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PREFACE 

Insects associated wilh raw grain and processed food cause both quantitative and 

qualitative losses. Insect infestations can occur just prior to harvest, during storage in a 

variety of structures such as cribs and metal or concrete bins, and in- transit in a variety of 

carriers. Stored-product insects oncn are found 111 warehouses, food-handling 

establishments, and retail grocery and pet stores. These insects can also breed in purchased 

food packages or food residues in a consumer's pantry, and may contaminate other food 

products stored in the pantry. Therefore, preventing economic losses caused by stored

product insects is important from the farmer's field to the consumer's lable (Troller, 1993). 

Several tools (pesticides and alternatives) are available for managing insects associated 

with raw grain and processed food. Effective use of pesticides and alternatives requires a 

thorough understanding of pest ecology, the application of pesticides only when pest 

populations exceed acceptable levels, and an evaluation of risks, costs, and benefits. 

Scientific research during the last half of the 20th century has resulted in a better 

understanding of the bi~logy, behaviour, and ecology of stored-product insect pests and 

their management. Stored-product protection towards the end of the 201h century has shifted 

from using only conventional pesticides to using a variety of pest management methods. 

Stored-product protection in the 2 ,~1 century will involve developing and implementing 

inlegrated pest management (1PM) programmes with a greater emphasis on using 

alternatives to conventional pesticides. Although conventional pesticides will continue to 

play an important role in stored-product 1PM, their use may be more limited. Pest 
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management programs, especially in developed countries, are changing to meet consumer's 

demand for food free of pcsticicic rcsid11cs, nddress concerns nh0111 the snfcty of pesticides 

to hu111a11s, reduce the adverse effects of pesticides on the environment, delny pesticide 

resistance cleveloprnent in insects, and comply with tighter pesticide regulations. Many of 

the alternatives to conventional pesticides are more environmentally friendly and have low 

mammalian toxicity. I lowever, unlike conventional pesticides, these alternative methods 

oflen do not provide effective or rapid suppression of pest populations, and may not be 

elTective against all pest species. rurthermorc, most alternative pest 111anage111cnl methods 

oflen are more expensive than conventional pesticides, and have not been tested extensively 

under field conditions. 

Both non-ionizing and ionizing radiation have been investigated for stored-product insect 

control. Two methods that show the promise for controlling insects without leaving harmful 

chemical residues are the use of gamma radiation or microwave radiation (Cornwell , I 966; 

I !amid et al., 1968; Hasan, 1995; Hasan and Khan, 19986; Halverson and Nablo, 2000). Of 

the two, irradiation of insects has attracted wide attention in various fields from 

development lo genetics and through its possible application to insect pest eradication 

progn1mme (Knipling, 1955). However, the control of insects in foodstuffs by irradiation 

depends on acquiring the necessary basic radiobiological knowledge, on advances in 

irrndiat ion, and on both health and safety considerations. 

This project is aimed study to the possible use of gamma irradiation in controlling stored 

product insect pests as an alternative to other conventional control methods. 
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ABSTRACT 

The radiosensitivity of 7: casta11eum and 7: COT!fusum was determined with particular 

reference to male sterilisation. The younger stages were found to be more radisensitive 

than the older ones in both the species. Adults, male and female, showed the most 

radioresistance followed by the pupae> larvae> eggs as indicated by higher LD50 values. 

T casta11e1m1 was more radioresistant throughout ontogeny compared to T cm?(us11111. 

The longevity studies showed that, mean survival time and dose rate were highly position 

correlated in both the species. They also showed that males were longer-lived than 

females ~n both the species. There was very little difference in L TSO at dose levels of 1-to 

3-krad for both the sexes. The radiosensivity indices decreased as the both species. 

Studies evaluating mating performance with normal and irradiated individuals reveled 

that the fecundity was gradually suppressed with increased gamma doses irradiated either 

as pupae or adults for both 7i'ibolium species. 

The results ol' the reproductive potential showed that the maxi111u111 eggs per day per 

female was recorded for the cross schedule Uo'X U~ compared to crosses involving the 

irradiated individual for both the species and stages. Results show that, the lowest 

number eggs were observed in the cross schedules To'X T? for both the species 

irradiated either pupae or adults. These results clearly indicate that egg-hatchability in 

· li'ibo/ium species was adversely affected by irradiating males and females. The present 

findings reveal that the patterns of hatchability followed the dose-dependent manner. It 

also indicates that the hatching was completely inhibited at a dose level of 3 krad. 
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The results of the tests illustrate that the maximum 25 percentage eggs were hatched at a 

dose level of I kracl for both the species and stages, while it was only 10 percent at 2 

krad. The results interprete that the sequence of order based on the hatching percentage 

was cross schedule Tcf X 'I\' < Tc~ X u c;i < Ucf X TC;> for both the species and stages. 
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Chapter: One 



GENERAL INTRODlJCTION 

GENERAL INTRODUCTION 

The genus 'friho/i11111 is commonly referred as "flour beetle" which includes a large 

number of species feeding on a variety of stored commodities throughout the world 

(Sokoloff, 1972). They cause losses of food intended for both human and animal 

consumption (Lal and Shrivastava, 1985, Kabir et al., 1989). Pest problems have 

increased side by side with the increase in the amount of stockpiled and the longer 

duratiori of storage (Khan and Mannan, 199 I). More than 20% losses may occur in 

tropical countries through insect attack after harvest (Alam, 1971 ; Monda!, 1994). It 

has been reported that nearly 2000 species of field and storage pests annually destroy 

approximately one third of world's food production valued about US $ 100 billion 

among which highest losses ( 43% of potential production) occur in developing Asian 

countries (Ahmed and Grainge, 1986). Storage techniques and climate conditions 

especially in the tropic countries are often highly favourable for insect growth and 

development (Khan and Mannan, 1991 ; Talukder and Howse, 1995). In Bangladesh 

huge amm111t of food grains are damaged annually by insect pests (Alam, 1971). 

t\111011g all insect pests of the stored products (Table!. I) the nour beetle, 7i"ibolium 

species has long been recorded as serious pest. They are generally found in granaries, 

mills, warehouse, under the bark of trees, etc. Feeding on rice (Both husked and 

unhusked), wheat, flour, semolina, bleached and unbleached wheat flour, breakfast 

food, bran, cornmeal, barley nour and oat meal (Chittenden, 1897; Good, 1936; 

Husaain et al., 1994). Good ( 1933) observed that the beetles living in chocolate, 

spices (red peper), various kinds of nuts and sometimes feeding on specimen in· insect 

collection. 
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GENERAL INTRODUCrJON 

li"iholium spp. are semi predators feeding on both living and dead materials. 

Ta hie 1.1. A list of insects associated with stored products (Metcalf and Flint, 1962; 

/\lam, 1971; Wilbur and Mills, 1985; Kabir et al., 1989; Gorha111, 1990): 

--- -

SJ>ccics Common names Products infested - - · 

Colcoplern 
Anobiidae 
J,asioderma serricome Cigarette beetle I tobacco Dried tobacco, food stufTs. 
er) beetle turmeric. 
/,. testace11111 L. Cheeroot beetle Dried tobacco, foodstuffs, 

turmeric 
Stegohi11111 panice,,,11 (L) Drug store beetle Foodstuffs, stored turmeric, 

Bl.!!ger, Chili, Coriander 
Gastmlas indicus (L) Book worm Printed matter 
Boslrichiclac 
Rhyzoperrha dominica (F.) Lesser grain beetle Rice, wheat maize, flour 
/Jinoderous oce/laris (F.) Ghoon beetle Dried bamboo, furniture, 

rice, wheat 
l'ro.1·repha1111s rnmcar11es Larger grain borer Corn, soft wheat, dried 
(Horn) cassava 
Brenlhidnc - - - ---
Araeocemsfascic11/at11s Coffee bean weevil Coffee beans seeds 
(Deg.) 

>--'-- ---
Bruchidac -
( 'a//osohmc/111s chinensis Pulse beetle Oriental cowpea, pulses 
{L.} 
C.macu/atus ( r. ) Spotted cowpea bruchid Pulses 
Bmc/111.\JJisomm (L.) Pea weevil Pulses 

i_'c_!_~!)'OII serrat11s (Oliv.) Groundnut borer Pulses, ground nuts 
Acathosce/ides ohtectus Bean bruchid Pulses 

._(?._8:)1 __ 
_ ~~D_'lonidae 
A111111idi11s ova/is (Beck) - Paddy~ rice, corn, spices 
Cleridne 
Necrohia 1'1!f1JJes (De Red-legged ham beetle/ Copra, oil seeds, dried fish, 
Geer) copra beetle rice, wheat, mixed feed 
Cucujidae 
( ·1J11tolestesfermgi11e11s Rust- red grain beetle . Grains 

_i§teP.he,v ·---·-
_( ~p,,~·i //11s_{ Schonherr) Flat grain beetle Grains 
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Table 1.1 (contd.) 
Laemvphloeus mi1111tus Flat grain beetle Rice, wheat, maize 
(Oliv.) 
Curculionidae 
Sitophilus oryzae ( L.) Rice weevil Rice, maize, foodstuffs 
S. zeamais Mostsch Maize weevil Maize, rice, sorghum, mung 

' bean 
Dermestidae 
Trogoderma granarium Khapra beetle Grains, groundnut 
Everts 

· Dermested lardarius L. Larder beetle Dried animal matter 
Dennestes maculatus Hide beetle Dried animal matter 
(Deg) 
Attage,msfasciatus L. Carpet beetle Dried animal matter 
A. piceus Oliv. Black carpet beetle Grains, turmeric 
Lophocateres p11sil/11s Siamese grain beetle Grains, turmeric 

Kl1:!_g) 
Mycetophagidae 
Typhaea stercorea (L.) Hairy fungus beetle Maize 
Nitidulidae 
Carpophilus dimindiatus Corn sap beetle Rice, corn, flour 
(F.) 
C. hemipterus (L.) Dried fruit beetle Dried fruits 
Ptinidae . 
Gibhium - Scavengers, bite holes in 
psylloides( Czenp) textiles 
Ptinus tectus Boield Australian spider beetle Cereals, cereal products and 

species, often found as 
scavengers of miscellaneous 
debris 

P. fur ( L.) White marked spider Cereals, cereal products and 
beetle species, often found as scavengers 

of miscellaneous debris 
Silvanidae 
Oryzaephilus Saw toothed beetle Rice , wheat peas , flour wheat, 
surinamensis ( L. ) mixed feed 
0. mercator ( Fauvel ) Merchant grain beetle Wheat , mixed feed 
Ahasvems advena (Walt) Froeign grain beetle Rice, maize 
Tenebrionidae . 
Triholium castaneum Red 0our beetle Grain, flour mixed feed 
(Herbst) 
T confusum Duval Confused flour beetle Grain, flour, mixed feed 
Tenehrio molitor L. Yellow mealworm Flour, mixed feed 
Latheticus uryzae (Watcrh.) Long-headed flour beetle Flour mixed feed 

- - - ' 
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Table 1.1 (contd.) 
Paloru subdepressus Depressed flour beetle Grain, flour 
(Wall) 
P. ratzeburgii Small-eyed flour beetle Cereal products 
(Weissmann) 
Alphitobius diaperinus Lesser meal worm Rice, wheat 
(Panzer) 
A; /aevigatus ( F) Black fungus beetle Whole grains, wheat bran 

etc. 
Gnathocerus comutus(F.) Broad homed flour beetle Grain, flour 
G. maxillosus (F.) Slender homed flour beetle Grain, flour 
Tro2ositidae 
Tenebroides mauritanicus Cadelle beetle Grain, mixed feed 
(L.) 
Lepidoptera 
Galecbiidae 
Sitotroga cerealella Moth / Angoumois moth Ri~e, wheat, maize flour 
(Oliv.) 
Hoffimannophila Brown house moth Grain and grain products~ 
psedopretella (Straint) cause damage to carpets. 
Endrosis sarcirtella White-shouldered house Grain and grain products; 

moth causing to carpets. 
Phvcitidae 
Cadra caute/la (Walker) Almond moth Grains, dried fruits, alinonds 
Ephestia (Hub.) spp. Tobacco moth Tobacco, dried fruits, cocoa 

beans 
E. (Anagasta) lcuehniella Mediterranean flour moth Flour 
(Zell) 
Plodia interpuncte/la (Hub.) Indian meal moth Dried fruits, mesls, flour 

Corcyra cepha/onica Rice moth Cereals, pulses, dried fruits 
Staint and fishes 
HY1JOspy~a costalis (F.) Clover Howard Clover 
Pvraustidae 
Do/oessa viridis (Zeller) Green rice moth Milled rice, maize,sorghum 
Tincidae 
Setomorpha tineoides - Dried tobacco 
Wallsingham 
Tinea pe//ionella L. Clothes moths Woolen clothes, carpets, 

skin feathers 
Psocoptera : 

Liposclelidae 
Embidopsocus sp. - Rice. bean 
Liposc/e/is entomophilus - Rice. maize mung bean 
L. botrychophilus - Rice, maize, cassava . 
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<:1°:NEIUI, INTIH>l>IIC'TION 

T castaneum and T. c01?(us11111 are widely distributed throughout the world (Okumura 

and Strong, 1965; Sokoloff, 1972) including Bangladesh (Alam, 1971 ). They are 

largely disseminated in grains, flour, etc, transported for commercial purposes 

(Sokoloff, 1974). 7i'iholimn spp. are unable to feed on whole cereal grains because 

their mouth parts are not suitable for attacking large and hard pieces of food grains 

and thus, they have the status of secondary pest. They damage the kernels (germ and 

endoplasm) of food grains. Although, the beetle are unable to eat sound grains yet 

they are found in grains in a large number and cause a great havoc and serious loss to 

the 0ours and grains that have previously been attacked by other pests e.g. weevils 

(Paddock and Reinhard, l 919). Sometimes severe infestation of 0our or other 

materials may have a characteristic pungent odour as a result of gaseous secretion of 

the beetles (Payne, 1925; Englehardt et al., I 965; Monda!, 1983, 1992). Viscosity and 

elasticity of the nour are markedly reduced. Payne ( 1925) reported that these affected 

food caused gastric disturbance if used. Park (1934b) remarked these types of food as 

"conditioned". Alam ( 1971) also reported that in the minor damage it imparts a 

nauseous smell and also changes the taste of the infested materials. The flour beetles 

contaminate more than they consume. A few beetles are enough to contaminate the 

nour adversely affected and create a pinkish taint making it unsuitable for hu11rn11 

consumption (Monda!, 1992). This contamination results from the presence of living 

or dead insect or insect parts, cast exuviae, egg shells and pupal cases; noxious and 

presistent odours; webbing of food and the feces of the beetles (Monda! 1983 ; Khan 

and Mannan, 1991) and most importantly this contamination involves the 

accumulation of quinones (Roth, 1943; Monda!, 1985, 1992) given off by adult 

li'ibolium and taken up by 
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GENERAL INTRODUCTION 

the medium (Sokoloff, 1972). Many Tribolium spp. produce quinones which are mentioned 

below(Table 1.2) 

Tablel.2. Composition of the quinoid secretions of T. confusum (Loconti and Roth, 1953) 

Compounds Nature 

2- ethyl- I, 4 - benzoquinone (ethylquinone) *** 
. 

2- methyl- 1, 4- benzoquinone (methylquinone) ** 
2- methoxy- 1, 4- benzoquinone (methoxyquinone) * 
2 - ethylhydroquinone * 
Oil, Molecular weight 210 ( -pentadecene) ** 

*** Major components; ** Minor components; * Trace amount. 

In Tribolium two pairs of well developed odoriferous glands are located one pair in the 

prothorax and the other in the abdomen of b.oth sexes of adults. These are the source of 

these quinoid secretions (Good, 1936; Roth, 1943, 1945; Sokoloff, 1972, 1974). 

The problem of the continued Widespread use of pesticides, and particularly the 

incorporation of the words 'environmental pollution' into common vocabulary have caused . 

scientists to look seriously at any ideas for pest control which do not involves traditional 

. insecticides. In this connection, gamma irradiation appears to be a potential alternative to 

chemicals for insect control in stored products (Laudani, et al, 1965; Golumbic and Davis, 

1966; Tilton, 1974; Khalequzzaman and Hasan, 1989; Cheng et al., 1991; Hasan and Khan, 

1998; Halverson and Nablo, 2000). Radiation has also been used successfully to control 

several insect species and may prove effective or applicable in controlling many other pests 



(;ENJ,;ML INTRODU<~·10N 

(Hussain and lmura, 1989). Highland (1991) reported that ionizing radiation has a distinct 

advantage over fumigation with chemicals, because there is no possibility of harmful 

chemical residues. 

~ilton (1974) proposed that gamma radiation also appears to be in considerable use in some 

circumstances because it is thought that insect resistance is unlikely occur. Various forms of 

electromagnetic energy have been considered potentially useful for insect control (Nelson, 

1967). These include ionizing radiation of extremely high frequency (X rays and y rays) 

which might be used to cause mortality or to induce ster-ility. Potentially useful non

ionizing radiation are infra red, visible and ultraviolet ray. Gamma ray might be lethaly 

introduced to any form or stages of the insect pest. So, efficacy of gamma irradiation is 

more applicable than other conventional method. 

Infra-red may be used to kill pests directly; whereas visible and ultraviolet ray may be used 

to attract pests to traps (Crowder, 1986). Nelson et al. (1966) concluded that the most 

important factors influencing the effectiveness of gamma rays for stored grain insect control 

were: 

a. Frequency and field intensity. 

b. Pulse modulation in 5 - 20 ms pulse widths. 

-::,. Particle size of the host medium. 

d. Moisture content of the medium. 

e. Species and developmental stage of the pest. 

f. Age of the insect. 



GENERAL INTRODUCTION 

Of these factors the first and last two appear to be the most important in physical control 

(Crowder, 1986). 

There are two kinds of practical application in physical control i.e. gamma radiation. One is 

the direct killing and the other is the sterilisation by irradiation of the whole pest population 

(O'Brien and Wolfe, 1963) . . 

There are several factors in 60Co gamma rays which include: 

• Gamma rays have a short length of electro magnetic waves. 

• It has no mass 

• It has no charge 

• Wave length of gamma ray is more shorter than a visible wave length of light 

ray 

• It's velocity is 3 x 1010 cm/sec 

• It does not disperse by the electric field 

• It does not disperse by the magnetic field 

{ 

• It reacts in photographic plates 

• It creates fluorescence when it reflected on any matters 

• Gamma rays have an ionisatio~ power. This power is less effective than a-ray 

or f3-ray 

,. It has a power of penetrating. 

This power is much more than a-ray or fl-ray. It has a reflectory and refractory power. It 

has also a power of interference and diffraction as like as light beam. 

() 



GENERAL INTRODUCTION 

Ionizing radiation in the application is now a recognised method of treating food and seeqs. 

The essential differences between the irradiation process for grain and the use of chemical 

methods of insect control are given below in Table 1.3: 

Table 1.3. The differences between the irradiation process and use of chemical methods of 

insect control (Cornwell and Bull 1960): 

Irradiation Chemical treatment 

a. The product is conveyed to the The insecticide / fumigant is brought to be 

treatment product. 

b. Design of the irradiation plan is b. Efficiency is limited by physical factors of 

compatible with 100% control. distribution and penetration. Failure 

Homogenous treatment. frequency results from inefficient application. 

c.The process IS automatic. No c. Application is subject to human error. 

human error or operator prejudice . 
. . . 

d. Design completely hazard proof. d. Operators may be subject to human error. 

e. Nothing is added in the product. e. Toxic residues may remain. 

f Treatment is instantaneous. f. Delay may be encountered in holding grain 

under gas during airing off 

Cornwell (I 960) expressed considerable scepticism about the promises oflowered prices of 
' . 

gamma emitters and put his faith in electron accelerators with high out put e.g. 200 tons/ hr. 

Although, Horne and Brownwell ( 1962) were concerned about the mechanical problems of 

such machines and believed that the deep penetrating power of gamma rays provided the 

answer. Most of the equipment designs published are for gamma irradiation commonly by 

6°Co which have been used more frequently than any other source for irradiating insects. 
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GENERAL INTRODUCTION 

Sokoloff (1977) have reported that gamma rays and X rays (100 kv and higher) are equal in 

their biological effectiveness. The advantages of using gamma rays from Cobalt sources are 

that gamma emitters are inore economical to operate than X ray sources and large quantities 

of voluminous materials such as grain or flour can be irradiated at one time. Much of the 

research with gamma rays has been directed to determining the effectiveness of these rays 

in pest control. 

Home and Brownwell (1962) suggested that mobile irradiation could be installed in railcars 

or ships. It was hoped to extend the use of radiation facilities to those who would not need 

year round irradiation and to spread the large initial and running costs among many users. 

Total cost of irradiative disinfestation facilities seems to be higher than traditional methods 

of preservation but it could be reduced by using minimal effective doses and by extending 

the facilities for multipurpose utilisation of the source (Highland, 1991). Moreover, 

retention of the quality and nutritive value of the food products would be additional benefits 

ofthis radiation technology (Bhuiya et al., 1991). 

Impact of radiation disinfestation are greatly affected by intrinsic factors such as the age, 

sex, stage and strain of the insect and many extrinsic factors, including the temperature, 

infestation site, food, dose rate and type of radiation (Highland, 1991). Because of the 

· numerous variable factors, each application of radiation technology must be studied and 

planned thoroughly so that the final procedure is effective, economical, safe and acceptable 

to the consuming public. An operator of the gamma plant must be well trained and also be a 

radiobiologist or concerned person·. ~ 
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GENERAL INTRODUC.TION 

Radiosensitivity may possesses either lethal or sterile or substerile effects on the 

different stages of the flour beetles. Sometimes behavioural effects are determined, 

such as a ccasalion of feeding or loss or movement by insects. 

Hasan et al. ( 1989) observed that lethality is gauged by determining the emergence of 

adults from the irradiated pre-adults stages or by determining the survival of 

metamorphic stages from previous stages that were irradiated. 

In fact, the lethal effects are not always necessary for the control of the insects. 

Sterilizing effect would be the important criterion with the radiation. The level of 

irradiation will fulfil the requirements for disinfestation. Sterilizing doses are lower 

and would therefore be more economical than lethal doses. IJighland ( 1991) also 

proposed that the presence of live insects even sterile ones may be unacceptable and 

selection of steri I izing versus lethal doses must be based on an array of factors. 

According to Brower ( 1973) if radiation is to be used as a means of controlling insects 

in grain and other store commodities the dose must be sufficient to irreversibly 

sterilize or to kill within a predetermined time period all species present at the time of 

treatment. Therefore, the comparative radiation sensitivity or all species commonly 

found infesting these products must be determined. 

Numerous researchs have been conducted on the effect of gamma radiation on many 

aspects of stored product pests including 1i-iboli11111 spp. (Cork, 1957; Sokoloff, 1961; 

Tilton et al., 1966a; Yang et al., 1970; Hasan, 1995; Hasan and Khan, 1998; 

Halverson and Nablo, 2000). There was no conflict in their reports about 

radiosensitivity on 7hholium species. 

Most of the researchers have reported that the females of Coleoptera are more 

sensitive to gamma irradiation than the males (Rieman and Flint, 1967; Grosch, 1971; 
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Ahmed et al., 1976c). The reasons for this difference are unclear (Ashraf and Brower, 

1974). However, irradiation effects on the testis of Coleoptera are more radiosensitive 

than ovary. 

In the present research project the effectivene~s (i.e. rndiosensitivity or radioresistant) 

of gamma radiation on both 7'. castane11111 (Herbst) and 7'. COJ?f,ts11111 Duval were 

studied with special reference to the sterile insect technique (SIT). 
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1u:vmw OF LITl~RATURI~ 

The early work on gamma rays led to understanding the biological effects of ionizing 

radiation on stored-product insects (Hasan and Khan, 1998b). Besides mortality 

effects, insects exposed to radiation had arrested development, sterility, and reduction 

in fecundity. Storage pest species vary widely in their sensitivity to ionising 

irradiation (Ducoff, 1972; Hasan 1995), the underlying causes of these differences 

were not known (Vardell et al. 1978). No satisfactory predictor for insect radio 

sensitivity has been established though there have been numerous attempts (Cole et 

al. 1959; Menhinick and Crossley 1969; Willard and Cherry, 1975; Nakakita et al. 

1985; Mehta et al. 1990a). 

2. 1. Rndio sensitivity in insects 

Review deals the effect of radiation on various aspects of storage insects and also the 

possible use of radiation as a physical control measure in pest control management. 

Stored product insects differ markedly in their tolerance to gamma radiation (Tilton 

et.al. 1966a ; Hasan and Khan, 1998). The tolerance vary considerably even within a 

single genus (Cornwell et.al. 1957). Since the mechanism of this differential tolerance 

is not well understood, the only method that can be used to develop an effective dose 

level to control stored product insects is to obtain experimental evidence for each 

species. The developmental stages of insects are continuously renewing their cells and 

tissues hence the particular stage of the insect may determine its sensitively to 

ionising radiation and once injured, particular stages may be capable of continuing 

development, depending on the level of radio sensitivity. 
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Irradiation at appropriate close assures complete lethality to all the stages of insects 

by penetrating through the grains. So, immature stages growing inside the grains can 

not escape. Moreover, radiation treatment does not leave any residual effect. 

Considering these positive efTects of radiation, number of scientists tried to control 

stored grain pests by using this technique. But surprisingly very little attention has 

been given to protect stored grains from insect damage by radiation (Haque, 1963; 

Quaraishi and Meti.n, 1963; Srisan, 1963; Kumagai, 1969; Podany, 1977). 

Gamma radiation appears to be a potential aJteriialive to chemicals for insect control 

in stored products (Laudani et al., 1965; Golumbic and Davis, 1966; Tilton, 1974). 

Comparative studies on the radiation sensitivity among stored product insect pests are 

important for radiation control because many species may be present in infested 

grains and the dosage must be high enough to control the most resistant species 

present. Furthermore, sensitivity varies depending on stages and strains (Cornwell, 

1966; Vcreecke and Pelerents, 1969; Brower, I 972a.b. Ionising radiation has been 

successfully used to control several insect species and may prove effective or 

applicable in controlling many others. 

Tilton and Brower ( 1973) studied on 27 species of grain infesting beetles, showed that 

the sqrnll species in the families cuculionidae and cucujidae were more radiosensitive 

than the generally larger species in the family Tenebriondae. The problem is that size, 

developmental time and many other intrinsic factors can not be separated so that a 

definitive test can be conducted of course, large and small strains of species can be 

selected that have 2 or 3 fold differences in weight. However, these differences were 

polygcnic and 
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in species of Tribolium may be produced by as many as 280 different genes (Enfield, 1972). 

As a result differences in radio sensitivity between strains may be caused by either genetic 

differences or size differe11ces, and an exact determination of cause is difficult (Vardell 
\ 

et al., 1978). 

The potential commercial use of gamma radiation for insect disinfestations of bark grain 

(Cornwel1, 1966) has made it imperative that the possible development of radiation 

resistance by stored product _ insects be investigated. Accidental exposure of some insects to 

substerilizing doses of radiation procedures may occur. Minimum radiation levels would 

probably be used for reason of economy and dosage would _probably not be completely 

uniform in a large scale irradiator (Tilton et al., 1971). Therefore, it is important to know 

whether insects receiving substerilizing doses for several successive generation can produce 

radiation resistant populations. Increased radio resistance has been reported for some. 

insects but not for stored product insects (Cornwell and Morris, 1959). 

Cogburn et al. (1971) reported that the treatment with gamma and infra-red radiation 

potentiated each other when used for the control of Angoumois grain moth, Sitotroga 

cerealella (Oliver). Tilton et al. (1966a) also obtained similar results with gamma and 

microwave treatment whilst working on some stored grain insect pests. Early research by 

Bughio (1977) showed that the susceptibility of Chilo par/el/us eggs to gamma radiation 

was correlated with the development age of the eggs as well as the dose of radiation 

applied. Reichlle (1969) reported that the eggs of the bagworm Thyridopteryx 

ephemeraeformis, during early embryonic development appeared to be about ten times 

more radiosensitive than the eggs immediately preceding hatching. Insects may become 
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111orc sensitive lo other types or stress allcr exposure lo io11isi11g radialiun. 

Earlier embryonic development stages are more vulnerable to ga111111a radiation. An 

order of susceptibility among the stages of Callosohmch11s chi11e11sis (L) is as egg>> 

7 day old larvae> 10 clay larvae> mature pupae> new adults (Hussain and lmura, 

1989) The LD50 of Ji-iholi11111 was much higher than Hussain and lmura's findings, 

except for the pupae. These contradictions could be attributable to differences in the 

strains examined, close rates and pre and post irradiation conditions (Pendelbury, 

1966; Tilton and 13rower, 1985). 

Sensitivity to irradiation decreased as development progressed from the egg to the 

adult or 01yzaephi/11s s11ri11a11ie11sis (L.) (Younes and Ahmed, 1977). The authors 

found that the duration of the irradiated stages was prolonged by irradiation and short 

retardation in development was generally increased by increament of the dose. This 

result c1grees with tlrnt found by many other investigators (Howden 1957, Davich and 

Lindquist, 1962, Younes, 1970; Hasan and Saleh Reza, 1993). 

l3huiya et.al. ( 1991) noted a dose dependent reduction in adult emergence from 

irradiated eggs, larvae and pupae of the Angoumois grain moths, S. cerealella and the 

saw toothed grain beetle, 01yzaephi/11s s11ri11ame11sis. They also found that adult 

development from irradiated eggs ceased at a dose of 0. 15 - 0.20 KGy ( I Krad= l.00 x 

I 02 Gy) while emergence from treated larvae ceased at 0.25 - 0.40 Gy. 

Mehta and Sethi ( 1990) observed that the percentage of adult emergence from 

different age groups of irradiated eggs decreased with increasing doses of radiation. 

Hussain et.al. ( 1994) 
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reported that C. chinensis can effectively be controlled by direct irradiation of beans 

containing immature stages at lower doses. 

O'Brien and Wolfe ( 1963) reported that adult insects are at least 100 times less sensitive to 

the effects of radiation than the vertebrates. This phenomenon was explained in two ways: 

(1) a generalised law was formulated in 1906 as the Bergonic-Tribondeau law: the 

sensitivity of cells to irradiation is in direct proportion to their reproductive activity and 

inversely proportional to their degree of differentiation; (2) a special feature of many 

insects after they hatch from the eggs in that very little cell division occurs during larval 

life. Cell division and differentiation of tissues occur during embryonic development in the 

egg, so that in larval life, growth occurs primarily by enlargement of cell volume without an 

increase in cell number. There are other short bursts of mitotic activity, just before moulting 

and (where a pupal form occurs) in the later stages of pupation. There is also evidence that 

the amount of irradiation needed to cause death depends on the species involved. 

Cornwell et al. (1957) observed that different species of Laemophloeus vary considerably 

in response to irradiation. Erdman (1962), Parke/ al. (1958), Van den Brue! and Bollaerts 

(1960) also obtained similar results in different species of Sitophilus and Tribolium. 

2.2. Lethal doses and other effects on insects 

Tilton et al. (1966a) found that 51.3%--lof the eggs of Tribolium confusum, hatched after 

treatment with 0.13 Kgy, but all the insects were dead at day 21. Only 30% of the larvae 

treated with 0.13 KGy pupated but 94.6% of_the pupae treated with the same doses emerged 

as adults. Similar results were also found in other tests to determine the lethality of 

irradiated stored pests (Hasan et al., 1989; Mehta et al., 1991; Saxena et al, . 1992). 
I 
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Bartlett and Bell ( 1962) using two strains of T casta11eu111 subjected to X- radiation 

found that the females of the heavier strain were more resistant to somatic damage 

than the males and that genetic damage was not so great in the heavy strain as in the 

light strain, specially when both percents were irradiated . Differences in 

n1diosensitivity resulting solely from age and metamorphic stage have been shown by 

nrnny workers (Perede'skii, 1956). In general it has been shown that the older insects 

are more resistant to radiation than younger ones and this resistance increase slightly 

through ontogeny (Cornwell and Bull, 1960). 

Fractionated treatments were applied in Calandra granaria at intervals of more than a 

few minutes were less effective than continuing radiation of the same total dose 

(.Jefferies and Cornwell, 1958). Subsequently, Jefferies ( 1962) repot1ed that while 

fractionated doses were less effective in reducing the amount of reproduction from 

insects, treated as eggs, larvae or pupae this effect was not noted with treated adults. 

lie also added that a doses sufficient to cause complete sterility in adults would also 

sterilise all other stages whether as single or fractionated doses. 

/\ close of 16 Krad was adequate to control stored product colcoptera in bulk grain 

(Cornwell, 1966). Watters ( 1968) noted that stored product moths were more resistant 

tlrnn beetles. If young adult flour beetles are X-irradiated, the time course of mortality 

decreased af1er doses which kill only a small proportion, doses which kill most and 5 

times greater than the dose to kill almost all exposed beetles. This has been noted 

explicitly in some previous works (Rogers and Hilchey, 1960; Ducoff and Bosma, 

1967). Infra-red radiation caused similar effects on 7: co,?fusum (Cork, 1957) 
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Tenehrio 1110/ilor (Menhinick and Crossley, 1969) and is also apparent on Rhod11i11.,· 

prolix11.,·. 

Larval sensitivity rs depended on age at treatment, e.g. older larvae are less 

susceptible than younger ones (Qureshi el al., 1970). Ismail et al. ( 1987) (Oliver) also 

found that the pupae of S. cerealella are the most resistant metamorphic stage to 

radiation. Drawer and Tilton ( 1973) found that adults of 7: madens and 7: castane11111 

emerged from I 00 Krad treated pupae were with elytral and occasionally other 

defor111ities. Whereas, Halberstaedter el al. ( 1943), Donnelly ( 1960) and others 

reported that in many species of insects, the young eggs, larvae and pupae are more 

racliosensitive than their later stages. 

In general, 7: cmrfi1s11111 and 7: deslmclor were equally sensitive and are more 

sensitive than 7: casla11e11111 and 7: madens, which likewise were equally sensitive 

(Brower, 1975c) These similarities are renected in table 2. 1. 

To determine the doses necessary for the commercial application of gamma radiation, 

it is necessary to determine the minimum effective dose required to sterilise the most 

resistant age and 111ela111orphic stage 01· those species likely lo be found in the various 

stored products (Tilton el al., I 966a). It is also necessary to determine the minimum 

effective dose needed to kill those stages of insects likely to be found in packaging 

operation (Highland, 1991 ). 

Probit dose for sterilization of 50% of the males treated was more correlated with the 

phylogenetic relationship and chromosome number than with the weight or length of 

the developmental period (Brower, 1975). 7: cmrf11s11111 and T. destrncfor are smallest 

and the 
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largest species respect ivcly belong to a single sj)ccics group with 18 chro111oso111cs. 

While, 7: casta11e11111 and 7: 111ade11s are small and larger species in the same group 

having 20 chrosomes (Table 2. I). The larger species develop more slO\vly than the 

smaller species. Thus, phylogenetic relationship appears to be more important than 

physical size or ralc of devclopmenl in delermining radio sensitivity. This correlalio11 

may be due lo difference in number of the chromosomes possessed by the two groups 

. as proposed by Sparrow et al. ( 1963) or on other undiscovered differences. 

Tnblc 2.1. Comparison of Tribolitw, species rndioscnsitivity with vnrious 
biologic:tl ch:iraclcristics of (he species 

--
Species Sterilising Phylogenetic Number of Weight Developmentnl 

dose(rncl)11 or group" chromosome b 
(mgt time (dnyst 

50% (M:tles's) (Male's) 
·· ·· ······· ·· ······-----· ·· ·•··--- ··············•························ ..................................... ........•............................ ······-·················· ········· ·······-······-··•·••········-·· 
J:cm?fusum 4350c COl?(lf,\'11/11 18 2.43 24.3:I 

Tdestmctor 4400c COl?(lfS/1111 18 5.44 45 _5cct 

7:madens 76001! casta11e11111 20 3.50 25.3(1 

7: cast a, IC' 11111 8300c castane11111 20 2.08 19.4(1 
----·--·-· --- .. 

a. Hinton ( 1948), b. Smith and I3rower ( 1974), c. Brower ( 1975), d. Sokoloff ( 1972). 

2.3 Life span of irrndinted insects 

Davey ( 1919) first observed the longevity of 7: C01?fus11111 afier exposure lo X

radiation. Later Cork ( 1957) noted a similar effect with gamma radiation. Ducoff 

( 1975) observed the longevity was prolonged at low dose levels of radiation, whereas 

afier exposure to high or moderate doses, it was shortened . .The sex of the beetles 

play an important role in response to radiation. Davey or Cork did not separate their 

results by sex. This was an important 
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01111ss1011 because in the same species, including Drosophila suhohsc11ra (Lamb 

1964), frogoderma glahmm , Attage1111s piceus and Acheta do111estic11.\· (Hunter and 

Krithayakiern, 1971) the effects were more marked in the females. In several other 

species, including C11/icoides 1Y1rii1,e1111is (Jones, 1967) and /.av,eyresia 110111011c1/la 

(While and Hutt, 1970) the effect was approximately equal in the two sexes. Benz 

( 1970) noted that the increase in lifespan appears limited to the males in the larch bud 

moth. Zeimphera di11ia11a. Bhatnagar et al. ( 1965) observed in /l.111sca domestica that 

isolation of individual house flies also extends the lifespan of males more than that of 

females. Ragland and Sohal ( 1973) also reported some results. 

Irradiated males of screw worm flies, Cochliomyia ho111011ivorax (Coguerel) having 

reduced longevity, may be an indication that they were sexually more aggressive than 

untreated ones (Baumhover, 1965). If this hypothesis is correct, a reduction in the 

longevity or irradiated male Stomoxys nigra is compensated by an increase in their 

sexual efficiency (Ramsamy, 1977). Ba nm hover ( 1965) added that an increase of 

sexual aggressiveness in males caused a corresponding decrease in the longevity of 

lcmalcs to which they were mated. 

Cork ( 1957) found that the life span may be increased by suitable doses of radiation. 

Doubtless, in sorne insects the relationship between fertility and longevity would be 

influenced by the developmental stage of the insects at the time of 
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irradiation (Proverbs and Newton, 1962). Grosch ( 1956) noted that irradiated adults live 

longer than normal insects that are not fed, but do not live as long as control insects that 

receive food. Adult feeding does not seems . to be important in the codling moth. In 
• I . 

preliminary experiments in which moths were fed a dilute aqueous solution, no difference 

was found between the life span of irradiated (as pupae) and normal adults. 

After exposure to certain doses of radiation, the nutritional state of adults of T.castaneum 

affected their longevity (Roger and Hilchey, 1960). The authors also added that at least two 
I 

dose dependent modes of mortality response to irradiation with high energy electrons were 

exhibited by the beetle and starvation was not the principal reason for death. Although the 

longevity of an irradiated insect may be influenced by the subsequent nutrition of the insect, 

the relationship between longevity and nutrition as affected by ionising radiation is wide 

open for further investigation. 

Reduction in adult longevity by X-irra~iation of the embryos of Habrobracon jug/andis 

(Ashmead) was more sensitive criterion of induced sterility (Erdman, 1960). Insects those 

are exposed to ionising radiation, frequently become temporarily lethargic (Proverbs and 

Newton, 1962). Irradiation of larvae may cause a permanent cessation of development even 

though the insect remains alive for an abnormally long period (Whiting, 1950; Bletchy and 

Fisher, 1957; Cornwell et al., 1957). Irradiation of larvae may cause a permanent cessation 

of development even though the insect remains alive for an abnormally long period.· 

Cessation of development is similar to true diapause and at least one author has reported 

that true diapause was induced when mature last instar larval of Pectinophora ma/vella Hb. 

were irradiated. When mature fifth instar larvae of the codling moth were subjected to 
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23 .25 Krad many of the larvae failed to pupate and remained alive for about 2 weeks. If 

true diapause had been induced these larv~e should have lived for several months (Proverbs 

and Newton, 1962). 

Ducoff (1986) mentioned that insects which have been exposed to ionising radiation as 

young adults frequently exhibit greater mean longevity than do controls. This increased 

longevity has been observed in several · genera of Diptera, Lepidoptera, Coleoptera and 

Orthoptera: Within these genera the ext~nt of radiation enhanced longevity may or may not 

vary between sexes or be affected by the ploidy of the genome. These observation led many 
... 

authors to suggest the reduction of sexual activities or gonadal functions by radiation as one 

possible cause of radiation induced life lengthening (Lamb, 1964; Tilton et al., 1966a; 

Ducoff, 1975;Allen and Sohal, 1982; Ducoff, 1986; Hasan, 1997, 1998). Effect of radiation 

on the mean longevity of some stored products insect species has been shown in Table 2.2. 

Table 2.2. Radiosensitivity of some selected stor~d product insect pests were treated at 

15,000 rads. 

Species Sex Mean LTso LT100 RI* References 

Logevity 
(days) 

Coleoptera 

lasioderma serricone r & 6' 4.7 2.8 12.0 0.60 Hasset & Jenkin~ 
, 1952 

Sitophilus oryzae r & er 7.6 3.6 12.0 0.47 i,, 

Dermestes ater ~ & 6' 8.4 7.0 - 0.83 i,, 

"A.ttagenus piceus r & c? 9.3 6.8 - 0.73 ~' 
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Species . Sex Mean LTso LT10o RI* References 

Logevity 
(days) 

r-Ierpalus penmylvanicus r & 6" 224.4 6.0 - 0.03 Menhinick & 
~ Crossley 1969 

Philonthus !>p. r & o"' 70.0 40.0 - 0.57 Edwards 1969 

Tenebrio molitor r & o" 29.2 7.7 - 0.26 Menhinick& 
Crossley 1968 

':.onotrachelus nenuphar o" 90.5 10.3 15.7 0.11 M'illard 1970 

C. nenuphar r 57.0 9.3 13.3 0.16 · Willard 1970 
I 

Lepidoptera 

P/odia interpunctella r & <Jr 4.8 3.8 5.3 0.80 ... 

Anagai;ta kuchniella r & ci' 5.4 3.7 7.8 0.69 

77,phestia elute/la r & o" 3.8 2.8 4.3 0.74 

Cadra cautella ~ & o" 2.0 1.2 2.3 0.60 

Cadra figulilella r& o" 2.8 1.8 3.5 0.64 -
'Sitotroga cerea/el/a r& 0.,,, 4.2 3.8 6.0 0.91 -

Ostrinia 1mhibai o" 8.0 7.3 12.5 0.91 

* Rl = Radiosensitivity Index; LT = Longevity Times [from Willard (1970)] 

Eposures .to. high temperature greatly increased longevity in Drosophila females and caused 

great damage to the ovaries and ·radiation also produced ovarian damage. Decreased egg 

laying would enhanced female longevity by conserving protein and energy reserves for the 

somatic tissues. Tilton et al. (1966a) reported similarly that the female longevity was after 

increased irradiation of the beetles Trogoderma and Attagenus. The physical activity may 
:l 
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also be increased (Ragland and Sohal, 1975) which can markedly affect longevity 

(Sohal and Buchanon, 1981). Allen and Sohal (1982) argued that enhanced longevity 

or moderately irradiated male housenies could be attributed to reduced metabolic rate 

in otherwise highly active flies. Females also showed some reduction in metabolic 

activity but their longevity was reduced of the some closes. 

Lamb ( 1966) reported that the long term Ii fe shortening effects of ionising radiation 

occurs because radiation either accelerates the natural ageing process or causes 

precocious ageing. Accelerated ageing would occur if radiation caused an increase in 

the rate or the ageing processes throughout life; precocious ageing would occur if the 

animal aged rapidly in the period immediately after radiation but thereafter the time 

course of the ageing process was unaltered. 

The induced repair theory of radiation enhanced insect longevity leads lo several 

predictions that are amendable to experimental testing (Oucoff, 1976): 

I. Irradiation should lead to greater radiation resistance in those insects (e.g. adult 

diptera) lacking somatic cell renewal. 

2. Irradiated insects should exhibit increased resistance to environmental stresses; 

particularly stresse$ affecting postmitotic tissues in which resistance declines with 

age. 

3. Other DNA damaging factors (e.g. UV, alkylating agents) when used on adults 

should also produce increase in longevity and in stress resistance. 

4. Irradiation should exert similar increase of longevity to radiation resistance or to 

stress resistance in other organisms lacking somatic cell renewal. 
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Ageing nnd rc1dic11ion were inter relnted i.e. TIE (Here, T = Survivnl Time and E = life 

expectancy of the controls). On the contrary, if ageing had no effect upon intrinsic 

radiation so one would find that a given dose would have the same effect at all ages; 

e.g c1 certnin dose might half the life span of an insect (O'Brien and Wolfe 1963) c111d 

life span should decrease with age (Sacher, 1957; Wharton and Wharton, 1959). 

2.4 Responsible factors for death or inadiatcd insects 

;\ccorcling lo Ducoff ( 1972), irradiation of insect larvae may lead to one or more 

number of responses in addition to simple lethality. These include delay in pupation 

(Bourgin et al., 1956), developmental abnormalities in the adult (Ducoff & Bosma, 

1966), clenth during the pupal stage or failure of emergence (Vinson et al., 1969) and 

imaginal death soon after eclosion (Yang & Ducoff, 1969). The relationships between 

these responses and larval death are not clear and differ among the various orders of 

lnsecta. 

Furthermore, few investigations have furnished data on all of these responses. As the 

waves or mitotic activity aller each moult and the drastic recognisation during 

metamorphosis represent physiological crises for the irradiated insect, it is unlikely 

that survivnl studies on irradiated larvae can provide any direct evidence on 

mechanisms of death (Ducoff, 1972). The author added that if groups of adults of a 

given insect species exposed to a graded series of doses, exhibit_ the same time course 

of mortality then it is reasonable to postulate apa1tienlar i:node or hierarchy of modes 

of death as in irradiated mammals. These situation may be complicated by a number 

of factors including the relatively short adult life spans of many insects, the variations 

between insect orders in their dependence on cell renewal and 
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by the profound innuence of temperature and other environmental factors on 

metabolic rate and on duration of Ii fe. 

Mortality curves from infra-red were that acute mortality caused by high doses of 

radiation was the result of da,nage to the central nervous system (Nathe!, 1968). 

Direct evidence of nervous damage by ionising radiation in insects is scarce. Ultra 

structural chnnges in !he nucleus and cyloplasm of brain cells of Odonala larvae 

(('a/o;,te,yx .v,tendens) exposed to high doses ( I 00 Krad). 

Responsible factor of death in irradiated adult insects is not well understood as in 

mammals which exhibit three specific modes of radiation induced death, namely, the 

haemopoietic mode the gastrointestinal mode (Quastler et al., I 951) and the central 

nervous system mode (Langham et al., 1956). Many adult insect species succumb to 

moderate (lethal-mid lethal) doses of radiation from several Gy in A11rho110111011s to I 0 

Gy in friholium (D~rcoff et al., 1971, Glenn and Ducoff, 1976). While the wasps and 

the Diplems (/\lien and Sohal, 1982) require high doses like I 00 Gy. Besides the 

differences in the magnitude of the lethal dose, the patterns of rndintion induced 

mortc1lity for the two groups are distinctly dissimilar. 

In the more sensitive group death occurs within a restricted post irradiation time 

period, the on set and duration of which are independent of dose, sci that there is a 

characteristic acute LD5o associated with each particular insect species or strain. In the 

high dose group, radiation induced death does not occur in any specific post 

irradiation time period and increasing the dose cause progressively earlier death, 

which indicates the two different 
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patterns of mode of radiation dealh. There is substantial evidence from partial body 

irradiation (Lee, 1964), from histological studies (Riemann and flint, 1967) and from 

dose fractionation studies (Lai and Ducoff, 1978) that the dose independent pattern 

repre~ents a mode of death which 'is the consequence of damage to Lhe proliferative 

cells in the mid gut epithelium. 

The insect groups in which the adult stage is or fairly long duration and in which cell 

renewal Lakes place, radiation mortality is confined to a fairly circumscribed period. 

The time to development of this period of mortality and its duration are affected only 

slightly if al all by the magnitude of the dose over a range from mid lethal lo at least 

several times that required to kill all exposed animals. These facts constitute a strong 

argument for the operation of a single speci fie mode of death (Ducoff, I 972). This 

possibility is supported by the progressive decrease in survival time _with increasing 

dose in the high dose n111ge in friholium (Rogers and Hilchey, 1960, Tilton et al., 

1966a; Ducoff et al., 1969) and in many of the other species cited . 

2.5 Sterility technique in irradiated insects 

In applied entomology, the use of sterile insects to control insects is a more popular 

and evolutionary technique now a days. The origin of the idea and development of 

the technique are intimately related to research on the screw worm fly, Cochliomyia 

/,ominivomx (Coquerel). Knipling (1955) first developed an idea of sterile male 

release technique (SMRT) in insects. Today it is the most utilised genetic control 

method for the insect. Whitten and Pal ( 1974) with other ento111ologist involved in 

SMRT research are departing from the concept of I 00% induced sterility. 

30 



IU:\'IE\\' OF LITEIUTIIHI~ 

There are two distinct procedures in SMRT. The first procedure involves the rearing, 

sterilisation and release of the sterile insects to mix with and compete for mates with 

those of the natural population (Knipling, 1959). 

following nine requirements for the feasibility of utilising the sterility method for 

control of insect population, these include: 

1. Availability of a method of inducing sterility without serious adverse effects on 

mating behaviour and competitiveness. 

2. t\ 111ethod of 111ass rearing of the insect involved. 

3. Quantitativ_e information regarding population densities at a low level 111 the 

population cycle. 

4. t\ practical way of reducing natural populations to levels manageable with sterile 

insects. 

5. Information on rate of population increase as a guide for determining the number of 

sterile insects required to over flood the natural population. 

6. Cost or current method of control plus losses incurred by the insect pest must be 

higher than the combined cost of in itial reduction of the natural population and 

rearing, treating and releasing the required number of sterile insects. 

7. If complete population control can not be maintained because of reinfestation by 

migrating insects or new introductions then the cost of maintaining complete contrul 

by continual sterile insect releases must be favourable \11 relation to the costs for 

current methods of control plus additional losses caused by the insects. 

3 I 

I , 



mwmw OJ• J,ITEIUTUHI~ 

8. There would be justification for employing the sterile insect release method even it 

is more cosily than current measures for control, provided the method is advantageous 

in overcoming hazard to man or his environment. 

9. The sterile insects to be release must not cause undue losses to foods and must not 

create hazards for man which might out weigh the benefits obtained by achieving and 

111ai11t,iini11g population control. 

O' Brien and Wolle ( I 963) reported that sterility may be caused by (i) infecundity in 

females, (ii) aspermia or sperm inactivation in males, (iii) inability lo mate, (iv) 

domirrnnt lethal mutation in the reproductive cells of either the male or the female. All 

these conditions led lo sterility and can be produced in insects by ionising radiation. 

A lose or fccunclily which is equivalent lo a depression in egg production has been 

repeatedly observed after treatment of female insects with ionising radiation (Grosch, 

I 962; LaChance and Leverich, 1965) and with ingested radioisotopes (Grosch et al., 

1956; Grosch, 1959). 

The doses of radiation induce a dominant lethal mutations in sperm inactivation were 

mainly available for species that reproduce parthenogenetically (O'rJrien and Wolfe, 

1 W,1 ). Most invcsl igatons 011 sperm inactivation in parthcnogenctic insects agree that 

inactivation or sperm by irradiation did not occur until complete doninant lethality 

was attained (Stancati, 1932; Whiting, 1938; Clark et al., 19571; Lee, 1964). 

Adult male I)_ me/anoRasler were almost sterilised by doses of 5 - IO Krnd, but there 

was no evidence of sperm inactivation because the sperm fertilised the eggs and 

participated in the zygote formation (Dcmerce and Kaufimum, 1941). Some workers 

suggested that some 
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sperms can be inactivated by fairly low doses of radiation (Yanders, 1959; Lefevre and 

Jonsson, 1962). Yander (1964) also concluded that some aspect of sperm behaviour, 

possibly motality was affected by X-rays at doses in the range commonly used in genetic · 

and sterility studies. 

Makee (1989) suggested that successful application of SMRT c~ be made, there were 

several essential pieces of information required on the economic importance of the insect as 

well as on sterilisation, mass rearing and release operations and their cost. This involves 

assessment of the population size of the insects, details of the Ii fe history of the insect and 

detennination of sterilising dose and its effects on the behaviour and competitiveness of the 

treated insect. 

Pradham et al. (1971) noted that the number of sterile males has to be higher than of the 

native males; the sterile males must be released when the native population was very low. 

Otherwise the native population should be reduced by applying other control methods. The 

author also added that to enhance the· effectiveness of SMRT the control area should be 

naturally isolated to prevent reinfostation. Other artificial barriers should be constructed by 

using in-sectici~_es, herbicides or cultural practise . 

. One of the most suitable areas for applying SMR T is against the stored product insects 

(Tilton and Brower, 1983). This is because unlike field insect populations, stored product 

insect population are limited in number. 

Therefore, relatively small number of sterile males are required for release. In other words 

it would be easy to achieve a high ratio of sterile to native males. Secondly, the population 

size can be easily controlled using insecticides to kill as many individuals as possible before 



rekasing the sterile males. Thirdly, stored product insect populations can he easily 

detected using pheromone traps (11rndy et al., I 97 I) light traps (Kirkpatrick et al., 

I <)70) The, efor l' the release of' sterile 111alcs can be timed lo be during the adult stage. 

Fourthly, 111(' rearing 111e1hocls for stored product insects arc nol dinicu ll , that can be 

carried 0111 al any time. Large nun1bers of insects for irradiation can therefore he 

ohlaincd whenever needed. 

l'radl1c1111 et.al. ( 1971) noted that when SMRT was lo be applied in storage, several 

requirc111e11ls should be considered Firstly, the storage structure lws to be insect proof' 

and must be disinfesled by fumigation or spraying. Also the food stuff has to be 

without any insect infestations and should therefore be fresh or fumigated . Finally, to 

prevent the build up of the insect population a suitable mrrnber of' sterile 111ales should 

be released before closing the store. 

Mc1kec ( 1989) proposed that SMRT can solve the insecticide problellls though it has 

some disadvc111tages. This technique is species specific, whereas several snecies of 

stored product insects can infest a co111111odity c1t the sallle time. I lov,:cver, this 

prnhlem cnn he solved by relec1sing sterile nrnlc against the most destructive species. 

/\11 example of controlling prin1c1ry insects in store lrading lo the recl11clion in lhe 

secondary insect infeslc1lions. /\s c1 result of treatment the ability of sterilised males lo 

compete with native males to mate may be impaired. North and Hold (1968) 

suggested !lint this can be overcome by releasing a high number of sterile males to 

increase the sterile to 11orlllal male ratio by using a low dose of irradiation which does 

not affect the co111petitive11ess of treated males. These doses were termed sub 

stc1 ilisilll.!, doses and these were very effective. 
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Ahmed er al. ( 1976a) cited that in classical SMRT, only males would be released hut 

in reality both sexes were released to avoid problems with mass sexing. I lowever, it 

was not until pointed out that both sexes released simultaneously were theoretically as 

clTcclive as males alone, lhal this 111odificalio11 was generally accepted (Aila111 and 

Galun, 1967). Guerra er al. ( 1972, 1974) prorosed that test with the tobacco 

bud worm, / l<'listhis .f'irescens (F.) conrirmed the degree or control that was greater 

when both sexes were released than when a single sex was released . 

Over a range of relatively low doses, a linear relationship exists between the dose and 

level of sterility induced in irradiated insects. There were many rindings that pointed 

towards a correlation between dose rale and certain lypes of damage lo the insect. A 

general type or dose rate dependent damage has been demonstrated for the bruchid 

beetle C. maculares (Naharin er al., 1971). A reduction of the LD~o value with higher 

docs rates lrnd been de111011slralcd ror llirec other species ol' stored product insects 

(.Jefferies and Banlrnm, 1966). 

The level of' rndiat ion sterilisation or Cowpea Weevil depends upon the physiological 

age or the insect. The dose required lo achieve complete sterility increased with 

increasing age btrt susceptibility to substerilising doses varied. The longer duration to 

overcome the induced effects may account for the grec1ter resistm1ce of the eggs and 

first inslnr larvae compared to the older stages (Ghu1110111u, 1989). 

The fertility of irradiated adults were observed to reduce with increasing doses of 

radiation (Cornwell, 1966; Tilton and Brower, 1971; Chand and Sehgal, 1979; Abdel 

Salam, 1989; llasan c1nd Saleh Reza, I 99]; Hasan 1998, I 999). 
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The variability in the susceptibility to radiation induced sterilisation of the 

developmental stages of stored insects were reported by other workers (Soliman, 

1972: Gonen, l 97S : Brower, 1978, Gho1110111u, 1991) observed that the eggs, larvae, 

pupae and adults of 7: casta11em11 were sterilised with 8.6, 8. 1, 6.2 and 8.6 krad 

respectively, while 1hese stages of 7: cm!fus11111 were sterilised with 3.4, 6.4, 4.7 and 

7. 1 krad respectively. Jefferies ( 1962) achieved 99.9% sterility of eggs, larvae, early 

and late pupae and adults of 0. .mri11ame11s;s at 8, 6.5, 7. 7, 12 and I 5.3 krad 

respectively. Cornwell ( 1966) in Sitoph;/us spp. and in Zabrotes .rnlfasciat11s reported 

variability in the susceptibility of developmental stages. The susceptibility of stored

product insect species exposed to 160 Gy is reflected in Fig. 2.1. 

QI 
OI 
C'O ... 

100 

95 

~ 90 
u ... 
QI 
0. 

85 

80 

Fig.2.1. Susceptibility of stored product insect species exposed to 160 Gy 
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Abdel-Salam ( 1989) noted that for the success of SMRT the sterilised males should 

compete favomnhly wilh the 11011 sleriliscd males. This rcq11irc111cnl ncccssilnlcs that 

the sterilising dose or radiation does not significantly impair the sexual vigour or the 

longevity or the treated insects (Tilton et al., I 966a; Hasan, 1998). From a lower 

radiation dose more vigour and competitive sterile males might be obtained. Rrower 

( 197%) showed that it appears that sub sterilised males have the greatest probability 

or success. The same findings were also quoted by. Abdel-Salam ( 1977) whilst 

working 011 r casta11em11. 
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GENERAL MATERIAL AND METHODS 

3.1. Methods of culturing Tribolium species 

Both I: cnsfnnrnm and 7: cm?fu.rnm used in the present experiments were oblainecl from 

lnlcgrnlcd Pest Ma11age111c11t Laboratory, Institute of l3iological Sciences, University of 

Rajshahi, Rajshahi . 

The following food media consisting wholemeal flour and yeast at a ratio of 19: I were used 

for the culture of these species (Hasan and Selman, 1993): 

3. 2. Determination of la1·val instars 

Newly hatched one hundred larvae were put into petridishes containing approximately 30g 

of food medium and were reared in incubator at 30±t 0C. The 3rd
, 61

", 9th
· ti" and 161

" days 

(plate 3.1, 3.2 and 3.3) from hatching for as second, third, fourth, fifth and sixth instars 

larvae whilst the and newly hatched larvae were used as first in star (Monda I, 1984b ). The 

rood medium was replaced by a fresh one on every fourth day to avoid conditioning by the 

larvae (Park, 1935; Monda!, 1984a). Most of the larvae had six instars (Good, 1936; 

l'vlondal, 1984a). 

/\II Ilic cultures were 111ainlained in an incubator at 30+ 1° C without controlling lhc lighl or 

relative humidity. 
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Plate. 3.1. Exogenital processes of the female pupae of T. castaneum and T. confusum 
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Plate 3.2: Adult and larvae of T. castaneum 

Plate 3.3. Adult of T. con/ usu.m 
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Prothorocic glands . . 

glands 

Dorsal view V~ntrol view 
:, 

Plate 3.4. Drawing of adult Tribolium showing the position of prothoracic and abdominal 
odoriferous gland reservoirs. T~~e arrows indicate the regions from which the 
secretion is emitted (After Roth, 1943) 
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Plate 3.5. 60Co gamma irradiation source plant. 
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Plate 3.6. Glass vials with insects arrounding the gamma source pencils. 
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3.3. Definition of radiation 

Radio activity is a spontaneously self disruptive emission from some unstable element. 

These unstable elements are called transitional elements. Their atomic weights are more 

th,111 206. In 1896, Jlenry-Bequerel a French scientist discovered the radioactive element 

Cobalt. From these element some particles and rays are emitting continuously. Most of the 

transitional element is the isotope of any normal element. 6°Co is the isotope of cobalt. 

Three types of radio active rays are being emitted from transitional element; i.e. a-rays, P

rays and x-rays. . 

3.4. Calculation of rndiation dose 

I lilchcy and Cooper ( 1959) developed a means for calculating the dose of radiation in n1ds, . 

absorbed by J: casta11ei1111 and 7: c01?f11s11111 when irradiated with high-energy electrons. 
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C,arnnrn rnclic1tion source was cobalt isotope i.e. 6°Co which is a deep therapy unit. Beetles 

were irrndiatccl with a series or dose ranging from I t_o 5 krad, with about 1 cm layer of 

medium at a distance of2 inch from the midline of the medium to the ray tube target (Plate

J .5 & 3.6). Thus, variations in subject target distance were negligible. Vials were placed in 

a ring on a turntable. The dose rate at 30 cm was approximately 5. 955 x I 04 rads/hr, as 

measured with a victoreen condenser meter. 

3.5 Process of Rmliat-ion 

There is a nucleus in every atom or an element. Each nucleus consist of newtron and proton 

( 1 ve). There arc some orbits around the nucleus. Electrons are always moving with its own 

orbit. 

3.6. I Ialf life of (i()Co 

/\Oer emisson or rml iation from a transitional element the atoms decay overtime. The time 

taken for -the emissions to reduce by 50% is called half-life. The cobalt (
6
°Co) has a half-life 

of 20 yeais. 

3. 7. Unit of radiaCion 

There are two units of radiation (i) Curie (ii) Rutherford. 

i) Curie : \vhen J .7 x 1010 nucleus break per second from a transitional element, so called 

Curie. e.g., I mc, I me, I kc and I Mc. 

ii) Rutherford : When, only I 06 nucleus break per second from a transitional element, so 

called Rutherrorcl = ( I ra) 

I krad = I kilo - radiation - absorption - dose = IO Gy. 

There is another unit of radiation i.e. I Bq. When only I nucleus break per second from a 

transitional clement, so called llacqucrcl. 
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3.8. Aim of the \Vork 

The use of ionizing radiation for the non-chemical disinfestation of grains has been actively 

studied for over four de~acles (Tilton et al., 1966a). The early work on gamma rays led to 

understanding the biological effects of ionizing radiation on stored product insects (Hasan 

and Khan, 1998b). 

The ultimate goal or the project was lo determine the effects of radiation on the biology and 

sensitivity or two 1110s1 destructive !lour beetles J: castaneum and J: cm?fu.rnm throughout 

ontogeny. /\s a part of the radiosensitivity studies experiments were conducted to 

investigate the influence of age in different stages. Experiments were also designed to test 

mating propensity at suitable sterile doses of gamma radiation. 

The rescc1rch was focused on five sections; firstly, /\ prelimi,rnry note 011 the biology of J: 

casta11e11111 and J: c01?fi1s11111 (Chapter-4); Secondly, the effect of gamma radiation on 

growth and development (Chapter-5); thirdly, the dose mortality response to gamma 

radiation throughout ontogeny (Chapter-6); fourthly the time course mortality and 

radiosensitivity indices (Chapter-7); lastly, the mating propensity and radiation-induced 

sterility (Clrnplcr-8). 

47 



_J 



CI11\l'Tl-:R-FOllH: 11101.0C:Y OF TIUllOUU/11 SPI' 

STUDIES ON THE BIOLOGY OF Tl-IE FLOUR BI~ETLES · 

TRIBOL/Ull1 CASTANEUA1 AND T. CONFUSU!l1 

4.1 INTIH)IH!CTION 

Flour beetles or the genus 'friho/;11111 comprise a large number of pests allacki11g a 

great variety or stored commodities (Sokoloff, 1972). They are easy to culture in large 

1111111hers and require 110 sophislicated equipment for 111ai11te1rn11ce. llowever, the 

biology of this genus varies greatly from one species to another. The medium is one 

or the main ractors which regulates the rate of development of 7i·ilwli11111 throughout 

ontogeny. Different media have been used by the Entomologists to maintain 

friho/i11111 cultures, though standard media have been established for the culture or 

both 7: cm!fi1s11111 and 7: casfa11e11111 (Park and frank, 1948). The present study is an 

attempt to study the biology or r casra11e11111 and 7: cm!fi,s11111 in detail. 

4.2. Material and J\'lethocls 

r casfo11e11111 and r cm!f11s11111 beetles were cultured with stamfrrrd food media which 

were described in the General Materials and Methods (Chapter-3) (I lasan and 

Selman, 1993). 
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Some beetles of each species were taken from the culture and kept ii1 a petri dish for 

oviposition. The eggs were collected on the following day using the method of Khan 

and Selman ( 1981) and kept in petri dishes for hatching. Aller hatching , I 00 neonate 

larvae of each species were collected with a fine camel hair brush and transferred to 

the respective food media in plastic containers (5 x 11 cm). Each set of food media 

consisted of three replicates. An.er ten days, the larvae of each species were weighed 

and their length and headeapsule width measured using an occulo micrometer. The 

mature larvae were also weighed and measured. After pupation, the larval periods 

were recorded. The pupae were sexed using the exogenital processes of the female 

(I lalstead, 1961) and weighed. An.er eclosion, the pupnl periods were recorded nncl 

the adults weighed. 

Afier ten days, the adults of each species were paired and placed in glass vials (2.5 x 5 

cm) containing the respective food medium. The eggs were sieved ofT at 3 day 

intervals for )0 clays and kept in petri dishes to record the fertility rate. The length and 

width of the eggs were also measured. All the experiments were conducted 111 an 

incubator at 30°C and uncontrolled relative humidity. 

4.3. Rrsults nnd Observation 

The data of the biology of ]i-ibolium species cultured on standard food media are 

shown in Tables 4.1-4 .3. The maximum IO and 15 day old larval weight of 0.05 I and 

2. 71 mg respectively was found in T cm?f11s11111 followed by T catsa11e11111 (Table-4.1 ). 

The larval weight for both the stages varied significa,itly (P<0.001) between the 

species (Appendix 8). Larval length and headcapsule width also varied significantly 

(P<0.00 I) both for the IO day and mature larvae (Table 4.1 )(Appendix I). 
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The pupal and adult weight also varied significantly (P<0.001) hetween sexes and 

species, and these corresponded with their larval weight (Table 4. 1) (Appendices 9 & 

10). This table indicates that the female was heavier than the male at all stages. These 

results are in close conformity with the findings. Larval periods varied significantly 

(P<0 001) (Appendix 6) and the maximum larval period of 20.25 days was recorded 

in r· cm!f11s11111 followed by > 7: castaneum (Table 4.2). Larval periods of 20.06 

(]0,.,C, 82% rh) day in T castww11111 using a clifferenl range of culture media. 

However, the pupal periods also showed a significant (P<0.001) variation between the 

species ( Appendix 12). The maximum pupal period recorded was 8.20 days in 7'. 

cm!f,1s11111 (Table 4.2). 

The 111ax111n11n reproductive potential of 8.30 eggs/female/day was found in T 

casta11e11111 compared to 5.7 egg/female/day in Tco1?f,ts11111 (Table 4.3) and they varied 

significantly (P<0.00l)(Appendix 14). The present results are more or less similar to 

the findings of Das ( 1992) who recorded 8.34 eggs laid/female/day in 7'. casta11e11111 

using the standard food medium described by (Park and f-rnnk, I 948). The fertility 

rate did not vary significantly (P<0.05) (Appendix 15). The highest fertility(%) was 

found in J:casta11e11111 and the lowest(¾) in J: cm?f11s11111 (Table- 4.3). 

The biologic_al study of Jhholium species could provide valuable information for 

mass rearing and give a better understanding for the application of sterile-male release 

techniques. 
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Table 4.1. Mean length, weight and head capsule width of T. castaneum and T. 
confusum reared on standard food medium. 

Stages Species Age Mean± S.E. 
(days) Head capsule Length Length (mm) Weigbt(mg) 

(mm) 

Eggs T. castaneum 2 - 0.5 ±0.001 0.0041 ±0.001 . 

IT. confusum 2 - 0.58 ± 0.01 0.0044 ± 0.01 

11.,arVae r. castaneum 10 0.65 ±0.07 2.14 ± 0.002 0.068 ± 0.015 

15 0.78 ±0.01 7.45±0.018 2.05 ±0.13 

rr. confusum 10 0.47 ±0.001 2.17±0.005 0.051 ±0.007 

15 0.74 ± 0.001 7.9±0.012 2.17 ±0.002 

Pupae tr castaneum (male) 2 1.52 ± 0.02 4.0±0.008 2.15 ±0.01 

· IT. castaneum (female) 2 1.5 ± 0.01 4.0 ± 0:001 2.21 ±0.18 

T. confusum (male) 2 1.51±0.01 4.1 ±0.001 2.39 ±0.001 

T. confusum (female) 2 1.5 ± 0.001 4.21 ±0.002 2.41 ±0.01 

!Adult IT. caslaneum (male) 10 1.6 ± 0.001 3.27 ±0.001 3.7 ± 0.001 

1 '. castaneum (female) 10 1.6 ± 0.001 3.26 ±0.001 3.91 ±0.012 

' tr. confusum (male) 10 1.6 ± 0.001 3.18 ±0.001 3.56±0.001 

tr. confusum (female) 10 l.6 ± 0.001 3.19 ±0.12 3.97±0.001 

Table 4.2. Developmental periods of T. castaneum and T. confusum reared on 
standard food medium. · 

Species Developmental periods (days) 

Larvae Pupae Incubation 

I Mean ±SE (rang) l\{ean ±SE (rang) Mean ±SE (rang) 

T. castaneum 20.00 ± 0.50 (18- 22) 7.10 ± 0.02 (6-8) 4.27 ± 0.02 (3-5) 

T. conj11J11m 20.25 ± 0.01 (18-23) 8.20±0.01 (6-10) 4.86 ± 0.015 (3-7) 

Table 4.3. Reproductive potential of T. castaneum and T. confusum reared on 
standard food medium. 

Species No. of egg/female/day % batched 
Mean± SE (ran!!) Mean ± SE (ran~) 

T ca<ilaneum 8.3 ± 0.07 (3-11) 82.00±0.15 (75-86) 

T. conjusum 5.70 ± 0.082 (2-8) 78.00 ± 0.09 (73-83) 
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EFFECT OF GAMMA RADIATION ON THE GROWTH 

AND DEVELOPMENT 

5.1. INTRODUCTION 

Early literature reveal that many authors have already carried out work on the control 

of pests by gamma, X-rays and / or accelerated electron irradiation (Brower, 1978; 

DucofT, 1986; llasan and Khan, 1998). However, very little work has been done on 

control including the radiation effects on the growth and development of li-iholium 

species throughout ontogeny. 

It has been observed that irradiation reduces the growth in 7i-iholium and this 

reduction is enhanced as the doses increased (SokolofT, 1977). Rogers and Hilchey 

( 1960) pointed out that irradiation caused a decrease in the feeding activity of T 

castaneum larvae that may subsequently affect growth and development. It is 

generally agreed that the growth as well as the weight of an insect is directly 

correlated with their different stages. Hasan and Saleh Reza ( 1993) observed a 

significant effect of radiation on the weight of 7: anaphe pupae and adults resulting 

from treating larvae or various ages. They also noted a linear relationship between the 

size of different treated stages and the size of the stages in the following generation. 

However, they did not consider the range of age-dose attributed effects. 

The present investigation describes the effect of a series of gamma doses on the 

growth and development of J: casta11e11111 and 7'. c011ft1s11111. 
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5.2. MATERIAL AND METHODS 

5.2.1. Development of mature larvae treated with gamma ra~iation 

One hundred mature larvae (16 day old) of each species were collected from the stock 

cultures maintained with the specific food media. They were irradiated with the doses of O 

(control), 1-, 2-, 3-, 4- and 5-krad. The irradiated larvae were placed in plastic containers 

(S x 11 cm) containing the standard food medium. There were three replicates for each set. 

The larval parameters like length of head capsule, length, weight were recorded just before 

the pupation. The larval mortality was recorded for survival p~rcentage based on pupal 

formation. The data were computed for ANOV A analyses. 

5.2.2. Development of pupae and adults developing from mature stage 

irradiated larvae. 

One hundred mature larvae ( 16 day old) of each species were Gollected from the stock 

cultures maintained with the specific food media. They were irradiated with the doses of 0 

(control),'1-, 2~, 3-, 4- and 5-krad. After treatment, they were placed in plastic containers (5 

x 11 cm) containing the respective food medium. There were three replicates for each set. 

After pupation, the pupal parameters like length of head capsule, length, weight were 

recorded and kept in petri dishes for adult eclosion. After eclosion, the adult parameters 

were recor-ded as did with larvae and pupae. The data were computed for ANOVA analyses. 
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5.2.3. Survival percentage of pupae and adults developing from early stage 

irradiated larvae. 

One hundred early larvae (2 day old) of each species were collected from the stock cultures 

maintained with the specific food media. They were irradiated with the doses of O (control), 
I 

1-, 2-, 3-, 4- and 5-krad. After tre_atment, they were placed in plastic containers (5 x 11 cm) 

containing the respective food media for pupation. There were three replicates for each set. 

After pupation, the percentage of pupal formation was recorded and kept in petri dishes for 

adult eclosion. After eclosion, the percentage of adult eclosion · was recorded as did with 

pupae. The data were computed for ANOVA analyses. 

5.2.4. Survival percentage of pupae and adults of developing from mature 

stage irradiated larvae. 

One hundred mature larvae (16 day old) of each species were collected from the stock 

cultures maintained with the specific food media. They were irradiated with the doses of 0 

( control), 1-, 2-, 3-, 4- and 5-krad. After treatment, they _were placed in plastic containers (5 

x 11 cm) containing the respective food media for pupation. There were three replicates for 

each set. After· pupation, the percentage of pupal formation was recorded and kept in petri 

·dishes for adult eclosion. After eclosion, the percentage of adult eclosion was recorded as 
I 

did with early larvae. The data were computed for ANOVA analyses. 

r .. . ' 
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5.2.5. Survival percentage of pupae of T. castaneum mul T. cm~f,,sm11 

irradiated al early and late stages. 

Pupae, at 2- and 5-days old, of both sexes, were collected from the stock culture. They 

were irradiated in glass vials (2.4 x 5 cm) with O (control), 1-, 2-, 3-, 4- and 5-krad. 

Each lest consisted of three replicates each having 60 pupae for each sex. AO-er 

treatment, they were kept in separate petri dishes for eclosion. Afler that, the survival 

percentage of the pupae of each sex for all the species was recorded for each age and 

dose. The data were computed for ANOVA analyses. 

5.3 RES UL TS AND DISCUSSION 

5.3.1. Development of mature larvae of T. casta11e11m and T. c01~(,1s11111 

treated with gamma radiat:ion 

The mean ± SE. of head capsule, length and weight of mature larvae of T casta11e11111 

and 7: cm?f11s11111 are given in Table 5. 1. The analyses of variance for the data for both 

sexes arc given in Appcncliccs 16-21. A signilicanl (P<0.00 I) difference was found in 

the mature larvae for all the parameters in irradiated ones (Appendices 16-21 ). The 

mature larval weight d~creased as the dose increased in both the species compared to 

the control (Table 5.1 ). The maximum reduction was observed in the larvae irradiated 

at the 3-krad dose level. 
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5.3.2. Development of pupae and ad'i.dts of developing from mature stage 

irradiated mature larvae. 

The results of parameters like head capsule, length, weight of pupa~ and adults for both 

sexes of T. castaneum and T. confusum developing from mature stage irradiated mature 

larvae are shown in Table 5.2. The analyses of variance for both the sexes and stages are 

given in Appendices 22-33. A significant (P<0.001) difference was found in both the sexes 

and stages for the parameter like head capsule, length and weight when developing from 

irradiated mature larvae (Appendices 22-33). The weight decreased as the dose increased 

in both the sexes and species compared to the control (Table 5.2). The maximum reduction 

was observed when treated at the 3-krad dose level (Table 5.2). 

5.3.3. Survival percentage of pupae and adults developing from irradiated 

early larvae. 

The age of larvae at the time of irradiation significantly (P<0.00,1) affected the pupal 

formation and adult emergence (Appendices 34-45). The data in Figures 5.1-5.2 

demonstrate that the larvae of both T. castaneum and T.conjusum did not complete their 

maturation when treated with 4- and 5-krad. As shown in Fig. 5.3-5.4, up to 10% of the 

pupae and adults successfully developed from the larvae irradiated with 3-krad while it was 

more than 35% when irradiated at 2-krad dose level. The larvae of both t~e species pupated 

at doses upto 3-krad when irradiated as eai:ly larvae. Moreover, the highest percentages of 

pupal and adults eclosion were observed in T. castaneum. 

·.- (; 
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5.3.4. Survival percentage of pupae and adults developing from irradiated 

mature larvae. 

The irradiated mature larvae significantly (P<0.001) affected the pupal formation and adult 

emergence (Appendices 46-47). As shown in Fig. 5.7-5.8, up to ~ore than 50% of the 

pupae and adults successfully developed from the mature larvae irradiated with 2-krad The 

data in Figure 5.7-5.8 reflects that the larvae of T. castaneum and T.conjusum did not 

complete their maturation when treated with 4- and 5-krad as did in early larvae. The 

larvae of both the species pupated at doses upto 3-krad when i~adfated as mature larvae. 

Moreover, the highest percentages of pupal and adult eclosion were observed in T 

castaneum. • 

5.3.5. Survival percentage of pupae irradiated at early and late stages. 

None of the doses upto 3-krad prevented the pupal formation and emergence of adults from 

the various ages of irradiated pupae (Figs. 5.5-5.8). The results on the pupal fonnation and 

adult emergence derived from the various ages of irradiated pupae show a significant 

variation (Appendices 54-63). A 50% pupal formation and adult emergence was observed 

in both species treated either as early or late pupae at doses of up to 3-krad. The eariier 

ages of pupae were found to be mor~ susceptible and this effect decreased with the 

increased age. These figures also show that T. castaneum was more radioresistant than T . 

conjusum at both the ages. 
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Table 5.1: Effect of gamma radi~tion on the growth and development of mature 

larvae of T. castaneum and T. confu.mm. 

T.castaneum T. confusum 

Doses Head capsule Len6rth Weight Head capsule Length Weight 
(krad) 

length Mean ±SE Mean ±SE length Mean ±SE Mean ±SE 
Mean±SE (mm) (mg) Mean ±SE (mm) (mg) -

(mm) (mm) 
0 

1.5±0.240 
(Control) 

8.2±0.144 0.068±0.005 1.5±0.294 7.4±0.059 0.542±0.006 

1 1.4±0.192 7.9±0.360 0,.,066±0.003 1.2±0.118 7.5±0.176 0.57±0.0013 

2 1.2±0.240 8.1±0.240 0.065:L-0.002 1.2±0.353 8.0±0.294 0.41±0.053 

3 1.6±0.265 8.2±0.144 0.064±0.002 1.6±0.353 7.9±0.176 0.51±0.024 

4 l.5±0.240 8.2±0.144 0.063±0.001 1.2±0.412 7.8±0.118 0.47±0.041 

5 1.5±0.240 8.1±0.240 0.063±0.001 1.2±0.235 7.4±0.235 0.46±0:035 

Table 5.2: Effect on the growth and development of male pupae of T. castaneum 

and T. con/ usum resulting from irradiated mature larvae 

T.castaneum T. confusum 

Doses 
Head capsule Length Weight Head capsule' Length Weight 

(laad) 
length Mean ±SE Mean±SE length Mean±SE Mean±SE 

Mean±SE (mm) (mg) · Mean±SE (mm) (mg) 
: ·(mm) (mm) 

0 3.8±0.235 0.022±0.002 1.2±0.176 3.5±0.235 0.031±0.002 1.7±0.059 
(Control) 

1 1.2±0.235 3.4±0.353 0.029±0.004 1.6±0.118 3.8±0.118 0.023±0.002 

2 1.1±0.294 3.4±0.294 0.028±0.001 1.7±0.186 3.6±0.353 0.022±0.003 

3 1.1±0.118 3.2±0.353 0.028±0.001 1.7±0.118 · 3.7±0.412 0.025±0.004 

4 l.0±0.412 3.3±0. l i8 0.029±0.004 1.7±0.353 3.7±0.294 0.021±0.001 

5 1.1±0.412 3.4±0.529 0.027±0.002 1.5±0.442 3.6±0.333 0.022±0.001 
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Table 5.3: Effect on the growth and ~evelopment of female pupae of T. castaneum 

and T. confusum resulting from irradiated mature larvae 

.. T.castaneum T. confusum 

Doses 
Head capsule Length Weight Head capsule · Length Weight 

(krad) length Mean±SE Mean±SE length Mean±SE Mean±SE 

Mean±SE 
(mm) (mg) 

Mean±SE 
(mm) (mg) 

I (mm) (mm) 

0 
(Control) 1.5±0.240 3.8±0.353 0.028±0.002 1.5±0.294 4.2±0.118 0.030±0.004 

1 1.4±0.192 3.6±0.118 0.026±0.001 1.5±0.274 4.1±0.353 0.028±0.002 

2 1.4±0.192 3.6±0.118 0. 026±0. 004 1.4±0.192 4.1±0.235 0.027±0.001 

3 1.3±0.240 3.6±0.118 0.027±0.001 1.3±0.176 4.3±0.294 0.027±0.001 

4 1.2±0.144 3.2±0.353 0.025±0.002 1.4±0.182 4.2±0.412 0.025±0.003 

5 1.2±0.144 3.3±0.235 0.025±0.002 1.3±0.176 4.2±0.412 0. 026±0.001 

Table 5.4: Effect on the growth and development of male adults of T. castaneum and T. 

confusum resulting from irradiated mature larvae 

T.castaneum T. confusum 
I 

Doses Head Capsule Length Weight Head Capsule Length Weight 

(krad) Mean±SE Mean±SE Mean±SE Mean±SE Mean±SE Mean±SE 
(mm) (mm) (mg) (mm) (mm) (mg) 

0 
1.1±0.048 4.8±0.144 28±0.004 · 1.1±0.048 4.9±0.240 0.25±0.002 

(Control) 

1 1.0±0.144 4.5±0.961 24±0.003 1.0±0.144 4.6±0.192 0.26±0.004 

2 1.0±0.144 4.4±0.961 26±0.004 1.2±0.144 4.6±0.192 0.22±0.001 

3 0.8±0.192 4.9±0.240 24±0.003 0.8±0.192 4.5±0.9641 0.21±0.001 

4 0.9±0.176 4.9±0.240 25±0.001 0.9±0.176 4.5±0.961 0.21±0.002 

5 0.9±0.176 4.2±0.961 26±0.001 0.9±0.176 4.7±0.144 0.23±0.004 
. . 
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T:1blc 5.5: Effect on the growth and dev<'lopment r,. 1 ·· o •<'ma c adults of T. cmilaneum and 

T. confusum resulting from irrndiated m , I , ' , · a,ure arvae 
- ...,.__..___,..,,.,_~-.. ,,~--~- -

Doses T.castaneum T. confusum 
(krad) --- ------ ---- -----

· Head capsule Length Weight Head capsule Le01,rth Weight 
len!,>th 

Mean :.!:SE Mean ±SE length Mean ±SE Mean ±SE 
Mean ±SE (mm) · (mg) (mm) (mg) 

(mm) Mean ±SE 
(mm) 

~~ 
~~~ 

0 
1.2±0.144 (Control) 4.9±0.240 0.26±0.004 1.2±0.144 4.8±0.144 0.27±0.004 

1 1.1±0.048 4.5±0.144 0.24±0.001 1. 1±0.048 4.710.240 0.21±0.003 

2 1.1±0.048 4.6±0.144 0.24±0.001 1.1±0.408 4.5±0.144 0.23±0.002 

3 1.3±0.192 4.4±0.96 I 0.23±0.002 1.3±0.192 4.7±0.176 0.23±0.002 

4 1.()±0.144 4.5±0.176 0.22±0.003 l.0±0.144 4.6±0.144 0.25±0.001 

5 1.1±0.048 4.5±0.144 0.21±0.003 1.11±0.048 4.5±0.240 0.22±0.003 

5.4.2. Growth and development irradiated as various stages. 

The results were in agreement with Cork (1957), Erdman (1962) and Das (1992), in the 

sense that the age of larvae treated with gamma radiation had a great influence on the rate 

of growth and development. A reduction tr mature larval weight was observed when the 

larvae were treated either . Yang and DucofT ( 1969) reported that radiation would have less -

effect on the formation of pupae by 17-day old larvae, and might cause relatively less 

dc!maoe to the nun al tissues of the p. rogenitors. Bergonie and Tribondeaur ( 1906) proposed 
::, .. 

the principi9 that the radiosensitivity of cells is prop0r:t i()11al to their degree of reproductive 

activi1y 2nd inversely proportional to the degree of differentiation. 
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. The larvae of both the species were able to complete development at doses of 4_ and 5-krad 

when treated as · l 6-day old la~ae (Table 5.1 ). These survivors were reduced in size 

compared to other dose levels and the control batch. Hasan et al. ( 1989) found that the late 

instar larvae of T. anaphe were more resistant to radiation which confirms the above 

results. 

Data on the pupal and adult growth resulting from irradiated mature larvae . show a 

significant relationship in both the species (Appendices XXXIV-XLVII). Some factors 

such as the degree of differentiation of the nervous system (Webber et al., 1946) and insect 

sh_ape (Frings, 1952) may account for this. These results agreed with those of Das (1992) 

who reported \hat there was a reduced effect on larval growth when the larvae developed 

from irradiated pupae or adults compared to larvae resulting from other irradiated stages. 

Hasan et al. (1989) also found a similar result in T. anaphe. 

The percentages of pupal formation and adult emergence developing either from irradiated 

larvae or pupae varied significantly (Appendices XXH-LXIII). Results also show that the 

percentages of pupal formation and adult emergence developing either from irradiated 

larvae or pupae decreased as gamma doses increased (Figs 5.1-5.8). These figures also 

show that 7: castaneum was more radioresistant compared to T. confusum indicating the 

highest percentage of pupal and adult recovery. Differences in response within genera have 

been shown also in Sitophilus by several investigators, including van den Brue) and 

Bollaerts (1960) and Tilton et a(. (1966a), and in Tribolium by Park et al. (1958) and 

Erdman (1962). 

Data on the radiosensitivity of pupae-indicated that the males were more resistant compared 

to females. This result agrees with to reports on other species (Abdu and EI-Sawaf, 1974~ 

Guerra et al., 1974). 
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Figure 5.1: Effect of gamma radiation on 
the pupal formation and adult 
eclosion in T. castaneum treated as 
early larvae (2 day old) 
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Figure 5.3: Effect of gamma radiation on 
· the pupal formation and adult 

eclosion in T. casta11eum treated as 
mature larvae ( 16 day old) 
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Figure 5.2: Effect of gamma radiation on 
the pupal formation and adult 
eclosion in T. conj usum treated as 
early larvae ( 2 day old) 
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Figure 5.4: Effect of gamma radiation on the 
pupal formation and adult eclosion in 
T. confusum treated as mature larvae ( 
16 day old) 
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Figure 5.5: Effect of gamma radiation on 
the adult eclosion in T. 
castaneum treated as early pupae 
( 2 day old) 
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Figure 5.6: Effect Qf gamma radiation on the 
adult eclosion in T. confusum treated 
as early pupae ( 2 day old) 
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treated as late pupae ( 5 day old) 

Fig'ure 5.8: Effect of gamma radiation on the 
· adult eclosion in T. confusum treated 
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DOSE MORTALITY RESPONSE OF TRIBOLIUM TO GAMMA 
RADIATION 

6.1. INTRODUCTION 

The species of stored product insect pests vary widely in their sensitivity to ionising 

irradiation (Ducoff, 1972; Hasan, 1999). The underlying causes of these differences are not 

known (Vardell et al., 1978). No satisfactory predictor has been established. for · insect 

_radiosensitivity though there have been numerous attempts (Cole et al., 1959; Menhinick 

and Crossley, 1969; Willard and Cherry, .:197.5; Nakakita et al., 1985; Mehta el al., 1990). In 

general, the radiosensitivity is usually correlated with the order to which the insect belongs 

and also with the family of the species at least within Coleoptera (Tilton and Brower, 

1973). However, it can not be predicted a priori whether an individual species will be 

radiosensitive or radioresistant despite suggestions to the contrary (Vardell et al., 1978). 

For example, greater radiosensitivity seems to be related sometimes to large size (or greater 

body weight) (Cole et al., 1959; Menhinick and Crossley, 1969; Willard and Cherry, 1975). 

However, body size is apparently not a consistent criterion, and, large species usually (but 

not always) have slower development and longer life cycles than small species and this 

could greatly influence their radiosensitivity (Vardell el al., 1978). Tilton and Brower 

(1973), in a report on _27 species of grain-infesting beetles, showed that the small species of 

the families Curculionidae and Cucujidae were more radiosensitive than the larger species 

of the family Tenebrionidae. The problem is that size, development time, and many other 

intrinsic factors cannot be separated so that a definitive test of radio sensitivity can be 

conducted. Of course, large and small strains of species can be selected that have 2 or 3 

u7 
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fold differences in weight However these di'ffiere· nces are I · d · · f · • po ygemc an . m species o 

li'iholium, may be produced by as many as 280 different genes (Enfield, 1972). As a 

result, differences in radiosensitivity between strains may be caused by either genetic 

diff'ei·ences or size differences, and an exact determination of cause is difficult 

(Vardell et al. 1978). 

To determine the dose required for commercial applications of gamma radiation, it is 

necessary to determine the minimum effective dose required to produce sterility in the 

most resistant age and metamorphic stage of those species likely to be found in the 

various stored products. It is also necessary to determine the minimum effective dose 

needed to kill those stages of insects likely to be found in packaging operations. 

However, with the growing importance of 7i'ibolium control and the paucity of 

published information on the efTect of gamma radiation on the developmental stages, 

especially the comparison of the susceptibility of different species of hiholium, the 

present study was designed to investigate the dose-age attribute mortality response of 

four stages: eggs, larvae, pupae and adults to gamma irradiation. Such an approach 

will be useful in fully evaluating the radiosensitivity of the different stages of 

friholi11111 species and wi ll also be useful for the selection of dose when inducing 

sleri I ity. 

6.2. MATERIAL AND METHODS 

6.2.1. Dose-mortality response of eggs irradiated at various ages with 

gamnrn radiation. 

To conduct this experiment, the eggs were collected using the method of Khan and 

Selman ( 1981 ) . For irradiation, 60 eggs of each species at 2- and 5-days old were 

k I · 1· 1 d w'itli different doses of gamma radiation, 0 (control), 1-, 2-, 3-, 4-la en anc 1rrac ia e 

and 5-krnd. 
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Each set consisted of three replicates. Aftt:r irradiation, they were kept in petri dishes for 

hatching. The percentage of hatching was recorded for each dose, age and species group. 

The data were.ana~ysed for probit mortality following the methods in Busvine (1971). 

6.2.2. Dose-mortality response of larvae irradiated as larvae of various ages. 

Sixty Two-day old and mature larvae (16-day old) of sixty of each species were collected 

from the stock cultures maintained with the specific food media. They were irradiated with 
,I 

the same doses as the eggs. After treatment, they were placed in plastic containers (5 x 11 

cm) containing the respective food media. There were three replicates for each set. The 

larval mortality was recorded as survival percer_1tage based on pupal formation. The 2-day 

old larvae became moribund at doses of 4- and 5-krad and died within 4-5 days. The data 

were analysed for probitmortality following the methods in Busvinc (1.971). 

6.2.3. Dose-mortality response of pupae of Tribolium species irradiated at 

various ages. 

Pupae, at 2- and 5-days old, of both species, were collected from the stock culture. They 

were irradiated in glass vials (2.4 x 5 cm) with same doses. Each test consisted of three 

replicates each having 60 pupae for each sex. After treatment, they ~ere kept in separate 

petri dishes for eclosion. The survival percentage of the pupae of each sex for both the 
. . 

species was recorded for each age and dose. The data for both sexes were analysed 

following the methods in Busvinc (1971 ~-
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6.2.4. Dose-mortality response of adults of Tribo/ium species irradiated 

nt various ~•gcs. 

l11 this experi me11t, 9- and 16-day old adults of both sexes were collected from the 

stock culture for irradiation, and the dose used here was based on its effectiveness 

against li"iho/i11m adults, 0 (control), 1-, 2-, 3-, 4- and 5-krad (Cornwell, 1960; 

Sokoloff, 1972: Brower, 1975). There were three replicates each having 60 adults in 

each age and dose group for each of the species. After irradiation, they were kept in 

petri dishes containing the respective food media. The survivorship of the adults was 

recorded based on the mortality seven days after irradiation for both sexes. The data 

for both the sexes were analysed following the methods in Busvine ( 1971 ). 

6.3. RESULTS ANO DISCUSSION 

6.3.1. Dose-mortality response of eggs of Tribolium species irradiated at 

variotis ages with gamma radiation. 

The results obtained for the effect of gamma radiation on 2- and 5-day old eggs 

(Appendix 66-67 and Fig. 6.1) showed that the hatchability of irradiated eggs was 

affected by the dose levels used, and hatching was completely inhibited at a dose of 4-

and 5-krad. The susceptibility of the eggs increased with age, unlike with ionising 

radiation, where the younger ages are most sensitive (Mehta el al., 1990). 

The results show that the slope of the response curve increases as the age increases in 

(1- ble 6 I) This may sup1Jort the ideas ·of others that age plays an most cases a . . 

important role in inOuencing susceptibility (Johnson, 1987; Hasan et al., 1989; Hasan 

and 
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Saleh Reza, 1993). In considering the radio r · t f I 
- ests ance o t 1e egg, T. casta11eum was found 

to be more resistant to gamma radiation than T. confu.mm. 
. ) 

The results were in agreement with the findings of Das ( 1992) that the egg stages are m~re 

radio-susceptible than the other stages. A comparison of hatchability between different age

groups of eggs treated at the same doses showed that the age at the time of irradiation was a 

major influence on the mean larval hatch and that the eggs exposed to gamma radiation at 

I 

an early ~tage of embryonic development were more susceptible to radiation injury than the 

older ones. Apart from age the susceptibility of eggs to gamma-radiation was found to be 

dose dependent: as the dose increased the hatching percentage decreased. The doses tested, 

failed to produce an immediate lethal effect on the embryos except for 4- and 5-krad. These 

results show that the susceptibility of Tribo/ium eggs to gamma radiation was correlated 

with the development of the eggs as well as with the dose of radiation applied. Calderon et 

al. (1985) noted that the eggs of 7: castaneum during early embryonic development 

appeared to be much more radio-sensitive than the eggs preceding hatching. Hussain et al 

(1994) also observed a deleterious effect on the embryonic development, fecundity and 

fertility of Callosobmchus chinensis L. adults developing from irradiated eggs. 

Th~re is a threshold at which maximum biological effectiveness is manifested and above 

this threshold the increase in the damage to the biological material will not be produced at 

the same rate. This hypothesis fits with the present studies when 1-3 day old eggs were 

irradiatci It is concluded that merely increasing the dose at the same rate will not produce 

biological effects at the same rate a~ the lower doses. It is also known that sublethal doses 

f · d. · d ce short or long-term chanoes in physiology, developmental rate, o 1rra 1at1on can pro u o 
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viabili1y. longc-vilv., bd1,!viour. and fertilit~, (Tilton und BIO\\ C!, l(Jl:U) s, ib\cthal doses 

arplicd lo the eggs may depress the metabolic ratc and liatd1i11µ. i:; nlkn d(' lilyc(i (Tipton 

and Amand, 1954). Repair of cellular or tissue damage may also cause a delay in hatching 

even when the metabolic rate is not depressed. 

Eggs of insect species belonging to Diptera, Coleoptera, Hymenoptera and Orthoptera have 

all been subjected to radiosensitivity studies by various workers and it is generally 

concluded that the eggs in early embryonic development are more susceptible to radiation 

injury than those exposed at a later stage (Tilton et al., 1966b; Brower, 1972; Bughio, 1977; 

Younes and Ahmed, 1977). 

6.3.2. ~ose-mortality response of larvae of Tribolium species irradiated as 

larvae of various ages. 

The results of the dose-mortality response of larvae of T castaneum and 7: co,ifusum 

species, treated as early (2-dax) and mature ( l 6-dc1y old) stages arc summarised in 

Appendices 68-(,9 and Table <J. I. 

1\s shown in /\ppcndic.cs 68-(/J, llic survival pcn:cntagc or larvae or T t'( /\"/(11/(' /I/II and f 

con/iis11m \vas signit"1can:ly affected by the different dose levels of gamma irradiation. It 

al~o" shows 1h;1( the early larval' were more sensitive than the matmc onc-s (Table 6 1). On 

the othcrliand. si~nil'icant results were ohscrvr:d in both the age groups which clearly 

· 1· ·I · .... c, 0 1· 1
1-,L't"r<i"cr•t·it\! {T1lilc (1 I ) ln conside1 inl!. radio-sensitivity 

lllCJlC,ll(;S l 1C CXblUl C 1 
'-" b • · J ' ' 

d
. 

11
- b t tlic spcc·ics /' ca,·t,111c11111 was the least sensitive than t: cu1f.ii1s11m at . 

1 ercnccs c ween - . ·- , - · 

· , - r , t . I the hioller values of I .1)~0 (Table u I). Fig 6.4 also shows close-age 
all age groups inc 1cct ct ,., -

dependent n1or1ality in both thl'. species 

' 
T2 



CHAPTER-SIX: DOSE MORTALITY RESPONSE TO GAMMA IRRADIATION 

Figures 6-1-6. 4 indicates that the mortality of irradiated larvae is directly proportional 

to the dose or radiation and that th f: ·1 · t · · e a1 ure o pupate 1s the measure of total mortality. 

The age of larvae at the ti111e of 1· · d. t· I · · . na ia 1011 severe y affected pupation (Appendices 

68-69) . II lrns also been found tlrnt the dose reciuired for SO% kill increased as the age 

increased (Table 6. I). These findings support the results of Hasan er al. ( 1989) who 

worked on 7: onaphe with the same dose levels. Ahmed er al. ( 1971) also found that 

the late instar larvae of E ca11rella were more resistant to radiation and that higher 

closes were required to inhibit pupation and adult emergence. In the present 

experiment, variation was observed in the susceptibility of the species indicating the 

discrimination or LD50 values (Table-6.1 ). In this respect, 7: cm?fu.mm was found to 

be more radio-resistant than the others (Fig 6.4). When li"oioderma inclus11111 and 7: 

11ariah;/is larvae were irradiated with 5-krad or more, the development of adults from 

such larvae was prevented. Results also indicate that the formation of pupae by 

irradiated larvae is common, especially when mature larvae or prepupc1e are treated. 

J lowever, it is well known that irrndiation damage to the cells and tissues is onen 

severe enough to prevent the formation of the imago within the pupal cuticle, a 

complex process that involves considerable cell division and reorganisation. 

6.3.3. Dosc-mm·t:ility response of pup:ie of irrndiated at various ages. 

The pupae either male or female appeared somewhat more resistant to gamma 

radiation than did the larvae or eggs. Appendices 72-79 give the mortality of pupae of 

both sexes of various ages exposed to different levels of gamma radiation. 

The A.2 for goodness of fit for the regression equation for both sexes revealed the 

·ct bl heterogeneity in most of the species and age groups 
existence of consr era e 

inclical inp, the higher 
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level of significance except the I t T 
a e • castaneum and early 7: cm?[usum female pupae 

(Table 6. 1 ). Other stages of 'I: cwta , - . · · ,. 
, ,, . llclfm was mo1e rad10-res1stant than 7. cm!(lf.\'11111, 

bearing the higher and lower LD50 values respectively for both the sexes. lt also 

shows that the male pupae were more resistant than the female renecting the higher 

values of LD50 for both the species. 

The time sequence mortality in pupae is very difficult to determine and the failure to 

emerge is usually used to assess overall pupal mortality. The present results showed 

that adult emergence from either male or female irradiated pupae decreased as the 

close increased (/\ppendices 72-79). It is generally known that pupal radiosensitivity is 

directly correlated with age of the pupae unless diapause or resting periods occur. The 

late pupae of '/i'iholium, either male or female, were more radio-resistant than the 

early ages, indicating higher LD50 values. Brown er al. (1972) obtained similar results 

in their work with Sitophilus zeamais, while in S. ira11ari11111, they found that adult 

emergence from irradiated pupae occurred with doses as high as 20-krad. Similar 

results were also obtained with the alfalfa weevil, l/_1yJem JJostica (Gyllenhal), when 

pupae of five different ages were exposed to gamma radiation. The youngest of the 

five pupal ages was the most sensitive, with a general decrease in mortality with an 

increase in pupal age (Burgess and Bennett, 1972). When pupae of the Indian meal 

moth were irradiated at seven different ages, the percentage of adult emergence was 

dependent on both pupal age and total dose (Brower, 1976). An identical result was 

obtained with the pink bollwurn1, l'ecti11ophom gos.\ypiella (Saunders) irradiated at 

four different ages (Ouye et al., 1964). So, differences in age clearly affect, pupal 

I. d'osensitivity in this study However, it has been found that the pupal morta 1ty on ra r · 

I S 1-,..clio sensitive than the other stages like the eggs and stages were es. " --
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larvae. Similar findings were also renorted by Kl I d II (1989) d .... ,, rn equzzaman an · asan an 

Cogburn er al ( 1966) wl ii ·I · 7· · .. · .... · 1 e wo1 <lllg on . anaphe and l'lod,a 111re17m11crella (Hubner) 

respectively. The present results also show that in 7: castcmeum both males and 

females were the most resistant followed by T cm!fitsum reflecting the higher values 

of LD50 (Table 6.1 ). In an earlier report (Brower and Tilton, 1973), it was 

demonstrated that the mortality rates for adults emerging from treated pupae of 7: 

madem· increased greatly al doses of I 0-krad or more. However, no difTerence in 

adult mortality response was observed between the control and 5-krad treatment. 

Adults that emerged from the pupae of T cm,j11s11111 irradiated at I 0-krad to 30-krad, 

died within 10 clays of exposure. These findings differ from the results reported in the 

present study where a great variation was found between the control batch and the 5-

kracl dose level. These differences may be due to species variation. However, there is 

evidence that the rate of irradiation needed to cause death in Laemophloeus depends 

on the species which vary considerably in response (Cornwell er al., 1957). 

Differences in response within genera have also been reported in Sirophilus by several 

investigators, including van den Brue! and Bollaerts ( 1960) and in fribolium by Park 

et ai. ( 1958) and Erdman ( 1962). Figure 6. 7 shows that adult emergence from 

irradiated pupae was greatly innuenced by sex i.e., male pupae were more resistant 

than the females. These findings sur1JOrt the works of Pendlebury et al. (1966) while 

working with/~. cautel/a. 

6.3.4. Dosc-morfalify response irrncliated at various ages. 

The results for the dose-mortality response of adults of both sexes of 7i·iboli11111 

· I t 9 and 16- day old are reflected in Appendices 80-87 and Figure species treatec a - < < 
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Appendices 80-87 show that the surviv'al 
percentage of adults of both sexes was 

significantly affected by gamma radiation As sho\" · ·r bl 
6 1 

T. 
· ,,.n Ill a e . , . castaneum was found 

· to be more resistant either ·for male or female followed by T cm!fusum (Table 6_·1). The 

insignificant results for the A2 values of both sexes in 7: cm~fusum reve~led the existence of 

homogeneit Y in both stages except the early female (Table 6.1 ). As is re0ected in Figure 
I 

6.4, male adults were more radioresistant than the females as indicated by the higher values 

of LD50 in both stages and species groups. 

It is evident from the results that the adults are more radio-resistant than the other stages in 

the developmental sequence. Survival of Triholium adults either male or female was 

significantly affected by the radiation treatments in all the species (Appendices 80-87). 

Similar results were reported by Mehta et al. (1990) while working on the susceptibility 

response of 7: corifusum adults to gamma radiation . Brower ( 1975c) also reported a 

significant reduction in the adult life span of 'l: destructor at doses of 10-krad or more. 

Accord ing to Riemann and Flint ( 1967), reduced longevity was one of the most commonly 

observed responses to somatic damage. The difference in post irradiation response between 

males and females is quite a common phenomena (Tilton and Brower, 1983). These results 

demonst rate that male adults are much more radio-resistant than the females indicating the 

higher va!ues of LD50 in both the species and stage groups (Table 6.1 ). Jt may be 

speculated that reduced metabolic rate or stimulation of repair systems might have been 

responsible for this differentiation. The rrsults also showed that T destructor was the most 

radio-resistant while T Jreemani was the least as observed and explained for the pupae. 

However several studies have shown that even closely related species can . differ in 
' 

response (Tilton et al., 1966a; (3rowcr and ·Tilton, 1973; Brower, 1975). Even different 
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strains of the same species can have clearly detectable difTercnces in mortality aller 

radiation (Tilton and Brower, 1983 ). A study of 35 laboratory and wild strains of the 

granary weevil from different parts of the world showed marked differences in the mortality 

rate after adult irradiation (Cornwell, 1966). He reported that ihe most sus~eptiple 

laboratory strain had an LD50 of 3.95 krad whereas the most resistant wild strain had an 

LD5o of 7 .1 krad. Shipp ( 1966) also observed that six strains of the granary weevil from 

Australia exhibited differences in post irradiation mortality. Differences in the lethal effects 

of irradiation were shown for four and live strains of the T casta11e11m and Tcm!fusum 

respectively. 

From these results, it can be concluded that the younger immature stages of both the 

species of 7,-iholiwn are more sensitive-i to radiation, and resistance to radiation increased 

with developmental stage. Doses up to 3-krad could be considered as sublethal doses for the 

population leading to suppression of Triho!ium species .. This also supports the idea of others 

(Cornwell et al., 1957; Park et al., 1958 and Erdman, 1962) that radio-sensitivity differs 

markedly within a single species and genus. 
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Table 6.1: Dose-mortr!ity response of T. ·b r th h · r, 0 zum spp. treated with oamma radiation 
roug out onto2:eny. 

::, 

Species Stages Age LD50 95% Conf. Limits Regression 1..2 Values 
(days) (Krad) Lower Upper Equation (3 df) 

T.castaneum Eggs 

I Early 2 0.643 0.452 l.139 13.065 + 4.196 X 32.531 *** 

Late 5 1.158 0.757 2.913 [2.065 + 5.418 X 16.989*** 

Larvae 
··-- -- ---

Early 2 l.906 1.497 2A26 13.497 + 5.361 X 21.018"'** 

uate 16 3.383 1.579 5.212 4.434 + 4.005 X l.284* 

Pupae Male 

Early 2 3.844 2.641 23.294 ~.400 + 0.6 70 X 2.544* 

late 5 4.236 3.599 4.2462 rl.574 + 0.223 X 8.183"'* 

!Pupae Female 
Early 2 3.820 l.235 7.889 B.931 + 0.991 X 1.067* 

Late 5 4.595 2.817 8.096 4.093 + 0.330 X 0.296NS 

~dults Male 
Early 9 10.628 5.070 15.021 3.544 + 1.192 X l.692* 

Late 16 12.931 9.858 21.821 ~.319 + 0.433 X 2.210* 

Adults Female 

Early 9 8.122 5.765 14.101 3.922+0.913 X 2.411* 

Late 16 I 0.31 l 5.1676 28.574 ~.318+0.187X 1.696* 

T.confusum Eggs 

Early 2 0.780 0.379 2.254 2.902 + 4.565 X 23.731*"'* 

uate 5 0.901 0.591 2.730 2.791 + 4.257 X 13.193*** 

Larvae 

Early 2 0.727 0.232 l.823 I.650 + 8.697 X 61.054*** 

Late 16 2.299 I.799 5.938 4.657+3.011 X 9.943** 

Pupae Male 

Early 2 3.319 l.237 6.955 3.737 + 0.371 X 2.222* 
.. 

Late 5 4.319 1.237 8.955 3.737 +o.371 X 2.254* 

rupae Female 
Early · 2 3.124 0.868 5.965 4.006+0.916X 0.730NS 

l.ate 5 4.059 l.320 9.029 4.419 + 0.429 X 7.371"'* 

k.dults Male 

!Early 9 8.852 3.065 12.759 14.419 + 0.508 X 0.925NS 
I 

Late 16 10.025 5.912 ]7.516 -l.394 + 0.383 X 0.160NS 

IA.du/ts Female 

Early 9 7.101 5.581 14.149 4.208 + 0.423 X 2.527* 

!Late 16 9.790 6.612 23.903 4.023 + 0.911 X 0.308NS 

*P<0.05; **P<0.01; ***P<0.001 and NS- not significant 
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Figure 6.1: Probit regression lines for the mortality of eggs of T. castaneum 
and T. confusum irradiated at 2- and 5- days old. 
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TIME-COURSE MORTALITY AND RADIOSENSITIVITY 

INDICES IN ADULTS OF T. CASTANEUM AND T. 

CONFUSUMDEVELOPING FROM IRRADIATED MATURE 

iARVAE 

7.1. INTRODUCTION 

It is of practical importance that insects which are sterilised and released into a wild 

population for control purposes should survive nearly as long (White, 1971). Longevity 

may affect competitiveness and indeed it has been used to measure sexual aggressiveness 

(Baumhover, 1965). However, so many factors affect longevity that it is questionable if it is 

a satisfactory measure of an insect "fitness". 

The different factors that may influence the reduction in life-span after irradiation have 

been studied in Tribolium as in various other organisms (Ducoff and Bosma, 1967). The 

authors found that the mortality period after X-irradiation was doubled for beetles reared at 

22 ° c compared with that for beetles kept at 3 0 ° C. The general effect of radiation, especiall Y 

of sizeable doses, is to shorten the mean life span of the treated population (Tilton and 

Brower, 1983). The mean post irradiation longevity is usually inversely related to the rate 

of the radiation dose. Quite often the effects of radiation are measured by the LT 50 or 

LT
95

; that is, the time it takes 50 or 95% of the exposed population to die. Several 

· d th t LT50 or ST50 (survival time for 50%) be used as a sort of researchers have prop_ose a 

• • • f d" ·11·vity for comparison of different species (Willard and uruversal md1cator o ra 10sens1 

Cherry, 1975). 
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However, there are many reports that deal with d' · ffi . 
ra iation e ects 1n terms of survivorship in 

Tribolium species, and the more complete studies h b . 
ave een summansed by Ducoff (l 972). 

One aspect greatly ignored is the difference in radiosensitivity between the species, which 

differ in their time-course of mortality. 

The present study was concerned with the investigation of some parameters (longevity, age, 

sex) of adults T. castaneum and T. confusum developing from irradiated mature larvae and 

to evaluate the relevance of these parameters to the radiosensitivity index (RI). 

7.2. MATERIAL AND METHODS 

Approximately I 000 mature larvae of T. castaneum and T. confusum were collected from 

the stock culture maintained with standard respective food media (Hasan and Selman, 

1993). The larvae of each species were kept in glass vials (2 x 2.5 cm) for irradiation. The 

larvae were irradiated with O (control), 1-, 2-, 3-krad dose levels from a 60Co source at dose 

rate of approximately 5.955 krad/h at 30 cm distance from the midline of the medium to the 

ray tube After irradiation, they were placed in petri dishes containing food media for 

pupation. After pupation, the pupae were sexed (Halstead, I 963) and kept in separate petri 

dishes for eclosion. After eclosion, I 00 adults of each species and sex were kept in petri 

dishes. containing respective food media for observing their longevity. Each test consists of 

three replicates and the longevity observation was made for 24 weeks. The food media were 

changed after 4 weeks for all the species to a~oid conditioning (Mondal, 1992). The LT50 

of T. castaneum and T. conjusum adults was computed from the data obtained on the 

percentage of kill at each of the dose level tested through probit analysis with 95% 

confidence limits (Busvine, 1971). 

The experiments were conducted at 3o±l °C and ?O¾ r.h. 
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7.2. l. D:1tn processing 

7.2.1. l. Mr:111 Survivnl Timrs (MST) 

The mean survival time (MST) fi f 
or a group o beetles exposed to a dose of radiation 

was calculated in the following model: 

Where, 11 = nuinber of beetles in the group, t = week, and Y1 = number of beetles that 

die at week t. 

7.2.1.2. Rncliosensitivity Indices (RI) 

The radiosensitivity index expresses a time response to radiation exposure in terms of 

a species longevity which was followed (Willard, 1970): 

RI = LT50 / MST 

The Ltso represents the Lime required, following irr2diation, for 50% of a population 

to die. This parameter(Rl), like LT, has the advantage of broad applicability for 

comparative purposes, predictive potential and statistical value. 

A curvilinear regression analysis for the radiosensitivity data were also fitted using a 

sol1 ware package / ~~-P which describes a prediction curve given by the following 

third degree polynomial equation. 

Y(RI)=-= a+ bx +cx2 + dx3 

where, a, b, c, d are the coefficients and x is the dose level. 

86 



CHAPTER- SEVEN· TIME c 
' · OURSE MORTALITY AND RADIOSENSITIVITY INDICES 

7.3. Rl~Sl!LTS AND DISCUSSION 

f-igure7 . l & 7.2 show the mean mortality t f d I · percen age o a u ts of both sexes result mg 

from irradiated mature larvae. The mean adult longevity of both sexes decreased in all 

the species as the irradiation doses increased (Figures 7.1 & 7.2). though the longevity 

in Tcasta11e11111 and T COJ?f11s11111 were not significantly varied in both the sexes 

(Appendices 89-90). However, 7: casta11eu111 showed the higher longevity compared 

lo Y: cm?fi,s,,,11 in c1II the dose levels and both the sexes (Figure 7.J). These figures 

also indicate that the rate of mortality of irradiated insects is dependent on the dose of 

irradiation. As shown in these figures, none of the doses from either I- or 2-krad 

exhibited the I 00% mortality with 24 weeks for both the species. However, there was 

a less remarkable difference between the species in their life-span. lt was also 

observed that male adults were slightly longer-lived than the females: 

Figure 7.4 represents the results of relationship between doses and lethal mortality for 

50% in r costa11e11m and T cm?f11s11111 adults resulting from irradiated mature larvae. 

This figure clearly shows a significantly negative correlation between these 

parameters for both the species an<l sexes. These results showed the signific1111t 

(P<0.00 J) differences within the sex, species, dose levels and st11ges though their 

interactions varied non signific11ntly. 7'. castanelfm was the longer-lived than 7: 

COl?[lf.'i/(/11 as found for both the sexes (Figure 7.1 & 7.2). 

LTso values for both the species decreased as the dose increased which confirm the 

· I 1· 111es that 7' cmta11elfm is more resistant than T. cm!f11s11111. results of mean surv1va 1 • • 
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Highest values of LT50 (Apendix table 89 & Fig. 7.3). It was also observed that males 

are longer-lived than the females showing higher LT 50 values (Apendix t?ble 89 & 

Fig. 7.3). 

The results of the cxpcri111cnts arc presented in rigurc 7.4 with rndiosensitivity indices 

(RI) curves predicted using the model described in materials and methods (Willard, 

l 970). This figure shows that the RI values are not varied widely among the species 

and the sexes, but it increased with the increasing dose levels. It also indicates that 7: 

c01!(,1s11111 was more radio-sensitive at the higher doses than 7: casta11e11111 (figure 

7.4). 
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resulting from irradiated mature larvae. [line bar indicates 95% confidence 

limits] 
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mature larvae. 
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CHAPTER- SEVEN: TIME-COUR 
SE MORTALITY AND RADIOSENSITIVITY INDICES 

The post irrndiation longevity of adults f b 1 . 
. o ot 1 sexes developing from irradiated 

mature larvae was less than that of contr I R I · 1 . . o • esu ts a so showed tlrnt 1rrespec1tve of 

close from 1- lo ]-krad the longevity w I · I · , as a most 1c ent1cal for both the srecies. Hasan 

( 199)) reported that niature larvae were more radio sensitive than pupae and adults in 

terms of shortened life span of adults. These findings are in accord with Brower and 

Scott ( 1972) who worked on the spider beetle, c;;hhiwn psy /loides. Brower ( 1973) 

also confirmed these results while working with the depressed nour beetle, Pa/oms 

s11hdepre.\·s11s (Wollastcm). 

Figure 7.1 shows that none of the doses I and 2-krad in 24 weeks time produced 

I 00% adult mortality which emerged from irradiated mature larvae. Hasan ( 1995) 
j 

observed that 7: casta11e11111 was the most radio-resistant and long-lived while 7: 

.freemani was the least. There was very slightly variation in their iife span among 

all the species. These results were supported by the LT50 analyses where 7: 

casta11e11111 showed the highest values of LT 50 followed by 7: cm1fu.m111 (Appendix 

table 89 & Fig 7.3). These sorts of species variation were reported by Tilton et al. 

(1966), Brower and Tilton (1973) and Brower (1975). llowever, the size of the 

species may account for this differentiation. A rather similar effect has been suggested 

by Willard and Cherry ( I 975). It is known that the larger species develops more 

slowly than the smaller species (Brower, 1975). Moreover, the phylogenetic 

relationship appears to be more important than physical s_ize or rate of development in 

determining radiosensitivity and in species 7i"iboli11111, may be produced by as many 

280 l
·,·r (1 ;11 ficld 1 <)72) But this correlation may be dependent either as . c 1 ,crc11t genes . , · 

ti b f Clll·oinoc;r)mes possessed by the two groups as proposed by Sparrow 
on 1e num er o · · 

et al. ( 1963) or 011 other , -l ic;covered differences. 
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Results also showed that the adults either male or e:emale res It· fr • d. ed 
. 11 u mg om 1rra 1at mature 

. . 
larvae did not vary significantly in their survival rate though the c. I I 1· d , 1ema es were onger- 1ve 

than the males in both the species (Figure 7.1 & 7.2). These results support the findings of 

Brower (1973) who found that there was apparent difference between ·the sexes of P. 

subdepressus in their survival rates due to low dose of irradiation. Similar results were also 

observed by Jones (1967) and White and Hutt (1970) while working with Culicoides 

variipennis and Laspeyresia pomonella respectively. 

The results of the present investigation also demonstrate that the RI values were more or 

less identical for both the species (Figure 7.4). This may be due to the application of 

sublethal doses from 1- to 3-krad. Willard (1970) indicated that the criteria reported to 

influence the radiosensitivity of organisms (age, weight, sex, diet environmental factors, 

endocrine disturbances, etc.) may act by altering the organisms' physiology, and it is the 

interaction of ionising radiation with the integrated physiology of an organism which results 

in a given effect O'Brien and Wolfe (1963) reported that the effects of ionizing radiation on 

insects vary according to the dose levels, species, developmental stages and criteria 

employed. 

The foregoing study provides useful information about the effects of gamma irradiation on 

the longevity of Tribolium species which is crucial to the application of sterile male 

techniques. 
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REPRODUCTIVE POTE 
NTIAL OF r. CASTANEUM AND r. CONFUSUM 

RF,PROIHJCTIVF, POTl~NTIAL or T. C'",C"T'"NE•U/11 
/I, /I - " AND 1: CONFUSUM 

IRIV\DIATF.D AS PlJPAF, AND A DlJLTS 

8.1 INTOHOIHJCTJON 

Recently, the control of stored grain pests by using ionizing radiations has received 

serious attention because at appropriate doses, irradiation assures mortality to all the 

stages of the insects and rrevents residual effects. Several insect species have been 

controlled successfully by using nuclear techniques which arpear to be potential 

alternatives to chemic,ils for stored product rests. Recent reports suggest that irradiation 

is useful for inducing effective sterility in various pest insects (Hasan & Khan, 1998; 

Hasan, 1999; I Iasan, 2000). Comparative studies of the radiation sensitivity among stored 

product insect pests are important for nuclear control strategy because many species may 

be rresent in infested pulses and grains and radiation dosage must be high enough to 

control the most resistant species present. This is cmcial because sensitivity to radiation 

varies depending on stages and strains of the pest species (Hasan, 1995). 

Sterile male release technique is one of the effective means of combating pest species 

where sterile but competitive males are released in the fi eld to compete normal males, 

bringing about a suppression of the pest population. Such agents as radiations 

chemosterilanls and e11dosy111bi0Lic microorganisms gained much popularity 111 

sterilization or complete breakdown in gamete formation in a number of pest species. 
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REPRODUCTIVE POTE 
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Unfortunately, such a promising apiJroach lik _. 1 . 
e ste11 e male technique has not so far been 

applied lo the flour beetles and this led to 1 . 1 . . 
• · c es1gn t 1e present 111vestigation. The present 

investigation reports the effects of a range of d 
_ gamma oses on the reproductive potential 

in both T casta11e111n and T conjusum. 

R.2 MATF:RIAL AND MF:TIIODS 

8.2.1 F:xpel'imental design and mating schedules 

(i) lrracliatecl wilh mature pupae 

To determine the effect of radiation on the reproductive potential of 7: casta11emn and 7: 

cm!f11s1m1, p11pac were collected from the stock culture reared on standard food media. 

Pupae of both sexes of each 'li'iho!i11111 spp. were selected for irradiation with a substerile 

dose of 3-krad (Brower and Tilton, 1973; Brower, 1975). Aller IO days of eclosion, the 

cross schedules were designed as nonirriadiated (Uc3' XU<;? ), irradiated_ (To X Tc;?) and 

rcciprocnl crosses ((T(~ X lJ\l and Ud' X T'?) each having three replicates. The adults of 

each set were placed in small plastic containers (4 X 7 cm) containing the respective food 

media for oviposition. The eggs were sieved and the number were recorded for 30 days at 

3-day intervals (Khan and Selman, 1981) and kept in vials for hatching. The food media 

were changed every three clays to avoid conditioning (Monda!, I 992). The hatched larvae 

were counted and kept in plastic containers (5 x 11cm) containing the respective food 

media for the F1 adult progenies. 

(ii) lrrnclintecl with adults (10 clays old) 

This experiment was conducted lo determine whether irradiated both sexes of 7: 

castaneum and 7: cm?fi,.wm could compete sexually with .normal ones when treated as 

I 0-days old adults. Both sexes of adult beetles were irradiated with a 3-had dose of 

• · 1 1· t -1 aOer irradiation the irradiated (T) males and females were gamma rad1at1011. 111111cc ia _ e Y, ' , 

placed with the 
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ENTIAL OF T. CIIST/INEUM AND T. CONFUSUM 

unirradiated (U) pair. Three replicates were d . . 
teste for each ratio. 1 he same parameters 

and experimental JJrocedures were fiollow d r. 1 e 1or t 1e pupae. 

8.3 RESULTS AND DISCUSSION 

Garrnna· rad iation-induced changes in the reproductive potential in two species of 

li"iholitm, and shown in Figure 8.1-8.4. A significant reciuction was observeci in the 

reproductive abilit ies of 7: casta11e11111 and T c01?(11s11111 when irradiated as either pupae or 

adults and this reduction w d d t I · d' as epen en on t 1e rrra 1ated/nonirradiated individuals 

(Appendices 92-95). 

As renected in the figures 8.1 & 8.2, the fecundity was gradually suppressed with 

increased gamma doses irradiated either as pupae or adults for both the 7i'ibo/i11111 

species. The results of the reproductive potential showed that the maximum eggs per day 

per female was recorded for the cross schedule Ud' X US1 compared to ·crosses involving 

the irradiated individual for both the species and stages. As shown in Figures 8.1 & 8.2, 

the lowest number eggs were observed in the cross schedules T<f X Tc;1 for both the 

species irradiated either pupae or adults. 

These results clearly indicate that egg-hatchability in Ti"ihofium species was adversely 

affected by irradiating males and females (figures 8.3-8.4). As renected in Figure 8.3 & 

8.4, the patterns of hatchability followed the dose-dependent manner. These figures also 

indicate that the hatching was completely inhibited at a dose level of 3 krad. The results 

of the tests illustrate that the maximum 25 percentage eggs were hatched at a dose level 

of I krad for both the species and stages, while it was only IO percent at 2 krad. As the 

F. - 8 3 & 8 4 the sequence of order based on the hatching 
resu Its appear in 1gu1 es . · , 

I d I T :~ X To < T (f X U~ < Uc3' X T<? for both the species 
percentage was cross sc 1e u e (. -1 ., 

and stages. 
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/\ significant reduction was observed in ti ·. . . . . 
1e reproductive abd111es of 7rihofi11111 when 

irradiated as either pupae or adults (/\p1)cndices 96 99) I 1· · · - . n pre 1111111ary studies, found that 

the development of 4-day old pu t d t pae s oppe w 1en they were exposed to a radiation dose 

of 20 Gy (IO Gy = 1-krad). furthermore, when 8-day old pupae were exposed to a dose of 

70-120 Gy, adult emergence was 20-60% lower than from untreated pupae. These results 

indicate that with age the insects become more tolerant to irradiation. This statement also 

agrees with that made by who stated that competitiveness of males is directly 

propo1iional to the age of the age of the pupae when irradiated. The present data also 

show that the reproductive potentialities decreased as the adding of irradiated individual 

in both the species and stages. Both these findings are consistent with previous results for 

a number of stored products pests (Abdel-Salam, 1989; Makee, 1989). Henneberry 

noticed that males from irradiated pupae elicited lower oviposition response when paired 

with untreated females . They also concluded that this difference probably occurred due to 

the lack or cupyrcne sperm transl'erred by irradiated males during mating. 

Aiming at developing a sterile male technique for flour beetles, the present experiments 

have shown a detailed account of gamma radiation-induced alterations in the 

reproductive potential. On the other hand, irradiated pupae with 3 and 3.5 Kr doses to 

induce 92 and 98.7% sterility respectively in C. chi11e11sis, where a total suppression of 

the beetle population was achieved with 8: I: I ratio of sterile males to normal males and 

r emales. Arrested development at doses of I, 4, t O Gy for the egg and larvae of C. 

. db I ere sterility was induced by 4 Gy but the longevity of the maculatus was I eporte Y w 1 

treated insects was not affected even by I OO Gy. 
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Irradiated males with 10 Kr and females with 8 Kr in C. c/1i11e11sis and noted that the 

population or the insect could be suppressed significantly at ratios of I :20 and I :25 

normal to sterile males, without affecting the mating ability of the latter. As regards of 

reproductive potential of the Oour beetles, the present results fit with the above ones as 

well as those reported by Ghomomu (1989). 

Previous studies have shown that populations of stored-product insects could be 

controlled by producing immediate mortality or by producing sterility in insects with 

variable doses of irradiation (Cornwell and Bull, 1960). However, this information would 

be helpful in determining the competitiveness values (CVs) of the treated males and 

females needed for a release programme designed to suppress the pest populations under 

laboratory as well as field conditions. 
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GENERAL DISCUSSION 

It is necessary to investigate the radiation effects on parameters like growth, stage, 

longevity of the insect which are the prime factors for the successful implementation of 

sterilisation techniques (Baumhover, 1965; White, 1971 ; Ducoff, 1972; Murad and Ahmed, 

1977; Tilton and Brower, 1983). The dose rate can be important in modifying the effects, 

especially when low or high rates are used. Tilton and Brower (1983) reported that 

sublethal doses of irradiation can produce short- or long-term changes in physiology, 

developmental rate, viability, longevity, behaviour and fertility. So, sublethal and lethal 

doses ranging from 1 to 20 krad were used in this study to determine the optimal level. 

Biological studies of insects play an important role prior to conducting laboratory or field 

experiments. This is important especially when sterile male release techniques require 

experiments which involve mass rearing. The present: biological studies on 7: castwuwm 

and T. ·co,!fusum provide useful information which may be used in conductin~ experiments 

on a wide scale in the laboratory. 

Ionising radiation redut:cs the rate of dcvelopll)cnt and may compictd y or pm1 iall y i11hi bi1 

metamorphosis. It has been shown with 1!.,phestia that inhibition of pupation in irradiated 

larvae results not from a disturbance of the DNA of the hypodermis as was formerly 

believed (Kuzin et al., 1965), but from the absence of the pupation hormone, ecdysone. Its 

absence is believed to be the result of irradiation damage to neurosecretory cells. 

The results of the investigation indicate that the gamma radiation significantly affected 

growth and development in both T. castaneum and T. conjusum (Appendices 16-63). This 
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growth rate of T. castaneum and T confusum varied h d 1 • . 
. w en eve opmg from different 

irradiated stages i.e., eggs, pupae and adults. The results also show that growth rate 

decreased as the dose increased. The nutrit1·onal state of· I . . I · ' " a1 vae resu t111g from different 

irradiated stages may account for these differences It 1·s well kno th t · h. h . wn a msects w 1c are 

exposed to ionising radiation fre4uemly become temporarily lethargic (Proverb and 

Newton, 1962). and many authors have reported that irradiation of larvae may cause a 

permanent cessation of development (Whiting, 1950; Bletchly and Fisher, 1957; Cornwell 

et al., 1957; Hasan et al., l 989; Das, l 992). However, there is a lack of comparable 

published data, due to which, it was not possible to compare extensively the present 

findings with others. 

The present findings show that the egg stages were very sensitive to gamma radiation as 

compared to the other stages indicating the lowest values of LD50 (Table 6.1 and Fig. 6. l) 

and this sensitivity reduced as development proceeded in both the species above table also 

shows that the earlier aged eggs were more susceptible than the late aged. It shows that the 

eggs of T castaneum were more radio-resistant than T confusum, having the highest 

values of LD50. The early works with stored-product pests clearly established the 

magnitude of the changes in radiosensitivity that take place during embryonic development, 

changes that have been correlated with embryogenesis for several species of insects 

(Calderon, et al., 1985; Hussain et al. , 1994). Eggs of the yellow mealworrn beetle, T 

mo/itor L., increased in resistance during the first day of development, then had a plateau in 

sensitivity for 2 days before beginning the sudden and profound increase in resistance that 

marked growth of the fully formed embryo (Brower, 1972). There was a 250-fold increase 
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in resistance as eggs matured from 0 5 to 7 ·5 days d b 
· · as measure y the dose required to 

produce an LDS0. Dose rate also can produce a m bl re. h easura e e11ect w en a sensitive 

criterion such as percentage egg hatch is used. In the present study, a dose of 4 and 5-

krad completely prevented egg hatching in both the species and age groups {Appendices 

64-67). In addition, the hatching percentage increased as the dose levels decreased from 3 

to I krad. These results are in agreement with the findings of Brown and Davis (1973) 

who noted that the eggs of T. castaneum irradiated at doses of 0.36-, I. I-, and 2.6-krad 

showed the greatest decrease in hatching at 2.6-krad though the differences were small. 

The present findings also show that the young larvae were more sensitive to radiation 

than older larvae as measured by the LOSO values (Table 6.1 and Appendices 68-69). A 

study of stage sensitivity with all four larval inst a rs of the granary weevil showed that the 

increase in raclioresistance was minimal during the larval period (Cornwell, 1966). If 

larval mortality or failure to pupate had been measured instead of failure of adult 

emergence, raclioresistance would probably have increased with each instar. this 

illustrates the importance of selecting the right criterion to measure the effect under 

study. However, a series of other studies by indicated that interruption of the mitotic 

processes may be the most important effect of larval irradiation. The results also show 

that T. castaneum larvae were more resistant than T. confusum, indicating the higher 

LOSO vali.ies (Table 6.1 and Appendices 68-69). These species variations in terms of 

radio-sensitivity have been reported by several workers (P~rk et al., 1958; Erdman, 1962; 

l3rower, t 975). Irradiation of insect larvae may lead to one or more of a 1~umber of 

· dd't' to s1' 1nple lethality These include delay in pupation (.Bourgin et al., responses 111 a 1 1011 · 
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l956), developmental abnormalities in the adult (Ducoff d B . 
an osma, 1966), death durmg 

the pupal stage or failure to emerge (Vinson et al 1969) d · . 
·, , an 1magmal death soon after 

eclosion (Yang and Ducoff, 1969) · The relationships between these responses and larval 

death are not clear, and differ among the various orders Furth c. · • • 
. ermore, 1ew mvest1gat1ons 

have furnished data on all of these responses. 

The mortality patterns in pupae of Tribolium as well as other pest insects is very difficult to 

be de~ermined and the failure to emerge is usually used to assess overall pupal mortality. 

Because the pupal stage is such an important stage physiologically and morphometrically, it 

is not surprising that radiation often disrupts these processes to the extent that gross 

physical malformations occur (Tilton and Brower, 1983). The present findings show that 

the earlier pupae, either male or female, were more sensitive, with a general decrease in 

mortality and an increase in pupal age (Table 6.1 ) . Burgess and Bennett (I 972) obtained a 

similar result while working with the alfalfa weevil, Hypera postica (Gyllenhal), when 

pupae of five different ages were irradiated. They also found that the youngest of the five 

pupal ages was the most sensitive, with a general decrease in mortality with increase in 

pupal age. In this work, the most prevalent syndrome of pupae either male or female which 

failed to eclose was an incomplete casting of the pupal skin and they usually remained soft 

until death. Usually the skin was split and clung to all parts of the body rather than any one 

body region. At the highest doses like 5-krad, most of the pupae of both sexes failed 

entirely to become adultoid and few of them were able to .survive ( A ppendices 72 .. 79 ) Thi:' 

production of abnormalities was also dose dependent both with eggs and larvae Similar age 

and dose dependent mortality patterns have been observed in several insect species (Ouye 

et al., 1964; Burgess and Bennett, 1972; Khalequzzaman and Hasan, 1989). 
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The present results show that the male pupae are more radioresistant than the female pupae 

indicating the higher values of LD50 (Table 6.1). These results are in agreement ~th the 

findings of Brower (1976) who found that female pupae ,of Indian meal moths, Plodia 

interpuncte/la were more radiosensitive than the male. The data of the present results also 

show that there was often a substantial delay in adult emerg~nce when pupae were 

irradiated with sublethal doses and this delay was related to_the dose•arid age of the pupae at 

the time of treatment. The variation of metabolic rate may be a considerable factor in this 

difference. In many ways the pupal stage is analogous to an embryonic stage in that periods 

of intense cell division and differentiation occur (Hasan and Khan, 1998). Therefore, it is 

not surprising that the overall pattern of radiosensitivity is similar to the pattern exhibited 

by developing eggs or larvae. Most studies of pupal radiosensitivity have not been precise 

enough or at least are not correlated enough with the morphogenetic changes occurring, to 
. . 

reveal the tiny details in the pattern of radiosensitivity. However, in general, pupal 

radiosensitivity either in males or females is directly correlated with the age of the pupae 
I 

unless diapause or resting periods occur. Tilton and Brower (1983) suggested that pupae 

can be segregated by time elapsed after pupation or by visual clues that are indicative of 

internal development. 

The present inv~stigation shows that adult Tribolium, either male or female, are more 

radioresistant than the other stages as indicated by the higher values of LD50 (Table 6. I; 

Fig 6.4 & Appendices 80-87). T. castaneum adults show more radioresistance than T. 

confusum as was found in other stages (Table 6.1 ). Several studies indicated !hat even 

closely related species can differ in response (Tilton and Brower, 1983). Differences in the 
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lethal effect of irradiation were shown for four arid r. t · · f ·,· 7_. 
1 rve s r a111s o 1. casta11e11111 and 

co11f,rs11111 respectively (Shipp 1966) Also observed 111 t t·I t I d · b I • ' a 1e saw oot 1e gra111 eet e, 

()1yzaephilus .rnrinamensis (L.) was more radiosensit·i·ve tlia 1 ti . · ·1 I r 1e very s11111 ar mere 1a11t 

grain beetle, 0. mercator (Fauvel). However, the effects of acute doses on adults may be 

s11rnrm1riscd as follows: (i) very high doses are required for immediate clcnth (ii) the adult 

becomes resistant with advancing age. Changes in the susceptibility of adults have been 

reported in a number of species; the differences are small and difficult to detect without 

critical study using closes which span the LD50. 

ll is well known that the survival times of irradiated males are very important 

requirements for an effective sterile release programme. Moreover, the irradiated insects 

must be able lo survive the irradiation dose which causes the required sterility. The 

somatic cells 111 young metamorphic stages, as has been conclusively shown in the 

literature, are very radiosensitive. Thus, when young metamorphic stages are exposed to 

the level of irradiation which causes the required level of sterility the somatic cells will 

be severely damaged, and survival will be very low (Makee, 1989). This damage fully 

depends on the close. Therefore, only the effects of low and moderate doses of irradiation 

on the survival of adults 7: casta11e11111 and 7: cm?fus,1111 of both sexes resulting from 

treated mature larvae were considered (Chpater-7). 

In the present experiments adult longevity was adversely affected by the irradiation of 

mature larvae (figs. 7.1-7.2). In all cases irradiation exposure of mature larvae 

significantly decreased the length of life of the resulting adults in both the species (Figs. 

7. i-7.2). Probit analyses indicate a significant regression between dose delivered to 

diITerent stages and 
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adult longevity. A study by Bergonie and Tribondeau (1906) 1 d d h . . . . 
cone u e t at rad1osens1ttv1ty 

of cells was related directly to their proliferative acti~ity and · 
1 

h • d 
mverse y to t eir egree of 

differentiation. Thus the fully differentiated non-proliferating cell f th d -I · 
- , s o e a u t msect are, 

or appear to be, very radioresistant, iven though they may suffedatent damage in dividing 

cells. 

The present findings also indicate that T. castaneum shows a higher rate of mean survival 

time·than that of T. confi,sum ( Fig. 7.3). These species variations in terms of their longevity 

were note~ by .several workers (Ducoff et al., 1971; Ducoff, 1972; Soliman, 1972; Brower, 

1975~ Mehta et al., 1990). Titon and Brower (1983) reported that even different strains of 

the same species can have clearly detectable differences in their longevity after radiation. A 

study of 35 laboratory and wild strains of the granary weevil from different parts of the 

world showed marked differences in their survival rate after adult irradiation (Corwell, 

1966). Reduced longevity is one of the most commonly observed responses _ caused by 

somatic damage (Proverbs and Newton, 1962). In certain adult insects, the midgut 

epithelium is renewed periodically, but since radiation and some chemosterilants inhibit 

mitosis the degenerated cells cannot be replaced. This leads to early death in the adult 

(Riemann and Flint, 1967). Irradiation may shorten the life span of an insect by increasing 

its susceptibility to attack by microorganisms (Jafri, 1965). 

As is known determination of the comparative radio sensitivity -of the different biological 
' . 

.. 
strains of laboratory insects should be a prerequisite in sterile male release techniques 

(SMR T). figure 7.4 reflect the radiosensitivity indices (RI) for T. castaneum and T. _ 

confusum treated at mature larvae. These values ranged widely among the species. Though,. 

the i~d-ex. values for both sexes of both the species were in close agreement even though the 
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GENERAL DISCUSSION 

. menn longevily varied widely in many cases. r lowever, these inde:,c vnlues were dose 

dependent i.e., decreased as the dose increased. 

Perhaps the species level of taxonomic organisation may be the pivotal point where the 

generalisation relating radiosensitivity to phylogeny breaks down and other criterin 

heco111c 111rn c i111po1ta11t as indicators or rndioscnsitivity. Willard ( 1970) pointed out that 

the criteria reported to innuence the radiosensitivity of organisms (age, weight, sex, diet, 

environmental factors, endocrine disturbances, etc.) may act by nltering the organisms 

physiology and it is the interaction of ionising radiation with the intergrated physiology 

or nn organism which results in a given effec. O'Brien and Wolfe ( 1963) repo11ed that the 

effects of ionising radiation on insects vary according to the order, genus, species, 

development.ii stages and criteria employed. Weight is the foremost of the parameters 

generally believed to have the greatest innuence on radiosensitivity (Baxter and Tuttle, 

1957; Odum, I 959; Wharton and Wharton, 1959; Menhinick and Crossley, 1969). 

Although not conclusive, an earlier study (Willard, 1970) suggested a curvilinear 

relationship between the RI and both age and stage. 

rrom the foregoing discussion, it should be noted that radiation sterilisation of li-iho/i11111 

with a dose up to 2-krad given to mature larvae, caused no appreciable shortening of life 

span co111parcd with dose of 3-krad. 

The most oflen-studied effects of adult irradiation are those pertaining to reproductive 

potential. The cxislcnce of broods of lesser vinbilily or fc~undity from irrndiated males 

I I · d a basis of differential germ cell sensitivity (Clark, 1960). Gonen may Je exp a111e on , . 

d d' ffi . s between fertility in males and females treated at similar (1975) observe no I e1ence 

doses. 
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GENERAL DISCUSSION 

Generally, the studies of male fertility have been con d · h. · 
. _ _ cerne wit measurements of the 

ability of the irradiated males to compete with various ratios of normal males (Bushland 

and Hopkins, 1953; Davis et al., 1959; Proverbs and Newton 1962 d th - ) . , an o ers ., 

In SMRT; the adverse effects of high doses of radiation on the mating competitiveness and 

behaviour of insects have stimulated us to concentrate greater efforts in recent years on the 

use of minimum doses that pmduce a high degree _but not necessarily complete sterility 

(¥...,_-:ipling, 1970). This is because hiTh doses of radiat~on to induce complete sterility 

sometimes cause severe physiological and somatic damages (North and Holt, 1968) and are 

also . more expensive. The role that the release of partially sterile insects. capable of 

transmitting sterility effects to the F 1 generation can play in the suppression of certain pests 

has been appraised. 

The reproduction potential of unirtadiated fem~les was significantly affected by · mating 

irradiated males treated either as pupae or adults (Appendices 92-99). 

Gamma radiation-induced changes in the reproductive potential in two species of Tribolium 

are shown in Figure 8.1-8.4. A significant reduction was observed in the reproductive 

abilities of T. crutane~m and T. confusum when irradiated as either pupae or adults and this 

reduction was dependent on the irradiated/nonirradiated individuals. 

As reflected in the figures 8.1 & 8.2, the fecundity was gradually ~uppressed with increased 
. d . . . 

gamma doses irradiated either as pupae or adults for both the Tribolium species. The results 

of the reproductive potential showed that the maximum eggs per day per female was 

re.corded -for the cross schedule utf x u, compared to crosses involving in irradiated 

individual for both the species and stages. Th~ lowest number eggs were·observed in the 

cross sct}edules T6'X Tf for both the specie~ _irradiated either pupae or adults. 
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GENERAL DISCUSSION 

. These results clearly indicate that egg-hatchability in Triboli·um species was adversely 

affected by i_rradiating males and females (Figures 8.3-8.4). As reflected in Figure 8_3 & 

8.4, the pattem_s of hatchability followed the dose-dependent manner. These figures also 

indicate that the ~atching was completely inhibited at a dose level of 3 krad. The results 0 ~ 

the tests illustrate that the maximum 25 percentage eggs were hatched at a dose level of 1 

krad for both the s~ecies and stages, while it was only 10 percent at 2 krad. As the results 

appear in Figures _8.3 -!'~. 8.4, the sequence of order based on the hatching percentage was 

cross schedule T (5'x. T ~ < T l5'X U $ < U 6'x T f.l for both the sp~ies and stages. 

The application of3-krad to adults resulted in F1 progeny which had a high level of sterility 

in both the species (Figs 8.1-8.4). Thus there are several advantages in using partially sterile 

• males. Firstly, the competitiveness o~:semi-sterile male· parents is higher. Secondly, the cost 

~ . 
will be lower as a result of treating at least two generations and also being able to apply 

lower doses. 

It is well known that high mating ability and frequency of mating are very important 

requirements for effective sterile male control. Moreover, adults are sexually more vigorous 

at earlier ~ges compared to late ages (Makee, 1989). Tilton and Brower (1987) reported that 

sterile males of C. macu/atus irradiated at 3~5 days and as newly emerged adults were 

adequate in their sexual competitiveness . with normal males. However, larger scale 

expe~imer.ts should be carried out in small warehouses to evaluate the practical use of the 

sterile-male techcique for control of these pest. The eradicati~n of Tribolium spp. as well as 

others by this technique must be more feasible in areas such as Bangladesh, where the pests 

is restricted to warehouses. 



Gr:Nr:Rt\l, DISClJSfilON 

From the foregoing discussion, it could be concluded that !lie t -'I I I · · 
, s e11 e-nrn e Ice 1111quc 1s a 

most promising method for the control ofTriholium as well" ti . 1 . cl cl • 
< • nS O lCI S OI e pro IICt Insect 

pests Immediate 9direcl killing) and long-term benefits (reduction in the r1 progeny) can 

be achieved. This technique can solve several problems which may occur as a results of 

applying other techniques. However, it should not be looked at a short-term method 

which may give an immediate satisfactory result but which has long-term side effects. 

Concerning long-term benefits, low-doses could be el'fective in suppressing the FI 

progeny as found in these experiments (Chapter 8). ror commercial adaptation, research 

into the economic feasibility is needed. Experience argues that the major problem 

encountered in using this technique is the cost benefit ratio as compared to the 

alternatives, such as pesticides i.e., it is an economic problem rather than an ecological 

one. /\.s was described earlier, low doses i.e., sub-sterilising doses could be effective and 

economically feasible, if these techniques are considered for a long term investment. 

However, commercialisation of radiation depends on the economics of the process. Cost 

is usually cited as a major factor in the general reluctance to accept the processes 

(Watters, 1985). 

The cost of this technique could be reduced if an irradiation device is installed 011 mobile 

trucks or rail cars. By moving such facilities to locations where they are needed, 

· b d f tlie 1'rrad1'ator wl11'cl1 reduces the use cost proportionately. maximum use can e ma e o · , , 

I I I · I I t 1· ble in troiJical as well as developing countries where most of nc ecc, ,t wou c )e app 1ca , , . 

I I I I cl Cal. ra·11,vav stations so that grains can easily be handled. I 1e ware muses are oca e n · , , 1 • , , • , 

1·1 1- · Id b ser.lrl to examine the practical possibility in future investigations. 1ere ore, 11 wou e u. 11 • 
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GENERAL DISCUSSION 

In the light of these findings, in order to enhance the efficacy of the sterile-male technique 

the following criteria should be considered: 

• Sub-sterile dose of gamma irradiation (3 krad) should be exposed. 

• The ratio of semi-sterile males to unirradiated males should be high. 

• Irradiated males should be released promptly after the treatment so they 

can mate with several unirradiated females during their life span. 
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APPENDICES 

10.2. APPENDICES 

Appendix Table 1: Analysis of variance for the head capsule length ·
0
r 10 days 

old and mature larvae of T. castaneum and T. confusum. 

-
Source DF ss MS F values 

Speciti~ I 0.042 0.042 66.363 ... 

Age I 0.118 0.118 186.426"
0 

Species*Age l 0.015 0.015 24.341 ••• 

Error- 8 0.005 0.00006 

Total 11 0.180 

Appendix Table 2: Analysis of variance for the head capsule length of pupae of 
T. castaneum and T. confusum both sexes. 

-~------------ · ... --. - -.--..... - ·-
Source DF ss MS F values 

- ·- ---- ,. 
Species ·, I 0.0192 0.019 0.824 NS 

Sex 1 0.011 0.01 J 0.463 NS 

Species*Sex 1 0.015 0.0147 0.631 NS 

Error 8 0.187 0.023 

Total 11 0.232 

Appendix Table 3: Analysis of variance for the head capsule length of both 
sexes of T. castaneum and T. confu.su.m adults. 

Source DF ss MS F values 

Species 1 0.017 0.017 0.782 NS 

Sex l 0.041 0.041 J.854 NS 

Species*Sex 1 0.017 0.016 0.727 NS 

Error 8 0.176 0.022 

Total 11 0.272 
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,Appendix Table 4: Analysis of variance of eggs of T. castaneum and T. 
confusum. 

-
Source DF ss MS F values 

Species 1 0.009 0.009 1.23] NS 

Replication 2 0.007 0.004 0.487NS 

Error 2 0.0156 0.008 

Total 5 0.033 

Appendix Table 5: Analysis of variance for the length of 10 days old and 
mature larvae of T. castaneum and T. confusum. 

Source DF ss MS F values 

Species l 0.173 0.173 7.612 ... 

Age I 91.411 91.411 4026.93 ... 

Species*Age 1 0.132 0.323 5.828 • 

Error 8 0.182 0.023 

Total 11 91 .898 

Appendix Table 6: Analysis of variance for the length of both sexes pupae of T. 
castaneum and T. confusum. 

Source DF ss MS F values 

Species 1 0.072 0.072 3.176NS 

Sex I 0.009 0.009 0.401 NS 

Species"'Sex I 0 .009 0.0091 0.401 NS 

Error 8 0.182 0.0227 

Total 11 
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Appendix Table 7: Analysis of variance for the length of both sexes adults of T 
castaneum and T. confusum. 

Source DF ss MS F values 

Species 1 0.024 0.024 108.00 ••• 
---- ---- -- ·- -----

Sex 1 0.003 0.0003 1.333 NS 

-- -----------._ _____ __ ----------- -- ···- -
Species•Sex 1 0 0 

ONS 

Error 8 0.002 0.0002 

Total 11 0.026 

Appendix Table 8: Analysis of variance for the weight of 10 days old and 
mature larvae of T. castaJLeum and T. confusum. 

Source DF ss MS Fvalues 

Species 1 0.008 0.008 42.15 ... 

Age 1 12.619 12.619 63099.00 ... 

Species* Age 1 0.013 0.013 67.35 ... 

Error 8 0.002 0.0002 

Total 11 

Appendix Table 9: Analysis of variance for the weight of both sexes pupae of 
T. castaneum and T. confusum. 

Source DF ss MS F values 

Species 1 0.145 0.1452 446.769 ••• 

Sex 1 0.004 0.005 14.769 ... 

Species*Sex l 0.001 0.0012 3.692 NS 

Error 8 0.003 0.0003 

Total 11 
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Appendix TablelO: Analysis of variance for the weight of both sexes adults of T. 
castaneum and T. conjusum. · 

Source DF ss MS F values 

Species I 0.0243 0.0243 0.9241 NS 

Sex I 0.1541 0.1541 5.859 • 

Species*Sex 1 0.0075 0.0075 
0.285 NS 

Error 8 0.2101 0.0263 

Total 11 0.3961 

Appendix Table 11; Analysis of variance for the larval periods in T. castaneum 
and T. confusum. 

Source DF ss MS F values 

Species 1 0.09 0.09 0.020NS 

Replication 2 9.12 4.56 l.027NS 

Error 2 8.88 4.44 

Total 5 18.09 

Appendix Table 12: Analysis of variance for the pupal periods in T. castaneum 
and T. conji,sum. 

Source DF ss MS - F values 

Species I l .109 1.109 13.764 ••• 

---
Replication 2 0.159 0.079 0.990 NS 

Error 2 0.161 0.081 

Total 5 1.430 
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Appendix Table · 13: Analysis of variance for the incubation periods 
10 

T. 
castaneum and T. con/ usum. 

-
Source DF ss MS F values 

Species 1 0.522 0.522 549.63 ••• 

Replication 2 0.0007 0.0004 0.368 NS 

Error 2 0.002 0.001 
~---- --- - ----

Total 5 0.524 

Appendix Table 14: Analysis of variance for the fecundity in T. castaneum and 
T. confusum. · 

Source DF ss MS F values 

Species 1 10.140 10.140 289.714 ... 

Replication 2 0.030 0.015 0.428 NS 

Error 2 0.070 0.035 

Total 5 10.240 

Appendix Table 15: Analysis of variance for the hatching percentage in T. 
castaneum and T. confusum. 

Source DF ss MS F values 

Species 1 24.00 24.00 3.692 NS 

Replication 2 21.00 10.50 1.615 NS 

Error 2 13.00 6.50 

Total 5 58.00 
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Appendix Table 16: Analysis of variance for the effect of gamma radiation 
00 

the head capsule of mature larvae of T. castaneum. 

Source DF ss MS F values 

Replication 2 0.130 0.065 3.823* 

Doses 5 0.285 0.057 3.352* 

Error 10 0.170 0.017 

Total 17 0.585 

Appendix Table 17: Analysis of variance for the effect of gamma radiation on 
the length of mature larvae of T. castaneum. 

Source DF ss MS F values 

Replication 2 0.043 0.022 0.523 NS 

Doses 5 0.205 0.041 · 0.976NS 

Error 10 0.417 0.042 

Total 17 0.665 . 

Appendix Table 18: Analysis of variance for the effect of gamma radiation on 
the weight of mature larvae of T. castaneum. 

----------------~ ... ---- -~--..-.~----
Source DF ss MS F' values 

Replication 2 0.0000123 0.0000062 10.000*** 

Doses 5 0.000057 0.000011 17.741 *** 

Error 10 0.000062 0.00000062 

Total 17 0.000131 
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Appendix Table 19: Analysis of variance for the et~ect of gam ct· • 
• ma ra ration on 

the head capsule of mature larvae of T. con/ut,um. 

Source DF ss MS F values ·- ·---·---Replication 2 0. I4i l 0.071 l.65) NS 

Doses 5 0.589 0.118 2.744 NS 

Error 10 0.426 0.043 

Total 17 1.1561 

Appendix Table 20: Analysis of variance for the effect of gamma radiation on 
the length of mature larvae of T. confusum 

Source DF ss MS F values 

Replication 2 0.063 0.032 0.643 NS 

Doses 5 1.060 0.212 4.265*** 

Error 10 0.497 0.0497 

Total 17 1.620 

Appendix Table 21: Analysis of variance for the effect of gamma radiation on 
the weight of mature larvae of T. confusum. 

Source DF ss MS F values 

Replication 2 0.063 0.032 0.640NS 

Doses 5 1.060 0.212 4.240*** 

Error 10 0.497 0.050 

Total 17 1.620 

147 

-



I 
I 

At'l"tNUll,;t~ 

Appendix Table 22: Analysis of variance for the head capsule of male pupae of 
T. castaneum developing from irradiated mature larvae. 

Source DF ss MS F values 

Replication 2 0.00059 0.000295 0.585 NS 

Doses 5 0.05137 0.010274 20.384 ... 

Error 10 0.00504 0.000504 

Total 17 0.056996 

Appendix Table 23: Analysis of variance for the length of male pupae of T. 
castaneum developing from irradiated mature larvae. 

Source DF ss MS F values 
~ 

Replication 2 0.063 0.032 0.484 NS 

·-- --
Doses 5 0.085 0.017 0.257 NS 

--------~ ------ -- -- -
Error 10 0.657 0.066 

Total 17 0.805 

Appendix Table 24: Analysis of variance for the weight of male pupae of T. 
. castaneum developing from irradiated mature larvae. 

Source DF ss MS F values 

Replication 2 0.308 0.154 2.610 NS 

Doses 5 0.198 0.041 0.694 NS 

Error 10 0.586 0.059 

Total 17 1.091 

148 



APPENDICES 

Appendix Table 25: Analysis of variance for the head capsule of male pupae of 
T. confusum developing from irradiated mature larvae. 

Source DF ss MS F values 

Replication 2 0.000012 0.00006 7.500··· 

Doses 5 0.000028 0.0000056 o.100Ns 

Error 10 0.000080 0.0000080 

Total 17 0.00012 

Appendix Table 26: Analysis of variance for the length of male pupae of T. 
confusum developing from irradiated mature larvae. 

Source DF ss MS F values 

Replication 2 0.070 0.035 0.339NS 

Doses 5 0.105 0.021 0.203 NS 

Error 10 1.030 0.103 

Total 17 1.205 

Appendix Table 27: Analysis of variance for the weight of male pupae of T. 
confusum developing from irradiated mature larvae. 

Source DF ss MS F values 

Replication 2 0.203 0.102 l.062NS 

Doses 5 0.120 0.024 0.250NS 

Error 10 0.957 0.096 

Total 17 1.280 
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Appendix Table 28: Analysis of variance f~r the head capsule of female pupae 
of T. castaneum developrng from irradiated mature larvae. 

Source DF ss MS F values 

Replication 2 0.000022 0.000011 2.244NS 

Doses 5 0.0000338 0.0000068 1,3g7NS 
·- - ·-Error 10 0.000049 0.0000049 

Total 17 0.000104 

Appendix Table 29: Analysis of variance for the length of female pupae of T. 
castaneum developing from irradiated mature larvae. 

Source DF ss MS F values 

Replication 2 0.2100 0.105 1.842 NS 

Doses 5 0.22000 0.044 0.771 NS 

Error 10 0.5700 0.057 

Total 17 1.0000 

Appendix Table 30. Analysis of variance for the weight of female pupae of T. 
casta.neum developing from irradiated mature larvae. 

Source DF ss MS F values 

Replication .2 0.0400 0.0200 0.041 NS 

Doses 5 0.7450 0.1490 0.3 lO NS 

Error 10 0.4800 0.480 

Total 17 1.2650 
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.t.ppendix Table 31: Analysis of variance for the head c I fr 
~ f T. . apsu e o ,emale pupae 

o . conf usum develop mg from irradiated mature larvae. 

-
Source DF ss MS Fvalues 

Replication 2 0.0000144 0.0000072 0.163 NS 

Doses 5 0.0001804 0.0000361 0.820 NS 

Error 10 0.000437 0.000044 

Total 17 0.0006314 

Appendix Table 32: Analysis of variance for the length of female pupae of T. 
confusum developing from irradiated mature larvae. 

Source DF ss MS F values 

Replication 2 0.0633 0.03 I 7 0.530NS 

Doses 5 0.1200 0.0240 0.402 NS 

Error 10 0.5967 0.0597 
-----

Total 17 0.7800 

Appendix Table 33: Analysis of variance for the weight of female pupae of T. 
confusum developing from irradiated mature larvae. 

Source DF ss MS F values 

Replication 2 0.1033 0.0517 0.763 NS 

Doses 5 0.0850 0.0170 0.25} NS 

Error 10 0.6767 0.0677 

Total 17 0.8650 
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.Appendix Table 34: AnaJysi8 of variance_ for the head capsule of male adults of 
T. casta11eum developmg from irradiated mature larvae. 

' 
Source DF ss MS F values 

~ 

Replication 2 0.0000303 0.0000152 1.583 NS 

Doses 5 0.000118 0.0000236 2.458 NS 

Error 10 0.0000957 0.0000096 

Total 17 0.0002440 

Appendix Table 35: Analysis of variance for the length of male adults of T. 
castaneum developing from irradiated mature larvae. 

Source DF ss MS F values 

Replication 2 0.0078 0.0039 0. }22 NS 

Doses 5 0.1778 0.0356 1. 115 NS 

Error 10 0.3189 0.0319 

Total 17 0.5044 

Appendix Table 36: Analysis of variance for the weight of male adults of T. 
castaneum developing from irradiated mature larvae. 

Source DF ss MS F values 

Replication ·2 0.7811 0.3906 7.153 ••• 

Doses 5 2.1294 0.4259 7.800··· 

Error 10 0.5456 0.0546 

Total 17 3.4561 
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Appendix Table 37: Analysis of variance for the head capsule of adults pupae 
of T. confusum developing from irradiated mature larvae. 

Source DF ss MS F values 

Replication 2 0.000278 0.000139 0.278 NS 

Doses 5 0.005511 0.001102 2.208 NS 

Error 10 0.004989 0.000499 

Total 17 0.010778 

Appendix Table 38: Analysis of variance for the length of male adults of T. 
confusum developing from irradiated mature larvae. 

--- - -
Source D:F ss MS F value~ 

- -· --- ~-- 1--- ~---~~ 
Replication 2 0.1733 0.0867 J.()19N:-i 

··- - --------- -· ·--- ---~--. ·-···-.. -·- - - ---
Doses 5 0.3250 0.0650 1.454 NS 

Error 10 0.4467 0.0447 

Total 17 0.9450 

Appendix Table 39: Analysis of variance for the weight of male adults of T. 
confusum developing from irradiated mature larvae. 

Source DF ss MS F values 

Replication 2 0.0100 0.0050 0.081 NS 

Doses 5 0.3400 0.0680 1.114 NS 

Error 10 0.6100 0.0610 

Total 17 0.9600 
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Appendix Table 40: Analysis of variance for the head capsule of female adults 
of T. castaneum developing from irradiated mature larvae. 

Source DF ss MS F values 
Replication 2 0.000233 0.000117 0.023 NS 

Doses 5 0.006600 0.001320 0.265 NS 

Error 10 0.004967 0.00497 

Total 17 0.011800 

Appendix Table 41: Analysis of variance for the length of female adults of T. 
ca.staneum developing from irradiated mature larvae. 

Source DF ss MS F values 

Replication 2 0.0233 0.117 2.677 NS 

Doses 5 0.1600 0.0320 0.732 NS 

Error 10 0.4367 0.0437 

Total 17 0.6200 

Appendix Table 42: Analysis of variance for the weight of female adults of T. 
castaneum developing from irradiated mature larvae. 

Source DF ss MS F values 

Replication 2 0.120 0.060 0.454 NS 

Doses 5 0.460 0.092 0.696 NS 

Error 10 1.320 0.132 

Total 17 1.900 
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Appendix Table 43: Analysis of variance for the head ca I fr 
1 psu e o aema e adults 

of T. confusum developing from irradiated mature larvae. 

Source DF ss MS F values 

Replication 2 0.001900 0.000950 1.862 NS 

Doses s· 0.004600 0.000920 I .803 NS 

Error 10 0.005100 0.000510 

Total 17 0.011600 

Appendix Table 44: Analysis of variance for the length of female adults of T. 
confusum developing from irradiated mature larvae. 

' 
Source DF ss MS F values 

Replication 2 0.1401 0.0701 0.946 NS 

Doses 5 0.1583 0.0316 0.426 NS 

Error 10 0.7407 0.0741 

Total 17 1.0390 

Appendix Table 45: Analysis of variance for the weight of female adults of T. 
confusum developing from irradiated mature larvae. 

Source DF ss MS F values 

Replication ·2 1.281 0.641 2.233 NS 

Doses 5 1.064 0.213 0.742 NS 

Error 10 2 .866 0.287 

Total 17 5.211 
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Appendix Table 46: Analysis of variance for the p 
1 

~ . 
upa 1ormat1on in T. 

castaneum developing from irradiated early larvae. 

~ 

Source DF ss MS F values 
Replication 2 0.000033 0.000017 0.037 NS 

Doses 5 0.007050 0.001410 3.085 • 

Error 10 0.004567 0.000457 

Total 17 0.011650 

Appendix Table 47: Analysis of variance for the adults emergence in T. 
castaneum developing from irradiated early larvae. 

Source DF ss MS F values 

Replication 2 4.00 2.00 l.250NS 

Doses 5 21870.09 4374.02 2733 .76 ••• 

Error 10 16.00 1.60 
--·•·------- •. ··-·-- ---- -· ----·---- ~ - ··-- --· - - ······- 1-- - - - - ·· - --- ---·- -- --· 

Total 17 21890.09 

Appendix Table 48: Analysis of variance for the pupal formation in T. 
cconfusum developing from irradiated early larvae. 

Source DF ss MS F values 

Replication 2 8.33 4.17 2.355 NS 

Doses 5 22191.76 4438.35 2507.54 ••• 

Error 10 17.67 1.77 

Total 17 22217.76 
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Appendix Table 49: Analysis of variance for the d It 
. . . a u s emergence m T. 

cconjusum developing from irradiated early larvae. 

Source DF ss MS F values 
Replication 2 4.33 2.17 2.237NS 

Doses 5 23260.13 4652.03 4795.90 ... 

Error 10 9.67 0.97 

Total 17 23274.13 

Appendix Table 50 : Analysis of variance for the pupal formation in T. 
castaneum developing from irradiated mature larvae. 

Source DF ss MS F values 

Replication 2 239.3 119.7 1.395 NS 

Doses 5 24089.3 4817.9 56.192°
0 

Error IO 858.2 85.8 

Total 17 25186.8 

Appendix Table 51: Analysis of variance for the adults emergence in T. 
castane11m developing from irradiated mature larvae. 

Source DF ss MS F values 

Replication .2 7.00 3.50 0.813 NS 

Doses 5 32622.43 6524.49 1517.32 ••• 

Error 10 43.00 4.30 

Total 17 32672.43 
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Appendix Table 52: Analysis of variance for the I ,. · • 
pupa 1ormat10n m T. 

cconfusum developing from irradiated mature larvae. 

Source OF ss MS F values 

Replication 2 3.57 1.78 1.022 NS 

Doses 5 27611.17 5522.23 3173.69 ... 

Error 10 17.44 1.74 

Total 17 27632.18 

Appendix Table 53: Analysis of variance for the adults emergence in T. 
cconfusum developing from irradiated mature larvae. 

Source DF ss MS F values 

Replication 2 4.33 2.17 2.237 NS 

Doses 5 23260.13 4652.03 4795.90 ••• 

Error 10 9.67 0.97 

Total 17 23274.13 
I 

Appendix Table 54: Analysis of variance for the male adult emergence in T. 
castaneum resulting from irradiated early pupae. 

Source DF ss MS F values 
-

Replication 2 l.33 0.67 0. J93NS 
-------

Doses 5 31757.30 6351.46 1830.39 ... 

Error 10 34.67 3.47 

Total 17 31793.30 
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Appendix Table 55: Analysis of variance for the female d It . 
. · a u emergence m T. 

castaneum resultmg from irradiated early pupae. 

-
Source DF ss MS F values 

Replication 2 12.33 6.17 2.603 NS 

Doses 5 32290.50 6458.10 2724.93 ... 

Error 10 23 .67 2.37 

Total 17 32326.50 

Appendix Table 56: Analysis of variance for the male adult emergence in T. 
confusum resulting from irradiated early pupae. 

Source DF ss MS F values 

Replication 2 29.4 14.7 0.595 NS 

Doses 5 26792.4 5358.5 216.94 ... 

Error 10 246.8 24.70 

Total 17 27068.6 

Appendix Table 57: Analysis of variance for the female adult emergence in T. 
confusum resulting from irradiated early pupae. 

Source DF ss MS F values 

Replication 2 22.33 11.17 2.16QNS 

Doses 5 29891.39 5978.28 1156.34 ••• 

Error 10 51.67 5.17 

Total 17 29965.39 
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Appendix Table 58: Analysis of variance for the al d 
1 

. 
. m e a u t emergence m T. 

castaneum resultmg from irradiated late pupae. 

Source DF ss MS F values 
Replication 2 9.00 4.50 2.142 NS 

Doses 5 28164.16 5632.83 2682.30 ... 

Error 10 21.00 2.10 

Total 17 28194.16 

Appendix Table 59: Analysis of variance for the female adult emergence in T. 
castaneum resulting from irradiated late pupae. 

Source DF ss MS F values 

Replication 2 13.00 6.50 l.756NS 

Doses 5 24565.00 4913.00 1327.83 ... 

Error 10 37.00 3.70 

Total 17 24615.00 

Appendix Table 60: Analysis of variance for the male adult emergence in T. 
confusum resulting from irradiated late pupae. 

Source · DF ss MS F values 

Replication 2 7.00 3.50 1. }29NS 

Doses 5 22572.96 4514.59 1456.31 ••• 

Error 10 31.00 3.10 

Total 17 22610.96 
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Appendix Table 60: Analysis of variance for the fem l d 
1 

. 
,r. . a ea u t emergence m T. 

conJusum resultmg from irradiated late pupae. 

Source DF ss MS F values 
Replication . 2 7.00 3.50 l.060NS 

Doses 5 26920.54 5384.11 1631.54 ••• 
--- .. -- ~--Error 10 30.00 3.30 

-
Total 17 26960.54 

Appendix Table 61: Analysis of variance for the female adult emergence in T. 
confusum resulting from irradiated late pupae. 

Source DF ss MS F values 

Replication 2 7.00 3.50 l.06QNS 

Doses 5 26920.54 5384.11 1631.54 ... 

Error 10 30.00 3.30 

Total 17 26960.54 

Appendix Table 62: Analysis of variance for the female adult emergence in T. 
confusum resulting from irradiated late pupae. 

Source DF ss MS F values 

Replication 2 2.33 1.17 0.493 NS 

Doses 5 26731.77 5346.35 2255.84 ••• 

Error 10 23 .67 2.37 

Total 17 26757.77 
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5 0.6910 60 59 98.33 98 1.05 5_970 655 28
_
26 5

:
998 

Y = 3.065407 + 4.196366 X 
LDso= 0.643 

1: = 32.53174 (3 df) 

Fiducial Limits 
Upper= I. 139 
Lower =0.452 

Appendix Table 65: Pro bit analyses for the mortality of early eggs (2 day old) of T. 
confusum treated with gamma radiation. 

Dose Log Number Kill 
(Krad) Dose 

0 - 60 -
1 0 60 4 
2 0.3010 60 10 
3 0.4771 60 23 
4 0.6021 60 46 
5 0.6910 60 58 

Y=2.902191 + 4.565864 X 
LDso= 0.780 
x_2 = 23.73116 (3 df) 

% 
Kill 

-
6.67 
16.67 
38.33 
76.67 
96.67 

Corrected Emperical Expected 
% Kill Probit Probit 

- - -
7 3.52 2.89 
17 4.05 4.27 
38 4.69 5.08 
77 5.74 5.65 
97 6.88 6.11 

·working Weight 
Probit 

- -
4.38 5.52 
4.05 30.18 
4.70 38.22 
5.73 33.48 
6.51 26.34 

Fiducial Limits 
Upper =2.254 
Lower =0.379 

Appendix Table 66: Pro bit analyses for the mortality of late eggs (Sday old) of T. 
castaneum treated with gamma radiation. 

Dose Log Number 
(Krad) Dose 

0 -
1 0 
2 0.3010 
3 0.4771 
4 0.6021 
5 0.6910 

Y = 2.065 + 5.418 X 
LD.50= 1.158 

60 
60 
60 
60 
60 
60 

1:. = 16.989 (3 df) 

Kill % 
Kill 

- -
1 1.66 
6 10 
15 25 
37 61.67 
54 90 

Corrected Ernperical 
%Kill Probit 

- -
2 2.95 
10 3.72 
25 4.33 
62 5.31 
90 6.28 
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Expected 
Probit 

-
2.11 
3.72 
4.67 
5.34 
5.86 

Working Weight 
Probit 

- -
5.15 1.14 
3.72 .- 20.16 
4:34 36.06 
5.29 36.96 
6.14 30.18 

Fiducial Limits 
Upper= 2.913 
Lower= 0.757 

Final 
Probit 

-
2.902 
4.277 
5.081 
5.651 
6.094 

Final 
Probit 

-
2.065 
3.696 
4.650 
5.327 
5.852 



Appendix Table 67: Prob it analyses for the mortarty r 1 confusum treated ·th I ? _ate eggs (5day old) of T. 

Dose . Log Number 
(Krad) .Dose 

0 - 60 
1 0 60 
2 0.3010 60 
3 0.4771 60 
4 0.6021 60 
5 0.6910 60 

Y= 2.791 +4.257 X 
LD,o= 0.901 
1.,

2 = 13.193 (3 cit) 

Kill· % 
Kill 

- -
3 5 
8 13 .. 33 

19 31.67 
40 66.67 
51 85 

wi gamma rad1atwn . 

Corrected Emperical 
% Kill Probit 

- -
5 3.36 
13 3.87 
32 4.53 
67 5.44 
85 6.04 

Expected Working 
Probit 

-
2.79 
4.07 
4.82 
5.36 
5.77 

Probit 

-
4.09 
3.87 
4.55 
5.42 
5.99 

Fiducial Limits 
Upper= 4.257 
Lower= 2.791 

Weight 

-
4.56 

26.34 
37.62 
36.96 
31.92 

Appendix Table 68: Probit analyses for the mortality of early larvae (2 day old) of T. 
castaneum treated with gamma radiation. 

Dose Log Number 
(Krad) Dose 

0 - 60 
l 0 60 
2 0.3010 60 
3 0.4771 60 
4 0.6021 60 
5 0.6910 60 

Y = 3.497 + 5.361 X 
LD.,o= 1.906 
x,2 = · 21 .01888 (3df) 

Kill % 
Kill 

- -
8 13.33 

20 33.33 
58 96.67 
59 98.33 
59 98.33 

Corrected Emperical 
% Kill Probit 

- -
13 3.87 
33 4.56 
97 6.88 
98 7.05 
98 7.05 

-Expected Working 
Probit. Probit 

- -
3.51 3.98 
5.13 4.57 
6.08 6.51 
6.75 6.93 
7.27 7.04 

Fiducial Limits 
Upper =2.426 
Lower = 1.497 

Weight 

-
16.14 
38.04 
26.34 
12.48 
5.52 

Appendix Table 69: Probit analyses for the mortality of early larvae (2 day old) of T. 
confusum treated with gamma radiation. 

Dose Log Number 
(Krad) Dose 

0 -
1 0 
2 0.3010 
3 0.4771 
4 0 .6021 
5 0.6910 

Y = 1.650 + 8.697 X 
LD5o= 0.727 
x2 = 61.054 (3 df) 

60 
60 
60 
60 
60 
60 

Kill % 
Kill 

- -
1 1.67 
6 10 

54 90 
59 98.33 
59 98.33 

Corrected Emperical 
% Kill Probit 

- -
2 2.95 
10 3.72 
90 6.28 
98 7.05 
98 7.05 
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Expected Working Weight 
Probit 

-
l.72 
4.28 
5.78 
6.85 
7.67 

Probit 

-
13.03 
3.81 
6.15 
7.04 
6.45 

Fiducial Limits 
Upper= 1.823 
Lower= 0.232 

-
.36 

30.18 
31.92 
10.80 
2.40 

Final 
Probit 

-
2.791 
4.073 
4.823 
5.355 
5.768 

Final 
Probit 

-
3.498 
5.112 
6.057 
6.726 
7.245 

Final 
Probit 

-
1.650 
4.268 
5.811 
6.886 
7.729 



Appendix Table 70: Probit analyses for the mort rty f 
castaneum treated with gammaa1 od_ mt~ture larvae (16 day old) of T. 

ra 1a 100. 

Dose Log Number 
(Krad) Dose 

0 - 60 

I 0 60 

2 0.3010 60 
3 0.4771 60 
4 0.6021 60 
5 0.6910 60 

Y = 4.434 + 4.005 X 
LD~= 3.383 

x2 = 1.284 (3 elf) 

Kill % Corrected 
Kill % Kill 

- - -
39 65 65 
50 83 .33 83 
57 95 95 
58 96.67 97 
59 98.33 98 

Emperical Expected 
Probit Probit 

- -
5.39 5.35 
5.95 6.11 
6.64 6.54 
6.88 6.85 
7.05 7.09 

Working Weight 
Probit 

- -
5.37 36.06 

5.92 26.34 
6.61 16.14 
6.91 10.80 
7.03 7.86 

Fiducial Limits 
Upper== 5.212 

Lower = 1.579 

Final 
Probit 

-
5.327 
6.072 
6.51 
6.817 
7.05 

Appendix Table 71: Pro bit analyses for the mortality of mature larvae (16 day old) of T. 
confusum treated with gamma radiation. 

Dose Log Number 
(Krad) Dose 

0 - 60 
1 0 60 
2 0.3010 60 
3 0.4771 60 
4 0.6021 60 
5 0.6910 60 

Y= 4.657+3.0ll X 
LD50= 2.299 
x,2 = 9.943 (3 df) 

Kill % Corrected 
Kill %Kill 

- - -
29 48.33 48 
39 65 65 
58 96.66 97 
59 98.33 98 
59 98.33 98 

Emperical Expected 
Probit Probit 

- -
4 .95 4.81 
5.39 5.79 
6.88 6.36 
7.05 6.77 
7.05 7.08 

Working Weight 
Probit 

- -
4.96 37.62 
5.33 31.92 
6.66 20.16 
6.93 12.48 
7.03 7.86 

Fiducial Limits 
Upper= 5.938 
Lower == I. 799 

Final 
Probit 

-
4.819 
5.784 
6.348 
6.748 
7.058 

Appendix Table 72: Pro bit analyses for the mortality of early male pupae (2 day old) of T. 
casta.neum treated with gamma radiation. 

Dose Log Number 
(Krad) Dose 

0 - 60 
I 0 60 
2 0.3010 60 
3 0.4771 60 
4 0.6021 60 

5 0.6910 60 

Y:::: 4.400 + 0.67022 X 
LD50= 3.844 
'1.,2 = 2.544 (3 df) 

Kill % Corrected 
Kill %Kill 

- - -
16 26.67 27 
23 38.33 38 
23 38.33 38 
21 35 35 
30 50 50 
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Emperical E>.."Pected 
Probit Probit 

- -
4.39 4.41 
4.69 4.61 

-
4.69 4 .72 
4.61 4.81 

5 4.86 

Working Weight 
Probit 

- -
4.39 33.48 
4.69 36.06 
4.69 36.96 
4 .61 36.96 
5.02 37.62 

Fiducial Limits 
Upper= 23.294 
Lower== 2.641 

Final 
Probit 

-
4.401 
4.602 
4.721 
4.804 
4.869 
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Appendix Table 73: Pro bit analyses for the mortality of early 1 (
2 

d ma e pupae ay old) of 
T. con/ usum treated with gamma radiation. . 

- Log Number Dose 
(Krad) Dose 

0 - 60 
1 0 60 
2 0.3010 60 
3 0.4771 60 
4 0.6021 60 
5 0 .6910 60 

Y = 3.737 + 0.371 X 
LD.so= 3 .319 
'1,,2 = 2.222 (3 dt) 

Kill % Corrected 
Kill %Kill 

- - -
7 11.67 12 
7 11.68 12 
6 10 10 
8 13.33 13 

12 20 20 

Emperical 
Probit 

-
3.82 
3.82 
3.72 
3.87 -
4.16 

Expected Working Weight 
Probit 

-
3.74 
3.84 

3.898 
3.94 
3.97 

Probit 

- -
3.84 20.16 
3.82 
3.72 

4 .27 

Fiducial Limits 
Upper= 6. 955 
Lower= l.237 

22.2 
22.2 
24.3 
24.3 

Final 
Probit 

-
3.737 
3.849 
3.914 
3.961 
3.997 

Appendix Table 74: Probit analyses for the mortality of late male pupae (5 day old) of T. 
castaneum treated with gamma radiation. 

Dose Log Number 
(Krad) Dose 

0 - 60 
I 0 60 
2 0.3010 60 
3 0.4771 60 
4 0.6021 60 
5 0.6910 60 

Y = 4.574 + -0.223 X 
LD50= 4.236 
'1,,2 = 8.183 (3 elf) 

Kill % 
Kill 

- -
16 26.67 
23 38.33 
23 38.33 
18 30 
11 18.33 

Corrected Emperical Expected 
%Kill Probit Probit 

- - -
27 4.39 4.59 
38 4 .69 4.51 
38 4.69 4.45 
30 4.48 4 .41 
18 4.08 4.39 

Working Weight 
Probit 

- -
4.38 34.86 
4.72 33.48 
4.72 33.48 
4.48 33.48 
4.ll 31.92 

Fiducial Limits 
Upper= 4.246 
Lower= 3.599 

Final 
Probit 

-
4.574 
4.507 
4.468 
4.440 
4.419 

Appendix Table 75: Probit analyses for the mortality of late male pupae (5 day old) of T. 
confusuin treated with gamma radiation. 

Dose Log Number 
(Krad) Dose 

0 - 60 
I 0 60 
2 0.3010 60 
3 0.4771 60 

4 0.6021 60 

5 0.6910 60 

Y = 3.737 + 0.371 X 
LD50 = 4.319 
x2 = 2.254(3 elf) 

Kill % 
Kill 

- -
7 11.67 
7 11.67 
6 10 
8 13.33 

12 20 

Corrected Emperical 
%Kill Probit 

- -
12 3.82 
12 3 .-82 
10 3.72 
13 3.87 
20 4.16 

Expected Working Weight 
Probit 

-
3.74 
3.84 
3.91 
3.94 
3.97 

Probit 

- -
3.84 20.16 
3.82 
3.72 

4 .22 

Fiducial Limits 
Upper= 8.955 
Lower = 1.23 7 

22.2 
22.2 
24.3 
24.3 

Final 
Probit 

-
3.737 
3.849 
3.914 
3.961 
3.997 



Appendix Table 76: Probit analyses for th . 
T. e mortahty of early ~ I 

. castaneum treated with . . ema e pupae (2 day old) of 
gamma rad1at1on . 

Dose . Log Number 
(Krad) Dose 

0 - 60 
I 0 60 
2 0.3010 60 
3 0.4771 60 
4 0.6021 60 
5 0.6910 60 

Y= 3.931 + 0.991 X 
LDso= 3.820 

x,2 = 1.061 (3 df) 

Kill % 
Kill 

- -
9 15 
13 21.66 
16 26.67 
17 28.33 
24 40 

Corrected Emperical 
%Kill 

Expected 
Probit Probit · 

- - -
15 3.96 3.93 
22 4.23 4.24 
27 4.39 4.41 
28 4.42 4.54 
40 4.75 4.63 

Working Weight 
Probit 

- -
3.97 24.3 
4.22 30.18 
4.39 33.48 
4.41 34.86 
4.74 36.06 

Fiducial Limits 
Upper= 7.889 
Lower= 1.235 

Appendix Table 77: Probit analyses for the mortality of early female pupae (2 day 
old) of T. confusum treated with gamma radiation. 

Dose Log Number 
(Krad) Dose 

0 - 60 
I 0 60 
2 0.3010 60 
3 0.4771 60 
4 0.6021 60 
5 0.6910 60 

Y= 4.006 + 0.916 X 
LD50= 3.124 
x2 = o.730 (3 df) 

Kill % 
Kill 

- -
11 18.33 
13 21.67 
16 26.67 
19 31.67 
24 40 

Corrected Emperical 
% Kill Probit 

- -
18 4.08 
22 4.23 
27 4.39 
32 4.53 
40 4.75 

Expected Working Weight 
Probit 

-
4.02 
4.29 
4.45 
4.56 
4.65 

Probit 

- -
4.08 26.34 
4.22 30.18 
4.39 33.48 
4.52 34.86 
4.74 36.06 

Fiducial Limits 
Upper= 5.965 
Lower= 0.868 

Appendix Table 78: Probit analyses for the mortality of late female pupae (5 day 
old) of T. ca.staneum treated with gamma radiation. 

Dose Log Number 
(Krad) Dose 

0 - 60 
I 0 60 
2 0.3010 60 
3 0.4771 60 
4 0.6021 60 

5 0.6910 60 

Y = 4.093 + 0.330 X 
LD50 = 4.696 
r..2 = 0.296 (3 df) 

Kill % 
Kill 

- -
11 18.33 
12 20 
15 25 
15 25 
14 23.33 

Corrected 
% Kill 

-
18 
20 
25 
25 
23 
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_ ... ____ -"'·- ------·------- .~- . 

Emperical Expected Working Weight 
Probit Probit 

- -
4.08 4,09 
4.16 4.19 
4.33 4.25 
4.33 4.29 
4.26 4,33 

Probit 

- -
4.07 26.34 
4.19 28.26 
4.33 30.18 
4.33 30.18 
4 .27 31.92 

Fiducial Limits 
Upper= 8.096 
Lower= 2.817 

Final 
Probit 

-
3.931 
4.229 
4.404 
4.528 
4.624 

\Final 
Probit 

-
4.006 
4.282 
4.444 
4.559 
4.647 

'Final 
Probit 

-
4.093 
4.193 
4.251 
4.292 
4.324 
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Appendix Table 79: Probit analyses for th . 
e mortality of I t fi 

old) of T. confusum treated w·th a e emale pupae (5 day 

Dose Log Number 
(Krad) Dose 

0 - 60 
1 0 60 
2 0.3010 60 
3 0.4771 60 
4 0.6021 60 
5 0.6910 60 

Y= 4.419+0.429X 
LO.so= 4.059 

x2 = 1.311 (3 df) 

Kill % 
Kill 

- -
13 21.67 
18 30 
18 30 
10 16.67 
8 13.33 

Corrected 
%Kill 

-
22 
30 
30 
17 
13 

1 gamma radiation . 

Emperical 
Probit 

-
4.23 
4.48 
4.48 
4.05 
3.87 

Expected Working Weight 
Probit 

-
4.43 
4.28 
4.19 
4.13 
4.08 

Probit 

- -
4.24 33.48 
4.49 30.18 
4.55 28.26 
4.06 28.26 
3.87 26.34 

Fiducial Limits 
Upper= 9.029 
Lower= 1.320 

Appendix Table 80: Prob it analyses for the mortality of 9 day old male adults of T. 
castaneum treated with gamma radiation. 

Dose Log Number 
(Krad) Dose 

0 -
1 0 
2 0.3010 
3 0.4771 
4 0.6021 
5 0.6910 

Y = 3.544 + 1.192 X 
LO$()= 10.628 
1.,

2 = 1.692 (3 elf) 

60 
60 
60 
60 
60 
60 

Kill % Corrected 
Kill %Kill 

- - -
3 5 5 
11 18.33 18 
11 18.33 18 
14 23.33 23 
15 25 25 

Emperical 
Probit 

-
3.36 
4.08 
4.08 
4.26 

.4.33 

Expected Working Weight 
Probit 

-
3.47 
3.87 
4.10 
4.27 
4.41 

Probit 

- -
3.36 14.28 
4.13 22.2 
4.09 28.26 
4.25 30.18 
4.33 31.92 

Fiducial Limits 
Upper= 15.021 
Lower= 5.070 

Appendix Table 81: Pro bit analyses for the mortality of 9 day old male adults of T. 
confuslim treated with gamma radiation. 

Dose Log Number 
(Krad) Dose 

0 - 60 
1 0 60 
2 0.3010 60 
3 0.4771 60 
4 0.6021 60 

5 0.6910 60 

Y = 4.419 + 0.508 X 
LD,o= 8.852 
x,2 = 0.925 (3 df) 

Kill % 
Kill 

- -
. 16 26.67 

23 38.33 
20 33.33 
24 40 
25 41.67 

Corrected Emperical Expected 
% Kill Probit Probit 

- - -
27 4.39 4.42 
38 4.69 4.58 
33 4.56 4.67 
40 4.75 4.74 
42 4.80 4.79 

Working Weight 
Probit 

- -
4.39 33.48 
4.69 34.86 
4.67 36.06 

I 4.74 36.96 
4.79 36.96 

Fiducial Limits 
Upper= 112.759 
Lower = 3. 065 

Final 
Probit 

-
4.419 
4.291 
4.215 
4.16 
4.121 

Final 
Probit 

-
3.544 
3.903 
4.113 
4.262 
4.378 

Final 
Probit 

-
4.429 
4.592 
4.66 
4.66 
4.78 



Appendix Table 82: Probit analyses for th . 
castaneum treated withe mortality ~f 1_6 day old male adults of T. 

gamma radiation. 

-Dose 
(Krad) 

- 0 

1 

Log 
Dose 

0 

Number Kill % 
Kill 

60 

60 16 26.67 

Corrected Emperical E 
o/c K ,xpected Working Weight 

o ill Probit Probit Probit 

2 0.3010 60 17 28.33 28 4 , 

Y= 4.319+0.433X 
LO.so= 12.931 

x2 = 2.21014 (3 dt) 

Fiducial Limits 
Upper= 21.821 
Lower= 9.858 

Appendix Table 83: Probit analyses for the mortality of 16 day old male adults of T. 
confusum treated with gamma radiation. 

Dose Log Number 
(Krad) Dose 

0 - 60 
1 0 60 
2 0.3010 60 
3 0.4771 60 
4 0.6021 60 
5 0.6910 60 

Y = 4.394 + 0.383 X 
LO.so= 10.025 
x2 = 0.160 (3 elf) 

Kill % 
Kill 

- -
17 28.33 
18 30 
21 35 
21 35 

23 38.33 

Corrected Emperical 
%Kill Probit 

- -
28 4.42 
30 4.48 
35 4.61 
35 4.61 
38 4.69 

Expected Working Weight 
Probit 

-
4.40 
4.51 
4.59 
4.63 
4.67 

Probit 

- -
4.42 33.48 
4.42 34.86 
4.61 34.86 
4.63 36.06 
4.69 36.06 

Fiducial Limits 
Upper= 17.516 
Lower= 5.912 

Appendix Table 84: Probit·analyses for the mortality of 9 day old female adults of T. 
castaneum treated with gamma radiation. 

Dose Log Number 
(Krad) Dose 

0 - 60 
1 0 60 
2 0.3010 60 
3 0.4771 60 
4 0.6021 60 
5 0.6910 60 

Y= 3.922 + 0.913 X 
LD50= 8.122 
x_2 = 2.411 (3 df) 

Kill % 
Kill 

- -
9 15 
13 21.67 
13 21.67 
15 25 
24 40 

Corrected Emperical 
% Kill Probit 

- -
15 3.96 
22 4.23 
22 4.23 
25 4.33 
40 4.75 
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Expected 
Probit 

-
3.92 
4.20 
4.36 
4.47 
4.56 

Working Weight 
Probit 

- -
3.97 24 . .3 
4.25 28.26 
4.23 31 .92 
4.33 33.48 
4.74 34.86 

Fiducial Limits 
Upper= 14.101 
Lower== 5.765 

Final 
Probit 

Final 
Probit 

-
4.395 
4.511 
4.578 
4.625 
4.662 

Final 
Probit 

-
3.92 
4.197 
4.359 
4.473 
4.561 
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~ppendix Table 85: Pro bit analyses for the mortality of 9 d Id ,. 
1 ay o aema e adults of T. 

. confusum treated with gamma radiation. . 

Dose Log Number 

J(rad) Dose 

0 - 60 

1 0 60 

2 0.3010 60 

3 0.4771 60 

4 0.6021 60 

5 0.6910 60 

'l = 4.208 + 0.423 X 
'..D50= 7.101 

·t.,2 = 2.527 (3 elf) 

Kill % 
Kill 

- -
13 21.67 
16 26.67 
14 23.33 
15 25 
23 38.33 

Corrected Emperical Expected 
%Kill Probit Probit 

- - -
22 4.23 4.21 
27 4.39 4.33 
23 4.26 4.41 
25 4.33 4.46 
38 4.69 4.51 

Working Weight 
Probit 

- -
4.25 28.26 
4.39 31.92 
4.27 33.48 
4.33 33.48 
4.68 34.86 

Fiducial Limits 
Upper= 14.149 
Lower= 5.581 

Appendix Table 86: Probit analyses for the mortality of 16 day old female adults of T. 
castaneum treated with gamma radiation. 

Dose Log Number 
(Krad) Dose 

0 -
1 0 
2 0.3010 
3 0.4771 
4 0.6021 
5 0 .6910 

Y=4.318+0.187X 
LDso= 10.311 
x,2 = 1.696 (3 df) 

60 
60 
60 
60 
60 
60 

Kill % 
Kill 

- -
17 28 .. 33 
13 21.67 
15 25 
17 28.33 
20 33 .33 

Corrected Emperical 
%Kill Probit 

- -
28 4.42 
22 4.23 
25 4.33 
28 4.42 
33 4.56 

Expected Working Weight 
Probit 

-
4.32 
4.37 
4.40 
4.43 
4.44 

Probit 

- -
4.43 31 .92 
4.23 31.92 
4.33 33.48 
4.42 33.48 
4.57 33.48 

.Fiducial Limits 
Upper= 28.574 
Lower= 5. 167 

Appendix Table 87: Probit analyses for the mortality of J6 day oJd female adults of 1: 
confusum treated with gamma radiation. 

Dose Log Number 
(Krad) Dose 

0 - 60 
1 0 60 
2 0.3010 60 
3 0.4771 60 
4 0.6021 60 
5 0.6910 60 

Y = 4.023 + 0.911 X 
LO.so= 9.790 
x,2 = 0.308 (3 df) 

Kill % 
Kill 

- -
11 18.33 
13 21.67 
17 28.33 
21 35 
23 38.33 

Corrected Ernperical Expected 
%Kill Probit Probit 

- - -
18 4.08 4.03 
22 4.23 4.30 
28 4.42 4.46 
35 4.61 4.57 
38 4.69 4.66 

Working Weight 
Probit 

- -
4.08 26.34 
4.23 31 .92 
4.42 33.48 
4.61 34.86 
4.87 36.06 

Fiducial Limits 
Upper = 23.903 
Lower = 6.612 

Final 
Probit 

.. 
4.209 
4.336 
4.411 
4.46 
4.504 

Final 
Probit 

-
4.318 
4.375 
4.408 
4.431 
4.449 

Final 
Probit 

-
4.023 
4.298 
4.458 
4.458 
4.661 



Appendix Table 88: LT50 value.s, 95% confidence limits, regression and x,2 values 

for Triholium adults resulting from irradiated mature larvae 

Species Dose Sex LT50 95% conf. limits Regression 
x2 {krad) (weeks) lower upper Equation{Y) 

values 1 Male 15.40 14.99 15.82 -4.49 + 7.99x 2.76 
Female 14.69 14.37 15.03 -6.21 + 9.60x 8.41 

T. castaneum 2 Male 15.13 14.59 15.68 14.59 15.68 16.15 
Female 14.86 ' 

14.50 15.23 -6.09 + 9.46x 11.66 

3 Male 14.38 14.06 14.72 -5.56 + 9.12x 8.91 

Female 13.90 13.62 14.18 -6. 74 + 10.27x 11.23 

1 Male 14.68 14.30 15.07 -4. 73 + 8.34x 5.57 

Female 14.55 14.21 14.89 -5.39 + 8.93x 5.19 

T. confusm 2 Male 14.51 13.39 15.63 -6.29 + 9.59x I 7.4 l * 
Female 14.48 13.91 15.08 -4.74 + 8.39x 18.74* 

3 Male 13.40 12.89 13.93 -5.52 + 9.33x 20.27** 

Female 13.35 13.06 13.65 -5.68 + 9.49 10.61 

*P < 0.05, **P < 0.01, ***P < 0.001 

Appendix table 89: Analysis variance for the time course mortality of adults of 
T. castaneum developing from mature larvae. 

Source DF ss MS F values 

Sex 1 79 79 0.064NS 

Doses 3 23809 7936 6.395 • 

Sex* Doses 3 11 3.90 0.003 NS 

Error 192 238339 1241 

Total 199 262238 
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Appendix table 90: Analysis variance for the ti·me 
course mortality f 

T. confusum developing from mature larvae. o adults of 

-
Source DF ss MS Fvalues 

Sex 1 31 31 0.023 NS 

Doses 3 30893 10298 7.600 ••• 

Sex* Doses 3 1 0.333 o.ooNs 

Error 192 260147 1355 

Total 199 291072 

Appendix table 91: Analysis variance for the time course mortality of adults of 
T.castaneum and T. confusum developing from mature larvae. 

Source DF ss MS F values Probability 

Species 1 2941 2941 2.28 0.132 

Sex 1 105 105 0.08 0.776 

Doses 3 54472 18157 14.10 0.000 

Species*Sex 1 5 5 0.00 0.948 

Species*Doses 3 231 77 0.06 0.981 

Sex*Doses 3 3 B 0.00 1.00 

Error 387 · 498495 1288 ; 

Total 399 · 556252 

Appendix Table 92: Analysis variance for the fecundity in T castaneum resulting from 
. di ed rrra at pupae 

Source DF ss MS F values 

Doses 3 120.00 40.00 7.619 ___ 

Crosses 2 30.50 15.25 2.905 ,~,3 

Doses* Crosses 6 15.50 2.58 0.4911'<'3 

Error 24 126.00 5.25 

Total 35 292.00 
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Appendix Table 93: ~naly~is variance for the fecundity . T. 
irrad t d m confusum r It' _1a e pupae esu mg from 

Source DF ss MS F values 
Doses 3 31.64 10.55 2.482 1'" 

~Crosses 2 98.00 49.00 11.529 ••• 
~ 

Doses* Crosses 6 75.11 12.52 2.946 "" 
Error 24 102.00 4.25 
Total 35 306.75 

Appendix Table 94: Analysis variance for the fecundity in T. castaneum irradiated as 
adults · 

Source DF ss MS F values 

Doses 3 51.42 17.14 3.718 • 

Crosses 2 6.22 3.11 0.675 N .:> 

Doses• Crosses 6 3.33 0.56 0.121 NlS 

Error 24 110.67 4.61 

Total 35 171.64 

Appendix Table 95: Analysis variance for the fecundity in T. confusum irradiated as 
adults 

Source DF ss MS F values 

Doses 3 89.00 29.67 4.031 • 

Crosses 2 24.06 12.0J l .6J5 N~- - -

---- -- -·-- ·---- -·------ ------- ... - - -----~ . .. 
Doses* Crosses 6 14.83 2.47 0.336 · 

Error 24 176.67 7.36 
l -

Total 35 304.56 

Appendix Table 96: Analysis variance for the hatchability in T. castaneum resulting from 
irra d. d 1ate pupae 

S011rce DF ss MS F values 

Doses 3 35091.00 11697.00 3119.20 ---

Crosses 2 30.50 15.25 4.067" 

Doses* Crosses 6 37.50 6.25 1.667 I'<'> 

Error 24 90.00 3.75 

Total 35 35249.00 
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Appendix Table 97: Analysis variance for the hatchability in 1' . fi , . 
irradiated pupae . · con, u5um resultmg from 

Source ·-DF 1-~-· Ms,~· ss ---·---
F values ---------~._.. .--..~~.-, 

Doses 3 36429.00 
. _,,,....., __ ..:: _~-----.,_ 

t-,.,...._._ - ·--- - . 12143 .00 3830.59 .•• - 2 crosses 30.50 15.25 4.811 ... 

Doses* Crosses 6 49.50 8.25 2.603. 

Error 24 76.00 3.17 

Total 35 36585.00 

Appendix Table 98: Analysis variance for the hatchability in T. castaneum irradiated as 
adults 

Source DF ss MS F values 

Doses 3 39101.00 13033.67 2298.70 T"• 

Crosses 2 19.50 9.75 1. 720 '~" 

Doses* Crosses 6 20.50 3.42 0.603 1
"" 

Error 24 136.00 5.67 

Total 35 39277.00 

Appendix Table 99: Analysis variance for the hatchability in T. confusum irradiated as 
adults 

Source DF ss MS F values 

Doses "' 39930.70 13310.20 182.83*** ~ 

Crosses 2. 247.40 123.70 1.699 !'1" 

Doses* Crosses 6 489.50 81.60 1.121 I'<.:> 

Error 24 1746.70 72.80 

Total 35 42414.30 ~ 

173 


