lumen. Similarly, an enzyme with 

pronounced alkaline pH optimum will not be exerting this optimal action 

under the slightly acidic conditions prevailing in the tissue; its activity as 

determined in vitro will not be truly representative of the in vivo activity. 

This limitation will have to be borne in mind when separate assays are 



carried out on the tissue and the lumen contents of gut. It has also to be 

remembered that in vitro the products of the enzymatic reaction 

accumulate and tend to inhibit the forward reaction, whereas in vivo the 

products of digestion are constantly being absorbed and do not generally 

get a chance of accumulate. For this reason, the assay conditions should 

be so adjusted, especially with respect to the period of incubation, that 

what is attempted to be measured is the initial rate of the particular 

reaction . 

Relevance of the enzyme kinetics 

Characterization in respect of specificity of action and optimal assay 

conditions has been attempted only for a few digestive enzymes in insects. 

Comparisons of activity among enzymes and in different regions of the 

alimentary system are meaningful only if the different kinetic properties 

are charted. An enzyme is characterized based on a number of biochemical 

parameters. Lin and Richards (1956) pointed out that comparisons of 

various enzymes merely based on the requirements for the expression of 

the activities and substrate specificities do not prove the identity of an 

enzyme in different insects, but may perhaps do so, if a number of 

additional properties are also similar. A P-glycosidase isolated from L. 

migratoria was found to break down both P-glucoside and P-galactoside; 

the similarity of various kinetic characteristics in the action on P-glucoside 

and P-galactoside suggested that one and the same enzyme was acting on 



both the substrates (Morgan, 1975 a). Kinetic properties are used to 

compare enzymes by Moon et al., (1997) in Plasmodium falciparum. The 
L. 

hydrolysis of a substrate by different tissue material need not always be by 

the same enzyme if there are variations in the different profiles and kinetic 

data. There are reports among insects where the hydrolysis of the same 

substrate shows different optimal conditions and kinetic parameters when 

preparations are made from different regions of the digestive system. The 

arnylase from B. mori possesses an optimum pH of 9.2 - 9.5 in the 

digestive fluid (Hori, 1959; Ito et al., 1962), 8.0 - 1 1.3 in the gut tissue 

(Mori, 1930; Shinoda, 1930 b; Kuroda, 1953) and 6.6 - 7.1 in the salivary 

gland (Matsumura, 1930). Invertase showed optimum pH of 7.0 and 6.0 

respectively in the midgut brei and hindgut brei of Sericesthis geminata 

(Soo Hoo and Dudzinski, 1967). The optimum pH is 4.7 for the midgut 

invertase and 6.0 - 7.0 for the salivary invertase of Oncopeltus fasciatus 

(Bongers, 1970). Trehalase from the salivary glands and midgut of Sesamia 

inferens showed optimum activity at 50°C and 60°C respectively. The 

trehalase concentration at which maximum hydrolysis took place was 

different for the salivary and midgut enzyme preparations of the same 

insect (Aganval, 1976 a,  b). 

Nature of digestive enzymes 

Since digestion is a biochemical process whereby complex organic 

molecules such as polysaccharides, proteins and lipids are broken down to 



their simpler components such as monosaccharides, amino acids and fatty 

acids a n d  glycerol, the enzymes taking part in this process are of 

hydrolytic type. Here the literature pertaining to peptide-hydrolysing 

enzymes was reviewed. 

Pept ide hydrolases 

The digestive peptide hydrolases fall into two groups, the first of 

which is mainly concerned with the degradation of large molecules of food 

protein to yield smaller fragments and the second group completing the 

process initiated by the first group and leading eventually to the liberation 

of amino acids. The former group is called endopeptidase (proteinases) 

since they attack the interior peptide bonds of a protein molecule. Thus, 

endopeptidase will be loosely defined as proteolytic enzymes cleaving 

internal peptide bonds not adjacent to amino or carboxy termini and 

exhibiting various degrees of amino acid specificity, in most cases 

endopeptidases also catalyze arnidolysis and esterolysis. The smaller 

peptides formed, are acted upon by the second group of peptide 

hydrolases, the exopeptidases, di-and /or tripeptidases to give rise to 

individual amino acids. Exopeptidases remove terminal amino acids either 

from the carboxy end (Carboxypeptidases) or from the amino end 

(aminopeptidases) and usually but not always exhibit a broad specificity 

for terminal amino acids. 



The proteinases are divided into sub-subgroups based on the 

catalytic mechanism, as shown by active centre studies, or the effect of pH. 

The enzyme, serine-proteinases have an active centre containing serine 

and histidine. The enzyme, SH-proteinases have a cysteine in the active 

centre. The enzyme, acid proteinases have a pH optimum below 5.0, due to 

the involvement of an acidic residue in the catalytic process. 

Trypsin 

The common proteinases in insects are activating at natural to 

alkaline pH and these resemble mammalian trypsin. Trypsin acts at 

peptide linkages involving the carboxyl group of either an arginine or a 

lysine unit. 

The trypsin in insects does not hydrolyse native proteins in the food 

beyond the protease or polypeptide level (House, 1974). Insect trypsin is 

not known to exist in a zymogen or precursor form, trypsinogen, nor is 

enterokinase activity detected in insect tissues. Trypsin was identified in a 

number of insects (Lara et al., 2000; Konarev et al., 2002). 



Chymotrypsin 

These enzymes attack the peptide link on the carboxyl side of an 

aromatic amino acid or leucine present in the protein molecule. 

Six types of chymotrypsin c-DNAs were identified in H. zea and 

Agrotis ipsilon (Mazumdar-Leighton and Broadway, 2001). Analogous to 

trypsin, the chymotrypsin in insects is also usually alkaline and a 

chymotrypsinogen-like protein is reported in the midgut of Rhyzopertha 

dominica (Zhu and Baker 2000). Chymotrypsin is reported in many insects 

(Gatehouse et al., 1997; Valaitis et al., 1999). 

Pepsin 

Pepsin resembles chymotrypsin in attacking the peptide link 

adjacent to aromatic amino acid, but on the amino side of the aromatic 

amino acid present in the protein molecule. 

The presence of pepsin has been reported in a few species of Diptera 

(Greenberg and Paretsky, 1955'; Fraser et al., 1961; Sinha, 1975; Ozkizilcik 

and Chu 1996). A pepsin precursor, pepsinogen, is not known to occur in 

insect tissues. 

Cathepsins 

Cathepsins are intracellular proteinases seen in animal tissues. A 

number of cathepsins are known, the more important being cathepsin B 

and cathepsin D. These proteinases are of rare occurrence in insect gut, 



except for some isolated reports (Khan, 1964; Goading, 196% I-louseman 

and Downe, 1980). The enzyme is reported in G. morsitans morsitans 

et al., 2002) A cathepsin D was characterized in colorado potato beetle, 

Leptinotarsa decemlineata, (Brunelle et al., 1999). A cathepsin Glike 

enzyme is expressed in Drosophila melanogaster (Tryselius and Hultrnark, 

1997). Matsumoto et al., (1997) identified and characterized a gene family 

comprising at least four genes encoding cathepsin L-like cysteine 

proteinases (SCPs) in S. zeamais. 

Exopeptidases 

The peptidases are divided according to their specificity into those 

hydrolysing single amino acids from the N-terminus of the peptide chains, 

those hydrolysing single residues from the C-terminus, those specific for 

dipeptide substrates and those splitting off dipeptide units from either the 

N-terminus or the C-terminus. 

Carboxypeptidases 

Carboxypeptidases catalyses the splitting of the terminal peptide 

bond at the carboxyl end of the protein or peptide molecules to set free the 

amino acid at the carboxyl end. Carboxypeptidases have been detected in 

some Diptera (Sinha, 1976; Yan et al., 2002). The enzyme has been 

purified and characterized by Gooding and his colleagues from the extracts 

of blood sucking insects (Gooding et al., 1973). Xiong and Jacobs-Lorena 

(1995) characterized the putative promoter region of a black fly midgut 



carboxypeptidase gene. Carboxypeptidases are also studied in a number of 

insects (Ramos et al., 1993; Bernasconi, 1994; Stone et al., 1994). 

The occurrence of a specific zymogen-procarboxypeptidase is not yet 

reported in insects unlike in the vertebrates. 

Aminopeptidases 

Aminopeptidases act in the same pattern as that of 

carboxypeptidases, but with the difference, that it splits off the amino acid 

from the amino-terminal of the peptide molecules. The DNAs of two 

distinct gypsy moth (Lymantria dispar) larval gut arninopeptidases, APN1; 

APN2, were cloned and sequenced by Garner et al., (1999). Aminopeptidase 

activity was partially characterized by Billingsley (1990) from midguts of 

Anopheles stephensi. The activity of aminopeptidase has also been reported 

from other insects (Lenz et al., 1991; Francis and Bulla, 1997; Algimantas 

et al., 1999; Plinio et al., 1999; Johnson and Felton, 2000). 

Dipeptidases 

The dipeptides, formed during the breakdown of proteins by the 

action of the proteinases followed by carboxypeptidases and 

aminopeptidases and those exopeptidases splitting off dipeptidyl units, are 

hydrolysed to individual amino acids in the gut in the presence of 

dipeptidases. 

The studies on all these different types of protein digesting enzymes 

are reviewed under the heading proteases. 



Proteases 

The literatures of proteolytic enzymes in insects have been reviewed 

by House, 1974; Law et al., 1977; Applebaum, 1985; Chapman, 1985; 

Terra, 1988; Terra and Ferreira, 1994; Lehane, 1994). 

Complex molecules of prpteins ingested though the food are broken 

down in the digestive tract by different proteases. The hydrolysis of 

proteins commences by splitting of the internal bonds of the long peptides 

or proteins, irrespective of the molecular weight. These enzymes are the 

endopeptidases, which include trypsin, chymotrypsin, pepsin and 

cathepsin. According to Desnulle (1960), all these enzymes are not 

'proteinases' specifically attacking large protein molecules, since they are 

able to split short peptides, provided that one of the residues linked by the 

bond has a typical side chain and that the terminal groups (amino or 

carboxyl) are not too close to this bond, or are blocked by some radicals. 

The products of hydrolysis by the proteinases are acted on by the 

peptidases. 

The frequently occurring insect proteinase, active a t  neutral to 

alkaline pH, resembles vertebrate trypsin rather than other proteinases 

(Wigglesworth, 1972). Pepsin, with its low optimum pH, is generally absent 

in insects. The pH of insect gut, which is comparatively high, is not 

suitable for the peptic activity unlike that of vertebrate stomach, which is 

highly acidic. Trypsin and chymotrypsin are the predominant 



endopeptidases found in the insect gut. The author uses the terns 

'proteases' to signify the collective group of enzymes acting on proteins and 

leading to the liberation of the free amino acids. These enzymes comprise 

of the proteinases and the peptidases and they have mostly their optimum 

pH in fairly alkaline range (Day and Water house, 1953; Champlain and 

Fisk, 1956; Wigglesworth, 1972). However, some insects show optimum pH 

in acidic range. In general the properties of either enzyme determined in 

different insects were so similar that any differences were of minor 

character (Powining et al., 195 1). Mammalian trypsin is secreted as a 

precursor and is activated by enterokinase. Such activation is required 

by chymotrypsin and pepsin also. Whether such an activating mechanism 

occurs in insects is unknown (Gilmour, 1961)' expect for the isolated 

report on the positive effect of enterokinase on some insect proteinases, 

(Schlottke, 1937 a). 

A s  a matter of fact although proteinase activity in insect is often 

characterised as  trypsin - like proteinases they are most likely multiple 

proteolytic enzymes (House, 1974). This has been demonstrated by 

electrophoretic and chromatographic techniques by several investigators, 

the main contribution in this field being by Gooding (1969, 1974 a and 

1977 b, c) and Jany et al., (1977,1978 a, b). These authors identified 

trypsin and chymotrypsin as the major endopeptidases though some other 

bands of unknown specificity were also found which are designated as 



proteinase IV and proteinase V1 those resembled trypsin and chymotrypsin 

in some characters but not all. Electrophoretic studies on the midgut 

extract of Musca domestica showed three trypsin like enzymes (Pate1 and 

Richards, 1960) and the authors suggested the possibility of one of these 

being related to micro flora of midgut. A perusal of the literature revealed 

that most of the investigations are carried out in insects that are 

carnivorous, either parasites or predators at one or other stage of life cycle. 

Since of the diet of these insects possesses high protein content and they 

are expected to have high concentration of proteolytic activity, of different 

types. 

Proteinase has been investigated in many insects of different orders 

(Dadd, 1970; Wigglesworth, 1972; Barnard, 1973; House, 1974; 

Chippendale, 1978; Pernas et al., 1998; Harsulkar et al., 1998, Oppert et 

al., 2002). Despite numerous studies on insect digestion many aspects of 

digestive process including the synthesis and secretion of proteases are 
l .  

still poorly understood (House 1974). 

Gut extracts of several insects contain carboxypeptidases, 

aminopeptidases and dipeptidase (Duspiva, 1936; Schlottke, 1937 a, b, c; 

Lichtenstein, 1947; Tatchell, 1958; Khan, 1962; Khatoon, 1965; Hori, 

1973; Sinha, 1976; Hall, 1986; Hiraizumi et d., 1992). The most common 

proteolytic enzymes found in the digestive tract of insects are active in 

neutral or alkaline pH and thus resemble mammalian trypsin 



(Wigglesworth, 1928; Champlain and Fisk, 1956; Yang and Davies, 1968 b, 

c; Gooding and Huang 1969; Baker and Fabrick, 2000). The use of 

synthetic substrates to differentiate between the endo-and exopeptidases 

that make up the total complement of peptide hydrolases has resulted in a 

greater understanding of protein digestion in many insect species 

(Gooding, 1972; Ward, 1975 a, b, c; Baba et al., 2001; Elpidina et al., 

2001). Purification and characterization of gut peptide hydrolases have 

received much attention during the past few years (Dahlmann et al., 1978; 

Kunz, 1978 a, b; Stone et al., 1994; Algimantas et al., 1999; Spinella et al., 

1999) and these enzymes have been compared with mammalian proteolytic 

enzymes (Giebel et al., 1971; Krarner et al., 1973; Miller et al., 1974; 

Grogan and Hunt 1977). 

During the past decade, many important investigations on the insect 

gut peptide hydrolases were undertaken (Miller et al., 1974; Knecht et al., 

1974; Ward, 1975 a, b, c; Eguchi and   war no to, 1976; Grogan and Hunt, 

1977; Dahlmann et al., 1978; Kunz, 1978 a, b; Hoseman and Downe 1980, 

198 1, 1982a; Billingsley and Downe, 1986,1988; Adedire, 1990; Koiwa et 

al., 2000; Yan et al., 2001). Of the proteolytic enzymes facilitating the 

break down of the complex blood proteins in the blood-sucking insects, 

trypsin is of primary importdke (Yang and Davies, 1968 c; Owhashi et al., 

200 1). 



Generally, in insects, irrespective of the nature of their food and 

feeding habits, a trypsin like enzyme occurs in the digestive tract. 

According to Shinoda (1930 a) and Schlottke (1937 a), the proteinases 

such as  trypsin are found mainly in the gut content and peptidases may 

occur within the epithelium, suggesting that complete hydrolysis of protein 

in the gut lumen is not essential for absorption. However, from the results 

on dipeptidase in Utethesia pulchella larvae, Khatoon ( 1965) concluded 

that dipeptidases are not only intracellular in the digestive tract, but are 

present also in the lumen content, so that the total hydrolysis of protein 

may occur in the midgut lumen prior to absorption. 

Presence of different types of proteases is studied in insects. A thiol 

activated digestive proteinase, a cathepsin - B like endoproteinase, an 

exoproteinase and a cathepsin -D like acidic proteinase, a cDNA encoding 

a cathepsin L-like protein are studied from the posterior midgut of 

Rhodnius (Houseman 1978; Houseman and Downe, 1980, 1981, 1982a; 

Billingsley and Downe, 1988; Lopez-Ordonez, 200 1). The thiol activated 

digestive protein shows highest activation with dithiothreitol followed by 

cystein, glutathione and mercaptoethanol in descending order of activation 

ability. The proteinase occurs in the rnidgut lumen and a maximal activity 

occurs 5-10 days after ingestion of the blood meal (Houseman, 1978). 

Cathepsin -B plays a major role in primary extra cellular digestion of blood 

proteins (Billingsley and Downe, 1988). Cathepsin -D can be separated 



from cathepsin - B using DEAE ion exchange chromatography (Houseman 

and Downe, 1982a). This enzyme has been identified in posterior midgut of 

insects from six families of Hemiptera (Houseman and Downe, 1983). A 

number of peptidases have been characterised in insects. Though no 

proteinase activity was observed in the rnidgut of Dysdercus fascialus, 

activity of peptidases was recorded (Ford, 1962). Extract of the first two 

ventriculi of D. fasciatus has amino and carboxypeptidases and third 

ventriculus had aminopeptidases, but no dipeptidases in any part of the 

gut (Khan and Ford, 1967). The digestive midgut of Cimex hemipterous and 

Cimex lectularius contains cathepsin - B arninopeptidase and an acidic 

proteinase that hydrolyses haemoglobin at an optimum pH of 3.4 

(Houseman and Downe, 1982 b). The posterior midgut of the seed feeding 

pentatomid E. euschistoides contains the proteinase cathepsin -B and an 

aminopeptidase (Houseman et al., 1984). Saxena (1 954c) found neither 

polypeptidases nor digestion of proteins to amino acids in the alimentary 

canal of Leptocorisa vericomis. In the bug, Lygus disponsi, some properties 

of proteases were studied by (Hori., 1970). In four species of heteropteran 

bugs studied, all contain proteinase in the salivary glands, which indicates 

that protein is an essential component in the diet of both phytophagous 

and predaceous Heteroptera (Rastogi, 1962). The activities of proteinase at 

pH 7.6 and 3.1 were investigated in the salivary glands of adults Lygus 

rugulipennis. The proteinase with pH optimum at 7.6 is assumed to be 



present in the saliva, while the one with pH optimum at 3.1 is presumably 

lysosomal enzymes of the gland tissue (Varis et al., 1983). In 

haematophagous insect the major hydrolases were studied by Gooding 

(1972, 1975), Gooding et al., (1973), Terra et al., (1988) and Ramos et al., 

(1993). The salivary glands of D. fasciatus had lipase, amino and 

carboxypeptidases, a- glucosidases, P- lucosidases and a weak arnylase 

and aminopeptidase but no proteinases, dipeptoidase or cellulase (Ford, 

1962; Khan and Ford, 1967). Extracts of the first two ventriculi of D. 

fasciatus had amino and carboxypeptidases, the third ventriculus has 

aminopeptidases but no dipeptidase in any part of the gut (Khan and Ford, 

1967). 

The presence of proteases have been reported in Lepidopteran 

insects (Shinoda, 1930a; Horie, et al., 1963; Khatoon, 1967; Ishaya et al., 

1971; Eguchi et al., 1972; Ward, 1972; Eguchi and Iwamoto, 1975,1976., 

Young, 1978; Carlini et al., 1997; Lara et al., 2000; Estebanez et al., 2001 ; 

Mazumdar-Leighton and Broadway, 200 1). Some of the digestive proteases 

lepidopterous insects are purified and characterised (Yoe and Kim, 1987; 

Broady; 1989; Johnson et al., 199 1; Milne and Kaplan; 1993; Xu et al., 

1994; Novillo et al., 1999). The biochemical properties of crude and 

partially purified proteases were studied in the larvae of Mithimna seperata 

(Bai and Sha, 1989). Two digestive trypsin-like proteinases were isolated 

and characterized by Novillo et al., (1999) from the larvae of the stalk corn 



borer, Sesamia nonagrioides. Among coleopteran insects, the purification 

and characterization or identification of the proteolytic enzymes have been 

done only in a few species (Gatehouse et al., 1985; Weiman and Neilsen, 

1988; Kitch and Murdock, 1986; Carnpos et al., 1989, 2002; Christellor et 

al., 1989; Thie and Houseman, 1990 a, b; MC Chie et al., 1995; Zhu et al., 
l .  

2000). In Kola weevil Sophrorhinus inspratus both trypsin like and 

chymotrypsin like enzymes were detected (Adedire, 1990). In the grass 

grub larvae, Costelytra zeafandica, the dominant endopeptidase in the 

midgut is trypsin, which is present in four forms. In addition to this 

chymotrypsin esterase, leucine aminopeptidase and carboxypeptidase A 

and B are present (Christeller et al., 1989). Trypsin like enzymes were 

detected in a number of other insects (Jany et al., 1978a, b; Graf and 

Briegel, 1985; Houseman et al., 1987, 1989; Birk et al., 1989; Broadway 

1989; Bai and Sha, 1990; Sandeman et al., 1990; Christeller et al., 1990, 

1992; Jonston., 199 1; Stiles. et al., 199 1; Billingsley and Hiecker, 199 1; 

Zinckler and Potzer, 1992; Milne and Kaplan, 1993; Hoerler and Briegel, 

1995; Khalaf et al., 1995; Valaitis et al., 1999). Dipterans have received 

more attention on this aspect than other orders. In dipterans, most of the 

studies are on A. aegypti (Sharnbaugh, 1954., Gooding, 1966; Briegel and 

Lea, 1979; Graf and Briegel, 1985, 1989; Graf et al., 1986, 199 1; Felix et 

al., 1991; Beng et al., 1992., Noriega et al., 1997, 1999; Kaplan et al., 

2001). In Stomoxys calcitrans two types of trypsin like enzymes were 



isolated by Hatano and Hori (1989). The precursor of one of these enzymes 

appears to be autocatalytic (Moffat and Lehane, 1990). A chymotrypsin like 

proteinase was also detected in S. calcitrans (Schneider et al., 1987). 

Posterior midgut of this insect contains both proteases and peptidases 

necessary for proteolytic break down of ingested blood meal (Houseman et 

al., 1987). Using highly degenerate, serine-protease-specific PCR primers 

and a midgut-specific cDNA library it was estimated that a minimum of 24 

independent serine proteases were expressed in the midgut of S. calcitrans. 

(Lehane et al., 1998). Hamilton et al., (2002) reported about a novel seriene 

protease from the midgut of S. calcitrans. The general protease trypsin 

arninopeptidases in P. papatasi and P. langeronni were studied and their 

role in blood digestion in optimized assay was investigated by Dilon and 

Lane (1993). Trypsin like activities was detected in the midgut of Glossina 

palpalis (Steiles et al., 1991). In the blow fly larvae, Lucilia cuprina, a 

chymotryptic protease is released (Sandeman et al., 1990). Biosynthesis of 

chymotrypsin like enzymes was observed in 1-8 day old pupae of 

Lutzomyia anthophora (Mehmood and Borovsky, 1992). Chymotrypsin like 

serine proteinase was identified a s  a major gut proteinase from larvae of 

the Hessian fly Mayetiola destructer (Shukle et al., 1985). Chymotrypsin 

like proteinase was also detected in Callosobruchus maculates (Gate house 

et al., 1985). Trichoplusia ni, Pieris raphae (Broadway, 1989), Mythimna 

seperata, Heliothis armigera and Galleria mellonella (Bai and Sha, 1990), 



Choristoneura occidentalis (Valaitis et al., 1999), R. dominica (Zhu and 

Baker, 2000). 

A chymotrypsin like endoproteinase from the gut of the cockroach is 

isolated and partially characterised by Baumann (1990). Besides an 

alkaline protease in the midgut of P. americana, an acid active cathepsin 

like protease elaborated in low concentration from salivary glands (Agarval 

and Behadur, 1981). In the order Thysanura, three types of protease 

enzymes were observed in Thermobia domestica (Zindler and Potzer, 1992). 

One is trypsin like and the other two are the charge isomer of cystein 

proteinases. From the gut of the thick Rhiphicephalis appendiculatus, two 

aspartic proteases are characterised (Vundla et al., 1992). These enzymes 

hydrolysed denatured haemoglobin at acid pH. The proteolytic action was 

observed in the midgut of many other dipterans (Briegel and Lea, 1975; 

Lehane. 1976, 1977; Langley et al., 1978; Muse, 1984; Sharrna et al., 1984; 

Bowles et al., 1988; Collet, 1989; Endege et al., 1988; Billingsley, 1990; 

Sandeman et al., 1990; Billingsley and Hiecker, 199 1; Yonemura et al., 

199 1 ; Mahmod and Borowsky 1993; Cazares-Raga et al., 1998; Yan et al., 

2002). In Acheta domestica most of the proteases activity occurred in the 

crop and ventriculum (Teo and Woodring, 1994). Proteolytic enzymes were 

also identified and characterized in a number of insects (Houseman 1978; 

Houseman and Downe, 1982 a, b, 1983; Houseman et al., 1984; Grogan 

and Hunt, 1986; Wolfson, 1987; Kawamura et al., 1987; Jimnez and 



Giliam, 1989; Sumenkova et al., 1989; Thie and Houseman 1990b; 

Overney et al., 1998; Oppert et al., 2002). 

Effect of food on digestive enzymes. 

Though the influence of feed material on the enzymes was studied in 

a number of insects, there are only a few on phytophagous or seed and 

fruit feeding insects. The activity levels of a range of midgut enzymes in 

Dysdercus cingulatus vary in a manner, which roughly parallels change in 

food intake with one obvious exception in the case of B-glycosidase activity 

(Chapman, 1985). Muraleedharan and Prabhu, 1978, 1979a, b, 1981) have 

studied the proteolytic activities in D. cingulatus female adult insects fed 

on soaked cottonseeds and showed definite patterns of quality of food 

ingested and midgut protease activity during the first gonotrophic cycle. 

When the insect was allowed to feed on cottonseed, protease activity was 

proportional to the amount o food ingested. Zaidi (1985) observed that the 

proteolytic activity of this insect and its predator Antillochus coqueberti was 

highest at pH 2.0 for both species (especially the males) and was absent in 

the predator at pH 7.0. A s  a pest of Malvaceae D. cingulatus required 

enzymes that acted in acidic as well as neutral pH in order to digest plant 

proteins; while its predator required enzymes that acted only at acidic 

optimum. It was suggested that A. coqueberti may ingest saliva containing 

proteolytic enzymes into eggs, nymphs or adults of D. cingulatus, before 

beginning to suck the blood contents. Geering - Sacher (1972) studied the 



proteolytic activity in the midgut of D. fasciatus using a very sensitive 

method, the hide powder azure s e ~ n g  as a substrate. He has 

demonstrated the cycles of proteinase production in different gut sections 

of males and females. Differences in proteinases activity are also found to 

exist in the second and third ventriculus of the midgut of females. 

A direct positive correlation between food intake and enzyme activity 

was observed in Catopsilla crocale (Christopher and Mathavan, 1985). A 

possible relationship between feeding and regulation of enzyme activity 

was also found in this insect. Feeding on a different food plant or a 

nutrient solution did not cause significant change in salivary enzymes of L. 

rugulipennis (Varies et al., 1983) except some depletion during prolonged 

feeding. In haematophagous hemipterans, such as  Rhodnius p r o l ~ s  

Persuad and Davey, (1971) observed that protease activity in the posterior 
' 1, 

midgut reached a peak after 4-6 days of a blood meal. A good correlation 

was also seen between protease activity and the protein content of the 

posterior midgut. In Bombyx mori (Jadav and Kallapur, 1988) midgut- 

tissue protease activity was significantly increased during active feeding 

periods up to the 7th day of larval development. However, in the 

subsequent periods of 8 t h  and gth day of development the enzyme activity 

in the midgut significantly reduced because of starvation before they began 

to spin the cocoons. Starvation lead to a reduction in protease activity in 

Nauphopta and Leucophaea maderae (Engelman and Geraertsm, 1980). All 



enzyme activities were reduced by starvation in L. rugulipennis (varies et 

al., 1983). 

It has been demonstrated that the proteins in the food stimulate 

midgut protease production in insects (Shambaugh, 1954; Engeman, 

1969; Ishaya et al., 1971; Akov, 1972; Briegel, 1975). Different types of 

protein diets including chicken blood, bovine serum albumen (BSA), 

Gluteraldehyde cross linked BSA, BSA fragments prepared by both pepsins 

cyanogens bromide cleavage, non soluble proteins in the form of 

gluteraldehyde fixed erythrocyte ghosts and small peptides from 

neutralised liver digests and their relation to the production of the enzyme 

trypsin in the midgut of the mosquito A. aegypti was studied by Felix et 

al., . (199 1). They observed a stimulated trypsin activity with chicken blood 

and BSA diets. The synthesis of trypsin was initiated by gluteraldehyde 

cross-linked BSA and by fragments of BSA, but a delayed enzyme activity 

was produced by non-soluble protein diets. Small peptidase did not induce 

trypsin activity. Noriega et al., (1999) found that in A. aeggpti, the levels of 

midgut trypsin activity after feeding are directly proportional to the protein 

concentration in the meal. The mechanisms of this up-regulatory event 

were investigated by analyzing the expression of the late trypsin gene 

under different dietary conditions. Transcription of the gene was 

dependent on both the quality and quantity of protein in the meal. Their 

results support the suggestion that the primary mechanism that regulates 



the synthesis of trypsin in the mosquito midgut is transcriptional 

regulation of the gene. This regulatory mechanism enables the midgut to 

maintain the appropriate balance between protease synthesis and the 

protein content of the meal. 

Alarcon et al., (2002) studied the digestive proteases during 

development of larvae of red palm weevil, Rhynchophonrs fenuginats. The 

results obtained from larvae reared on different substrates have made 

possible a comparative assessment gf the influence of diet on the 

development of the digestive enzymatic system. 

Hormonal control of digestive enzymes 

Thomsen and Moller (1963) demonstrated that protease production 

in the gut of adult female Calliphora is controlled by the medial 

neurosecretory cells in the brain. A hormonal control of digestion in the 

tsetse fly, Glossina morsitans was studied by Langley (1966, 1967). In 

rabbits, the serotonin hormone 'controls the total digestive physiology of 

the small intestine (Salvador et al., 2000). 

Secretagogue regulation of digestive enzymes. 

Since food plays a stimulatory role, it may act either directly as a 

secretagogue stimulus, or indirectly by activating the nervous and /or 

endocrine system, through distension of the gut. Hosbach et al., (1972) 

have observed that Drosophila the protease activity in the larval gut is 

directly related with protein concentration in the food. Similarly in 



Leucophaea and Sarcophaga, Engelmann (1969) and Engelmann and 

Wilkens (1969) noted that the level of proteolytic enzyme activity is 

proportional to the quantity of ingested proteinacious food. However 

Engelmann (1969) ruled out the above possibility since removal of 

endocrine organ had no influence the production of gut enzymes a 

hormonal control of protease synthesis. 

Further evidence for a secretagogue stimulation of protease secretion 

in mosquitoes has been provided by Breigel and Lea (1975). Their results 

clearly demonstrated that proteolytic activity is not affected by stretching 

of the midgut or albumen, but related to the presence of protein. Thus, a 

neural stimulus with respect to protease secretion following food ingestion 

is excluded. 

Another aspect of protease regulation in Aedes is the occurrence of 

active trypsin in excreta (Briegel, 1975). When the protease secretion 

reached a maximum and about 80% of the protein is digested, proteolytic 

activity in the midgut of the insect declined rapidly. The rapid decline in 

proteolytic activity was suggested to be due to the cessation of enzyme 

synthesis and excretion. Following depletion of the protease a new cycle of 

production is triggered by the next blood meal. 

Prandial/ paracrine control of digestive enzymes. 

Lehane et al., (1995) proposed that the direct interaction of an 

element of meal with digestive enzyme producing cells resulting in 



increased rates of enzyme synthesis or secretion should be referred to as a 

prandial mechanism to avoid the confusion over the use of the term 

secretagogue. Most of the studies suggest that paracrine or prandial 

mechanisms are the main factors, which control digestive enzyme 

synthesis and secretion in insects. Distinguishing between the two 

mechanisms is a significant challenge. In many insects soluble proteins 

are potent stimulants of proteinase synthesis and secretions probably 

though the prandial/ paracrine pathways. The details of the mechanisms 

involved are unknown. Feeding can affect the control of digestive enzyme 

synthesis at either transcriptional or translational level. Similar results are 

obtained by the studies in S. calcitrans (Blackmore et al., 1995; Moffatt et 

al., 1995). 

According to Hoerler and Briegel (1995) two components of trypsins, 

viz., a constitutive and an inductive component, are present in Anopheles 

albimanus. The constitutive trypsin is synthesised shortly after eclosion 

and is retained the midgut epithelia1 cells. The inductive trypsin is 

synthesised and released continuously after the injection of a blood meal 

among coccinellids tested. Sakurai (1968) found that the activity of 

protease, lipase and trehalase was higher in entomophagous individuals 

than in phytophagous ones which was correlated to their food habits. 

Carnivorou S insects generally have predominantly proteolytic and lipolytic 

enzymes and will be deficient in amylases and saccharases. According to 



Shambough ( 1954) there exists a striking interaction between the amount 

of blood injected by the female mosquitoes and subsequent protease 

activity. Similarly, there was a significant correlation between trypsin 

activity and protein content of the midgut in Hybomitra affinis (Thomas 

and Gooding, 1976). In Ceratitis capitata, the midgut protease increases 

with the increase of protein content of the diet (Limos et al., 1992). In the 

phytophagous larva of S. mauritia, Prema and Mohamed, (1980) have 

demonstrated a lower digestive protease activity indicating lesser 

utilization of protein when compared to the higher activities of 

carbohydrases like amylase or invertase. 

Sexual dimorphism in protease activity. 

Sexual dimorphism in respect of the midgut protease was evident in 

the female larvae of B. mori, showed significantly higher enzyme level than 

that of male. The protein requirement of the female is always higher than 

that of the male on account of egg production (Jadhav and Kallapur, 

1988). Contrary to this Sarangi (1986) observed in B. mori that there was 

no significant difference in proteinase activity between males and females 

of both pure races and the hybrids but in the cockroach nearly twice the 

proteolytic activity of the male was found in females (Baumann, 1990). In 

Heliothis zea high level of proteinase activity was observed in the whole 

midgut homogenate (Lenze et al., 1991). In S. calcitrans trypsin like 



proteinase activity was increased after a blood meal (Byrovsky, 1985; 

Schneider et al., 1987). 

Genetic studies on proteolytic enzymes. 

Yan et al., (2002) described the molecular characterization of three 

insect gut proteases: cathepsin B (GmCatB), zinc-metalloprotease 

(GmZmp) and zinc-carboxypeptidase (GmZcp). The cDNA for GmCatB 

encodes a protein for 340 amino acids with a predicted molecular mass of 

38.2 kCa, while the 854 bp GmZmp cDNA encodes a protein of 254 amino 

acids with a molecular mass of 29 kDa. The GmZcp cDNA is 1319 bp in 

length and has a 354 amino acids open reading frame encoding a 40 kDa 

protein. All three cDNAs have signal peptide sequences associated with 

their N-terminal domains and structure analysis indicates that GmCatB 

and GmZmp are expressed as zymogens with pro-domains proteolytically 

removed for activity. The activation domain associated with the 

carboxypeptidase sequences is lacking in GmZcp. While GmCatB 

transcription is constitutive, teneral flies express very low levels of 

transcripts for GmZmp and GrnZcp prior to the first bloodmeal. 

Transcription of all genes is induced and remains high throughout the 

digestion cycle within a few hours following the first bloodmeal ingestion. 

Both GmCatB and GmZcp are parasite responsive, with the expression of 

both genes being higher in trypanosome-infected flies. 



Six chymotrypsin cDNAs were identified from larval midguts of H. 

zea (Mazumdar-Leighton and Broadway., 200 1). Colebatch et al., (2002) 

conducted cDNA cloning of a salivary chymotrypsin-like protease and 

identified additional cDNAs encoding putative digestive proteases from the 

green mirid, Creontiades dilutus. Many studies were conducted on the 

purification of enzymes by cloning techniques (Noriega et al., 1996; 

Gatehouse et al., 1997; Vizoli et al., 2001; Girard and Jouanin 1999; 

Kotani et al., 1999; Zhu and Baker., 1999, 2000; Gorrnan et al., 2000; Zhu 

et al., 2000; Yan et al., 200 1 ; Zeng et al., 2002a; 2002b). 

Using ELISA Hamilton et al., (2002) provided direct evidence that the 

midgut defensins of the blood-sucking fly, S. calcitrans, are secreted into 

the gut lumen. They showed that midgut defensin peptide levels increase 

up to forty fold in response to a blood meal but not to a sugar meal. Their 

data suggested that the midgut defensin genes are post-transcriptionally 

regulated and that their function is protection of the stored blood meal 

from bacterial attack while it awaits digestion. 
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MATERIALS AND METHODS 

Experimental animal 

I. limbata (Heteroptera: Pyrrhocoridae) is a phytophagous bug, 

which infests mainly on cottonseeds. The bug also feeds on a variety of 

plant sap, fruits and seeds. The bugs are oval with bright red and black 

markings. Females are generally larger than males and could be 

distinguished by their external genitalia. The bugs are odd in their 

prolonged mating deportment. In extreme case, the mating period lasts 

for 20-30 days. Another peculiar feature of these insects is their 

dormant nature during the months of August to December. The bugs 

show cannibalistic tendencies in early instars. 

The adults of I. limbata were collected from the Calicut 

University campus and were reared in the insectary of the department 

(Plate I).  They were transferred into a glass through containing moist 

sand at the base. The sand was heated before use in order to avoid 

infection. Petroleum jelly was smeared on the inner edge of the glass 

troughs in order to prevent the escape of insect from glass troughs. 

These insects were starved for 2-3 days. The bugs were then separated 

into different groups and each group was maintained on different food 

such as soaked cottonseeds (Gossypium herbaceum), ripe banana fruit 



PLATE - I A colony of lphifa limbata reared in the laboratory fed on 
green gram 
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(Musa paradisiaca), soaked green gram (Phaseolus aureus), 10 % sugar 

solution in distilled water, 5 % casein suspension in distilled water and 

distilled water. The glass troughs were covered with muslin and kept in 

big insect cages insulated from ants by water barrier. 

The insects were maintained for one week and then transferred 

to another trough containing these different diets. Insects required for 

experiments were drawn from the trough just before the experiment. 

Adults of males and females were separated and used in this study. 

Preparation of enzyme extract 

Insects were anaesthetised one by one by keeping them for 3-4 

minutes in small specimen bottles with cotton soaked in solvent ether. 

When motionless, they were taken out and washed in insect ringer. 

They were dissected in ice-cold ringer to expose the alimentary canal. A 

diagrammatic sketch of the alimentary canal of I. limbata is given in 

figure A. Ice blocks were kept around the dissection tray in order to 

maintain the temperature. The complete alimentary canal was removed 

from the insect and the midgut was carefully separated from the 

hindgut by cutting with a pair of scissors. The lumen content of both 

regions was carefully ejected out in to a watch glass. The gut tissue 

after ejecting the lumen content, were carefully washed in ice-cold 



- 

Hindgut 

Figure A: Alimentary canal of the plant bug lphifa limbafa 



ringer and used for the experiments. The homogenates of tissue and 

lumen content were then prepared as explained below. 

Preparation of 'homogenates' 

A homogenate of a tissue is, by definition, a suspension of the 

formed elements of the cells in a diluted cytosol mileau, which is 

isotonic with the cell contents and which is inert. What was attempted 

in the present study was a cell-free preparation, with maximum 

exposure of intracellular enzymes and for this purpose, water was used 

as the dispersion medium. Nevertheless, the word 'homogenate' will be 

retained for purpose of convenience. 

Distilled water obtained from all-glass still was used as 

dispersion medium for the cell-free preparations. This water was chilled 

before use. The dispersion was generally 5% (fresh weight of 

tissue/volume) in strength. Since the dissection was carried out in an 

aqueous medium, the moister adherent to the outside of the tissue 

would lead to inaccuracy in weighing of tissue. A s  a routine, the author 

has preferred to adjust the final volume of the enzyme preparation in 

reference to the definite number of gut regions. This was justified by the 

fact that the tissues used for an experiment were from animals of 

almost uniform size. In actual practice, such a homogenate 

corresponded closely to a 5% (w/v) preparation. Gut tissues, the gut 



(tissue plus lumen content) and expelled content were ground in a 

homogenizer type of apparatus. During grinding, the homogenizer was 

kept surrounded by ice. 

Using a glass homogenizer 

A hand-operated all glasses device of the Potter-Elvehjem type 

was employed, to homogenize a maximum of 100-mg tissue at  a time. 

The medium was added intermittently during grinding, which lasted for 

about 10 minutes. The homogenized tissue was transferred to 

graduated centrifugal tubes, the homogenizer was washed twice with 

minimurr: ice-cold distilled water, and the washing added to the main 

preparation and adjusted the volume appropriately. The homogenate is 

centrifuged for ten minutes at 4000 rpm in a refrigerated centrifuge and 

the supernatant was used as the enzyme extract. The ground 

preparation thus obtained was stored in a refrigerator (0 - 4°C) and 

used within 30 - 60 minutes 

Any effect of the anaesthetic on tissue enzymes was disregarded. 

Tissues and samples employed for studies 

The kinetic properties of the digestive enzymes were studied 

using the different regions of the alimentary system from adult insects. 

The optimum assay conditions, which emerged from this study, were 



employed to quantify the enzymes in the epithelium and lumen content 

of the different parts of the gut regions of the green gram fed adult 

insects. 

Determination of protease activity 

The assay system consisted of 1 m1 of 75% vitamin free casein 

of 2%, 1 m1 of buffer (Acetate buffer pH-5), 1 m1 of enzyme extract and 3 

drops of toluene as  antiseptic. Incubations were performed for 1 hour at 

40°C in a thermostatically controlled water bath. After the incubation, 

reaction was stopped by adding 3 m1 of 0.3 M trichloro acetic acid 

solution. Samples were mixed well and heated for 5 minutes in a water 

bath at 100°C to ensure complete coagulation of the remaining protein 

after the enzyrnatic hydrolysis. The mixture was filtered through 

Whatman number-3 filter paper to obtain a clear filtrate. The degree of 

proteolysis was assayed by measuring the increase in tyrosine by the 

Folin and Ciocalteu's reagent using the method of Lowry et al., (1951). 

The intensity of the colour was measured in a Shimadsu UV mni UV 

spectrophotometer at 540 nm wavelength of the visible spectrum. In the 

control assay system all the ingredients were the same as those in the 

experimental system, except for the substitution of the active enzyme 

preparation by a previously denatured enzyme preparation, the 



inactivation having been effected by heating in a bath of boiling water 

for 15 minutes. 

Unit of enzyme activity. 

One unit of enzyme activity corresponded to the formation of one 

micromole of the tyrosine under the conditions of the assay. Activity 

units were represented by the amount of tyrosine produced by the 

enzyrnatic action per milligram of gutltissue of gutllumen content. 

The relative activity of the enzyme for the following parameters a) 

midgut over hindgut, b) female insects over male insects and c) one type 

of food over the other were expressed as a percentage difference in 

activity. 

Determination of the kinetic properties 

Optimum pH 

The pH at which the maximum enzyrnatic hydrolysis of casein 

occurred was found out by performing the assay at  different hydrogen- 

ion concentrations, keeping the other conditions constant. 

Optimum substrate concentration, K, value and V,,, 

A series of assay mixtures were set up having increasing 

concentration of the substrate. The K, value and V,, for the 



particular enzyme were calculated by the Lineweaver-Burk double 

L reciprocal plot. 

Optimum reaction temperature 

The reaction mixtures were incubated at various temperatures 

ranging from 17°C to 50°C, the other conditions remaining the same. 

Analysis of data 

Students't test is used for estimating the significance of 

difference between the variables. P values higher than 0.05 were 

considered as not significant (NS). 
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RESULTS 

Kinetics / optimum conditions for activity 

Hydrogen-ion concentration 

Midgut 

Hydrolysis of casein was followed at  pH ranging from 3.0 - 9.8 (pH 

3.0 - 5.0 acetate buffer, 5.5 and 6.0 citrate phosphate buffer and 7.0 and 

8.0 phosphate buffer and 9.8 sodium glycinate buffer). The pH activity 

relationships in midguts of male and female insects are shown in table 1 

and figure 1. 

Table 1 
Figure 1 

The enzyme activity was low at  pH 3.0, increased gradually, 

recording a peak at  pH 5.0. The activity was relatively high between pH 4.5 

and 7.0 but declined sharply at alkaline conditions. 

Hindgut 

The pH activity relationships in the hindgut of male and female 

insects are shown in table 2 and figure 2. 

Table 2 
Figure 2 

The pH enzyme activity relationship of hindgut protease showed a 

similar pattern of changes to that of midgut protease, but with a lower 

magnitude. The optimum pH for protease activity in the midgut and 

hindgut was the same. 



?'able 1. Effect of pH on the protease activity of the rnidgut 

p1 I grades 

Activity units * 

Females Males 

10.832 k 0.57 6.923 i 0.54 

12.139 k 0.23 7.820 k 0.56 

35.833 k 0.87 1 1.748 k 0.54 

41.337 2 0.08 13.591 ? 0.35 

45.461 k 1.13 14.972 k 0.95 

38.438 k 0.90 12.620 k 0.12 

30.766 k 0.76 10.051 k 0.05 

13.826 f. 0.56 5.821 k 0.13 

9.1 65 k 0.03 3.746 k 0.01 

6.999 k 0.11 2.782 k 0.45 

*The values arc the means of six determinations with + SE 
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pH 
Figure 1 .Effect of pH on the protease activity of midgut 



'l'ablc 2. 1Sffcct o f  p1 I on protcasc activity of thc hmdgut 

Activity units * 
pH grades 

Females Males 

*'l'he values arc the means of sis deterrninations with k SE 
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Figure 2. Effect of pH on the protease activlty of hind gut 



Substrate concentration 

Midgut 

The activity-substrate concentration relationships ranging from 

0.25% to 2.5% casein of both male and female midgut protease, under the 

assay conditions given in the chapter 'materials and methods' are 

presented in table 3 and figure 3. 

Table 3 
Figure 3 

A rectangular hyperbolic relationship was observed for reaction 

velocity, against an increase in substrate concentration from 0.25% to 

2.5%. 

A Lineweaver-Burk double reciprocal plot of the velocity against 

substrate concentration is illustrated in figure 3A. 

Figure 3A 

The K, value estimated from the Linewever-Burk plot was 0.67 O/O for 

the midgut protease in female insects and was 1.07 % for male insects 

using casein as  substrate. The 1 /V,, was 0.0 12 5 for female insects and 

was 0.0325 for male insects. 

The K,, values varied widely with different sexes. It was higher for 

females and lower for males. The value for V ,, with casein hydrolysis 

were 30.7.7 and 80.00 activity units in males and females respectively. 



'l'ablc 3. llffcct of substratc concentration on protease activity of the rnidgut 

Concentration Activity units * 

grades Female Male 

0.25"o 0.269 k 0.01 0.083 k 0.02 

0.50' o 17.602 k 0.21 5.812 k 0.05 

0.7 5% 24.975 k 1.25 8.281 k 1.23 

l .OOO o 46.103 k 1.45 15.356 If: 1.45 

l .50(y/o 52.255 & 1.67 17.416 k 1.65 

2.00°,0 60.318 k 1.84 20.116 k 1.84 

2.5O0'o 61.008 k 2.13 20.347 k 2.54 

*'The values arc the means of six deterrninations with k SE 
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Figure 3. Effect of substrate concentration on the protease 
activity of midgut 
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Figure 3A . Lineweaver -Burk plots for general protease in midgut 



Hindgut 

The enzyme activity- substrate concentration relationships in the 

hindgut of male and female insects are shown in table 4 and figure 4. 

Table 4 
Figure 4 

With increase in substrate concentration from 0.25% to 0.5%, a 

sudden increase in activity was observed in both male and female midgut 

enzyme properties (41.24 times in females and 60.72 times in males). The 

activity increased gradually and plateau was observed both in females and 

males when substrate concentration increased from 2% - 2.5%. The 

Lineweaver-Burk plot of the substrate concentration against reaction 

velocity is shown in figure 4A. 

Figure 4A 

The K,, value estimated from the Lineweaver-Burk plot was 2 % for 

hindgut protease in female insects and 2.67 % using casein as substrate. 

The 1 /V,, was 0.042 1 % for female insects and 0.737 % for male insects. 

The K, values varied widely with different sexes. It was higher for 

females and lower for males. The values for V,, with casein hydrolysis 

were 13.57 and 23.75 activity units in male insects and female 

respectively. 



'liable 4. I< ffect of substratc concentration on protcasc activity of the hindgut 

Concentration Activity units * 

grades Female Male 

2.50% 33.3329 k 1.654 10.981 k 2.150 

*'l'he values are the means of six deterrninations with k SE 
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Figure 4. Effect of subsrtate concentration on the general protease 
activity of hindgut 
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Figure 4A. Lineweaver-Burk plots for general protease in hind 
gut 



Reaction temperature 

Midgut 

Assays for casein hydrolysis, using midgut protease of both male and 

female insects under optimal conditions of pH and substrate concentration 

were carried out at temperatures ranging from 17°C - 55°C. The results are 

illustrated in table and 5 figure 5. 

Table 5 
Figure 5 

The enzyme preparations of midgut regions of both the sexes showed 

a gradual increase from 17°C to 47°C followed by a dip by 38% in females 

and 22% in males at  55°C. 

Hindgut 

The results of hindgut protease activity of males and females are 

given in table 6 and figure 6. 

Table 6 
Figure 6 

Though the activity lowered in hindgut enzyme preparations, both 

male and female insects showed the same optimal temperature as that of 

midgut enzyme preparations, i. e., 47°C. 

Difference in protease activity between males and females 

Midgut 

The differences in protease activity between male and female insects 

are presented in table 7and figures 7 and 7A. 



'I'able 5. Effect of temperature on the protease activity of the rnidgut 

Activity units * 
Temperature 

Females Males 

*'llhe values are the means o f  sis determinations with + SE 



Temperature Grades 

Figure 5. Effect of temperature on protease activity of midgut 



+ Table 6. Effect of temperature on protease activity of the hndgut 

Temperature S ..Activity units * 

grade Females Males 

17OC 0.961 k 0.021 0.821 f. 0.021 

29OC 6.692 f. 1.240 2.05 f. 0.035 

37OC 15.445 k 1.350 4.981 k 1.240 

47OC 17.335 k 1.240 5.614 5 1.250 

50°C 2.425 k 0.025 0.621 k 0.025 

*'l'he values are thc means of six deterininations with + SE 
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Figure 6. Effect of temperature on protease activity of hindgut 



Table 7 
Figures 7 and 7A 

Midgut 

Among the 3 types of enzyme preparations the highest activity was 

exhibited by female midgut lumen content enzyme preparation which was 

4.77 fold and 1.67 fold more than the activity expressed by the gut tissues 

and gut with content respectively. The enzyme activity of the male insects 

was lower than the female insects in all the 3 types of enzyme 

preparations. 

In general, proteolytic activity of the gut tissue was low compared to 

the other two types of enzyme preparations. 

Hindgut 

A difference in proteolytic activity between males and females was 

also exhibited in the case of hindgut enzyme preparations. The females 

showed significantly higher proteolytic activities than the males. Among 

the 3 types of enzyme preparation8 the female lumen content showed the 

maximum proteolytic activity which was 3.52 fold and 1.55 fold more than 

that of gut tissue and gut with content respectively. 

Relative protease activity in different gut regions 

The difference in enzyme activity exhibited by different gut regions 

and three types of enzyme preparations are given in table 8 and figure 8 

and 8A. 

Table 8 
Figures 8 and 8A 



'liable 7. Relative proteasc activity between male and female insects 

Gut 
region 

Activity units * ' Relative $Significance 
Female Male activity 

Gut with content 42.428 k 5.21 14.207 k 0.324 298.63 PCO.01 

Midgut Gut tissue 14.849 k 1.23 5.682 f 0.564 261.30 PCO.02 

Lumen content 70.854 f 6.54 21.31 1 f 1.687 332.47 PCO.01 

Gut with content 20.223 k 1.95 8.254 f 1.423 245.00 PC0.01 

Hindgut Gut tissue 8.898 f 0.22 3.301 5 0.254 269.50 PcO.02 

Lumen content 31.345 5 2.36 9.905 k 1.240 316.45 PcO.01 

*The values are the means of six deterrninations with + SE. 
# 'l'hc rclativc activitics arc expressed as the pcrccntagc difcrcncc in protcolytic activity in 

females over males. 

$5 Sig~ificancc o f  Jiffcrcncc bctwccn the activities of males and females. 
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Figure 7. Difference in protease activity between male and female 
insects 



Figure 7A. Relative activity of females over males 



'lkblc 8. Relative protease activity between different gut regions 

Sexes 
C 

Activity units * 
$Simificance 

' 1. 

Gut with content 42.428 k 5.21 20.223 f. 1.95 209.80 P<0.01 

k.male Gut tissue 14.849 5 1.23 8.898 f. 0.22 166.88 P<0.05 

Lumen content 70.854 k 6.54 31.345 k 2.36 226.05 P<O.O1 

Gut with content 14.207 f. 1.32 8.254 k 1.42 172.12 P<0.05 

Male Gut tissue 5.682 k 0.56 3.301 f. 0.25 172.10 W0.05 

Lumen content 21.311 f. 1.69 9.905 & 1.24 215.15 P<0.02 

*The values are the means of six determinations with f. SE 
# The re!ative activities are expressed as the percentage lfference in proteolytic activity in 

midgut over hindgut. 

$ Sipficance of difference between the activities of midgut and hindgut 
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Gut with Gut tissue Lumen Gut with Gut tissue Lumen 
cantent content content content 

Female Male 

Figure 8. Difference in protease activity in different regions of gut 



Gut with content Gut tissue Lumen content 

Figure 8A Relative actrvty of midgut over hindgut 



All the three different types of enzymatic preparations of females 

showed significantly higher activities in the midgut regions than that of the 

hindgut regions. The difference in activity of the lumen content (226%) was 

more than the other two enzymes preparations. M.de insects also exhibited 

more or less similar differences in proteolytic activity between mid - and 

hindgut regions. 

Effect of food on protease activity with respect to  sex 

Midgut protease activity 

Infl~ience of different types of food on the activity of midgut protease 

enzyme in relation to sex is shown in table 9 and figures 9 and 9A. 

Table 9 
Figures 9 and 9A 

The activities of midgut proteases in male and female insects fed 

with different diets were: cottonseed > green gram > casein suspension > 

distilled water> banana > sugar solution. The relative protease activities 

exhibited by insects fed on different diet are shown in tables 10 and 11 

and figures 10 and 1 1. 

Tables 10 and l l 
Figures 10 and 1 1 

The enzyme activity exhibited by female insects fed with soaked 

cottonseeds was the highest one recorded in the present study. The activity 

exhibited by female was about 2 fold to that of the male. Male and female 

insects fed with soaked green gram exhibited only a marginal reduction in 



'I'able 9. Iiffect of food in protease activity of the midgut 

J Activity units * 
Ilietary regimen 1;emale Male lRelative $~ignificancr activity 

Cotton seed 43.766 k 7.23 20.457 k 4.21 213.94 13<0.001 

Green gram 42.428 k 5.21 14.207 k 1.32 298.63 P<O.OOl 

Casein suspension 26.041 k 4.35 11.955 & 2.13 217.83 I'CO.01 

Banana 8.328 2 1.30 3.205 ? 0.84 259.82 P<0.05 

Sugar solution 6.878 ? 0.24 2.332 & 0.14 294.94 PCO.01 

Distilled water 8.797 2 0.56 3.786 i 0.15 232.34 P<O.OOl 

*The values are the means of six determinadons with + SE 
# The relative activities are expressed as the percentage difference in proteolytic activity in 

females over males 

S Signtficance of difference between the activities of males and females 
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Dietary regimen 

Figure 9. Effect of food on protease activity of midgut 
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Figure 9 A. Relative activity of midgut protease in females over males 



v Table 10. Relative activity of protease in the midgut of female insects maintained 
on different diets. 

Dietary regimen 
* Relative activity #Significance 

A B 

Cotton seed Green gram 96.941 NS 

Casein suspension 59.501 Pc0.05 

Banana 19.030 P<0.001 

Sugar solution 15.716 P<O.OOOl 

Distilled water 20.102 P<O.OOl 

Grccn gram Cascin suspension 61.379 NS 

Banana 19.631 P<O.01 

Sugar solution 16.212 P<O.O1 

DisuUed water 20.736 PcO.02 

Casein suspension Banana 31 .982 PcO.02 

Sugar solution 26.413 P<O.01 

Disulled water 33.783 Pc0.05 

Banana Sugar solution 82.585 NS 

Distilled water 105.631 NS 

Sugar solution Dist~lled water 127.905 PCO.05 

*The relative differences in protease activity in insects maintained in dlets given in column 
A to that of column B are expressed as a percentage of activity in the latter over the 
former. 
#Significance of difference between the activities exhibited by insects maintained on 
different diets given in the column. 
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insects fed with different diets represented by bars over to that of diets 
represented in the X axis 



Table 11. Relative activity of protease in the rnidpt of male insects maintained on different 

diets 

Dietary regimen 
*Relative activity #Sqpficance 

A B 
l 1, 

Cotton sccd C; rccn @am 69.45 NS 

Casein suspension 58.44 P<0.05 

Banana 15.67 P<O.Ol 

Sugar solution 11.40 P<O.OOl 

Disalled water 18.51 P<O.Ol 

Green gram Casein suspension 84.15 NS 

Banana 22.56 Pc0.02 

Sugar solution 16.41 P<O.Ol 

Disulled water 26.65 Pc0.02 

Casein suspension Banana 

Sugar solution 

Disalled water 

Banana Sugar solution 

Distdled water 

Sugar sa!ution Distilled water 162.37 K0 .05  
- -- pp P- 

* The relative differences in protease activity in insects maintained in diets given in 

column A to that of column B are expressed as a percentage of activity in the latter over 
the former. 
# Sigi~ificancc o f  diffcrcncc bctwccn the activities exhibited by insects maintained on 
different diets gven in the column. 
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represented in the X axis 



proteolytic activity compared to cottonseed fed insects. The protease 

enzyme activities of the male and female insects fed with casein 

suspension were significantly ( ~ ~ 0 . 0 5 )  lower than those fed with 

cottonseeds. When the insects were fed with banana, sugar solution and 

distilled water the activity was very significantly reduced over cottonseed 

fed insects. 

A relatively higher protease enzyme activity was exhibited by insects 

fed on soaked green gram. The activity in male insects was only 33.48% 

activity of that of female. 

The protease enzyme activity of the male and female insects fed with 

casein suspension was lower to that of insects fed with soaked green gram, 

but these differences are not significant. When the insects are fed with 

banana, sugar solution and distilled water both male and female insects 

showed an activity lower to that of insects fed with green gram. 

When the insects fed with ,casein suspension, the enzyme activity of 

male was reduced to 45.9% over that of female. The proteolytic activities of 

the male and female insects fed with banana, and distilled water were less 

than those of the insects fed with casein suspension. In the case of sugar 

solution fed insects a less significant (p<0.05) reduction in activity was 

observed. 

The protease activity of insects fed on banana was very low. When 

both sexes were compared a less significant ( ~ ~ 0 . 0 5 )  reduction of 38.48% 



in activitjr was exhibited by males. When the proteolytic activities of insects 

fed with sugar solution and distilled water were compared with that of 

banana fed insects both male and female insects showed no significant 

difference in activity. 

The activity of protease enzyme was very low when the male and 

female insects were fed with sugar solution. The male insects showed only 

33.9% of proteases activity of females. Compared to sugar solution fed 

insects, the distilled water fed insects showed an increased activity. The 

male insects fed with distilled water have only 43% of activity of that of 

females fed with distilled water. 

Proteolytic activity of gut lumen content and gut tissue of midgut 

Influence of different types of food on the activity of midgut lumen 

content and gut issue in relation to sex is shown in figure 12 and table 12. 

Table 12 
Figure 12 

The pattern of enzyme activity in the midgut lumen content of female 

insects maintained on different diet were cottonseed >green gram > casein 

suspension > distilled water > banana > sugar solution. The enzyme 

activities in the female gut tissue and male lumen content were cottonseed 

> green gram > casein suspension > banana> distilled water > sugar 

solution. 



Table 12. Effect of food in protease activity of the midgut of the lumen content and gut 

i tissuc* 

Female Male 

Dietary r e p e n  Content Tissue Content Tissue 

Cotton seed 79.523 & 9.23 15.234 ? 1.254 25.571 f 3.254 6.1 14 f 0.254 

Green gram 70.855 k 11.21 14.850 f. 1.654 21.31 1 f 2.547 5.683 f. 1.240 

Casein suspension 34.375 f 5.26 13.247 f 0.985 16.139 2 1.654 2.51 1 f 0.235 

Banana 7.589 f. 1.30 9.251 k 1.240 4.214 f 1.113 2.540 f 0.845 

L Sugar solution 7.561 f. 1.24 6.252 5 1.1 14 3.124 If: 0.954 2.587 f 0.652 

Disulled water 9.301 5 0.56 8.085 2 1.214 3.240 f. 0.354 2.145 f 0.265 

*The values are the means of six determinations with f. SE 

a I< 
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Figure 12. Proteolylc activity of lumen content and gut tissue of midgut 



The relative activities of the proteolytic enzyme of gut lumen content 

and gut tissue exhibited by insects fed on different diets are shown in table 

13 and 14 and figure 13 and 14. 

Table 13 and 14 
Figure 13 and 14 

Though the activity pattern with reference to different diets was more 

or less same as that of midgut protease activity, it was noted that the 

activity in the gut tissue and lumen content of sugar solution fed males 

showed no significant difference from that of males fed on distilled water. 

In male insects contrary to the pattern observed in the midgut protease 

activity, the homogenate of gut tissue exhibited a significant difference 

between the insect fed with green gram/casein suspension. Similarly, the 

gut tissue of male insects fed with banana, sugar solution and distilled 

water showed no significant difference in the activity to that of casein fed 

males. The casein fed females showed a significant difference in protease 

activity of the gut lumen content with that of green gram fed ones but no 

significant difference from insects fed with cottonseed. 

Hindgut protease activity 

Influence of different types of food on the activity of midgut protease 

enzyme in relation to sex is shown in table 15 and figure 15 and 15A. 

Table 15 
Figure 15 



Table 13. Relative activity of protease in the tissue and lumen content of the midgut region 

by female insects maintained on different diets. 

Dietary r e p e n  *Relative *Relative 
activity in 
lumen significanceX activity in significance' 

A B tissue 
content 

Cotton seed Green gram 89.100 NS 97.479 NS 
Casein suspension 43.227 P<0.05 86.957 NS 

13anana 9.543 1'<0.001 60.726 1'<0.05 

Sugar solution 9.508 P<0.001 41.039 Pc0.05 
Distilled water 1 1.696 K0.02 53.072 PC0.05 

Green gram Casein suspension 48.515 Pc0.05 89.207 NS 

Banana 10.711 P<O.OOl 62.297 K0.05 
Sugar solution 10.671 P<O.OOl 42.101 Pc0.05 
Distdled water 13.127 P<O.Ol 54.445 Pc0.05 

Casein suspension Banana 22.077 1'<0.02 69.835 P<0.05 
Sugar solution 21.996 K0.02 47.196 Pc0.02 
Ilisulled water 27.057 1'<0.05 61.033 Pc0.05 

Ranana Sugar solution 99.631 NS 67.582 NS 

11is tilled watcr 122.559 NS 87.396 NS 

A 

SUW solution Distdled water 123.013 P<0.05 129.324 Pc0.05 

*The relative differences in protease activity in insects maintained in diets given in column 

A to that of column B are expressed as a percentage of activity in the latter over the 

former. 

#Significance of difference between the activities exhibited by insects maintained on 

different dlets given in the column. 
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Figure 13. Difference in protease activity in the lumen content and gut 
tissue of the midgut by female insects fed on different diets. 



Table 14. Relative activity of protease in the tissue and lumen content of the rnidgut of 

male insects maintained on different diets. 

activity in 
A B 

significance# activity in significance# 
lumen 

tissue - 
cog tent 

Cotton seed Green gram 83.34 NS 92.95 NS 

Casein suspension 63.1 1 W0.05 41.07 PCO.05 

Banana 16.48 PCO.001 41.54 P<0.05 

Sugar solution 12.22 P<O.OOl 42.31 Pc0.05 

Disulled water 12.67 P<O.OOl 35.08 PCO.05 

Sugar solution 14.66 W0.05 45.52 PC0.05 

Distilled water 15.20 PX0.05 37.74 PCO.02 

Casein suspension Banana 26.1 l P<O.Ol 101.17 NS 

Sugar solution 19.36 PCO.001 1 03.04 NS 

Disded water 20.07 P<O.Ol 85.43 NS 

A Ranana Supr  solution 74.13 NS 101.85 NS 

Disulled water 76.89 NS 84.45 NS 

Sugar solutic. n Distilled water 103.71 NS 82.92 NS 

* The relative differences in protease activity in insects maintained in diets given in column A 
to that of column 13 are expressed as a percentage of activity in the latter over the former. 

#Significance of difference between the activities exhibited by insects maintained on 
different diets given in the column. 
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Figure 14. Difference in protease activity in the gut tissue and lumen 
content of the midgut by male insects fed on' different diets. 



Table 15. Effect of food in protease activity of the hindgut 

Activity units * 
Dietary regimen #Relative f significance 

Female , ,+ Male activity 

Cotton seed 23.652 k 2.13 11.826 & 1.57 200.00 P<0.001 

Green gram 20.223 k 1.95 8.254 k 1.42 245.00 P<O.OOl 

Casein suspcnsion 12.252 k 1.24 6.283 k 0.54 195.00 Pc0.05 

Banana 4.685 k 0.56 2.296 k 0.84 204.00 W0.05 

Supr  solution 0.316 k 0.12 0.131 k 0.11 241.25 NS 

Distilled water 3.500 k 0.21 1.866 k 0.15 187.56 Pc0.05 

*The values are the means of six determinations with k SE 

# The relative activities are expressed as the percentage Qfference in proteolytic activity in 

females o V-er males 

$ Sigmficance of dfference between the activities of males and females 
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Figurel5. Effect of food on protease activity of hindgut 
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Figure 15APercentages of hindgut pmtease activity of females over 
males 



The patterns of protease activities in the liindgut of male and female 

insects maintained on different diets were the same. The relative activities 

were cottonseed > green gram > casein suspension > banana > distilled 

water> sugar solution. The relative activity difference between male and 

female insects fed on sugar solution was not significant. 

Figure 15 A 

The relative activities of hindgut protease exhibited by insects fed on 

different diets are shown in table 16 and 17 and figure 16 and 17. 

Table 16 and 17 
Figure 16 and 17 

The pattern of proteolytic activity of hindgut with reference to 

different diet was generally similar to that of midgut. Sugar solution fed 

insects showed a significant reduction in activity, i.e., 6.764% in females 

and 5.75% in males, than banana fed insects. 

Casein suspension fed males showed a reduction (58.44%) in activity 

than cottonseed fed males, as in the case of total hindgut activity but this 

difference was not statistically significant at 5% level. 

Proteolytic activity of gut lumen content and gut tissues of hindgut 

Influence of different types of food in the activity of hindgut lumen 

content and gut tissue in relation to sex is shown in table 18 and figure 

18. 

Table 18 
Figure 18 



Table 16. Relative activity of protease in the hindgut of female insects maintained on 

different diets. 

Dietary regimen 
"Kelative activity #Signtficance 

A B 
Cotton seed Green gram 85.499 NS 

Casein suspension 51.802 Pc0.05 
Banana 19.808 P<O.O1 

Sugar solution 1.340 P<0.0001 

Dist-lled water 14.798 PCO.001 

Green gram Casein suspension 60.588 NS 
Banana 23.168 PCO.05 
Sugu solution 1.567 PC0.001 
Distilled water 17.308 PCO.01 

Casein 
Banana 

suspension 

Sugar solution 

Distdled water 

Banana Sugar solution 

Disded water 

Sugar solution Disulled water 1104.421 P<O.Ol 
* The re1:tire differences in protease activity in insects maintained in diets given in 

column A to that of column B are expressed as a percentage of activity in the latter 
over the former. 

# Significance of difference between the activities exhibited by insects maintained on 
different diets g-n-en in the column. 
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Figure 16. Percentage of hindgut protease activity exhibited by female 
insects fed with different diets represented by bars over to that of diets 
represented in the X axis 



Table 17. Relative activity of protease in the hindgut of male insects maintained on 
different diets 

Dietary regimen 
*Relative activity #Significance 

A B 

Cotton seed Green gram 69.80 K0.05 

Casein suspension 53.13 NS 

Banana 19.42 Pc0.02 

Sugar solution 1.11 P<O.OOOl 

Distlllcd water 15.78 P<O.OOl 

Green gram Casein suspension 76.12 NS 

Banana 27.82 P<0.02 

Sugar solution 1.59 1'<0.001 

Ilistilled water 22.61 K0.02 

Cascin suspension Banana 36.55 1'<0.05 

Sugar solution 2.09 P<O.01 

Distilled water 29.70 P<0.02 

Sugar solution 5.72 P<O.01 

Distilled water 81.26 NS 

1. 

Sugar solution Distdled water 1420.57 P<O.OOl 

* The relative differences in protease activity in insects maintained in diets given in 
column A to that of column B are expressed as a percentage of activity in the latter over 
the former. 
# Significance of difference between the activities exhibited by insects maintained on 
different diets given in the column. 
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represented in the X axis 



Table 18. Proteolytic activity of lumen content and gut tissue of hindgut * 

1;emalc Male 

, ,. , .. llictary rcgrncn Content l issuc Content . l issue 

Cotton seed 38.081 If: 5.62 9.956 k 1.02 19.158 f 11.82 4.154 k 0.21 

Green gram 31.34 f 4.25 8.89 2 1.54 9.905 f 8.25 3.301 f 1.02 

Casein suspension 18.861 k 1.25 5.245 f 1.36 7.654 k 6.28 1.242 k 0.51 

Banana 4.215 k 1.11 2.354 f 0.98 2.648 f 2.29 0.958 f 0.11 

Sugar solution 1.213 2 0.25 1.212 k 0.56 0.3254 k 0.13 0.096 f 0.01 

Disdcd water 3.546 k 0.28 1.356 f 0.21 2.541 k 1.86 1.012 f 0.21 

- - -  

*The values are the means of six determination~ with f SE 
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Figurel8. Proteolytic activity of hindgut tissue and lumen content 



The relative protease activities of the lumen content and gut tissue 

of the hind gut of female and the lumen content of male insects maintained 

on different diets were: cottonseed > green gram > casein suspension > 

banana > distilled water> sugar solution. In the gut tissue of male insects 

the relative activities were cottonseed> green gram> casein suspension> 

distilled water> banana> sugar solution. The relative activities of the 

proteolytic enzyme of gut lumen content and gut tissue exhibited by 

insects fed on different diet are shown in table 19 and 20 and figure 19 

and20. 

Table 19 and 20 
Figure 19 and 20 

The gut lumen content and tissue of the female insects generally 

follow the same pattern of protease activity with reference to different diet 

of total gut protease activity. The difference between the proteolytic 

activities exhibited by insects fed. with different diet was not significant in 

majority of cases. 



Table 19. Kelatil-c activity of protease in the tissue and lumen content of the hindgut of 

female insects maintained on different diets 

Dictaty rcgimcn *Relative *Kelative 
activity in Significanceg activity in Significances 

X I3 lumen tissue 
content 

Cotton seed Green gram 82.30 NS 89.29 NS 

Casein suspension 49.55 Pc0.05 52.68 K0.05 

Banana 11.07 Pc0.02 23.64 P<0.02 

Sugar solution 3.19 P<0.001 12.17 w0.02 

Distilled water 9.31 P<0.01 13.62 Pc0.02 

C; rccn gram Casein suspension 60.21 I'<0.05 58.00 NS 

Banana 13.45 P<0.02 26.48 K0.05 

S u < p  solution 3.87 P<0.001 13.63 W0.05 
Disdled water 11.31 13<0.01 15.25 P<0.05 

Casein suspension Banana 31.34 1'<0.05 44.88 P<0.05 
Sugar solution 9.02 1'<0.02 23.1 1 1'<0.05 

Disded water 26.37 Pc0.05 25.85 Pc0.05 

Banana Sugar solution 28.78 1'<0.05 51.49 NS 

Distilled water 84.13 NS 57.60 NS 

Sugar solution Disulled watcr 292.33 P<0.05 1 11.88 NS 

*The relative differences in protease activity in insects maintained in diets gven in column 

A to that of column B are expressed as a percentage of activity in the latter over the 

former. 

#Sipficancc of differcncc between the activities eshibited by insects maintained on 

different diets given in the column. 
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Figure 19 Difference in protease activity in the gut tissue and lumen 
content of the hindgut exhibied by female insects fed on different 
diets. 



'l'ablc 20. ltclativc protcasc activity in thc tissue and lumen content of the hindgut region 

b y  male illsects m;lint;~iincd on diffcrctlt diets. 

l1ict;lt-y regimen "Relative 
. . "Kclativc 

activity in 
Sipficancc# activity in Significance# 

13 lumen tissue 

(:otton sccd ( ; rccn g a m  51.70 NS 79.48 NS 

Casein suspension 39.95 NS 29.90 Pc0.05 
13anana 13.82 1'<0.05 23.07 1'<0.05 

Sug-ur solution 1.70 1'<0.02 2.32 1'<0.001 

llistillcd wvatcr 13.26 P<0.05 24.36 P<0.05 

Green gram Casein suspension 77.27 NS 53.58 NS 

13at1ana 26.73 NS 41.34 1'<0.05 
Sugar solution 3.29 NS 4.15 Pc0.02 
Dist~lled water 25.65 NS 43.66 NS 

Casein suspension Banana 77.17 NS 77.17 NS 

Sugar solution 7.754 Pc0.05 7.76 Pc0.05 
Distilled water 81.48 NS 81.48 NS 

Banana Sugar solution 12.29 NS 10.05 Pc0.05 

Ilistilled water 95.96 NS 105.59 NS 

Sugar solution Disalled water 780.89 NS 1050.88 Pc0.05 

*The relative differences in protease activity in insects maintained in diets given in column 

11 to that of column 13 arc csprcsscd as a percentage of activity in the latter over the 

former. 

#Significance of  difference between the activities exhibited by insects maintained on 
different diets given in thc column. 
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Figure 20. Difference in protease activity in the lumen content of the 
hindgut region by male insects fed on different diets. 
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DISCUSSION 

General 

I. limbata is a phytophagous bug feeding on plant sap, fruits and 

seeds. The greengram in which the bugs are maintained naturally contain 

more amount of protein when compared to that of other phytophagous 

insects feeding on leaf / stem. Since the digestive enzymes may have a 

direct relation to the concentration of the particular substrate in the feed 

material, it is expected that the proteolytic activity in I, limbata alimentary 

tract would be high when compared to other enzymatic activity as well as 

other phytophagous insects. A high protease activity observed in the 

present study that in the enzyme preparations from different parts of the 

alimentary canal (midgut and hindgut) of I. limbata was tune with the 

above. Protease activity of the midgut is reported in a number of other 

hemipteran insects like D. cingulatus (Muraleedharan and Prabhu, 1978), 

D. fasciatus (Geering-Sacher, 1972), Cirnex hemipterus and C. lectularius 

(Houseman and Downe, 1982b), L. disponsi (Hori, 1970) and L. 

rugulipennis (Varis et al., 1983, Colebatch et al., 200 1) .  In the present 

study, highest protease activity was observed in the lumen content of the 

adult female insects fed with cottonseed. In L. rugulipennis (Hori, 1973) 

midgut protease activity was only 5.6 pg of tyrosine/ gut at pH 7.7 and 

30°C during 16 hours of incubation. However, the activity observed in I. 

limbata was far higher than that of L. rugulipennis. The midgut of the 



larvae of S. mauritia exhibits a protease activity of 925k12 pg tyrosine/ 

gut120 hour of incubation (Prema and Moharned, 1980). The females of 7- 

day-old adults B. mori exhibited 1.52-pg tyrosine/ mg protein/min of 

protease activity (Jadhav and Kallapur, 1988). However, a low protease 

activity was reported in Locusta (Anstee and Charnley, 1977) and it was 

found to be only 60 pmoles of product formed/gut/min X 102. Protease 

enzyme activity w a s  reported in a number of other insects. Protease 

activity was found in the midgut of M. pustulata (Srivastava and 

Srivastava, 1957). Three proteolytic enzymes have been separated by 

electrophoresis in Musca (Pate1 and Richards, 1960) and Stomoxys 

(Patterson and Fisk, 1958). 

The low activity of protease using casein as a substrate at  pH below 

3.0 suggested the relatively low activity of pepsin-like enzyme in the 

digestive tract of adult I. limbata. 

Though acidic, the optimum pH a t  5.0 for proteases observed in the 

present study suggests the possible absence of pepsin in the gut of I. 

limbata. Pepsin has been qualitatively demonstrated in some lepidopterous 

larvae, Gnorimoschema opercullela (Balyan, 1 9 73) Platyedra gossypiella 

(Verma and Balyan, 1972) and Sylepta derogata (Verma et al., 1977) and 

Orthoptera, Gryllodes sigillatus (Verma and Prasad, 1975) and Coleoptera, 

M. pustulata (Verma and Prasad, 1972). 



The presence of increased hydrolytic activity at the acidic pH from 

3.0 to 5.0 indicated the presence of a cathepsin like enzyme in I. Zimbata 

tissue preparation. Cathepsin is the most common intracellular autolytic 

enzyme in animal tissues (Baldwin, 1963), mostly acting at  fairly acidic pH 

(Barnard and Prosser, 1973). However, this enzyme has been reported to 

function extracellularly in the digestive system of some invertebrates 

(Prosser and Brown, 1965). A protease similar to mammalian cathepsin, 

with respect to the optimum pH has been observed in the gut of 

Laccotrephes maculatus (pH 4.0; Khan, 1964), R. prolixus and C. lectularius 

(pH 5.0; Gooding, 1969), Spodoptem eridania (pH 4.0; Young, 1978) and in 

the salivary gland of P. americana (pH 4.0; Agarwal and Bahadur, 198 1). 

The activation requirements and pH optimum of the protease from R. 

prolixus indicated cathepsin-B like enzymes (Houseman, 1978; Houseman 

and Downe, 1980). In spite of all these reports on the acidic pH optimum 

for this enzyme, Fruton ( 1960) described a cathepsin-C, which was active 

over the pH range 4.0 - 8.0. A number of cathepsins are known in insects 

the more important being cathepsin B and cathepsin-D. From Schistosoma 

mansoni a cathepsin-B like enzyme is partially characterized by Gotz and 

Klinkert (1993). The enzyme is reported in G. morsitans morsitans (Yan et 

al., 2002). A cathepsin-D was characterized in colorado potato beetle, L. 

decemlineata (Brunelle et al., 1999). A cathepsin Glike enzyme was 

expressed in the D. melanogaster (Tryselius and Hultmark, 1997). 



Matsumoto et al., (1997) identified and characterized a gene family 

comprising at least four genes encoding cathepsin L-like cysteine 

proteinases in S. zeamais. 

Optimum conditions for activity 

Xydrogen ion concentration 

Maximum general proteases activity a t  pH 5.0 from the hindgut and 

midgut of I. limbata clearly suggests that an acidic gut lumen is suitable 

for this enzyme. Both sexes and both gut portions of the bug show the 

same optimal pH. The pH optimum for protease in many of the insects lies 

in a fairly acidic range (Liang et. al, 1991; Blanco-Labra et al., 1996; 

Hernadez-Alvrez et. at, 2000; Wilhite et al., 2000; Colebatch et al., 2001). 

The pH-activity relations of the protease from several other hemipteran 

insects have been reported by several authors: The salivary gland of 

Graphocroerus ventralis exhibited a weak protease activity between pH 5.4 

and 7.0 and the salivary protease of Euacanthus intenuptus was active at 

weak acid and weak alkaline sides but not active at the neutral zone 
1. 

(Nuortera. 1956). The protease in the alimentary canal of Laccotrephis 

maculatus was active when pH values were between 4.0 and 10.0, with two 

optimum activities at pH 5.0 and 8.5 (Khan, 1964). 

pH optima for different portions of the gut may vary in insects. In N. 

cinerea the anterior and posterior halves of midgut shows different pH 

optima (Elpidinia et al., 2001). pH of gut lumen is much higher than that 



of the ght wall in lepidopteran larvae (Waterhouse; 1949). In the present 

study, both portions of the gut (hindgut and midgut) show the same 

optimal pH. In C. dilutus, a hemipteran insect, the pH optimum of midgut 

extracts was acidic (pH 4.0), implying that acidic proteases predominate 

(Colebatch et al., 2001). The maximal haemoglobinolytic activity in alfalfa 

weevil (Hypera postica) was at pH 3.5, but azocaesinolytic activity was 

maximal at pH 5.0 (Wilhite et al., 2000). In Diabrotica undecimpundata 

howardi, a coleopteran, midgut proteinase exhibits a slightly acidic 

optimum (Fabrick et al., 2002). The salivary protease of Oxycarenus 

hyalinipennis was very active at pH 7.2, moderately active at pH 5.4 but 

not active at pH 3.0, while the proteases of the first and second ventriculi 

of the same insect were very active equally at pH 5.4 and 7.2 (Saxena and 

Bhatnagar, 1958). The pH inside the gut of non-blood fed female Lutzomyia 

longipalpis was measured with pH indicator dyes. The pH ranges obtained 

for crop, midgut, and hindgut were, higher than pH 6.0, pH 6.0 and lower 

than pH 6.0 respectively, (Gontizo et aL, 1998). 

The activity of protease in I. limbata, though low at alkaline pH, 

points to an active proteinases at alkaline pH in the midgut. I t  is possible 

that substrates other than casein like synthetic substrates may be 

hydrolyzed at  higher pH. Substantial evidences are available in insects 
4 

where the same enzyme preparation hydrolysed different protein 



substrates at different pH optima (Shino, 1930 a; Tatchell; 1958; Jany et 

al., 1978 a). 

Sab+lkFzt;s ..oncentration 

The rate of casein hydrolysis by the homogenates of the midgut of I. 

limbata increased proportionally up to 1.5% casein in the in vitro test 

system. The K., values calculated suggest a more affinity of midgut 

protease '(low K,) than hindgut protease (high K,). Similarly, female insects 

showed more affinity than male insects. An appraisal of the literature on 

substrate concentration - activity relationships in insects indicate that a 

sex difference exists in the case of K ,  values. The K ,  values for 

Pterostichus melanarius gut protease, were 2.35 for males and 0.5 1 for 

females using denatured haemoglobin as substrates and 9.4 for males and 

16.67 for females using bovine serum albumen as substrate (Gooding and 

Huang, 1969). The optimum casein concentration for midgut protease from 

Tenebrio and Tribolium (Birk et al., 1962) and Arthrodeis (Rao and Rastogi, 

1967) was 0.5% and from R. mori it was 0.4-0.50& (Eguchi and Iwamoto, 

1976). Km value for trypsin like enzymes in Osrinia nubialis differs with 

different substrates (Bernardi., et al., 1996). 

Reaction ternpenitare 

A s  in the case of many other insects, the digestive proteases of I. 

limbata had a high temperature optimum. Temperature higher than 45°C 

resulted in rapid inactivation of the protease. The optimum temperature for 



protease was 45°C in M. domestica (Lin and Richards, 1956), 44°C in C. 

erythrocephalus (Evans, 1958), 50°C in S. calcitrans, (Patterson and Fisk, 

1958), 37°C in 7: castaneum, T. confisum and T. molitor (Birk, et al., 1962), 

46 to 50°C in A. aegypti and C. fatigans (Gooding, i966), 30°C in 

Arthrodeis (Rao and Rastogi, 1967), 47°C in P. melanarius (Gooding and 

Huang, 1969), 50°C in S. littoralis (Ishaaya et al., 197 l ) ,  37°C in L. disponsi 

(Hori, 1973) and 55°C in A. megatoma (Baker, 1976). The trypsin like 

enzyme of European corn borer-larvae, Ostrinia nubialis shows a 

remarkable thermal stability of about 53°C (Bernardi et al., 1996). 

Optimum temperature for an exocellular protease of Semtia marcescens 

was 50°C (Kaska et al., 1976). Temperature optima for midgut proteases of 

Heliotheri armigera and H. assulta were 55°C and 60°C respectively (Xu et 

a l .  1994). The l~.ll-!ec. obtained in the present study is comparable with 

t.hose of the reported values. 

n:m-,-,,, :, ---LA--- --+:-zL-- L-L-- z-.z=p=zrszzLc yI =E--zv11 v 41=iW5cz 1~iz12s and females 
4 

The protease activity of hindgut ancl midgl-tt of I limbata showed a 

sexual dimoiphism. The females showed more proteolytic activity than the 

mdes. ICT.PP~_C fed different diets I~c! euhihited this difference. Similar 

high activity of digestive eiiq-ixes iii feniale iiisecis was reported iri B. T L O ~  

(Fujii and Kato, 1930), L. migratoria (Khan 1963), D. melanogaser (Doane, 

1969b) and .Cirn?rlirm r)enrr.st-um (Ymg and Davies, 1968b). 



A iower level of digestive enzyme activity in the female than in the 

male was also reported ir, ,9emstichus rnelanarius (Gooding and Huang, 

1969). Increased enzyme activitj: in one or other stages of females over to 

that of males was fou::i? i:? few insects (Seriig-Sacher, 1972; Das and 

Das 1982, Varis et al., 1983; Baumann, 1990). 

In D. fasciatus (Greening-Sacher, 1972), the females show a higher 

proteolytic activity than males which was correlated for the proteinase 

production and the maturation of eggs. In the fifth instar larva of B. mori 

sexual dimorphism in the midgut protease was evident, as female showed 

s ig i i i f i~ i i l y  higher protease activity than the male (Jadhav and Kallapur, 

1988). According to the authors, the protein content of the female is always 

higher than male because of egg production. 

A higher protease activity was also found in females of adult 

simulids and was interpreted in the context of its feeding habits (Yang and 

Davies, 1968). In this insect, the trypsin enzyme activity was same in both 

males and females when fed with sugar solution. However, when the 

insects were fed with blood-sucrose mixture the trypsin activity in females 

~VZS hcreased but that of males remained the same. I t  may be noted that 

the female sirnulids are naturally b~oodsuckers, but males are net. 

In cockroaches, the proteolytic enzymatic activity of the caeca of 

males was twice higher than that of females (Baumann, 1990). In L. 

w z i p e n n i s  (Varis et al., 1983) a significantly high activity- was detected in 



females than that of the males for 4 enzymes viz., amylase, 

polygalacrouronase, proteinase and phosphatase. Sexual dimorphism in 

the levels of the activities and in the pattern of thermd acclimation of 

digestive enzymes was also observed in P. arnericana {Das and Das, 1982). 

Early trypsin, a female-specific midgut protease in A. aegyph' was 

isolated by Noriega et al., (1996). This enzyme is present in the midgut 

during the first hours after ingestion of a blood meal and plays an essential 

role in the tra.nscAptional activation of the late trypsin form, the major 

midgut endoprotease involved in the blood meal digestion. 

Cycles of definite patterns of midgut protease activity are shown by 

female D. cingulahks and it can be comparable to vitellogenic activity 

(Muraleedharan and Prabhu, 1978). They concluded that there exists a 

closc rc!atior.shi= !xtJT~ee~? "cgenesis and midgut protease activity in D. 

ciqulatus. A high level of proteasc activity apparently leads to greater 

protein digestion and an increased availability of protease in the 

haernolymph for the synthesis of yolk protein during vitellogenesis. The 

high activity of protease exhibited by female I. limbata in the present study 

m@j7 be corndated with the vitellogenic activities of the female. A high level 

of protease activity prescmably leads to an increase6 availability of m o  

acids in the haernolymph for the production of yolk proteins during 

vitellogenesis (Persaud and Davey, 1971). This type of coordination 

hetwen the gonotrophic cycle and the secretion of the midgut digestive 



enzymes is also noted in N. cinema (Rao and Fisk, 1965) and ~ e d e s  

atmpdpzis (Hudson, 1970). However, Persaud and Davey (1971) suggested 

that the level of midgut protease activity of the female R. pmlixus is not 

closely coupled with oogenesis, for, sterilization of the females by a singk 

dose of aminopterin fails to affect the cycle of protease activity. Sex specific 

midgut proteases were detected in A. atbimtuis by Lazares-Raga et al., 

(1998). They also indicate that the possibility of sex dependent regulation 

of midgut proteins and protease production in this insect. However there 

are reports on the absence of sexual dimorphism in digestive enzymatic 

activity in a few insects. For example the digestive arnylase of B. mori 

(Matsumura, 19341, the gut tr-ypsin of S. venustum, (Yang and Davies, 

1968b) and the amylase and protease activities of the salivary gland of L. 

disponsi (Hori. 1973) were practically the same for both sexes. Sarangi 

(1986) also got a similar result in fifth instar larvae of B. mori 

Relative activity of proteare in different gut regions 

Midgut 

The high proteolytic activity in the gut tissue and in lumen content 

of the midgut of I. timbata indicate that midgut is the main site of 

synthesis, secretion and action of protease enzymes. The association of the 

ma;jor part of the enzyme in the lumen suggested that the digestion of 

proteins was extracellular; also, it satisfied the required acidity for 

optimum activity. I t  may, therefore, be inferred that these proteases are 



synthesised in the midgut epithelium and are secreted into the hmen 

where they become optimally operational at the acidic pH prevailing in the 

lumen. The casein-hydrolysing activity found in the tissue homogenates 

may be due to the residual enzyke, which was not secreted into lumen. It 

may be due to the fact that a slight proteinase activity was magnifted due 

to the action on the degradation products by the various peptidases which 

are concentrated in the epithelia1 tissue. It  may also be noted that some of 

the proteinases have exopeptidases activity, in addition to the dominant 

endopeptidase activity (Desnuelle, 1960). The vast literature pertaining to 

midgut proteases establishes its universal occurrence in insects 

(Gatehouose et al., 1985; Weirnan and Neilsen, 1998; Kitch and Murdock , 

1986; Campos et al., 1989; Christellor et al., 1989 ; Thie and Houseman, 

1990 a, b; MC Chie et aL, 1995 and Zhu et al., 2000). Gooding and his 

colleagues have contributed much to the knowledge on the physiology of 

digestion of proteins in the midgut of insects (Gooding et al., 1973). These 

workers found that trypsin and chymotrypsin are the main proteases 

responsible for blood digestion in insects. Proteolytic enzymes are localized 

in the midgut of both mosquito and stable fly (Champlain and F'isk, 1956). 

Thomas et al., (1976/, found that midgut of horse flies contains two 

tq7psins with different molecular weights. Gooding ( 1969) demonstrated 

trlyptic and chymotryptic activity in the midgut of A. aegypti, C.  fatigans, 

Melop hagus ouinus and Pediculus humanus. Arninopeptidase activity was 



partially characterized from midguts of A. stephensi. by Billingsfey ( 1990). 

Spirokern and Chen (1972) found that trypsin was the predominant 

enzyme in the larvae, pupae and adults of mosquitoes, C. faligans and C. 

pipens, while chymotrypsin was found only in the larvae. Pate1 and 

Richard (1960) electrophoretically separated three trypsins, from the 

midgut of housefly with three different substrate specificities; the authors 

suggested the possibility of one of the three enzymes being elated to 

microflora of the midgut. A peptic protease has been obtained in the 

midgut of stable fly S. calcitrans (Lambremont et al., 1959). Recently 24 

Serine protdases has been identified by PCR of midgut cDNA library of 

tsetse fly, S. calcitrnns (Lehane et al., 1998). 

A study of digestive proteinases in Lasioderma serricorne was 

performed to identify potential targets for proteinaceous bio-pesticides, 

such as proteinase inhibitors. Optimal casein hydrolysis by luminal 

proteases of L. semicome was in pH 8.5- 9.0 buffers, although the pH of 

luminal contents was slightly acidic. Results from substrates and inhibitor 

analysis indicated that the primary digestive proteinase were serine 

proteinase (Oppert et al., 2002) 

The major proteinase activity in extracts of larval midguts from the 

southern corn rootworm, D. undecimpunctata howardi was identified as a 

cysteine proteinase (Fabrick et al., 2002). A novel procarboxypeptidase was 

identified in the midgut of cotton pest H. annigera (Estebanez-Perpina et 



al., 200 1). Acidic proteases especially cysteine and serine proteases were 

located in the midgut of green mirid, C. dilutus (Colebatch et al., 2001). 

Three isoforms of trypsins were identified in the midgut preparations from 

L. rnigratoria (Lam et al., 2000). The above findings indicate that proteases 

are a group of enzymes that are seen in all insects and their expression is 

partially and temporarily regulated. 

According to Zhu and Baker (1999) protein digestion in the grain 

borer, R. dominica, results from the action of a serine proteinases present 

in the midglt. Three proteolytic enzymes trypsin, chymotrypsin and amino 

peptidases - N were purified from laboratory - reared western spruce 

budwonn, C. occidentalis larvae. 

Hiadgut 

The hindgut protease activity in I. h'mbata using casein as a 

substrate was very low when compared with that of midgut. The activity 

inside the lumen may represent the unaltered midgut enzyme passed into 

the hindgut along with the food residues. Alternatively, it might have been 

elaborated by the hindgut tissue. The activity in the tissue may represent 

the biosynthetic activity of the hindgut cells, or it may be attributed to the 

reabsorption of enzyme from the lumen. Proteases were reported to be 

absent in the hindgut of insects, except for some isolated records (Agarwal, 

1975). 



The larvae of the L. cuprina excrete or secrete a chymotrypsin on to 

the skin of sheep to facilitate the establishment of the lanral infestation. 

This protease is also a gut digestive protease. The chymotrypsin is 

synthesised primarily in the cardia, a small highly specialized organ 

located at the anterior end of the midgut and by midgut cells. 

Chymotrypsin ia in hindgut but not in salivary gland (Casu et d., 1996), 

Effect of food on probable regulatory ~ n e c h a a h  in proteare of 2. 

limbata 

The results of the present study indicate that, the protease activity of 

I. limbata is significantly influenced by the diet. There was a remarkable 

increase in the proteolytic activity of the insects fed with more 

proteinaceous diet like cottonseeds, green gram and casein compared to 

low / non-proteinaceous diet like banana, sugar solution and distilled 

water. This difference is exhibited with a similar pattern in both sexes, 

different gut regions (hindgut and faregut) and lumen content and gut 

tissues. Casein fed insects showed lower proteolytic activity than insects 

fed with natural protein rich diet. Banana fed insects showed lower 

proteolytic activity, presumably because the food contains less protein 

content. I t  is interesting to note that the sugar solution fed insects showed 

significantly lower protease activity than distiued water fed insects (except 

in the activities of midgut lumen content and tissue of mate insects, 

hindgut lumen content of male and hindgut tissue of female). Sugar 



solution may have some inhibitory effect on protease activity or it may 

enhance the production carbohydrases than the amount of protease in the 

gut. The above findings indicate that the protein content in the diet has a 

stimulatory effect on the protease activity. Regulation of digestive enzyme 

by the food materials has been demonstrated in the cotton bug D. 

cingulutus (Muraleedharan and Prabhu, 1978), G. morsitans (leu2gky et d., 

1978), L. rugulipennis {Varis et d., 19831, B. non (Jadhav and Kallapur, 

1988) and in C. capitata (Lemos et al., 1992). 

Applebaum (1985) has suggested that the enzyme production and 

secretion do not vary in continuous feeding insects while the enzymes are 

produced on demand in discontinuous feeders. Starved larvae of the black 

carpet beetle Attagenus megatoma (Baker, 1977) when fed with selected 

diets, an increase in proteolytic, trypsin and chymotrypsin activities has 

been observed and it has been correlated with the total midgut protein. At 

the same time total protease activity in these larvae was minimal when the 

larvae were fed with starch. Thus the control of protealytic digestive 

enzymes in the larvae of A. megatoma was regulated by the amount of 

protein present in the midgut but not by the amount of food (Baker, 1977). 

When the insects are removed from the diet and starved, proteolytic 

activity in the gut is declined and came to a minimum within 92 hours 

after the removal from the diet (Baker, 1978). A similar observation was 

reported in B. mori (Jadhav and Kallapur, 1988) in which pmtease activity 



of the midgut was significantly reduced as a result of starvation before they 

began to spin the cocoons. In hcusta starvation results in a reduction in 

the amount of enzyme activity (Anstee and Charnley, 1977)- The high 

protease activity observed in the present study, when I. limbata are fed 

with casein solution is in tune with the above findings. Therefore, it was 

suggested that the component in the food or the type of food taken by the 

insect stimulate secretion of digestive enzyme. The nutritional superiority 

of a particular kind of food is determined by the components in the food 

ingested. Langley (1966) demonstrated that a meal of serum stimulates a 

rise in midgut proteinase in G. morsitans, while meals of saline or washed 

erythrocytes show no change in a e  enzyme activity. The results of the 

studies conducted on C. morsitans (Gooding, 1974a) and on R. prolike 

(Gracia and Gracia, 1977) lend supports to this view. 

The blood - sucrose mixture in the crop of female black flies 

stimulated steady trypsin activity, as the mixture was despatched slowly to 

the midgut for digestion (Yang and Davies, 1968). The increase in the 

amount of enzyme was independent of the concentration of blood in the 

mixture, but was related to the amount of mixture ingested. However, 

sucrose alone produced no increase in the enzyme activity. Trypsin activity 

was almost identical when the females of S. venustum fed on human, cow 

or duck whole blood or blood cells suspended in sucrose solution. 



When G. austeni was fed with diluted sheep blood, haemoglobin or 

casein (Akov, 1972), it has been found that each has stimulated proteinase 

production to a different extent, which led him ta conclude that any 

protein food stimulates protease. A statistically significant correlation was 

found between the amount of trypsin in the digestive part of the midgut of 

G. morsitarzs and the amount of protein in it (Gooding 1974 a, b, c and d). 

However, in unfed G. morsitans the amount of midgut trypsin is not 

correlated with the amount of protein in the digestive part of the midgut 

(Gooding, 1974 b). Although it remains to be established, Gooding (1975) is 

of the opinion that the trypsin levels in G. morsituns are probably regulated 

by a secretagogue mechanism. Similarly, a number of workers support the 

secretagogue mechanism of enzyme synthesis in blood feeding carnivorous 

(Foster, 1972 and Gooding, 1974a, b, c and d, 1975) and omnivorous 

insects (Engelmann, 1969). Gooding (1 975) indicates that the level of 

digestive proteinase is influenced by some factor from outside the digestive 

tract. Therefore, it is evident that the secretion of the digestive enzyme in 
S 1, 

some insects is in response to the specific substrate in the food rather than 

quantity of intake. 

There are some evidences that the occurrence of salivary enzymes of 

Hemiptera is dependent on the diet (Kretovick et al., 1943; Adams and 

McAllan, 1958; Nuorteva and Laurema, 196 1 and Adams and Dew, 1965). 

The results obtained from the studies on R, prolixus (Permud and Davey, 



1971) also suggested a local control of protease activity based on a 

secretagogue mechanism in the control of protease activity. They have also 

suggested that the blood meal or some other component of it, on coming 

into contact with the intestinal epithelium, chemicalIy stimulates either the 

biosynthesis of protease or their activation. This would therefore bring R. 

into the line with Aedes (Fisk, 1950; Fisk and Shambaugh, 1952 and 

Sharnbaugh, 1954) and with Blatta (Cordon, 1968). In Aedes the protease 

activity was lowest in unfed insects and showed variation in activity for 

different insects fed with different diets. The highest protease activity was 

shown by the insect fed with a diet that contains only the erythrocytes and 

serum proteins. Their results suggest that some components in the blood 

plasma protein are responsible for the activation of protease. The insects 

fed with whole human blood showed a reduced activity than the previous 

case. The protease activity is still reduced in insects fed with erythrocytes 

and protein other than serum protein or non-proteins. The insects fed with 

erythrocytes and saline show a very IOW protease activity. The results of 

the present study that there is a dqcrease in protease activity in insects fed 

with low protein or non-protein diets are in tune with the above findings. 

In Melanoplus sanguinipes (Hinks and Erlandson, 1995), the 

proteolytic activity in the midgut changed with different diets given to the 

insects. Digestion of food occurs in the order of wheat > oats > kochia. 

Oats showed higher tryptic activity than wheat. Chymotrypsin also showed 



high activity when fed with oats. Lehane et al., (1995) proposed that direct 

interaction of an element of meal with digestive enzyme producing cells 

resulting in increased rates of enzyme synthesis or secretion, should be 

referred to as prandial mechanism. Most studies suggest that paracrine or 

prandial mechanisms are the main factors controlling digestive enzyme 

synthesis and secretion in insects. Distinguishing between the two 

mechanisms is a significant challenge. In many insects, soluble proteins 

are potent stimulant of proteinase synthesis and secretion probably 

through the prandial/paracrine pathways. The details of the mechanisms 

involved are unknown. The feeding can affect the control of digestive 

enzyme synthesis at either transcriptional or translational level. Similar 

results are obtained by the studies in S. calcitrans (Moffat et al., 1995 and 

- Blackmore et al., 1995). 

Absence of a substrate specific stimulation of digestive enzymes is 

observed in a number of studies. Graf and Briegel (1989) found that 

tr-ypsin synthesis is induced in a dose dependent manner by injection of 

either blood or sugar solutions into isolated midguts of A. aegypti. I t  is 

csncluded that the stimulus for initial trypsin synthesis is xechanical 

and/or osmotic stress acting independently of the nervous system. The 

immediate induction of the initial trypsin was found to depend on the 

blood volume injected. Induction was also observed, although to a lower 

extent, when sucrose solution or 0.6% NaCl was applied. In summary, two 



regulatory phases of trypsin synthesis can be recognized in A. aegypti, i. e., 

an immediate response due to mechanical/osmotic stimulation and a 

delayed response depend on the presence of protein. The latter was 

qualitative in nature and was previously referred to as secretagogue 

stimulation of tryptic activity (Fisk and Sharnbaugh, 1952; Gooding, 1973 

and Briegel and Lea, 1975). 

It is known that the amount of food ingested regardless of its 

composition stimulates enzyme production in insects. Such regulation may 

not be of secretagogue type. In Locusta (Anstee and Charnley, 1977), it has 

been observed that the amount of enzymes secreted by the midgut is 

related to the total quantity of food ingested and was thought to be due to 

the mechanism in which the information concerning the distension of the 

foregut is relayed to the brain and affects the release of a hormone, 

controlling enzyme secretion (Clarke and Langley , 1963). Dadd ( 1956) 

reported that in T. molitor, protease secretion was dependent on the 

quantity of food rather than on the composition of diet. The proteolytic 

activity of the larva did not change when the larvae were fed on flour. 

cellulose or water. In C. crocale {CiLristopher and Mathavan, 1985) food 

intake is thought to be a factor of paramount importance in the regulation 

of digestive enzyme secretion. Their resuls revealed that amylase and 

invertase activity showed a direct correlation to food consumption. The 

quantity of food ingested significantly affects the digestive enzyme activic. 



Enzyme secretion is related to the quantity of food passing through the gut 

and/or to the total midgut area, i. e., the site of enzyme production. The 

secrehon of digestive enzymes in some insects is influenced by the quantity 

of food consumed. In B. germanica and P. amencana, Day m d  Powning 

(1949) observed that protease activity increased in the midgut whether the 

animals were fed on starch or gelatine. They have also studied changes in 

protease, arnylase and invertase in the gut of starved B. fed with different 

diets and concluded that all enqmes were secreted regardless of the food. 

Similar results were obtained In P. americana (Agratval, 198 1) in which 

midgut protease activity is highly correlated to the quantity of the food 

- consumed and not to the protein present in the food. He further 

demonstrated that the ingestion of water resulted in fluctuation in enzyme 

activity. 

The correlation of food constituents to the digestive enzymes has 

been well established by Gooding (1969, 1973, 1975: 1977 a, b, c). In the 

gut of A. aegypti, the level of proteinase increased after a blood meal (Fisk, 

1950; Fisk and Shamaugh, 1952). No significant activity of proteinase has 

been found in sugar fed male and female mosquitoes (Kunz, 1978a) while 

the activity of trypsin considerably increased in sirnulids when blood - 

sucrose mixture was fed (Yang and Davies, 1968 c). They found that the 

increase in enzyme was independent of the concentration of the blood in 

the mixture, but was related to the amount of mixture digested. 



In the larvae of Spodoptera litontlis, fed on artificial diets exhibited 

much higher proteolytic activity than those reared on clover (Ishaya et aL, 

197 1). The increase was five-fold in the midgut wall and 30% in the lumen. 

This indicated a high secretion of protease, which is stimulated by the 

compounds in the artiilcial diets that contained high level of proteins than 

that of clover. 

The results of the present study indicate that the secretion of 

protease enzyme in the midgut of I. limbata is controlled b y  the type of food 

consumed by the insect. In A. aegypti, rnidgut early trypsin is post- 

transcriptionally regulated by blood feeding (Noriega et al., 1996). The early 

trypsin is a female specific protease present in the A. aegypti midgut 

during the first hours after ingestion of a blood meal. Despite the high 

levels of early trypsin RNA present in the midgut of ur@ed female, 

translation of the early trypsin RNA occurred only after a blood or a protein 

meal. Early trypsin RNA levels rapidly decreased during the first 24 hour 

after feeding but the steady- state level of the transcript rose again at the 

end of blood digestion cycle (60h) as the mosquito prepares for a second 

blcmd meal. The juvenile hormone controls early trypsin gene tr=sc~ption 

in this insect (Noriega et al., 1997). The induction of early trypsin 

transcription by J H  is dose dependent and 'head-independent', suggesting 

that factors coming from the neuro-secretory axis are not required. 
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SUMMARY 

Protease in the midgut of Iphita limbata was active over a broad 

range of pH i.e., pH 3.0- 9.8. The optimum pH of the protease 

activity using casein as substrate was found to be pH 5.0. The 

activity was relatively high between pH 4.5 and 7.0 but declined 

sharply at  alkaline conditions. The pH-enzyme activity relationship 

of hindgut protease showed a similar pattern of changes to that of 

midgut, but with a lower magnitude. 

A rectangular hyperbolic relationship was observed for reaction 

velocity of the enzyme against an increase in concentration from 

0.25% to 2.5%. The K, values for midgut protease using casein as a 

substrate were 0.67% and 1.07% for female and male insects 

respectively. The value for V , ,  with casein hydrolysis was 30.77 and 

80.0 activity units in males and females respectively. A similar 

pattern was observed in hindgut protease activity but with low 

affinity, (high K, value) and low V,, 

The optimum temperature of protease activity was 47°C. Though the 

activity lowered in hindgut enzyme preparation, both male and 

female insects show the same optimal temperature as that of midgut 

enzyme preparations. 

Protease activity of I. limbata showed a sexual dimorphism. The 

female insects showed significantly more enzyme activity than male 



insects in both midgut and hindgut enzyme preparations. Among the 

3 types of enzyme preparations (gut with content, gut tissue, lumen 

content) the highest activity was exhibited by female, midgut lumen 

content enzyme preparations. The midgut lumen content showed a 

4.7 fold and 1.7 fold increase in the enzyme activity compared to the 

gut tissue and gut with content respectively. 

All the three different types of midgut enzyme preparations from 

male and female insects showed significantly higher activity than 

that hindgut; the difference in the activity of protease was maximum 

in the lumen content of females. 

The protein content in the feed material has been found to be 

stimulatory on the protease activity. When the insects were fed with 

diets rich in proteins diets such as cottonseeds, green gram, casein 

suspension the enzyme activity was very high compared to those fed 

with low/ non-protein diets such as  banana, sugar solution and 

distilled water. 

The effect of diet on protease exhibited a sexual dimorphism; the 

females showed more enzymatic activity when fed with all the 

different types of diet. However, in hindgut enzyme preparations the 

sugar solution fed insects did not show a significant sexual 

dimorphism. 



There was an increased midgut protease activity in female insects fed 

with distilled water than those fed with sugar solution. This 

difference was also seen in both sexes. It was argued that the 

carbohydrates in the diet might have a negative effect on the 

protease activity. 
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