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ABSTRACT 

The toxic and physiological effects of phosphine on insects of 

various species have been investigated. Results were based on (i) 

24-hr. holding period and (ii) End-point mortalities. 

Results of section (i) indicated that exposure period was more 

critical than the concentration of phosphine. Stirring increased 

potency of phosphine by a factor of 1.1 to 1.9 at various concentrations. 

The relative toxicity of phosphine was studied using several stored 

product insects. The toxic action of phosphine was mainly irreversible. 

Excretion in Tlocusta grratoria was delayed due to the effects of 

phosphine and the excretory efficiency of the malpighian tubules was 

also affected. Phosphine inhibited oxygen uptake by insects. Pene-

tration of phosphine through the insect cuticle was demonstrated and 

a few attempts were made to study the absorption of phosphine by 

insects. 

Results of section (ii) indicated that mortalities stabilised 

20-30 days after fumigation with phosphine and methyl bromide. 

Symptomatology of fumigant poisoning was studied. Effects of syner-

gists on the toxicity of phosphine were investigated by pretreating 

insects with synergists before fumigation. Piperonyl butoxide syner-

gised the effect of phosphine in Tribolium castaneum and both piperonyl 

butoxide and SKF 525A synergised its effect on Musca domestica. By 

measuring synergistic ratios it was found that the synergistic effects 

were definite, but they were small; the effects may well have 

resulted from some inhibition of microsomal oxidases. The joint 

toxicity of phosphine and methyl bromide was investigated. 
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Observed mortalities were compared with those expected under additive 

action, and under independent action with complete negative correlation 

of tolerances. These expectations were regarded as standards of 

comparison to give indications of the possible practical usefulness 

of the mixtures; they were not intended as necessarily throwing light 

on physiological and/or biochemical mechanisms of joint action. 

Higher doses of the mixtures produced mortalities of T. castaneum and 

	sanarius about equal to those calculated for additive 

action, though lower doses produced mortalities lower than those 

similarly calculated. The mixtures produced mortalities of M. domestic; 

all higher than those calculated for additive action. The effects 

were studied of phosphine, methyl bromide, and a mixture of the two, 

on the movements of the metathoracic spiracle of 11...domestica, and on 

the oxygen uptake of T. castaneum and S. granaries. The results of 

the toxicity tests and physiological investigations as a whole are 

consistent with the supposition that phosphine and methyl bromide act 

on different biological systems, and that in mixtures one or each 

modifies the uptake by the insect, and/or biological action, of the 

other. 
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A. INTRODUCTION 

Economic disinfestation of large bulks of foodstuffs is carried out 

by insecticides in the gaseous phase and the term fumigant is used for 

such chemicals. The gaseous state allows toxic molecules to penetrate 

every space within materials liable to harbour insects. Fumigants have 

become accepted as suitable for three reasons: (1) they can be effective 

against the pest; (2) although many of them are highly toxic to man it 

has been possible to devise ways of using them safely; (3) if the 

fumigators adhere to good practice (Anon. 1965) in regard to the type 

of crop, the dosage, the method of application and the subsequent 

treatment of the crop (aeration and milling etc.), use of fumigants does 

not lead to a consumer hazard. Many fumigants have been well known to 

toxicologists for many years and descriptions of their toxic effects 

are to be found in most standard works on toxicology (see, for example 

Patty, 1949; Fabre and Truhaut, 1960 and Oettingen, 1964). It is only 

recently that phosphine has come into large scale use as a fumigant for 

insect control, although it was indirectly known to mankind since time 

immemorial as ignis fatuus (wild fire), feux follets (transient flick-

ering, France), ignes fatui (supernatural; Scotland, elf-candles or 

elf-fire means corpse-candles appearance in cemeteries). It was first 

discovered by P. Gengembre in 1783, who called it aas phosphorique  

inflammable. Finally in 1826, J. D. A. Dumas gave the name phosphine 

to this gas (from Mellor, 1931). Owing to the desirability of further 

knowledge on the mode of action of this fumigant, the present work on 

the toxicological and physiological effects of phosphine on insects 

of some pest species was undertaken. 
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The factor of time in relation to the toxicity of fumigants is so 

obvious that it does not need much explanation (Sun, 1947). Various 

attempts have been made to find out a definite relationship between 

exposure time (T), and concentration (C) of fumigant for a given per-

centage mortality. Among the earlier investigators (Quayle and Knight, 

1921; Bringley and Baker, 1927; Peters and Ganter, 1935 and Wachtel, 

1941), the equation, CT = K (a constant), was used for various fumigants 

other than phosphine. However, this simple equation can only be true 

within a limited range of time and concentration. Qureshi et al (1965) 

using phosphine against Sitophilus granarius (L.) observed that 

variations of either of the components of the equation :(CT =.K), showed 

that increase in the concentration component resulted in higher 

mortality. Lindgren and Vincent (1966) concluded from CT products 

obtained, using Tribolium confusum, Duv., S, granarius and Sitophilus  

oryzae(L.), that phosphine was least effective at an exposure of 2 

hours (greater CT product) and the dosage mortality curve tended to 

level off in the 90 - 99 per-tent kill region. It was considered of 

interest, therefore, to investigate the effects of different concent-

rations on the toxicity of phosphine in relation to time. Adults and 

larvae of Tribolium castaneum (Herbst) and Tenebrio molitor L. were 

used for these studies at different concentrations of phosphine in the 

range of 0.025 to 11.566 mg/1 after developing a suitable fumigation 

apparatus and standardising analytical methods for determining phosphine 

concentration. 

Wide variations in the response of S. granarius to phosphine 

(Qureshi et al) and general effectiveness of the fumigant to several 

insect pests (Anon., 1968b)lead one to consider the uptake of 

phosphine by closely related susceptible and tolerant insect species* 
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Hence the relative toxicity of phosphine to some insect species under 

present experimental conditions was studied as a first step to select 

suitable insects for further investigations on uptake of the fumigant 

by some susceptible and tolerant insect species. The relative density 

of phosphine (Whitney, 1961) is 1.2 (air = 1.0), i.e. it is, only 

slightly heaviek than air. Thus, it was considered important to 

investigate the toxicity of phosphine with stirring and without stirring 

and this was possible with the fumigation apparatus developed. Adults 

and larvae of T. castaneum were used at different concentrations to 

compare the influence of stirring on the toxicity of phosphine. 

The cumulative effect of sub-lethal doses of phosphine was studied 

using susceptible and tolerant species, to examine the reversible and 

irreversible action of the fumigant. 

The effect of phosphine fumigation on the excretory system of 

Locusta migratoria L. was studied using whole insects and sub-lethal 

dosages of phosphine, methylbromide and dichlorovos were compared by 

measuring secretion from isolated preparations of malpighian tubules. 

The oxygen consumption of adults and larvae of T. castaneum and 

respiratory quotients of adults were studied after phosphine fumigation 

using a Warburg constant-volume manometer. Adults of Oryzaephilus  

surinamensis (L.), T. castaneum, Trogoderma granariuri and larvae of 

T. castaneum, and T. n-ranarium were used to measure the oxygen uptake, 

with a continuous-recording electrolytic respirometer, and the oxygen 

consumption by the insects was compared with their order of suscept-

ibility to phosphine. 
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It was thought possible that the most important organ involved in 

the uptake of a gaseous poison would be the insect spiracle. Galley 

(1965) reported that the movements of thoracic spiracles of Musca 

domestica L. was easily visible, hence, the effect of various concent-

rations of phosphine on the activity of spiracles was studied in M. 

domestica. Only the meta-thoracic spiracles were observed for these 

studies. A second attempt was made to block the spiracular openings 

of an insect and to determine the toxicity of phosphine. It was possible 

to seal the spiracles of the pupae of T. molitor satisfactorily, hence 

a toxicity test was carried out to study the effect of phosphine on 

normal pupae and pupae with sealed spiracles. 

Cytochrome-c-oxidase is an enzyme responsible for vital functions 

in the respiratory system (Dixton and Webb, 1967). It was thought 

that phosphine might interfere with cytochrome-c-oxidase. Thus an 

investigation was undertaken to reveal the condition of cytochrome -0 - 

oxidase after fumigation with phosphine. 

To study the effect of phosphine on the tracheal system of an 

insect and the penetration of the fumigant through the insect cuticle, 

Schistocerca gregaris Forsk. and L. migratoria were considered suitable. 

A few unsuccessful attempts were made to examine the effects of 

phosphine on the tracheal system of S. gregaria. Penetration of 

phosphine through the cuticle of L. migratoria was investigated using 

micro-potentiometric titration and colorimetric methods of phosphine 

estimation. 

A preliminary test was made to correlate the amount of phosphine 

absorbed by T. castaneum with their susceptibility to the fumigant. 
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D. MATERIALS AND METHOIV  

Table 1 gives information on the test insects used. Insects were 

reared, fumigated and were afterwards held at 27 0.5°C and 70 5 

per evat r.h.; except for results described in Table 4, 10, 11 and 

Fig. 2, where the fumigation was carried out at uncontrolled temperature 

(18 - 27°C). Mortality counts were made 24 and 48 hours after 

fumigation and regression lines were found parallel (Fig. 2), hence 

it was decided to determine insect mortality 24 hours after fumigation. 

This holding period was considered suitable for the entire physiological 

and comparative toxicological studies described in Part I of this 

thesis. Insects not responding to a 21 - Watt, electric lamp, were 

counted as dead. In all determinations of toxicity two groups of 25 

insects were exposed at each dose level (two groups of 10 locusts). 

Food was not provided to insects after treatment, except for L. 

migratoria, to which fresh grass was given each day. 

To investigate the cumulative effect of phosphine, there were 8 

batdhes of each species with 2 replicates of 25 insects per batch. 

Adults of mixed sex were used, except S. panecium and T. c4ranarium, 

where only females were choosen due to their high tolerance to the 

phosphine. The second dose of phosphine was given just after the 

mortality counts were made for the first dose after 1, 2, 4 and 8 days 

of holding periods and the mortality counts for the second dose were 

made after a 24 hr. holding period. 

(a) FumiFation apparatus: 

The fumigation apparatus (Fig. 1A) consisted essentially of a 

115 litre spherical glass flask with a glass vestibule in which 

phosphine was generated and glasslock through which cages of insects 



Table 1 Test Insects 

Species 
- 

Stage Age 
(weeks) 

Weight} 
(mg) 

Food 

Ephestia cautella (W1k.) Larvae Matured 27.0 1 Wheat feed + yeast + Glycerol 
Plodia interpunctella (Hubn.) Larvae Matured 21.0 ) 	(10:1:3) 
Rhizopertha dominica (F.) Adults 2-4 1.6 3 
Sitophilus granarius (L.) Adults 2-5 3.2 English wheat  
Cryptolestes pusillus (Schon.) Adults 2-3 0.2 
Oryzaephilus surinamensis (L.) Adults 3-5 0.4 Wheat feed + rolled oats + 
Tenebrio molitor (L.) Adults 3-5 63.0 yeast (5:5:1) 
T. molitor Larvae Matured 180.0 
Stegobium paniceum (L.) Adults* 2-3 1.5 Wheat feed + yeast (10:1) 
Callosobruchus chinensis (L.) Adults 2-4 1.8 Dry green peas 
Trogoderma granarium Everts Adults* 

Larvae 
2-4 
Matured 

2.7 
3.7 

}Wheat + Wheat feed (7:3) 
T. granarium 
Gnathocerus cornutus (F.) Adults 2-4 2.8 "1Wheat feed + Fishmeal + yeast 
G. cornutus Larvae Matured 2.8 ) 	(8:4:1) 
Tribolium castaneum (Herbst) Adults 2-4 2.2 

Larvae Matured 2.8 }Whole meal flour + yeast (12:1) T. castaneum 
Locusta migratoria L. Hoppers 5th stage 1.2gm Fresh grass + wheat bran 
. 

Note: Adults were of mixed sex, except females at *. 

+Mean weight per insect. 
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were introduced and withdrawn by means of tongs (Fig. 1C). The joints 

between the flask and the ancillary glass parts were sealed with PTF] 

washers. The shaft of the tongs passed through a silicone-rubber 

diaphragm. The cages of insects within the flask rested on a stainless 

steel V-strip. A stirring fan within the flask was turned by means of 

an external magnetic unit. In each ex2eriment, the dosage of insects 

was varied by varying their time of exposure to a virtually fixed 

concentration of fumigant. Insect cages were of glass tubes (1.6 cm 

t.D. x 4 cm) having muslin held tight at both ends by PVC ring's with a 

steel hook at one end. 

(b) Analytical method for determining phouhine concentration: 

"Phostoxin" pellets (a product of Degesh, Frankfurt on Mains  

Germany) were used for generating phosphine in the fumigation apparatus 

(Fig. 1) 0.1 - 0.5 ml of water per pellet was used for its decompo-

sition. Phosphine concentration was estimated by the method, 

described by Bruce et al (1962), and developed and adopted for use 

in the Fumigant Department of the Pest Infestation Laboratory, Slough, 

England (Heseltine and Houser, 1967). Gas samples were withdrawn into 

an evacuated sampling flask (Fig. 1B) attached to a needle (31 cm. 

long). A Beckman D.B. spectrophotometer was used to determine the 

colour density. A period for the stabilization of the molybdenum blue 

reaction and a point for the maximum absorption peaks were determined 

for various concentrations of phosphorus. 2otassium dihydrogen ortho 

phosphate (KH2  PO4) was used for a standard phosphate solution. All 

reagents used were of analytical grade and their solutions were 

prepared in pure water (glass redistilled de-ionised distilled water). 

Saturated solution of chromic acid and 8N hydrochloric acid (Sullivan 

and Murphy, 1968) were used for cleaning, and tap water followed by 



15a 

Addendum 

In the analytical method for phosphine, the phosphine 

was reduced•to phosphate and phosphorus was estimated 

colorimetrically using hydrazine sulphate and developing 

molybdenum blue colour. 
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de-ionised distilled and re-distilled de-ionised distilled water, for 

the rinsing of glass apparatus. The chemical and toxicological properties 

of phosphine are fully described by various workers (e.g. Van Uazer, 1958'; 

Monro, 1964, and Robinson and Bond, 1970). 

(c) Methods used for investigations on the excretory system: 

For exretion studies in L. migratoria, insects were fumigated at 

the CT 50, of phosphine and injected with 10% red amaranth dye (in 

normal insect saline) by a microsyringe (10 ul). 10 ul of haemolymph 

samples were taken, by puncturing the arthrodial membrane at the base 

of hind legs with a calibrated micropipette. The haemolymph samples 

were blown into 0.5 ml of insect saline (0.75% sodium chloride and 

0.035% potassium chloride) and optical density read at a wavelength .of 

520 my- with a spectrophotometer against a saline blank of blood with-

out dye. Two insects were used for each observation. 

Sub-4thal doses (CT 20) of phosphine, methyl bromide and dichlorpvos 

(LD 20) were calculated from the toxicity data summarised in Table 9(a) 

and the effect of sub-lethal doses on the secretory efficiency of an 

isolated preparation of the malpighion tubules of L. misratoria was 

studied. The technique described by Naddrell (1969 a), was followed with 

minor modifications (explained personally by Dr. Maddrell), i.e. the cut 

ends of tubules were placed in separate droplets of different bathing 

fluids. Preparations of the malpighian tubules were kept under dense 

liquid paraffin (specific gravity = 0.865 - 0.890) and the volume of 

secretion was measured by measuring the diameter of secreted crop, with 

an ocular micrometer, assuming it to be spherical. Calculated volumes 

of methyl bromide were injected into the fumigation apparatus as described 

in Part III of this thesis. Dichlorpvos dissolved in acetone was 

topically applied by a microcapillary tube (1 pl) between the first and 

second abdominal 
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sternite as described by MacCuaig and Watts (1963). There were 10 

preparations of tubules for each observation. 

(d) Methods used for investigations on the respiratory system: 

Oxygen consumption and respiratory quotients (R.Q.) of T. 

castaneum were studied using a Warburg constant-volume manometer. 

All flasks and corresponding manometers were calibrated, and calculations 

for these studies were followed as described by Umbreit et al (1964). 

0.2 ml of 15% potassium hydroxide was put in the central well of the 

flask. Adults were kept on the bottom, and larvae in the side arm, 

of the flask. There were 2 replicates with 10 insects each for 

individual observations and controls. A folded filterpaper (Whatman 

No. 1) was inserted in the central well to increase the carbon Clio=ide 

- absorbing surface. Manometers with flasks were placed in a constant 

temperature room (260C). A thermobarometer, simply a duplication of 

flask and manometer with 0.2 ml of water with the above mentioned 

filterpaper was put alongside the other manometers to record changes 

in atmospheric pressure, which were used for correcting experimental 

pressure observations. Observations were taken each hour and finally 

results were combined for the periods indicated in Fig. 12 and 13. For 

determining R.Q. values (Carbon dioxide production/oxygen consumption) 

two sets of insect material under similar conditions were run together. 

One experiment was similar to that mentioned above, but in a second one 

the carbon dioxide liberated during respiration was left free inside the 

closed system, and resultant pressure changes were recorded. When 

insects were respiring in the presence of carbon dioxide, tho carbon diorlde 

influenced the rate of respiration; hence this method was abandoned. 

In a second experiment for determining R.Q. values, insects were kept 

in the central well and 2 ml of 0.5 N potassium hydroxide wan put on 
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the bottom and 0.25 ml of 2 11 sulphuric acid in a small glass cup, 

which was hung on the outside of the central well. The first observation 

of the manometer indicated oxygen consumption and immediately after, 

this flask was shaken to tip the sulphuric acid cup on floor and the 

resultant pressure record gave the quantity of liberated carbon dioxide 

absorbed by potassium hydroxide during respiration. 

Respiration of insects mentioned in Table 12mwas studied in a 

continuous-recording respirometer (Fig. 18). The description of the 

technique is given in the Part III of this thesis. The temperature of 

the water bath was 26°C and current level was 3 mA. There were two 

replicates of 10 insects for each species. 

To study the effect of phosphine on the spiracular activity, M. 

domestica,  4 - 6 days old adult females were selected. The exposure 

tube and observation methods were the same as described in Part III. 

Phosphine was generated in a 1.3 litre glass vessel, and desired 

amounts were Injected into the exposure tube by a calibrated micro-

syringe (10 p1 and 100 pl). The exposure tube had stoppers with silicone-

rubber diaphragms at both ends. Proper diffusion of the fumigant was 

ensured by several strokes of the plunger of the 1 ml gas syringe. 

Pupae of T. molitcr were immobilized by keeping them in a cold 

dish and the spiracles were sealed byacrylic resin under a binocular 

microscope. There were two replicates of 10 pupae per dose level. 

Eortality counts were made 24 hours after fumigation. Pupae exposed 

to a 60 watt electric lamp were touched gently if there was a movement 

by the anal end, the insect was regarded as alive, otherwise dead. 

Cytochrome-c-oxidase from a mammalian source (the heart of a 

horse) was used (0.1% w/v) in re-distilled water and stored in a cool 
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(5°C) dark place. 10 ml of the suspension was taken into a fumigant 

sampling flask. The flask was partially evacuated to take 10 ml of 

phosphine-air mixture containing 100 jig of phosphine from the fumigant 

reservoir. Samples of enzyme were fumigated for 1, 2, 4, and 8 hours 

and then transferred to volumetric flasks. Fumigated and control 

samples were read in a spectrophotometer to study the absorption spectra. 

In another test air was bubbled through fumigated samples. Normal 

samples of cytochrome-c-oxidase were reduced by ascorbic acid and oxidised 

by ferricyanide for control. 
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C. RESULTS 

1. PHOSPHINE ESTIMATION  

The maximum absorption spectrum, for the spectrophotometric estimation 

of different concentrations of phosphine, occurred at 710 mi; which was 

similar to that reported by Clausen and Shroyer (1948). The molybdenum 

blue colour was established after 20 - 30 minutes (Fig. 4). A typical 

standard curve used for phosphorus determination is given in Fig. 5. A 

slight deviation was observed in the standard curve from day to day; 

hence a standard curve was always made simultaneously when the phosphine 

was estimated. "Phostoxin" pellets were fully decomposed in 3 days and 

there were no appreciable losses in the fumigation apparatus upto 30 

days as indicated by Fig. 6. Phosphine loss due to a single sampling 

was usually 0.1 to 2.0 pg/i depending upon the concentration and the 

size of a sample. Loss of phosphine due_ to sampling and the number of 

exposures of insect cages are shown in Fig. 7. It was established that 

during a series of doses the effect on the fumigant concentrations was 

negligible in the fumagation apparatus. 

2. ,HE CT RELATIONSHIP FOR PHOSPHINE 

The median lethal time (MLT) was calculated from Table 2 and is 

mentioned in appendix Al. Log. concentration of phosphine (C) was 

plotted against log. MLT (T) (Fig. 8) and eye-fitted lines were drawn 

for adults and larvae of T. castaneum and T. molitor. It is evident 

from Fig. 8 that the CT relationship of phosphine for each insect and 

Stage is different. 

A simple relation CT =IC holds when the slope (n) is equal to one. 

Busvine (1938) found that CT = K did not hold to his toxicity data on 

ethylene oxide to Calandra oryzae, however, he could establish a 
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malphigian tubules in normal L. migratoria 
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Fig.4 Changes in molybdenum blue colour, for phosphorus determination 

0?5 

iopg P 

0.0 

' spg P 

io 	15 	20 	25 	30 	35 	40 	45 	50 

' 'TIME'  .(MINUTES) 

f!) 
2 
LU 0.3 
CI 

...1 
<t 
U 

0 

0.1 '-----.----; apg P 

	. 2pg P 

	 ipg p 



O
p t
ic
al
  
d
en
si
ty
  

0 1 

Fig. 5 A standard curve for the determination of phosphorus 
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'Fig. 6 Loss of phosphine due to sampling in the fumigation apparatus 
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Fig. 7 Loss of phosphine due to sampling and fumigation 
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Table 2 	Probit analysis - Effect of different concentrations on the toxicity of phosphine 
(holding period..24 hr) 
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__limits of CT541.  

a b+S.E. X (D.P.) ' 	P Lower Upper 

T
e
n
e b
ri
o
  
m
ol
i
t
or
  
(
L
.)
 

 

A d
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11.566 
8.322 
3.206 
0.853 
0.067 

-3.701 
-9.568 
-3.048 
-1;.483 
-3.604 

3.165+0.628 
5.379+1.286 
3.241+0.824 
4.202+1.068 
5.322+1.014 

0.31(4) 
0.37(3) 
0.05(2) 
0.15(2) 
0.10(3) 

'')0.95 
)0.95 
0.94 
0.90 

)0.95 

561.04 
510.64 
304.34 
180.63 
41.39 

445.22 
426.27 
223.07 
144.11 
36.51 

672.52 
572.41 
376.91 
213.54 
47.34 

1 

, 	g 

A  

11.432 
6.000 
3.443 
0.655 
0.025 

-6.553 
-3.868 
-1.324 
-0.902 	. 
-4.810 

4.049+0.608 
3.499+0.529 
2.577+0.356 
2.509+0.423 
5.889+0.915 

0.97(3) 
0.11(2) 
2.50(3) 
0.40(2) 
1.68(3) 

0.80 
0.92 
0.47 
o.8o 
0.64 

713.88 
342.27 
284.66 
225.33 
46.33 

638.23 
292.79 
237.10 
181.90 
42.34 

800.12 
395.64 
339.03 
274.75 
49.89 

Tr
ib
ol
iu
m  
ca
s t
an
eu
m  

(H
bs
t.
)
 

,-1 0 rd 
.4 

11.540 
6.000 
3.443 
0.708 
0.050 

0.145 
-1.930 
-2.517 
-4.099 

-11.342 

2.140+0.266 
3.311-Th.409 
4.007+0.514 
5.26671.219 

10.78571.179 

4-, 
 1.27(3) 

1.24(3) 
6.46(3) 

11.71(2) 
0.26(3) 

0.72 
0.75 
0.09 

(0.01* 
0.95 

185.60 
123.84 
75.2o 
54.46 
32.76 

152.24 
108.82 
67.29 
35.68 
31.41 

223.54 
139.64 
83.08 
74.75 
34.06 

0 

A 

11.566 
8.322 
3.206 
0.853 
0.067 

-3.233 
-2.954 
-3.372 
-3.020 

0.737 

2.849+0.354 
, 2.860+0.425 
3.347+0.468 
3.60676.469 
3.01370.509 

1.58(3) 
0.13(2) 
1.23(2) 
0.50(3) 
0.20(3) 

0.66 
0.94 
0.54 
0.91 

>0.95 

775.35 
603.74 
313.49 
167.57 
25.99 

666.22 
511.46 
271.01 
147.05 
22.21 

891.65 
705.09 
363.19 
187.13 
29.46 

* Heterogeneity therefore S.E. of b = +2.948 
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relationship from the equation: 

Cn T =K 	11011 	COO 
	... 	(1) 

which gives a linear relationship when converted to logarithms: 

n logC 4- log T = log K 	... 	(2) 

The equation (2) was applied to the present data (see Table 2 and 

appendix Al). The value of n was the coefficient of regression of x on 

y as derived from equation (2) i.e. the negative reciprocal of slope. 

Thus values calculated for n and K are indicated in Table 3. 

Table 3 	Values of n and K for different insect species. 

Species Stage n log. K 
K 

(og min./1) 

T. molitor adults 0.4594 2.171 148.3 

T. molitor larvae 0.6045 2.548 222.8 

T. castaneum adults 0.6849 1.835 68.4 

T. castaneum larvae 0.3846 2.205 160.3 

It is evident from Table 3 that values of n for both inPects and 

stages are less than one. Therefore exposure time (T) is more effective 

than concentration (C) in determining toxicity e.g. doubling exposure 

time at fixed concentration will increase probit mortality more than 

doubling concentration at fixed exposure. 

3. THE EFFECT OF STIRRING OH THE POTETCY OF PHOSPHINE 

It is evident from Table 4 that the relative potency of phosphine 

was increased due to stirring in fumigation apparatus. Although there 

was not a spectacular increase in the potency of phosphine however it 

was noticed at all levels of concentrations studied. Due to a brealcip 

down in fumigation apparatus, the concentration of phosphine was re-

established (i.e. 5.688) and was used for comparing the effect of 



NS 	0.385 	-2.458 
S_ 	0.352 	-2.491 

NS 	5.298 	-0.473 
s 	.688 	-1.176 

NS 10.099 -1.268 
S 9.958 	-1.477 
NS 	21.411 	-2.715 
S 21.359 	-2.868 

NS 	0.385 	-0.237 
S 0.352 	1.206 

cts 
NSI 5.298 -5.995 
	s 	5.688* 	-4.211 

NS 10.099 -1.93 
	S 	9.958_ -1.86 

NS 	21.411 	-2.96 
S 21. 59 	-2.11 

able 4 Probit analysis and test of parallelism. Effect of stirring on the potency of phosphine against Tribolium castaneum 
(Host.) 	(24-hr holding period) 

., 0-i 	Concen - 4-3  o 	.1-4 	tration 	probit La 	,c5  

O 
0 	(mg/1) 4) 	0 

to  

Parameters of 

bstS.E. X(D.F.) P /1) 	Lower Upper b+S.E. 	x2 1 	 p  potency 

1.203 3.711+0.475 
3.94870.522 

0.69(3) 
1.91(3) 

0.88 
0.60 

94.99 
75.96 

85.41 
71.11 

106.30 
87.32 

3.852+0.352 	0.063 0.81 

2.044+0.270 
2.573±0.340 

2.98(3) 
0.42(3) 

0.40 
'0.95 

476.78 
251.75 

376.41 
215.38 

579.41 
295.94 2.256+0.212 	1.498 0.22  1.865 

2.327+0.304 
2.5431-0.337 

0.87(3) 
0.34(3) 

0.82 
'70.95 

493.43 
352.05 

414.26 
300.09 

586.56 . 412.9b 2.426+0.225 	0.226 0.63 1.402 

2.584+0.376 
2.683±0.359 

0.68(2) • 
0.14(2) 

0.70 
0.92 

967.30 
855.28 

805.85 
702.24 

1150.13 
1012.90 2.636+0.260 	0.03? 10.84 1.136 

2.641+0.342 
2.10870.282 

6.10(3) 
1.93(3) 

0.11 
0.60 

96.03 
63.02 

81.57 
49.89 

111.57 
76.18 2.334+0.217 	1.457 0.22 1.462 

1.468 3.599+0.414 
3.195-1-0.501 

0.19(3) 
0.20(2) 

>0.95 
0.90 

1133.74 
763.89 

989.92 
659.47 

1273.73 
877.54 3.439+0.318 	0.388 10.53 

2.193+0.339 
2.262+0.333 

1.21(2) 
.83(2) 

0.54 
0.15 

1450.41 
1078.91 

1184.27 
874.95 

1790.78 
1313.38 2.228+0.238 	0.021 0.89 1.345 

2.405+0.305 
2.185±0.315 

1.76(2) 
0.02(2) 

0.40 
>0.95 

2044.72 
1808.13 

1680.14 
1428.52 

2482.17 
2215.57 2.299+0.219 	0.25410.621 1.119 

a 

Heterogeneit,r CT50 	95% confidence 
(mg min. 	limits of eT o 

Test of parallelism 
Relative 

   

Note: S = Stirred ,; NS = Nat stirred ; * Degree of freedom being one (critical 5%1(2  = 3.840) 
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corresponding concentration (see Table 4). The toxicity to adults was 

not appreciably influenced at higher and lower levels of concentrations 

with stirring, however, the toxicity of phosphine to larvae was increased 

except at the highest concentration due to stirring. 

4. RELATIVE TOXICITY OF PHOSPHINE TO SCM2 INSECT SPECIES  

Probit analyses for toxicological data, obtained to find the 

relative toxicity of phosphine'to some insect species, are summarised 

in Table 5. The concentration of phosphine was intended to be fairly 

uniform in dosing all the species of insects tested for comparisons of 

the relative toxicity of phosphine. CT 50 values of each species were 

considered for comparing the toxicity. The order of tolerance was 

C. chinensis < O. surinamensis < C. pusillus < G. cornutus < R. 

dominica < T. castaneum < T. molitor < S. pnriceum < T. granarium < 

S. DTanarius for adults and T. castaneum < G. cornutus < E. cautella < 

T. molitor < T. granarium for larvae. 

5. CUMULATIVE EFFECT OF SUB-LETHAL DOSES OF PHOSPHINE ON INSECTS  

One third of the CT 50 was given in two batches to study the 

cumulative effect of sub-lethal doses of phosphine on insects. The 

concentration of phosphine during these studies ranged 4.134 to 4:.200 

mg/l. Some indications of recovery from sub-lethal doses of phosphine 

were evident in T. castaneum and T. granarium as shown by Table 6. The 

remaining insect species showed anirreversible action of phosphine. 

6. EFFECT OF PHOSPHINE ON THE faCRETORY SYSTEM OF THE INSECT 

(a) EXCRETION FROM A WHOLE INSECT: 

Results obtained on the exretion of red amaranth from the phosphine- 



Table 5 Probit analysis. Relative toxicity of phosphine to some insect species (24 hr holding period) 

Species Stage Concen- 
tration 
(mg/1) 

Parameters of probit 
1419  

Heterogeneity 
2  

CT5O , 
(.mg min./1 of CTZ, 

Lower - I 

950' confidence 

a 	b+S.E. 7..(D.F.) P Upper 

Trogoderma granarium Adults* 4.462 -2.919 3.031+0.359 2.01(3) 0.58 409.86 350.97 469.07 

T. granarium 	. Larvae 4.462 -5.735 3.569+0.540 5.54(2) 0.07 1016.64 882.82 1148.80 

Gnathocerus cornutus Adults 4.453 0.588 1.939+0.246 1.39(3) 0.70 188.22 149.39 - 230.76 

G. cornutus Larvae 4.453 -0.490 2.162+0.257 6.04(3) 0.12 345.90 236.21 419.75 

Tribolium castaneum Idults 4.450 0.602 1.823+0.305 1.45(2) 0.46 258.45 200.07 328.70 

T. castaneum . _Jarvae 4.450 -0.265 2.131+0.334 2.61(2) 0.26 295.76 234.04 362.38 

Enhestia cautella Larvae 4.442 -4.668 3.579+0.497 4.79(2) 0.09 502.66 441.69 ' 570.66 

Rhizopertha dominica Adults 4.442 -0.682 2.380+0.265 0.63(3) 0.88 244.24 233.96 291.56 

Sitophilus granarius Adults 4.420 -0.175 1.830+0.394 8.50(3) 0.04* 671.67 229.81 1299.09 

Callosobruchus chinensis Adults 4.422 1.067 1.778+0.262 0.01(2) >0.95 162.98 	. 126.43 211.06 

1Tenebrio molitor • Larvae 4.420 -12,972 6.109+1.300 0.45(3) 0.92 874.38 	. 754.72 968.33 

T. molitor Adults 4.431 -1.742 2.716+0.446 2.04(2) 0.36 303.43 256.57 357.72 

Cryptolestes pusillus Adults 4.430 -1.215 2.735+0.378 0.11(2) 0.94 187.30 157.30 221.01 

Oryzaephilus surinamensis Adults 4.430 -1.031 2.720+0.468 0.67(2) 0.71 164.69 137.87 193.01 

Stegctium paniceum Adults* 4.222 -4.648 3.711+0.5.1'; 1.77(3) 0.62 • 398.19 353.42 442.91 

* Females; remaining adults were of mixed sexes. 	* Heterogeneity therefore S.E. of b = +0.663. 

Hoppers were of 5th stage. 
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Illustration 

A particular example shows the meaning of the data 

of Table 6. Four replicate groups of C. chinensis were 

dosed with CT50, and 2 days later the mortality in 

the first two of the groups was 15%; the second two of 

the four groups were then dosed again with 3- CT50 and 

24 hr later, i.e. 3 days from their first dosage, the 

mortality in these latter two groups was 48%. 



Table 6 Cumulative effect of a second sub-lethal dose given after varying holding periods 
of first sub-lethal dose to some coleopterous insects. 

Species  First dose ( = 4 CT 50) Second dose ( = 4. CT 50) 
Mortality (%) after different 
holdingperiods 

Mortality (6) after 24 hr 
holding 1 _ 

1 Day 	i 2 Days 4 Days 8 Days 2 Days , 	3 Days 5 Days 8 Days 
1 it 

C. chinensis 13 15 24 53 70 48 58 93 
(0) (0) (11) (18) (0) (0) (12) (18) 

. _ r 
0. surinamensis 17 17 29 81 100 98 96 100 

(3) 
r la 

(0) (12) (16) (0) (0) 
, 

(12) (16) 
- 

C. pusillus 10 13 30 80 84 94 84 100 
(0) (0) (18) (20) (0) (0) (18) (22) 

. , 	. 

R. dominica 6 20 34 88 80 76 77 94 
(0) (0) (4) (12) (0) (0) (8) (12) 

T. castaneum 30 34 60 88 79 89 83 79 
(0) (0) (0) (4) (0) (0) (0) (6) 

S. panecium 36 50 67 95 100 95 95 100 
(0) (0) (4) (24) (0) (0) (4) (24) 

T. granarium 24 18 55 53 76 71 - 	75 70 
(0) (0) (20) (40) (0) (0) (26) (40) 

k 

S. granarius 10 20 40 89 96 92 95 100 
(3) (0) (o) (16) (0) (0) (0) (18) 
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fumigated L. mirrratoria are compared with normal insect at Fig. 9. In 

normal insects the dye was completely excreted in 320 minutes, while in 

fumigated insects two types of excretory rates were observed. Insects 

that finally recovered from the toxic effects of phosphine showed delayed 

excretion of dye, which disappeared in 1260 minutes, as indicated in 

Fig. 9. Insects which did not recover from the toxic effects of phosphine 

showed no excretion 2 hours after fumigation. 

(b) SECRETION FROM ISOLATED PREPARATIONS OF MALPIGHIAN TUBULES: 

Secretion by malpighian tubules of normal insects was comparatively 

stable during 8 - 16 hours after starvation (Fig. 3), and treatment was 

therefore carried out during this period. After treatment with 

fumigants, insects were dissected under insect saline and tubules were 

kept in different bathing fluids for study indicated in Fit. 10. It is 

evident from histograms (Fig. 10) that the action of phosphine on the 

secretory efficiency of tubules was not conclusive, although there were 

indications that both haemolymph and tubules were affected. Methyl 

bromide accelerated the secretion when fumigated tubules were bathed 

under the haemolymph from a fumigated insect. Dichlorovos inhibited the 

secretion of treated and normal tubules (bathed under treated haemolymph), 

but enhanced secretion was observed in the locust linger. 

(c) EFFECT ON THE BODY WEIGHT AND EXCRETA: 

The abdomen of L. migratoria hoppers appeared softer to touch if 

fumigated. Effects of fumigation on loss in body weight were examined. 

Insects were weighed before and after fumigation (at the termination of 

fumigation and 24 hours after fumigation). The results are recorded in 

Table 7. The results did not reveal any change in body weight due to 

fumigation. These results parallel the findings of phosphine fumigation 

observed in isolated malpighian tubules. 
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Table 7 Effect of phosphine fumigation on the body weight 
of L. migratoria, 5th stage hoppers (24 hr holding 
period) 

Exposure* 
<minutes) 

Replicates,' Percent kill 
after 24 hrs 

Percent loss in body 
wei:ht 

At the end 
of fumiga- 

tion 

24 hours 
after fumi. 

Ration 

20 Nil 1.84 5.00 

40 Nil 1.90 5.54 

50 10 0.70 5.12 

1 30 2.34 7.14 
70 

11 30 1.26.  4.77 

80 4o 2.3o 6.29 

1 5o 1.85 5.74 
90 

11 5o 2.39 6.75 

115 7o 2.91 6.43 

I Nil 2.39 3.67 
Control 11 Nil 1.64 5.24 

111 Nil 3.63 8.64 

* Phosphine concentration was 3.84 mg/l. 

y 10 insects were used for each replicate and weight was recorded 
up to 0.2 mg. 



37 

Fumi7ition with methyl bromide appeared to increase the number of 

frass pellets from L. mipiratoria. In a separate test, the frass was 

weighed 24 hours after fumigation. Results are given in Fig. 11. It 

was evident that the weight of frass was greater for insects suffering 

30 - 95 percent mortality than for control insects. The fall in frass 

weight at higher mortalities was due to early death. Frass from 10 

insects was weighed; hence the test may be described as qualitative. 

However, the results support the findings reported in Fig. 10 that 

methyl bromide stimulates the exretory system. 

7. EFFECT OF PHOSPHINE ON THE RESPIRATORY SYSTEM  

(a) EFFECT ON OXYGEN CONSUMPTION: 

Results on the effect of phosphine on the oxygen consumption of 

adults and larvae of T. castaneum are indicated in Fig. 12 and 13 

respectively. In both experiments phosphine appeared to inhibit the 

oxygen uptake by insects. A slight rise in oxygen uptake was observed 

for larvae between 6 to 14 hours after fumigation, while there was a 

sharp decline for adults. Effects of phosphine on the R.Q. values of 

adults are shown in Fig. 14. Observations in this experlment were 

recorded at 2 hours interval upto 12 hours (Fig. 14) with same insects 

in separate clean sets of manometer and flask. R.Q. values were 

considerably higher, upto 6 hours after fumigation, but later on the 

curve levelled off. 

(b) EFFECT ON THE SPIPACULAR ACTIVITY: 

Results of these studies are summarised in Table 8. It is 

interesting to note that the recovery period was increased and the 

activity of spiracles ceased more quickly with the increase in phosphine 

concentration. It was evident that once insects were in the phosphine 
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Table 8 Effect of phosphine concentration on the opening and closing activity of the meta-thoracic 
spiracle of M. domestica during fumigation 

Phosphine concentration 
mg/1 

0.012 0.12 1.2 6.0 

Spiracular opening (0) 
& closing (C) periods 0 C 0 C 0 C 0 C: 

(second) 

Number of observations 
1 1 20 18 5 2 24 - 10 
2 2 30 20 9 2 5 5 2 
3 10 15 28 17 3 5 9 1 
4 4 10 32 10 2 10 - 
5 1 14 5 4 3 . 	10 - - 
6 3 7 12 2 2 8 - - 
7 10 3 20 7 6 2 - - 
8 7 3 • 10 7 15 4 - - 
9 7 5 4 3 - - - - 
10 	• 9 2 7 2 - - - - 

Remark Nil Activity ceased Activity ceased Activity ceased 
Spiracle partially 
open 

Spiracle fully 
open 

Spiracle fully 
open 

, . 
Recovery period (hour) 1 2 11 	• 24 

Final remark Activity resumed Activity resumed ' 	Activity resumed Dead 

t 

Table 8 shqws the results of observations on four flies, one per concentration. In, for examples  the 

fly exiosed to 0.012 mg/1, the spiracle was open for 1 second, closed for the next 20 seconds1  open for 

the next 2 seconds, closed for the next 30 seconds, and so on. 



Table ',9a Toxicity of phDsphine, methyibromide and DDVP to Locusta migratoria  (5th stage hoppers) 

Fumigant/Tnsecticide 
(Concentration) 

Parameters of probit 
14.ne 

Heterogeneity MLD* 95% confidence 
limits of MLD 

a b+S.E. IL (D.F.) P Lower Upper 

Phosphine (4.431 mg/1) -12.839 6.957±1.366 0.87(2) 0.62 366.70 327.47 412.44 

Methyl bromide -47.107 18.677+3.542 0.18(2) 0.90 616.40 591.32 644.04 
(7.617 mg/1) 

DDVP (Topical application - 2.535 7.205+1.469 1.31(3) 0.72 2.199 1.979 2.401 
1 ui/insect) 

* MLD = median lethal dose (pg/gm body weight) for DDVP; and 'CT50 (og min./1) for phosphine and 

methyl bromide. 
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atmosphere, the activity of spiracular opening and closing ceased very 

quickly and the spiracle remained open. In control experiments spire-

cular activity was observed upto 4 hours. Loss of coordination between 

spiracular muscles and halteres was observed as an associated phenomenon. 

(c) TOXICITY DUE TO S2ALED SHRACLE: 

It is evident from Table 9 (b) that the toxicity of phosphine was 
Table 9 (b) 	Toxicity of phosphine to the pupae of T. molitor 

Phosphine Median lethal time (minutes) Control 
concentration 

(mg/1) Normal pupae Pupae with sealed 
spiracles 

mortality* 
(%) 

5.65 

1 	

280 

11.39 	150 

92 

77 

0 

15 

*Pupae with sealed spiracles. There was no mortality in normal pupae. 

increased by approximately 2 - 3 times when spiracles were sealed. 

Adults emerged from treated and control pupae had deformed wings. The 
principal 

results contradict the hypothesis that the spiracle was thef!i4ei route 

for the entry of a fumigant, which is not logical; thus the reasons 

remained obscurei. It is suggested that phosphine may have reacted with 

the sealing material to produce toxic compounds or phosphine might have 

diffused through anal or posterior aperturets, since spiracles were 

sealed. 

(d) EFFECT  ON THE TRACHEAL SYSTEM: 

Silver nitrate (0.1% w/v), impregnated filter papers reacted instant-

aneously with phosphine, turning black; it was therefore selected as an 

indicator in studying the reactions of the tracheal system of 

Schistocerca gregaria adults to phosphine. The method of Wisglesworth 

(1950) was used for the tracheal injection of silver nitrate without 

any success. A reason for the failure was the lack of mobility of an 
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aqueous base preparation as compared with the oil-base dye used by 

1!igglesworth. 

Reduced methyleneblue (prepared according tc the method described 

by Pantin, 1948) and patent blue (a product of Gurr Ltd., London, 

similar in reaction to that of reduced methylene blue) were injected 

into the haemolymph. Insects were then fumigated. After different 

intervals of fumigation insects were dissected and close examination of 

tracheal endings was made to detect reactions. The dyes were oxidised 

in control and treatments, and no conclusion could be drawn. 

(e) REACTIONS WITH CYTOCHRONE-C-OXIDASE: 

The enzyme was partially reduced after a one-hour exposure to 

phosphine, and the quantity of reductase increased with an increase in 

exposure to phosphine; and was fully reduced after 4 hours exposure. 

There were two sharp peaks in reductase and one broader peak in the 

oxidase form. A peak in oxidase and a first peak in reductase were 

observed at a wavelength of 550 mp. In control experiments, where 

cytochrome oxidase was reduced by ascorbic acid and oxidised by ferricy-

anide, the position of peaks was similar to those observed in the 

fumigated samples. Fumigated samples could not be oxidised by bubbling 

air through them for up to 4 hours, although they could be oxidised by 

ascorbic acid. 

8. PENETRATION OF PHOSPHINE THROUGH THE INSECT CUTICLE 

L. migratoria, adults were in good supply and therefore they were 

selected for these studies. Pieces from the abdominal cuticle (1 cm 

in diameter) were sealed by ester wax to both ends of a glass tube, 

containing 5 ml of acid permanganate or mercuric chloride solution; 



spiracles were sealed. Tubes were fumigated for various exposures and 

phosphine absorbed in acid permanganate or mercuric chloride was determined 

by following analytical methods:- 

(a) MICRO-POZEUTIOMETRIC TITRATION: 

A volumetric method for determining phosphine based on the end 

point as described by Heseltine and Henser (1967) was modified. Titration 

was carried out using micro-electrode attached to a "Pye" pH meter 

(sensitive to 0.1 pH). A two-way micro-burette (reading up to 10 pl) 

was used for dispensing sodium hydroxide solution. During the titration 

the solution was stirred. Phosphine reacts with mercuric chloride in 

accordance with the equation: 

PH
3 
 + 3Hg ;1

2 	
P (Hg 01)

3 
3 HC1 

The change in pH due to the production of hydrochloric acid (H Cl) 

9.Po4uotri-eft was titrated back to the original pH level using sodium 

hydroxide and the equivalent phosphine was calculated. Theoretically the 

method was sensitive enough to estimate 2.26 pg of phosphine but 
not 

practically less than 10 ug of phosphine couldLbe detected (for the 

repeatability of results). The method could not be standardized, owing 

to the reactions of mercuric chloride with insect cuticle, which caused 

different penetration rates of phosphine. 

(b) OOLORIMETRIC DETERIINATION OF PHOSPHINE: 

The modified method of Bruce et al (1962) as described earlier was 

used to determine the phosphine absorbed in acid permanganate solution. 

Amounts of reagents for analysis were calculated on the basis of 

the initial amount of acid perdanganate used. Results obtained are 

summarised in Table 10. It was observed that, in spite of natural 

phosphorus contents as indicated by controls, penetration of phosphine 
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Table 10 Penetration of phosphine through the 
abdominal integument of L. migratoria 

Phosphine concentration = 7.92 mg/1 

Exposure 
(hours) 

Replicate Phosphine* 
(jig) 

Mean+S.E. 

1 3.4 
1 11 2.3 4.1+1.82 

111 6.6 

1 8.o 
2 11 	' 7.9 6.5+2.05 

111 3.6 

1 4.1 
3 11 8.9 6.0+2.08 

111 5.0 

1 7.6 
6 11 5.3 7.7+2.0o 

111 10.2 

1 3.3 
8 11 7.9 5.9+1.93 

ill 6.6 

1 12.4 
14 11 6.7 9.3+2.36 

ill 8.8 

1 12.8 
25 11 13.1 11.0+2.81 

111 7.0 

1 10.0 
48 11 9.5 10.6+0.90 

111 11.7 

1 2.3 
Control** 11 3.4 3.3+0.74 

111 4.1 

* Phosphorus for control 

** Analysed after 25 hours 
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through the integument took place. No appreciable penetration occurred 

after 25 hours, and the integument was found to be damaged after 48 hours. 

Owing to inconsistent results within replicates of a treatment, the 

technique was discarded. 

Pieces of air sacs of S. gregaria were also tried in a similar way 

to investigate the penetration of phosphine, using smaller vials. No 

success could be achieved due to the tender and fragile nature of the 

cuticle of air sacs. 

9. UPTAKE OF PHOSPHINE BY T. CASTANEUM 

Insects were confined in a vial mounted over a platform in a 25 ml 

sampling flask. The flask was closed with a screw cap with a silicone-

rubber diaphragm. Known quantities of phosphine were injected, and at 

the termination of the exposure period acid permanganate was injected to 

absorb the internal atmospheric phosphine. Results are indicated in 
able to be 

Table 11. The gas syringe used was not1calibrated satisfactorily and 

might have caused the erratic results. Since a lower uptake with higher 

exposure and consequently higher kill was not logical, no further 

attempts were made to standardize the technique. However, Bond et al 

(1969), using gas chromatography, observed the absorption of phosphine 

in T. confusum and other insects. Their results with T. confusum were 

in a range of the present data, where the exposure period was 80 minutest  

but they have not given the corresponding mortality of the insect. 

Attempts were made to fumigate insects and recover phosphine by 

slowly bubbling through acid permanganate, but the results were negative. 

Only when mixtures of phosphine and methyl bromide were used (in Part III) 

was it realised that mercuric chloride should have been used to absorb 
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Table 11 Susceptibility of T. castaneum adults to phosphine (24-hr holding period) and 
quantities absorbed 

(minutes) 
Insects Percent 

Kill in 
Percent 
Kill 
(mean) 

Phosphine* 
recovered 

(dig) 

**1Exposure Mean+S.E. of 
phosphine 
recovery (pg) 

Mean of the phosphine 
absorbed by insects 
(pg/gm body wt) 24 bras 

8o 
50 

50 

52 

40 
46 

113.7 

147.4 

130.6+16.83 122.1 

400 

4 

5o 

5o 

88 

88 
88 

125.4 

160.3 
142.9+17.47 64.3 

Phosphine was generated in a 1.3 litre glass vessel by using 1 pellet and 1 ml of the phosphine 
injected initially (mean of 6 control injections for calibration was 1 ml = 156.6+24.78 pg of 
phosphine), Acid permanganate was injected at the termination of exposure period and analysed 
after 24 hours. 
Calculated considering the initial phosphine concentrations as 156.6 pg and average body weight 
as 2.13 mg/insect. 
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total phosphine instantaneously. 

An attempt was to be made to carry out such investigations by using 

radioactive phosphine. However, by this time, similar work had been 

undertaken by the Fumigation Research Unit of the Canada Department of 

Agriculture, London, Ontario; it was considered not worthwhile to 

repeat the work with a less sensitive analytical method. 
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D. DISCUSSION 

Analytical work was standardised for precise measurements of 

phosphine concentrations greater than 10 pg/11  depending upon the size 

of sample. Aliquots were taken in the range of 2.to 8 pg of phosphorus 

content for reproducibility of the method (as evident from Fig. 4 and 

5). It was concluded that gradual reduction in the phosphine concent-

ration (Fig. 6 and 7) was small. 

Bond et al (1969) described that phosphine does not conform to the 

familiar concept of CT = K for a given mortality. However, they reported 

in the American cockroach, Periplaneta americana (L.) there appears to be 

no threshold level for toxic concentrations of phosphine as even small 

amounts produced irreversible injury provided that the exposure time was 

adequate. Similar lack of conformity has been shown by the toxicological 

data of Qureshi et al (1965). Lindgren and Vincent (1966) showed that at 

27°C, the CT product of phosphine for T. confusum was nearly constant 

only at low phosphine concentration (0.01 - 0.03 mg/1). Present work 

indicated that phosphine does not conform to the common concept (CT = K), 

applied in determining the doses of fumigants. However, values of K 

calculated from the exposure period corresponding to 50% mortality 

against the concentration of phosphine indicated that a linear relation-

ship could be established by using equation (2). Values of n obtained 

for the equation (1) were less than one for the adults and larvae of 

T. castaneum  and T. molitor. Hence n > 1 indicated that the possibilities 

of threshold concentration of phosphine were not mot and exposure time 

had more significance than the concentration. 

It is important to mention the findings of Potter (1937),  where he 

indicated i:hat the time concentration number is a guide to todcity 

within limits. Where extremes of dosage or .)xposure are used, this 
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system breaks down. He further pointed out that absorption and leakage 

will vary with the conditions of fumigation, statements of dosage alone 

have very little general value except in laboratory experiments where 

the losses should be small. Therefore results reported on phosphine in 

the current investigation might not be found similar under practical 

fumigation conditions. 

Stirring was considered as an essential process for the fumigation 

apparatus designed because it maintained a homogeneous gaseous environ-

ment. The relative potency of phosphine due to stirring in the fumigation 

apparatus was increased at different levels of the fumigant concent-

ration but it can not be usefully compared, owing to uncontrolled 

temperature conditions in this one experiment. It can not be differ - 

enciated whether layering or increased gas velocity as reported by 

Galley (1967) in fumigants other than phosphine gave rise to increase 

in the toxicity with stirring. However in subsequent experiments the 

air-fumigant mixture was stirred. 

Tests on the relative toxicity of phosphine to different insects 

were in agreement to those of x.ai et al (1964), qureshi et al (1965), 

Lindgren and Vincent (1966), Mori and Kwamoto (1966) and Anon,(1968b) in 

the order of susceptibility, although CT products were not comparable, 

owing to different experimental conditions. Body weight of insects was 

compared with their order of suceptibility but no relationship could be 

established. 

Bond et al (1969, p. 296) suggested some degree of recovery in T. 

confusuri and irreversible action of phosphine in the American cockroach, 

P. auericana support the present findings on the reversible and 

irreversible action of phosphine in other insect species used. High 
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control mortalities were considered due to starvation for results appeared 

in Table 6. It was therefore considered essential that food should be 

provided to insects after treatment and the holding period should be 

based on the end point mortalities so that the death can be suitably 

defined to establish the absolute lethal or sub-lethal dosages of the 

fumigant. 

Phosphine depressed the e etory activity of L. migratoria. A 

completely lethal dose of phosphine blocked the excretory function and 

a partial toxic dose delayed the normal function. Mordue (1969) 

observed complete excretion of red amaranth in normal desert locust, 

S. gregaria, adults in 30 minutes, while under present experimental 

conditions, it is interesting to record a 10 times greater period for 

the similar response in L. migratoria, 5th stage hoppers. Incidently 

it was observed that the colour of dye (0.05 to 0.10 optical density) 

in the haemolymph samples from the fumigated insects was reduced after 

24 hours of standing in vitro but there was no detectable change in the 

haemolymph samples from a normal insect. A reason for reduced dolour 

was investigated by heating (80 - 90°C) fumigated haemolymph samples in 

a water bath and reading their optical density after 24 hours; but no 

change was found. It was indicated that for colour change, perhaps 

some enzyme reaction was vital or it may be interpreted that the enzyme 

system may be playing a critical role from the recovery of toxic effects 

of phosphine in insects. 

Maddrell (1969 b) found that secretory activity of insect malpighian 

tubules was under the direct hormonal control, and poisons caused 

diuretic or antidiuretic effects. A preliminary investigation on the 

same subject revealed that phosphine has adverse effects on the 

secretory activity of malpighian tubules of L. migratoria. Responses 
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of methyl bromide and dichlor—vos were more conclusive from Maddrellls 

point of view. Methyl bromide showed indications of diuretic effects and 

reactions with dichlor—vos were suggestive of antidiuretic action. Thus 

effects on malpighian tubules secretory activity may indicate effects on 

the neurosecretory system. 

Phosphine inhibited the oxygen uptake by T. castaneum. Differences 

in the rate of oxygen uptake after fumigation among adults and larvae 

indicated a possible reason for the differences in their susceptibility. 

Bang and Telford (1966) reported a similar effect of phosphine on the 

average oxygen consumption by T. castaneum adults and larvae after 

fumigation. Owing to differences in the body weight of insects and the 

holding periods used by Bang and Telford, the present data are only 

comparable with the gross effects reported by them. Studies on the 

comparison of R.Q. values for fumigated and normal insects showed that 

up to 6 hours (after fumigation) abnormal carbon dioxide production 

occurred in fumigated insects and later R.Q. values remained higher 

than control till the end of observation period. There was no mention 

in the literature for comparing Rug. values. 

A comparison of normal oxygen uptake and the susceptibility of 

insects to phosphine indicated chat insects having higher oxygen uptake 

were more susceptible to phosphine than insects with lower oxygen uptake 

(Table 120. Although data are not sufficient to generalise the 
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comparison. However the fiudincs of Bond et al (1969) have stablished 

that oxygen is essential for the toxic action of phosphine. Therefore 

greater susceptibility with higher oxygen consumption indirer;t17 supports 

their findings. 

v. 
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Table 12a Correlation between oxygen uptake by(untreated) 
insects and their susceptibility to phosphine 
(24 hr. holding period) 

Insect Stage Oxygen uptake 
at NTP (mean) 
pl/hr/gm body 

weight 

CT50* 
mg min/]. 

O. surinamensis adult 3888 165 

T. castaneum adult 1660 258 

T. castaneum larva 1351 296 

T. granarium adult 1274 410 

T. granarium larva 870 1017 

_ . 

* Data recorded from Table 5. 
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Open position of the meta-thoracic spiracle of M. domestica might 

be a cause of greater diffusion and high toxicity of phosphine to insects. 

Bond et al (1969) had observed in P. americana that spiracles open in 

the phosphine atmosphere were sufficient for the diffusion of the gas 

in the tracheal system. It might be an interesting observation to 

correlate the spiracular opening with the uptake of phosphine in 

different insect species. Later on, in Part III, the technique was 

improved and used to compare the actions of phosphine and methyl bromide 

in M. domestica. 

It was evident from qualitative tests that phosphine reduced 

cytochrome-c-oxidase, which is a vital enzyme in the respiratory system. 

It was hoped that phosphine might be interfering with the cytochrome-c-

oxidase of insect species and thereby causing their subsequent death. 

Oxidation of reduced cytochrome-c takes place in vivo with the help of 

molecular oxygen (Baldwin, 1953) and this seemed to be a cause of 

failure, where fumigated samples of enzyme were not oxidised by a 

simple aeration. Recently Robinson and Bond (1970) have also discussed 

the possibility of phosphine interference with cytochrome oxidase. 

The studies discussed so far were initially aimed at studying the 

uptake of phosphine by different insect species and to investigate the 

mode of action of the fumigant. Owing to lack of suitable analytical 

methods, it was decided to pursue further studies by using radioactive 

phosphine. Later on Bond et al (1969) published a similar work, and a 

personal communication indicated that they were engaged with a similar 

work, a part of which was recently published (Robinson and Bond, 1970). 

In view of this it was considered appropriate to reorientate the approach 

to the present investigation. Consequently end-point mortalities were 
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determined and toxicity data were used to investigate, (1) the effect 

of some synergists on the insecticidal potency of phosphine, and (2) 

to study the joint action of phosphine and methyl bromide. These 

studies are discribed in Parts II and III. 
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II 

A—  INTRODUCTION  

The effects of synergists on the toxicity to insects of contact 

insecticides have been extensively studied (see Metcalf, 1967; 

Hewlett, 1968), but little information is available on their effects 

on the insecticidal potency of fumigants. Bond (1965) found that 

pyrethrin synergists reduced the toxicity to S..granarius of hydrogen 

cyanide. Bond et aq. (1969) showed that, in experiments with insects 

of several species, phosphine was insedticidal only in the presence 

of oxygen. Phosphine is coming into increasing use as a fumigant 

for insect control, and from the view point of insect toxicology it 

was thought to be of interest to test the effects of some synergists 

on its toxicity to certain insects. Piperonyl butoxide, SKF 525A, 

and 2-nitro-4-chlorophenyl 2-propynyl ether were the synergists 

selected. Piperonyl butoxide is, of course, widely used in practice 

as a pyrethrin synergist; and it synergizes insecticides of certain 

other chemical classes (Brooks and Harrison, 1964; Metcalf, 1967). 

Similarly, SKF 525A (Hewlett et al, 1961) and some of its congeners 

(Bates et al, 1965) synergized pyrethrins, and SKF 525A synergizes 

insecticides of certain other chemical classes (Metcalf, 1967; Dyte 

and Rowlands, 1967). The propynyl 61.:her named above is a powerial 

synergist for carbaryl (Barnes and Fellig, 1967; Fellig et al, 1970). 

The holding period was adjusted so that end-point mortalities 

(Beard, 1949) were observed. Beard has mentioned that both the 

killing dose and the time required to kill are important features in 
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the performance of the chemical compound. The end-point mortality 

was considered to be when all affected individuals either died or 

recovered. His selected data show that the position and slope of 

simple curves may change with difference in the time of evaluation 

after insecticidal treatment and the importance of these changes lie 

in the fact that in comparative studies misleading conclusions may be 

drawn relative to the performance of compounds if time of response 

is not taken into consideration. CT50 values, obtained by a 24-

hour holding period as reported in the part I, are compared with the 

CT50 values obtained by end-point mortalities. End-point mortality 

determinations were helpful in observing the symptoms of phosphine 

poisoning in insects. They were studied mostly qualitatively and 

semi-quantitatively among 5 selected insect species. M. domestica  

were anaesthetised with carbon dioxide for sexing and topical applica-

tion with synergists. Thus it was considered advisable to find out 

whether anoxia produced by the carbon dioxide modifies the toxic 

action of phosphine. 

When phosphine is generated, under normal practical conditions, 

from commercially available pellets, ammonia and carbon dioxide are 

also generated. It was therefore thought advisable to evaluate the 

effects of ammonia and carbon dioxide on the toxicity of phosphine. 

Ammonia by itself is appreciably toxic to insects (see Busvine, 1942). 
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II 

B- MATERIALS AND METHODS 

Table 12 gives information on the test insects used, which were 

not comparable to those mentioned in part I. 

A pyrethrin-resistant strain of S. granarius was obtained from 

the Pest Infestation Laboratory, Slough (Bucks) and reared on Manitoba 

Wheat No. 2. A susceptible strain was also reared on the same wheat. 

Wheat was used after seiving it through a 8 mesh. 

Table 12 Test Insects (all adults) 

Species Strain Sex Age* 
+ 

Weight 
(mg) 

T. castaneum Susceptible Mixed 2-3 weeks 2.2 

S. granarius Susceptible Mixed 2-3 weeks 3.2 

S. granarius Pyrethrin- 
resistant 

Mixed 2-4 weeks 4.2 

M. domestica Susceptible Female 4-5 days 20.0 

when dosed 

approximate weight per insect 

M. domestica and synergists were supplied by the kind courtesy 

of Dr. P.S. Hewlett, Agricultural Research Council, Imperial College 

of Science and Technology Field Station, Ascot (Becks). 

After fumigation, wheat flour with 5% yeast, broken Aept and 
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20% aqueous sucrose was provided to T. castaneum, S. granarius and 

M. domestica respectively. 

The piperonyl butoxide used was of a technical grade i.e., 

containing about 80% of 5-(2-(2-butoxyethoxy)ethoxymethy1]-6-propyl-

1,3-benzodioxole and 20% of related compounds. Thr SKF 525A. n=ely 

2-diethyl-aminoethyl 2, 2-diphenyl-n-pentanoate (free base), and the 

2-nitro-4-chlorophenyl 2-propynyl ether VCPE), were pure compounds. 

The synergists were applied topically in cyclohexanone (2 pg per 

insect in 0.03 p1 of solution) to T. castaneum and S. granarius, 

and in acetone (20 pg per insect pip. but. and SKF 525A and 5 pg per 

insect NCPE in 1 pl of solution) to M. domestica. The doses were 

delivered from microcapillary tubes between the hind coxae of 

T. castaneum, onto the abdominal sternites of S. granarius, and onto 

the thoracic dorsa of M. domestica. The larger microcapillary tube 

(1 )il) was obtained commercially; the smaller (0.03,g1) was made 

and calibrated colorimetrically as described by Hewlett and Lloyd 

(1960) using sudan black B dye. Unless otherwise indicated, insects 

were dosed with synergist 3 hours before the start of their exposure 

to fumigants, in view of the findings of Brooks and Harrison (1964). 

Ammonia and carbon dioxide were absorbed, whereever appropriate, 

by keeping excess sulphuric arid (3N) and sodium hydroxide (40%w/V) 

in the fumigation chamber, after which these absorbents were removed 

and the pure phosphine was used for experimental purposes. Total 

absorption of ammonia and carbon dioxide was determined chemically. 

Ammonia was generated from ammonia solution (0,88 sp. gr.). A flask 
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(25 ml) containing ammonia solution was connected to the fumigation 

chamber by a glass tube and ammonia gas was generated by heating the 

solution. Concentrations were measured according to the method 

described by Schaffer and Sprecher (1957) using a spectrophotometer at 

a wavelength of 480 pp. An evacuated flask (250 ml) containing 10 ml 

sulphuric acid (0.1N) was used for sampling ammonia gas. A standard 

curve for the determination of ammonia was obtained by using ammonium 

sulphate (see Fig. 15). 0.2 ml of Messier's reagent was added to 

2 ml of sample during continuous stirring. The liberated ammonia 

reacts rapidly to give a yellow-brown colloidal product of unknown 

composition (Gatehouse, 1969), which flocculates on long standing. 

Samples were kept for 20 minutes before the absorbance was measured. 

For the symptomatological observations, 2 replicates of 25 

insects each for T. castaneum and S. pranarius (both strains), 2 

replicates of 10 insects each for M. domestics and 10 insects for 

L. migratoria, were taken. Phosphine concentration ranged from 

0.27 to 0.45 mg/l. The exposure period was calculated from an eye-

fitted regression line to give the CT50. Generally observations 

were recorded on the poisoning of insects as normal, normal but slow, 

locomotor ataxy (movement without coordination), twitches and tremors 

and slight activity when touclied with probe or no activity. Sometimes 

activity was resumed among inactive insects in following observations 

and they were counted as narcotised. For detailed observations a 

hand lens (x5) was used. 

A dose of CT20 was considered suitable in all qualitative tests 

to investigate the synergism. 
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The insects were dosed with synergist and fumigant at 27.0+0.5°C 

and 70±5% relative humidity, and were afterwards held under the same 

conditions. 

II 

C - RESULTS  

1. TOXICITY OF PHOSPHINE TO INSECT SPECIES  

(a) COMPARATIVE TOXICITY OF PHOSPHINE BASED ON DIFFERENT  

HOLDING PERIODS 

Data obtdined on the toxicity of phosphine to insects were compared 

on the basis of a 24-hour holding period (see part I) and holding 

period up to end-point mortality. The results are presented in 

Table 13. It was reported earlier (see Table 2) that CT50 varies 

with concentration of phosphine, and therefore the comparison can 

best be made for- T. castaneum due to comparable concentrations of 

phosphine. A CT50 value for T. castaneum calculated on the basis of 

a 24-hour holding period was 5.4 times greater than that obtained from 

the end-point mortality. Similar comparison were made for S.granarius  

(susc. strain) and L. migratoria, 5th stage hoppers. at concentrations 

indicated in the Table 13 and the CT50's derived from a 24 hour 

holding period and the end-point mortalities differed by the factor 

of 15 and 11 respectively. 

(b) EFFECT OF CARBON DIOXIDE ANAESTHESIA ON THE TOXICITY  

OF PHOSPHINE 

Table 14 gives information on the effect of carbon dioxide 

anaesthesia on the toxicity of phosphine to M. domestica. The dose 



Table 13 	Comparative toxicity of phosphine to insects 

Insect 

Holding period Relative 
effect on 
the toxi-
city city by 
CT50 

Day , 	End point 

Phosphine 
(mg/1) 

CT50 
(mg minil) 

Phosphine 
(mg/1) 

End point 
(days) 

CT 
(mg min)l) 

T. castaneum 0.35 

4.42 

4.43 

75.96 

671.67 

366.70 

0.32 

0.48 

0.30 

L 

20 

26 

7 

14.05 

43.15 

33.53 

5.4 

15 

11 

S. grapnrius 

L. migratoria 
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Table 14 	Effect of carbon dioxide anaesthesia on the 
toxicity of phosphine to M. domestica 

Treatment Mortality (%) 

Fumigation started while flies still 
under anaesthesia 26 

Fumigation started after flies had 
recovered from anaesthesia 34 

Control 

E 	• 

4 

Insects = 50 for each treatment 

Phosphine = 0.42 mill 
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of phosphine was estimated from en eye-fitted regression line to give 

CT20. Insects fumigated immediately after anaesthetisation with carbon 

dioxide were compared with insects fumigated 30 minutes after their 

complete recovery from the effect of carbon dioxide. The mortalities 

obtained from insects fumigated before and after recovery from the effect 

of carbon dioxide showed no significant difference (P > 0.05). 

In routine tests insects were fumigated 30 minutes after they 

recovered from the effect of carbon dioxide anaesthesia. 

2. SYMPTOMATOLOGY OF PHOSPHINE POISONING 

The observations on the symptoms of phosphine poisoning in insects 

are illustrated in Fig. 16. It is important to mention here that the 

knocked-down insects were all those that showed any symptom of poison-

ing before death was suitably defined. Coordinated but slow activity 

and paralysis was common in the beginning but later on movement without 

coordination, twitches and tremors started declining and quantal 

resnonse (dead or not dead) appeared more sharply. Salient features 

for individual insect species were as follows:- 

S. granarius 

Paralysis was prolonged by 5 days in the pyrethrin -resistant 

strain as compared to the susceptible strain. Narcosis was more 

frequent in S. granarius than T. castaneum. Fine tremors in the 

tarsae were only observed in S. granarius. 

T. castaneum 

A rise and fall in paralysis was prominent in the first two days. 

Later on recovery of the paralysed insects became slow. After 10 

days, most paralysed insects had recovered from the poisoning of 

phosphine. Twitches, tremors and lack of coordination in the loco- 
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Fig.16 SYNDROMES OF PHOSPHINE POISONING 
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motor activity were common symptoms of the initial stages of poisoning. 

M.  domestics  

Flies were knocked down by phosphine. Recovery after exposure 

to normal conditions was rapid as shown in Fig. 16. Between 2 and 

24 hours after fumigation symptoms of paralysis were marked. 	Fine  

tremors, spontaneous jerks and locomotor-ataxy was common after 24 

hours but after 48 hours no more flies died. 

L. migratoriet 

Since the number of insects was only 10, and control mortality 

was high, end-point mortalities could not be determined satisfactorily. 

Palpal twitches, tremors and trembling were common symptoms. Violent 

tremors were recorded in severely poisoned insects. Abnormalities 

among adults emerged from the fumigated hoppers were common. 

Paralysis had disappeared 7 days after fumigation. A few surviving 

locusts showed symptoms of diarrhoea from 8-20 days. 

3. EnECT OF CARBON DIOXIDE AND AMMONIA ON THE TOXICITY 

OF PHOSPHINE 

Amounts of carbon dioxide and ammonia, such as those produced by 

pellets, were used to study their effect on the toxicity of phosphine 

to M. domestica, CT20 of phosphine was selected as a dose level. 

The results, shown in Table 15, indicated that there was no signifi-

cant effect of carbon dioxide and ammonia on the toxicity of phosphine 

to M. domestica. 

4. TOXICITY OF AMMONIA TO INSECTS  

The toxicity of ammonia to M. domestica and T. castaneum was 
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Table 15 	Effect of carbon dioxide and ammonia on the 
toxicity of phosphine to M. domestica  

Fumigant concentration (mg/1), Mortality (%) 

Phosphine (0.43) 17 

Phosphine (0.43) + carbon dioxide 
(0.30) 13 

Phosphine (0.43) + ammonia (0.22) 18 

Phosphine (0.43) + ammonia (0.22) 
+ carbon dioxide (0.30) 15 

Control 0 

Insectr3= 60 for each treatment 

Days = 2 for recovery period 

Assessment = no significant effect 
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measured and the results are incorporated in Table 16. By extra-

polation of regression lines, it was estimated that ammonia alone at 

concentrations such as those produced by the pellets would have 

produced mortalities of 0.02% and 0.01% of T. castaneum and M. domes-

tica respectively. 

5. EnECT OF PIPERONYL BUTOXIDE PRE-TREATMENTS ON THE  

TOXICITY OF PHOSPHINE 

The effect of the time elapsing between pre-treatment of 

M. domestica with piperonyl butoxide and their exposure to CT20 

of phosphine was investigated and results are reported in Table 17. 

The mortality did not differ significantly for times of 0, 1, 3 and 

9 hours, but was significantly lower for 27 hours (P between 0.01 

to 0.05). 

6. EkkECT OF PIPERONYL BUTOXIDE ON THE TOXICITY OF PHOSPHINE  

AND AMMONIA IN MIXTURES  

A qualitative test was carried out to find the effect of synergist 

(piperonyl butoxide) on the toxicity of ammonia, phosphine and a 

mixture of ammonia and phosphine similar to that produced by the 

pellet. Results are indicated in Table 18. It is evident from the 

table that the toxic action of ammonia was not affected by the ' 

piperonyl butoxide pre -treatwent in M. domestica and T. castaneum.  

The effect of the synergist on the toxicity of a mixture of phosphine 

and ammonia was significant (P < 0.01)- 

7. EFFECT OF SYNERGISTS ON THE TOXICITY OF PHOSPHINE  

(a) QUALITATIVE TESTS  

In examining the effects of synergists, qualitative tests were 



Table 16 	Toxicity of phosphine and ammonia applied separately to insect species 

Insect Fumigant Concen- 
tration 

Parameters of probit 
line 2  

Heterogeneity CT50 
(mg min. 

c 
95% confidence 
limits of Gym_ 

(mg/1) a b+S.E. X(D.F.) P /1) Lower Upper 

Phosphine 0.33 -0.827 4.481+1.001 3.45(2) 0.18 19.97 16.73 1  24.50 
M. domestica 

Ammonia 5.62 -6.705 6.007+1.121 0.69(2) 0.70 88.83 76.58 101.75 

Phosphine 0.32 -1.477 5.643+0.475 0.88(2) 0.67 14.05 13.08 15.11 
T. castaneum 

Ammonia 5.62 -6.411 4.299+0.490 0.93(3) 0.82 450.60 401.58 498.93 

L. migr'atoria Phosphine 0.30 -6.256 7.379+2.419 1,12(2) 0.56 33.53 . 	27.52 39.14 
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Table 17 Effect on the toxicity of phosphine to 
M. domestica of piperonyl butoxide applied 
at different times before fumigation 

Pre-treatment 
period (hours) 

No. of 
Insects 

Mortality (%) 

• 0 50 50 

1 50 52 

3 .50 50 

9 5o 54 

27 5o 24 

Control 40 5 

Phosphine at 0.27 mg/1 



Table 18 Effect of piperonyl butoxide on the toxicity of phosphine and ammonia in mixtures 
to insects 

Species 

, 

No. of 
Insects 

Days* Mortality (%) Assessment* 

Ammonia 
only 

Ammonia + 
pip.but. 

Phosphine 
+ 

Phosphine 
+ 

, 
Ammonia Ammonia + 

pip. but 

M. domestica 63 2 18 21 - - 0 
6) 2 17 55 ss 

T. castaneum 6J 18 14 15 - - 0 

*See table 19 

-No test 

(Concentration of phosphine = 0.46 mg/1; concentration of ammonia = 0.25 mg/1) 
SS = synergism (P ( 0.01) 
0 = no significant effect 

Control mortality: 

M. domestica 	0% in untreated acetone, acetone and pip. but. - treated flies 

T. castaneum 	2, in untreated cyclohexanone 
0% in cyclohexanone and pip. but. - -treated beetles 
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first carried out. In each test some insects were dosed with phosphine 

without synergist, aiming at a mortality of 20%; other insects were 

treated with synergists 3 hours prior to the same dose of phosphine. 

Table 19 gives the results. Mortalities in untreated controls are 

given in Appendix A 2. As table 19 shows, piperonyl butoxide 

synergised the effect of phosphine on T. castaneum, and both piperonyl 

butoxide and SKF 525A synergised its effects on M. domestics; other-

wise synergism was absent. 

(b) ESTIMATES OF SYNERGISTIC RATIOS ETC. 

Further tests were done to measure the synergistic effects detected 

qualitatively and results are indicated in Table 20. In each 

quantitative test the time of exposure to a fixed concentration of 

phosphine was varied. Lines for the regression of probit mortality 

on log (CT product) were calculated, and where a pair of parallel 

lines could be fitted for insects pre-treated and nob pre-treated 

with synergist, the synergistic ratio was calculated from the parallel 

lines. However, in the test of the effect of piperonyl butoxide with 

M. domestica the slope of the line for the flies pre-treated with 

synergist was significantly lower than that for the flies not pre-

treated, and hence separate lines, of different slopes, were fitted, 

and the synergistic ratio was calculated as a ratio of CT501s. 

For the susceptible and pyrethrin-resistant strains of S. granarius  

the CT50's for phosphine alone were estimated to be 43.15 and 89.13 

mg min./1, so that the latter strain was estimated to be 2.1 times more 

resistant to phosphine than the former. 
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Table 19 Qualitative Tests on the Effect of Synergists on tho 
Toxicity of Phosphine  

   

Species 
No. of 

insects Days* Synergist 

Mortality (%) 

Synergist+ 
 phosphine 

'Assess - 
ment**. __ _ Phosnhine 

only 

T. castaneum 100 1 	20 Pip. but. 22 38  S 
100 26 SICP 525A 18 13 0 

S. granarius 100 20 Pip. but. 22 18 0 
(Suso.) 100 20 SKF 525A 22 11 0 

S. granarius 100 26 Pip. but. 19 24 0 
-(PYr. -res.) 100 26 SKF 525A 19 24 0 

M. domestica 60 2 Pip. but. 20 60 ' SS 
60 2 SKF 525A 15 49 •SS 
50 * 2 NCPE t 13 15 0 

' Days between dosage and assessment of mortality • 
** 

The significance of each difference in mortality was assessed with the 
table of ilainland et al. (1956): 
SS = synergism (P < 0.01), 
S = synergism (P < 0.05), 
0 = no significant effect 

t 2-Nitro-4-chlorophenyl 2-propynyl ether 



Table 20 
	

Estimates of Synergistic Ratios etc. 

Insect 

4,  

P113 (mg/1) Fumigant/Synergist 

1 

Parameters of 
probit line Heterogeneity CT 50 

(mg min/I)  

r 	--. 
95% con fid- 
eace limits 
of Ctp 50 

-.7 

Test ofparall-
elism Synergistic 

ratio 
a b+S.E. X(D.F.) P Lower Upper b 

, 
X2  

, 
P 

0.40 

. 

PH 
3 

P11 
3 

+ PB 

-4.036 

1.606 

6.798+1.241 

3.140+0.670 

0.21 	(1) 

1.36 (2) 

4 

0.65 

0.50 
w 4.207 

r 
21.34 

12.02 

0 
13.33 

10.07 

29.39 

15.21 

-1 

6.776 0.01 1.77*  

0.42 
PH3 

PH
3
+SKF 525A 

-1.908 

0.397 

M. domesticaa  
5.212+0.803 

3.976+0.701 

0.44 (2) 

1.08 (2) 

0.80 

0.54 

21.14 

14.35 

18.58 

12.5o 

24.27 

17.54 
4.526 1.388 0.24 1.48 

T. castaneum 0.49 
PH
3  

PH
3
+ PB 

1.186 

1.678 

3.010+0.451 

2.875+0.428 

r 

0.38 (2) 

0.12 (2) 

1 

0.80 

0.94 

1 	, 

18.49 

14.29 

15.37 

12.11 

1 

21.52 

16.71 
2.937 0.046 0.82 

il 

1.29 

S. granarius 

. 	. 

0.48 

. 

SS 

PRS 
. 

-3.870 

-5.410 . 

5.430+0.606 

5.350+0.919 . 0 

0.57 (2) 

0.37 (2) 
0.73 
0.80 

43.15 
89.13 

I 

39.91 

78.62 

46.49 

99.57 
5.409 

0 

0.060 

0 

0.81 

0 

2.14x  

0  

PH3  = Phosphine ; PB = Piperonylbutoxide ; SS = Susceptible strain ; PRS = Pyrethrin resistant strain 

* Ratio of CT 50's from norms parallel lines ; X  Relative potency of PRS to SS (level of resistance) 
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D - DISCUSSION  

Holding period for determining the toxicity of phosphine to 

insects of the different species was judged from the end-point 

mortalities. Mortalities in T. castaneum, S.  granarius (susceptible 

strain) stabilised 20 days after treatment and in El.granarius 

(pyrethrin-resistant strain) the period was 26 days. Control 

mortalities never rose above 476 in beetles, and therefore, the'higher 

control mortalities reported in the part I are attributable to starva-

tion. L. migratoria was not used for further tests for various 

reasons namely, high control mortality after holding for 7 days, 

variations in symptoms produced by phosphine; also insects of the 

same instar, age and weight were not available in large numbers. 

There was no effect of carbon dioxide anaesthesia on the toxicity 

of phosphine to M. domestica. Although Young and McDonald (1970) 

reported that anaesthesia with carbon dioxide increased malaithion 

toxicity to some stored product beetles. 

Symptomatological observations reported by Bond et al (1969) on 

the American cockroach, Periplaneta americana, were similar to those 

on L. migratoria reported here. Diarrhoea in L. migratoria suggests 

interference of phosphine with the water balance of insects, and the 

effect of phosphine on excretion (see part I) supports this supposition. 

In S. granarius the percentage mortality of the susceptible strain rose 

more quickly to its final (end-point) level than did the mortality of 

the resistant strain. It is important to mention here that symptoms 
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of poisoning vary according to the extent of poisoning or the length 

of exposure period and, Fig. 16 only represents the effects of an 

approximate CT50. It was generally noticed that higher doses produced 

an'earlier end-point, and the severity of poioning symptoms disappeared 

more quickly than at lower doses. Busvine (1938) reported some 

practical difficulties and errors for short exposures, namely 30 

minutes, owing to variation between the exact times of exposure 

nominally the same and calculated the variation as approximately 5% 

of a 30 minute period. Exposures, for different insects mentioned 

in Fig. 16 ranged from 40 to 128 minutes and the error or lag calculated 

was less than 1% of 40 minutes (the shortest exposure). Mortality 

determinations in stored product insects after phosphine fumigation 

were made after 1 week by Qureshi et al (1965) and Bang and Telford 

(1966), and after 2 weeks by Lindgren and Vincent (1966); these 

periods were found not suitable in the present studies, as shown by 

Fig. 16. 

Qureshi et al (1965) did a preliminary test with S. Branarius and 
of 

observed a distinct flattening off)the mortality curve after 7 days. 

Since they used high concentrations of phosphine, the holding period 

for the end-point mortality indicated in Fig. 16 is not comparable. 

Bang and Telfor0. (1965) gave some account of symptoms produced by 

phosphine poisoning in insects, their observations on the T. castaneum 

adults appear comparable but their evaluation was limited to gross 

symptomatology and their observations were made over 3 days. Bang 

and Telford selected one week holding period for the mortality assess-

ments. Lindgren and Vincent (1966) allowed 2 week's holding period 
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for mortality counts using several stored product insects but they 

have not given reasons for the choice of holding period. 

It was evident from Table 15 that the carbon dioxide and ammonia 

produced by the "Phostoxin" pellets do not affect the toxicity of 

phosphine to M. domestica, and hence no attempts ware made to absorb 

these gases in further toxicity tests with phosphine. The amount of 

ammonia, produced by a pellet was virtually non-toxic to T. castaneum  

and M. domestica. 

In view of the findings ok Brooks and Harrison (1964), and the 

present tests, it was considered that insects should be dosed with 

synergist 3 hours before their exposure to phosphine. 

It was observed from qualitative tests that Niperonyl butoxide 

did not enhance the toxicity of ammonia, and also the presence of 

ammonia with phosphine (amount produ3ed by the pellet) could not 

impair the synergistic effects of piperonyl butoxide. 

Under circumstances where the synergists used in this investigation 

produce definite synergistic effects, this may well result from 

inhibition of microsomal c,xiaases (see, for example, Brooks, 1968). 

In this investigation the synergistic effects detected were definite, 

but they were small. There was, therefore, no evidence that micro-

somal oxidases detoxify phosphine, when alone, to any considerable 

extent. 
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III 

1. INTRODUCTION  

Mixtures of fumigants have been used by various workers (Monro,1964) 

to combine the merits of individual fumigants to increase the spectrum 

of effectiveness in a single operation. Le Geupil (1932) reported for the 

first time the insecticidal properties of methyl bromide and today it 

is well known chemical in commerce and industry for its pesticidal 

properties (Morro, 1959). The findings of Berck (1961) and HeuseY(1964) 

indicate that the presence of carbon tetrachloride in a mixture in—

creased the penetration of both methyl bromide and ethylene dibromide. 

Majumdar (1962) has reported the successful use of mixtures of methyl 

bromide and ethylene dibromide against storage insect pests of wheat, 

rice, pulses, oil cakes, coffee beans, wheat flour and dried fruits. 

Caleron and Carmi (1968) observed the possibilities of a synergistic 

effect obtained by mixing methyl bromide with carbon tetrachloride (1:4) 

against Todastaneum. Liquid fumigant mixtures have advantages such as the 

ease of application and combination of desired quantities of each 

components which are not to be found in any single fumigant. Phosphine 

has become a prominent fumigant in recent years and no attempts so far, 

have been made to investigate the possibilities of its mixture with 

other fumigants. Hewlett (1960) and Rajak and Perti (1967) have 

reported insecticidal activation from the joint action of insecticides. 

There are indications that methyl bromide (Winteringham et al, 1958) and 

phosphine (Robinson and Bond, 1970; Rajak and Hewlett, 1971) exert their 

toxic action by affecting different vital biological process in insects. 
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It appeared of interest, therefore, to investigate the joint action of 

phosphine and methyl bromide on insects to discover the resultant toxic 

response. 

The joint action of phosphine and methyl bromide was first tested 

for the hypothesis of completely negatively correlated independent 

action against M.domestica  and T.castaneum.  Subsequent tests compared 

the toxicities of mixtures with values calculated for additive action, 

using M.domestica, T.castaneum  and S.pranarius.  Symptomatological 

observations on the fumigants poisoning were also recorded. 

It was considered interesting to draw dose -response curves to 

evaluate the usefulness of the mixture (see Hewlett and Plackett41959) 

of phosphine and methyl bromide by comparing mortalities calculated 

under additive action with expected mortalities under independent action 

with complete and negative correlation of tolerances for T.castaneum.  

Some physiological studies were conducted with the purpose of 

finding why certain of the mixtures were of high toxicity to insects. 

Since fumigants enter the insect through the spiracles, it was thought 

that the movements of the spiracles of insects exposed to fumigant would 

be interesting. Galley (1965) studied the effect of fumigant velocity 

on the opening and closing of thoracic spiracles of M.domestica  but his 

findings do not directly concern the present investigation. Bond (from 

unpublished data, Bond and Monro, 1967) emphasised the need for the 

detailed study on the relation between spiracular opening and fumigant 

action. M.domestica  was selected for the present studies because its 

meta-thoracic spiracle was readily observable. 
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Studies were made on the oxygen uptake of T.eastaneum and 

S.granarius after fumigation. The respirometers available were not 

suitable for similar measurements with M.domestica.  
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2. MATERIALS AND METHODS  

(A) INSECTS  

Adult female Musca domestics, 4-5 days old were fumigated in 

groups of ten. They were afterwards fed on 20% aqueous sucrose and 

mortalities were observed 48 hours after fumigation. Adults of 

Tribolium  castaneum and Sitophilus granarius (susceptible) aged 2-3 

weeks were selected as additional test insects for studying the joint 

action of fumigants, since they are serious pests of stored products. 

After fumigation the insects were held and observed at intervals until 

mortalities stabilized as described earlier. The mortalities teeemdei 

recorded were "end-point" mortalities. The total holding period is 

mentioned in the tables. A batch of 25 insects of mixed sex was used 

as an individual replicate. 

Symptoms of poisoning were recorded with the aid of a hand 

lens+ (X5). 

(B) FUMIGATION METHODS  

The fumigation apparatus, method of insect exposure, generation 

of phosphine and estimation procedure for determining phosphine con-

centrations were generally the same as described in thr part I of this 

thesis. "Phostoxin" pellets were used from the stock stored in a 

dessicator for the past 2 years. The mean weight recorded during these 

studies was 540 mg for a pellet and total amount of phosphine generated 

from a single pellet was about 227 mg. The initial weight of a pellet 

was calculated for the desired phosphine concentration. An analytical 
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balance was used for weighing up to the accuracy for 0.2 mg. For 

dosing the fumigation chamber a weighed portion of a pellet was 

crushed and the phosphine was released by 0.5 ml of 1 N sulphuric 

acid. In carrying out a single test the fumigation apparatus was 

dosed with phosphine, a process taking 36-48 hours, methyl bromide was 

introduced to give an appropriate mixture in an hour, 4nd finally the 

apparatus was flushed out with air and methyl bromide introduced to give 

the same concentration as in the mixture. Insects were exposed for 

different periods to the separate fumigants and to the mixture. 

• Methyl bromide was injected into the fumigation apparatus 

by means of a micro syringe, "Brunswick" 1-ml syringe of polypropelene. 

It was observed from the review on properties and usages of methyl 

bromide by Thompson (1966) that polypropylene, a plastic material is 

slightly affected by liquid methyl bromide. A plastic syringe of the 

same material is used in the present studies which confirms the report 

of Thompson. Syringes of certain other types were unsatisfactor7; glass 

syringes became blocked by condensed moisture. The plunger tip (a 

rubber material) was found to have deteriorated after 3 or 4 uses, and 

the syringe was then discarded. The needle (6.5 cm length and 0.6 mm 

internal diameter) was modified by incorporating a glass stopcock near 

the hilt. The needle tip was slightly bent to avoid blockage. The 

micro-syringe, though graduated was re-calibrated, with the modified 

needle by means of mercury. The syringe was chilled to -25 ± 3°C and 

was filled with liquid methyl bromide from a tube immersed in a mixture 

of solid carbon dioxide and_ethyl alcohol. The liquid methyl bromide 



89. 

evaporated instantaneously when injected into the fumigation apparatus. 

One hour was allowed to ensure proper diffusion before sampling or 

exposing cages of insects. A thermal gas conductivity meter (TGCM) 

(Heseltine, 1961) was used for measuring the concentrations of methyl 

bromide with an accuracy of ± 0.5 mg/l. Weinman (1970) suggested the 

method for measuring methyl bromide in the phosphine and methyl bromide 

mixture. A column of mercuric bromide crystals was used to absorb the 

phosphine from the mixture andri,emaininglthe methyl bromide was 

measured satisfactorily. It was not possible to measure methyl bromide 

by TGCM in the presence of phosphine. Attempts to use mercuric chloride 

sdlution (1.5% w/v) and mercuric chloride crystals were unsatisfactory 

as absorbent for phosphine. 

(C) PHYSIOLOGICAL EXPERIMENTS  

The apparatus used for studying the effect of fumigants on the 

spiracular activity of M.domestica is shown in Fig.17. The exposure 

tube is the same as that used by Galley (1965), but the method was 

modified. The fly was glued with a mixture of beeswax and resin (121) 

to a small (3 cm) iron wire, the point of attachment being the dorsum 

of the thorax between the wing bases. The hind leg and a portion of wing 

were removed and the insect was viewed through a gThss ooverslip which 

was cemented over a hole blown in the centre of the exposure tuba. A 

side flask was attached to the exposure tube to increase the quantity 

of fumigant for obtaining a concentration very similar to that of . 

fumigation apparatus, since a comparison was to be made between the 

toxicity levels and the spiracular activity. The total volume of the 

apparatus was 410 ml. The pressure in the exposure tube was reduced to 
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Fig.17 Apparatus used for observation of the 
metathoracic spiracle of M.domestica  
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3-4 cm Hg and a sample of fumigant air mixture was drawn from the 

fumigation apparatus. 8-10 flies were observed individually to 

determine the effect of each fumigant, and of the mixture, on spiracular 

activity. Two stop watches were used simultaneously for recording 

opening and closing. 

Two related experiments were carried out to see whether the 

spiracular movement was comparable in the exposure tube and in the normal 

fumigation apparatus. Flies from the fumigation apparatus were observed 

at the termination of certain exposures (discussed later on). In the 

first experiment, at the termination of exposure period, flies were 

lightly anaesthetised by carbon dioxide (to knock down), glued to an 

iron wire and the spiracle was observed. In normal flies recovery from 

the same amount of carbon dioxide was vex'y quick (< 90 seconds). In 

the second experiment, flies glued to an iron wire were fumigated and 

at the termination of exposure period, the spiracle was observed. 

Respiration of T.castaneum and S.granarius was studied by means 

of a continuous-recording electrolytic respirometer initially described 

by Phillipson (1962) and modified by McNeill (1970) (see FiG.18). 

Rhillipson used sodium hydroxide solution and left one end of the 

respirometer open to release the hydrogen; hence, the respirometer was 

subjected to atmospheric changes in the temperature and pressure. 

McNeill used copper sulphate as an electrolyte so that both ends of 

the respirometer could be closed and the oxygen uptake could be measured 

at constant temperature (2700) and pressure. In the respirometer, the 

electrode plus electrolyte acts as a switch. Reduction of pressure in 

the respirometer causes the electrolyte solution to ascend and make 
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Fig .18 
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Fig.18 Modified Electrolytic Respirometer (after Phillipson; 1962) 

I. Hard wax. 2. Nickle chrome wire electrode. 3. Copper 

sulphate saturated 4. Copper sulphate crystals. 5. Oxygen 

evolved here. 6. Fine platenum tip. 7. Increase in bore 

to keep tip away from walls. 8. Insect chamber. 9. Crumpled 

filter paper. 10. End piece with loop.11. Folded filter paper 

(Whatman No. 1) with 0.1 N NOM. 12. Step up adapter. 

(The 2mEnajapkq was indicated by the periods of time 

shown by the recorder, for which the current flow from 

+ve to -ve, connections.) 
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contact with the positive electrode; the consequent evolution of oxygen 

equalises the pressure in the respirometer with that in the side-arm 

and at the same time pushes the electrolyte solution down to its 

original level, thus breaking electrical contact. These processes 

are repeated automatically with a frequency depending on the oxygen 

demands of the insects. The whole glass apparatus wab assembled with 

Quickfit ground glass joints and mounted on a perspex sheet, which was 

kept in a constant-temperature water bath (27°C) during experimentation. 

Insects were kept in this apparatus in a Quickfit adapter and end 

piece. In the neck of the tube, a piece of filter paper (Whatman 

No.1 ) soaked in the Na OH (0.1 N) absorbed the carbon dioxide liberated 

by the insects. The current was 4 mA and the oxygen equivalent was 

58.015 pl at N.T.P. per coulomb.. Insects were given a. LD
95
-dose, 

and their oxygen uptake was recorded during a period indicated in Table 22. 

Estimates of the toxic dose were made by simultaneous tests, and 

mortality figures recorded in the Table 22. 

(D) DESIGN OF EXPERIMENTS FOR THE JOINT TOXICITY OF 

PHOSPHINE AND METHYL BROMIDE  

(i) COMPARISON WITH INDEPENDENT ACTION  

Plackett and Hewlett 0948) illustrated the independent joint 

action of poisons and suggested the methods of prediction of the 

toxicity of a mixture of poisons from the toxicities of its separate 

constituents. If given doses of two poisons, A and B, applied separately 

kill proportions p1  and p2  respectively of the insects treatear and the 

same doses applied together kill a proportion p, then supposing that 

resistance to A and resistance to B are completely and negatively 



] q (p + C  ) + nV(p)  
1-c 

"a 
n (p*- p)

2 
 
	 (5) 

correlated 

9'I. 

 

P = P1 P2 

P = 1  

if p1 P2 

p1 P2 

 

(3) 
or if 

 

The highest prediction under the independent action is given by the 

complete negative correlation of individual susceptibilities (P = -1) 

as indicated by equation (3). In the experiments, M.domestica and 

T.castaneum were fumigated to obtain mortalities of approximately 

15, 30 and 50% for phosphine and methyl bromide separately (see Table 21). 

Unadjusted chi-square (eu) and adjusted chi-square (ea), tests 

of significance used for the analysis of data were described in detail 

by Hewlett and Plackett (1950). Their equations are reproduced here 

for convenience:- 

n (p p)2 
S ! 	 

I q  (P 	1:c) 
u (4) 

S denotes summation for the different doses, n is the number of 

insects in the batch from p (quantities expressed as .,.he proportions 

observed killed by the mixture at different doses after correction for 

control mortality) is derived, p is a predicted mortality for the 

mixture expressed in proportion and c is the control mortality. 2 7a 

constitutes a more rigorous test thanI7u -ea allows for the errors 
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in the estimate of p, arising from the fact that p1  and p2  are estimated 

and riot knOwn exactly: 

Regression lines for data presented in Table 21 were not 

calculated; therefore V(p)  and V( 	for nV(p)  of equation C5) were i  
132)  

obtained directly from:- 

V
(Pi) 	P1c11/n1 

V(p2) 	132q2/ n2 

V(p1) 

pi  and p2  are predicted proportions dead for each fumigant and q1  and 

q2  are corresponding strvived proportions; n1  and n2  are corresponding 

number of insects 

(ii) COMPARISON WITH ADDITIVE ACTION 

Hewlett and Plackett (1959) obtained a general equation for the 

quantal response to two drugs acting similarly. The most useful special 

case occurred when the respective tolerances to the two drugs were 

assumed to be completely and positively correlated and amounts acting 

were assumed to be directly proportional to doses. This special case 

can be written as 

(xi  - x)/i3 (x2  - x)/ a2 1 	(6) 

Here his the base of logarithms i.e. normally 10. X1  is N.E.D. (Normal 

Equivalent Deviations) response to dose Z1  of A. x2  is N.E.D. response 

to dose z
2 

of B and x is N.E.D. of response to dose z
1 of A z2 

of B. 

and 

V(p) 
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A and B are the two different poisons. S1  and 02  are slopes of A and B 

respectively. Here, however, it will be convenient to give the equation 

in terms of probits, namely 

h(Y1 - Y)// 1 h (Y2 - Y)/b2 	1 	(7) 

It is assumed that for A and B administered separately, 

	

a1 	b
1 

log z1 	** 	(8) 

	

y2  = a2 	b2  log z2  

If equation 7 (and 6) is satisfied, for a fixed level of mortality 

zi 	z2  
1 	(10) 

Z Zl 	2  

Z1 and Z2 are the respective doses of A and B producing, when alone, the 

fixed level of mortality. Equation (10) expresses the condition for what 

is known in Pharmacology as additive action.  

A few examples may help to make clear how equation (10) for 

additive action operates. Suppose that ZI  and Z2  are the LD 50's of A 

and B applied separately. Then if additive action occurs, a dose of 

1/2 Z1  of A applied with 1/2 Z2  of B will be expected to give 50% 

mortality; and likewise 1/4 Z1  with 3/4 Z2  or 9/10 Z1  with 1/10 Z2, and 

so on. Again, if Zl  and Z2  are the respective LD 901s, 1/3 Z1  with 

2/3 Z2, or 3/4 Z1  with 1/4 Z2  will be expected to give 90% mortalities, 

and so on. Similarly, if ZI  and Z2  are LD 20's, 3/10 Z1  with 7/10 Z2 

(9) 
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will be expected to give 20% mortality, and so on. In general, if Z1  

and Z2  are LDX's, K ZI  of A with (1-:K) Z2, where K <1, will be expected 

to give X% mortality. 

In each experiment batches of insects were exposed to a 

concentration c1 of phosphine, to a concentration of c2 
of methyl bromide 

and to a mixture containing respective concentrations of c1  and c2  of the 

two together. Suppose if 	that for each fumigant separately the 

concentration-time product for fixed mortality is constant, then the 

probit -log -dose equations for two fumigants, (8) and (9) can be written 

	

Y rt 
	a

1 
+ b1 log (c1t) 

	(11) 

	

Y= 	a2 + b2 log (c2t) 
	(12) 

where z1 = c1t and z2 = c2t 

e1 and c2 are the concentrations of fumigant A.(i.e. phosphine) and B 

(i.e. methyl bromide) respectively in any one experiment. 

	

Consider fixed level of mortality y 	Yo  

To give mortality Neo  requires dose z10 = c1t10 = ZI  of the ftmigant 

A alone. 

To give mortality Yo  requires dose z20 = c2t2e = Z2  of the second 

fumigant B alone. 

Under additive action, let mortality 'o occur, when t = tm and fumigants 

are applied at ci  of first plus c2  of second fumigant, let z1m 
= c1tmll 

and z2m  = c2tm2. 

Therefore under additive action- 

z lm 
	

Z2n1 	 1 

	

0111000,440(13) 
•••••••••••• 

1 
	Z2 
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Hence equation (13) can be written 

c1tm 	c2tm + 	= 	1 	(14) 
c1t10 	c2'2o 

Simplification of (14) gives 

tm 	
t 10 tab 
tio+t2o,  

Plackett and Hewlett (1963) gave a method whereby the value of y in 

equation (7) could be found for given values of y1. However their 

interpolation method was complex and a simpler method was used for the 

present work. Thus t10  and tap  were. found for a given level of mortality 

and the corresponding value of tm  was calculated. This was done for 

different levels of mortality until a level was found for which tm  was 

equal to the exposure period for the mixture. This level of mortality 

was that predicted under additive action for the period of exposure 

concerned to the mixture. Ekpected mortalities were thus found to the 

nearest 0.01 probit. 

CompariSon for expected mortalities under additive action and 

independent action with A = -1 for T.castaneum are shown in Fig 21. 

It is evident from Fig 21 that with complete and negative correlation 

of tolerances under independent action expected mortalities reached 100% 

while under additive action with complete and positive correlation of 

tolerances expected mortalities were always less than 10096. 

Unadjusted chi-square, test of significance was applied to observed 

and expected mortalities to test the hypothesis. The degree of freedom 

was 1 and corresponding critical (5%) chi-square value is 3.84. 

Computations for probit analysis for single lines were carried 

out by an electronic computer. Chi-square was computed after pooling 

extreme dosagas if the expectations were less than 5 provided the 

degrees of freedom were atleast 1. 

(15) 
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III 

3. RESULTS  

(A) SYMPTOMATOLOGY 

Symptoms of phosphine poisoning in insects have already been 

reported in Part II. Symptoms of methyl bromide poisoning and its mode 

of action have been studied in detail (Brown, A.W.A, 1951; Winteringham 

et al, 1955 and Brown, W.B., 1959 etc.) 

W.B. Brown (1970) recommended that insects should be disturbed as 

little as possible after fumigation with methyl bromide. Thereforei 

investigations on the symptomatology of methyl bromide poisoning, in 

insects were not carried out in detail. Usually the first mortality 

counts were made 5 days after exposure except M.domestica where ob-

servations were made at 24 and 48 hours after fumigation. Some 

interesting symptoms of methyl bromide poisoning that were observed 

during mortality counts are reported here: - 

M.domestica - Hyperactivity was observed during and at the 

termination of fumigation. Flies, after fumigation, 

appeared thirsty. The degree of hyperactivity was increased with 

the increase in exposure period. Paralysed flies could not recover. 

Flies that were inactive at the end of fumigation, died. Severe 

poisoning symptoms produced spasmodic and unco-ordinated movements 

which became more feeble and more infrequent as death approached. 

p.zgranarius - There was no apparent change in activity at the end 

of fumigation. Paralysis was progressive in 5-10 

days but observations at the 15th and 20th day revealed few deaths 
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without prior signs of paralysis. Paralysis includes movement 

without co-ordination and lying upside down with movement of 

legs. 

T.castaneum - The symptoms of poisoning were similar to those 

observed in S.granarius except more deaths occurred 

without paralysis after the 10th day of the holding period. 

L.migratoria - In toxicological investigations this insect has 

been used (see Part I). Therefore it was considered 

appropriate to incorporate the records of their poisoning symptoms 

observed with methyl bromide in this part. After death, insects 

were found glued to the container with their thick, brown, watery 

excreta and regurgitated fluid. 

Mixture of phosphine and methyl bromide: 

Insects fumigated with a 

mixture of phosphine and methyl bromide were found active at the 

termination of fumigation and death was more rapid and less paralysis 

was observed during different holding periods as compared with 

symptoms produced by phosphine and methyl bromide alone. 

(B) JOINT TOXICITY OF PHOSPHINE AND METHYL BROMIDE  

The first experiment was designed on the assumption of completely 

negatively correlated independent action of phosphine and methyl bromide 

against M.domestica and T.casLaneum. Results obtained are given in 

Table 21 (a) and (b) respectively. Values ofi2u and 'ea were 

significant for the observed mortalities in the first two exposures of 
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Table 21 
	

Joint toxicity of fumigants to insects 

(a) M. domestica  

Percent mortality after 48 hours 
Exposure 
(minute) (1) 

Phosphine 
(0.17 mg/1) 

(2) 
Methyl bromide 
(3.00 mg/1) 

Mixture of 
(1) 	4. (2)  

f il 

73 16.7 16.7 63.3 10.94 5.15 

89 36.7 30.0 100.0 14.28 4.94 

93 46.7 43.3 100.0 3.23 0.51 

Control 3.3 

Note: Thcre were 3 replicates of 10 insects each per exposure 

(b) T. castoneum 

Percent mortality after 4 days 

%
2 
a 

Exposure 
(minute) (1) 

Phosphine 
(0. 26 mg/1) 

'2 
(2) 

Methyl bromide 
(21.00 mg/1) 

Mixture of 
(1) 	4- 	(2) 

X  u 

58 

66 
76 

or 
20 

28 
28 

v 
18 
44 
66 

100 
100 
100 

-% f 

81.58 
19.44 
3.19 

35.38 
6.03 

0.37 1. 
Control 0.0 

p 

Bote: There were 2 replicates of 25 insects each per exposure 
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both species. It was sufficient to disapprove the assumption. Therefore, 

further experiments were designed for the comparisons of expected and 

observed mortalities for the mixtures of phosphine and methyl bromide 

under a useful special case of the similar action known as additive action. 

M.domestica, T.castaneum and S.granarius were used as test insects. 

Single line probit analysis data used for the assessment of joint 

toxicity of phosphine and methyl bromide are summarised in Table 23 

a, b and c for the three species of insects used. Observed and expected 

mortalities for the mixture of both fumigants were compared and the test 

of significance Oeu based on equation 4) was applied and results are 

indicated in Table 24 a, b and c for M.domestica,T.castaneum and S.granarius, 

respectively. With the present technique of fumigation, it was not 

easily possible to adjust the concentrations to get different proportions 

of each fumigant in a mixture of both e.g. 1:4 or 2:3 etc., therefore 

all experiments were based on half doses of each fumigant as described 

in detail under materials and methods. However, for a broad spectrum 

of validity, 3 probit points namely 4, 5 and 6 were selected as crossing 

points for the regression lines of phosphine and methyl bromide for 

each insect species. Calculated amounts of liquid methyl bromide were 

injected into the fumigation chamber after establishing the concentrations 

of phosphine to let the regression lines cross at calculated probit 

points. Theoretical assumptions were not precise due to variations in 

the susceptibility among insect-batches. However, only small deviations 

from the expected crossing points were observed as indicated by Table 24 

a, b and c. 
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Table 22 
	

The effect of phosphinel  methylbromide, and a mixture of 
the two, on the oxygen uptake by insects after 
fumigation. 

(A) T. castaneum 

Fumigant 
Re

p l
ic

ct
te

* Oxygen uptake (pl at N.T.P./hour/gm body wt. 
of insect) 

HOURS AFTER FUMIGATION Mortality  

(%) 17 18 19 20 21 
i 

 22 23 24 * 25 

I I r / 

Phosphine 705 705 700 691 686 673 618 591 577 93.9 
Methyl bromide I x x x x x x x x x 
Mixture 171 168 166 153 139 110 116 98 77 100.0 
Control 1518,1500 1504 1509 1498 1437 1409 1368 1336 2.0 

Phosphine 641 682 668 660 673 590 577 x x 93.9 
Methyl bromide II 870 867 874 843 799 780 765 x x 95.9 
Mixture 228 197 182 187 154. 142 144 x x 97.9 
Control 1500 1514 1509 1518 1459 1464 1411 x x 2.0 

• • 0 • f • • • • 

(B) S. Frannr:ius  

HOURS ArTiii? FUMIGATION 

13 14 15 16 17 18 19 20 21 

Phosphine 208 	168 130 123 116 90 78 	54 	76 92.0 
Methyl bromide I ‹.----410- 4----16----.),  94.0 > ----27.----) 
Mixture 138 124 73 119 164 87 4-54-4 61 98.0 
Control 1321 1263 1201 1173 1121 1034 939 846 861 0.0 

Phosphine 179 60 	130 131 121 115 	111 128 98 96.0 
Methyl bromide II (----17---- ,› 4-36-4 <-13-4 (-10-4 98.0 
Mixture 106 89 91 77 68 52 57 (--51 -4 98.0 	- 
Control 1446 1290 1188 1146 1032 846 664 7311 720 0.0 

Note - Mean weight per insect was 2.2 and 3.1 mg for T. castaneum and 
S. Franarius respectively. 

xxx Leakage in respirometer. 
25 insects were taken per test per replicate. 
Mortality, corrected for control after holding period of 30 days. 

4.4 Total oxygen uptake for the indicated period; uptake was here 
so low that the apparatus could not indicate the uptake for 
1 - hour period. 



Table 23a 	Joint Action of Phosphine and Methyl Bromide - Single Line Probit Analysis 

Insect - Mu-c-1 domestics,  Age - 4-5 days, Sex - .11.7 , Recovery Period - 48 hours 

Expt. No. Fumigant 
FUnigant 
Conc. 

Parameters of probit 
line 
, 

Heterogeneity Log MLT 
S.E. 4. 

MLT 
(min.) 

955/  Confidence 
of MLT 
. 

limits 
CT 50 

(mg/1) a b + S.E.  • y D.F. ' P. lower upper 
(mg min./l) 

1 

- PH3  0.19 - 6.328 5.444+0.855 0.02 1 0.89 2.081+0.023 120.4 109.1 136.1 22.876 

- 
CH3Br 3.00 -36.774 21.411+2.947 1.26 1 0.25 1.951+0.006 89.4 86.5 91.8 268.200 

2 

PH3 0.22 - 9.853 7.166+1.058 0.01 1 0.92 2.073+0.017 118.2 108.9 127.9 26.004 

CH3Br 1.64 -53.663 26.623+4.542 0.13 1 0.72 2.203+0.005 159.7 155.4 163.0 261.908 

3 
r PH3  0.43 - 7.748 7.222+1.222 0.17 1 0.68 1.765+0.016 58.2 53.9 62.6 25.026 

.... 
CH3Br 4.34 -26.668 17.809+3.469 0.13 1 0.71 1.778+0.006 60.0 ' 58.2 61.3 260.400 

PH
3  

0.25 -12.875 8.928+1.383 0.02 1 0.89 2.002+0.013 100.5 94.3 107.1  25.125 

CH3Br 
e 

2.63 -32.937 
t 1 

18.807+3.397 0.1+9 
, 

1 
• 

0.48 
. 

2.017+0x07 
• 

104.0 101.1 107.9 
, 

273.52 

Note: Calculations based on time (T) against Rill 



Table 23b 
	

Joint Action of Phosphine.and Methyl Bromide - Sinale Line Probit Atalysis 

Insect - Tribolium castaneum,  Age - 2-3 weeks, Sex - 9, Recovery Period - 30 days 

Expt. No. FUMIGANT 

. 
FUMIGANT 
CONC. 

Parameters of probit 
line 

.-- 
Heterogeneity 

. 
Log MLT 
S.E. + 

-. 

MLT 
(min. 

95% Confidence limits 
of LILT CT 50 	le  

(mg min./1) g/1) a b + S.E. (m ) 
_2 

 
B.F. P. lower upper 

1 
PH3 

0.23 - 2.795 4.605+0.858 
--. . 

1.88 2 0.38 1.693+0.024 49.3 42.3 54.3 11.339 

Cyr 25.00 -28.950 18.496+2.489 0.11 2 
.„, 

0.95 1.836+0.007 63.5 66.2 
• 

70.9 1712.500 

2 

PH3  

- 

0.31 - 5.474 6.498+2.515 13.32 1 * 1.611 40.9 12.679 
1-- 

- 
CH
3 
 Br 44.45 -21.786 16.819+1.904 2.16 2 0.34 1.593+0.005 39.1 38.3 40.2 1737.995 

3 

1 
PH3  0.19 - 3.211 44730+0.557 

I 

0.01 
%- 

2 
, 

>0.95 
# 

1.736+0.020 54.5 49.4 59.6 10.355 { 

CH3Br 49.43 -20.004 
. 

16.342+1.888 
. 

0.40 2 0,80 1.530+0.006 33.9 32.9 34.8 1675.677 

4 
r , PH3 

0.21 - 6.065 6.360+0.933 0.04 1 0.84 
4 

1.74040.019 54.9 49.7 59.3 11.529 

i 
CH Br 
3 

• 

34.69 -22.533 
t 

16.252+2.244 
f 

0.12 
r • 

1 0.73 
j 

1.694+0.007 
i 

49.5 47.7 
1 

50.3 1717.155 

Note: Calculations based on time (T) against kill 

* Regression not significant (5% level) 



Table 23c 
	Joint Action of Phosphine end Methyl Bromide - Single Line Probit Analysis 

Insect - Sitophilus granarius,  Age - 2-3 weeks, Sex - 0,31  Recovery Period - 30 days 

	ir 

Expt. No. 

. 

FUMIGANT 

. 
FUMIGANT 
CONC. 

. 
Parameters of probit 

line 

. 

Heterogeneity 

. 

Log MLT 
S.E. + 

i 

MLT 
(min.) 

955 Confidence limits 
of fILT 

, 

CT 50 
min./I) 

(mg/1) a 
t 

b + S.E. WaD.F.4-  P - lower upper 
(mg 

1 
1 	

17L 

PH3  0.31 - 5.147 4.704+0.654 0.47 2 0.74 2.157+0.017 143.6 133.1 156.5 44.516 

CH3Br 8.63 -33.817 18.110+2.171 0.14 2 0.95 2.143+0.004 139.1 136.3 142.1 1200.433 

2 

r  PH3  0.32 - 4.214 4.309+0.559 0.31 1 0.58 2.138+0.025 137.5 121.7 153.1 44.000 

CH3Br   12.77 -26.280 15.890+2.106 9+ 
 

0.32 1 0.51 1.960.007 93.0 89.8 95.8 1187.610 

3 
r PH3 0.34 - 4.433, 4.5.1+0,577 0.23 1 

, 
0.63 2.096+0.024124.7 110.6 .  138.5 42.398 

CHBr 
. 

6.23 
, 

1 -30.974115.869+2..142 0.05 
, 

1 
I 

0.82 
# 

2.267+0.007 
• 

184.9 
t 

177.8 190.7 1151.927 
I 

Note: Calculations based on time (T) against kill 



Table 24a 	The joint toxicity to insects, of fumigants, phosphine and methyl bromide to M. domestica 

Expt. 
no. 

No. of 
insects 

1 

Holding 
period 
(days) 

Exposure 
' 

Mortality C:(S) 
4' 

2 N/ 	(3)  ArNitAl 
--, 

Probit 	(5) ( 

crossing 
point 

period 
(min.) 

tl• 
Observed v" 

• r 	N 
Expected 21  

' 
No Grouping Grouping (4)  

np 

• 
1 

50 
- 	50 

5o 
2 

' 36 
50 
66 

23.9 
79.9 
98.o 

- 

8.71 
46.0.1 
86.8 

' • • 

5.45 
. 

28.13 4.35 
4.07 

2 
50 
50 
50 

2 ' 
57 
71 
89 

36.7 
79.6 
98.0 

1  22.7 
56.0 
87.3 

5.12 
10.90 
5.04 

6.23 

3 
50 
50 
5o 

2 

, 

25 
30 
37 

42.0 
82.0 

' 	98.o 
-,, 

30.2 
60.8 
84.4 

- , 
. 

3.30* 
9.4o 
4.43 

. .... 

5.63 

r 

4 
5o 
50 
50 . 

2 

t 

40 
50 
6o 

53.1 
87.8 
98.0 

, 

' 10.0 	- 
42.0 

. 	75.o, 
, ..! 

37.6o 
25.70 
15.70 0 	_.._ 

5.27 



Table 24( b) The joint toxicity to insects, of fumigants, phosphine and methyl bromide to T. castaneum 

   

Expt. 
No. 

No, of 
insects 

Holding 
period 
(days) 

Exposure Nortality (%) -xe  121  (3) . 

np 
Probit(5 
crossing 
point 

period
(min.) Observed")  ' Expected(2) No Grouping Grouping(4) nq 

1 

50 

50 
50 
50 

3 	1 

‘ 

23 
27 
32 
43 

a 

4.1 
12.2 
24.5 
98.o 

, 

26.8 • 
42.9 
62.7 
89.8 

f 

12.20 
18.36 
30.21 

2.99*(p=o.o8) 
5.88 

2 
75 
75 
75 

27 
14 
19 
25 

8.o 
12.0 
85.3 

7.81 
41.3 
82.7 

o.004qp=o.92) 

0.35*(P=0.55) 

17.14 
• 

• • 3.90 
4.79 

3 

5o 
50 
5o 
50 
5o 

3o ' 

16 
20 
24 
33 
4o 

2.0 
10.2 
14.3 
85.7 

' 	100.0 

16.9 
44.1 
68.8} 
96.7 
99.7 

7.05 
22.28 

0.12*(p=o.73) 
69.09 

15.60 
1.65 
0.15 

3.62 • 

4 

50 
5o 
5o 
5o 

30 

• 23 
28 
34 
41 

0.0 
8.2 

57.1 
98,o 

31.2 
61.8 
86.91 
97.4 

21.28 
. 	58.91 

o.61*(p=o.81) 28.99 
6.55 
1.3o 

t 

4.53 



Table 24a 	The joint toxicity to insects, of fumigants, phosphine and methyl bromide to S. granarius  

k 

Expt. 
No. 

a 

No. of 
insects 

Holding 
period 
(days) 

Exposure - 	Mortality (%) 
1 	  

.0 	• Probit 	(5) 

crossing 
point 

period 
(min.) Observed(1)  ' Expected No No Grouping 

. 	(43- 
Grouping 

nq 

• 
1 

150 
75 
75 

2? 
63 	-- 
71 
91 

28.4 
41.9 
78.4 

"35.2 	- 
50.8 
80.8 

2.93 
2.32 
0.27 

4.92 

2 

50 
50 
50 
5o 

30 

43 
58 
79 
107 

4.o 
30.0 
82.0 
98.o 

21.2 
56.o 
90.0 
99.5 

a 

'8.85 
13.70 

4.54 
...  

5.00 
0.25 

3.99 

3  
5o 
50 
50 
50 

3o 

63 
So 
104 
133 

16.0 
36.0 
84.0 
98.0 

32.5 	• 
58.0 
82.9} 
95.7 

6.21 
9.93 

0.04*(p.o..84) 
0.64'$(1)=0.42) • "3°  

8.55 
2.15 

6.08 

(1) Corrected for control; (2) Calculated from computed probit -regression lines for each fumigant assuming the hypothesis 
of additive action; (3) Unadjusted chi-square using the method of Hewlett and Plackett (1950); (4) Expectations (nq, np) 
less than 5 were grouped (Hewlett, 1971); (5) Probit value at which regression lines for separate fumigants cross. 

* Deference between observed and expected mortalities not significant (P>0.05). 

Note: P (Probability) from Udnyyule and Kendall (1940). 
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In M.domestica, data in all the four experiments indicated 

(Table 24a), more than expected kill, as values of 	were highly 

significant. Therefore assumption of additive action was not satisfied. 

Although later on it was indicated by observing the movements of 

spiracles that this type of joint action can be expressed as an 

interaction under similar action according to the categorisation of 

Plackett and Hewlett (1952). Responses observed for T.castaneum and 

S.granarius were different to the mixtures than those responses observed 

for M.domestica. In T.castaneum only the highest doses in all experiments 

produced mortalities which were about to eval or slightly more than 

expectations, and the corresponding "eu  values were not significant. 

Responses of S.granarius were different between expected and observed 

kill and were comparatively less than those observed for the T.castaneum.  

Only two highest doses showed slightly higher than expected mortalities 

in S.granarius (Table 240 EXpt.No.3 ). Therefore, indications of 

additive action of phosphine and methyl bromide were observed in 

T.castaneum and S.granarius at the highest doses in a mixture of both 

fumigants. 

Expected mortalities for T.castaneum from an experiment 

(Table 24b, experiment No.3 ) based on the assumption of additive action 

were compared with expected mortalities calculated from the same design 

of an experiment for the hypothesis of independent action with complete 

and negative correlation of tolerances ( p= -1). Percentage mortalities 

were transformed into N.E.D. and compared with the exposure time (log.t). 

Transformed data are given in Appendix A3. Six points for log tm  (see 
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equation 15) and 8 points for p i.e. p1  p2  (see equation 3) were 

calculated and smooth curves were drawn along with calculated regression 

lines for phosphine and methyl bromide (Fig 21). 

Corrections were made for control mortalities, which wave never 

exceeded 2%, in experiments, in which comparisons were made under the 

additive action. 

(C) ht.b.P.,CT OF THE FUMIGANTS ON SPIRACULAR OPENING  

Those periods of observations, where conspicuous changes 

occurred, in the movement of spiracles are shown in Fig.19. Each 

observation was made for a single fly. Spiracles of flies, under 
• 

reduced pressure were found closed, therefore the observation was not 

incorporated in Fig 19. 

The behaviour of the spiracles (Fig 20) is probably better 

indicated by the duration of opening during the successive 10—minute 

periods than by the number of spiracular openings, though, broadly, 

the latter showed a pattern similar to the former. 

Considering the duration of opening during the 10—minrte periods, 

following observation were recorded:— 

(i) In the controls the duration of opening fluctuated considerably, 

the spiracle remaining open from 16% to 44% of the time. 

In the flies exposed to methyl bromide, the percentage of 

the time for which the spiracle remained open tended to be 

a little lower than in the controls for the first 110 minutes 

of the observation period, but afterwards rose sharply. 



Fig. 19 Effect of fumigants on the closing and opening of a 
meta-thoracic spiracle of M. domestica, individual flies 
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Fig. 20 Effect of phosnhine, methyl bromide, and the two together, 

on the opening of the retathoracic spiracle in M. domestica  • 
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(iii) In the flies exposed to phosphine, the pattern of opening was 

markedly different. In the first 10 minutes the percentage 

of the time for which the spiradle remained open was much 

higher than in the flies exposed to methyl bromide, or in the 

control flies. After 10 minutes spiracles in the flies exposed 

to phosphine closed occasionally and momentarily; after 19 

minutes no closure was seen. 

(iv) In flies exposed to the mixture of methyl bromide and phosphine 

the duration of the spiraculat opening was even greater in the 

first 20 minutes than in flies exposed to phosphine alone. 

However, thereafter the spiracle remained open, as in flies 

exposed to phosphine alone. 

Thus, overall, the presence of phosphine in the mixture may 

have increased the uptake of methyl bromide by the fly. An effect of this 

kind falls into the category of interaction as defined by Plackett and 

Hewlett (1952, p.145) 

(D) EFFECT OF FUMIGANTS ON THE OXYGEN UPTAKE BY INSECTS  

The oxygen uptake of T.castaneum and S.granarius was measured 

after fumigating insects at the CT 95 of phosphine and methyl bromide 

alone and in a mixture of both (calculated for the additive action) and 

results are indicated in Table 22 a and b respectively. 

The uptake of oxygen in T.castaneum (from the second replicate, 

Table 22a) indicated that between 17 to 23 hours after fumigation, the 

oxygen uptake was in the order of: 

methyl bromide > phosphine > mixture of phosphine and methyl bromide. 
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Differences in the toxicity, as observed on the basis of end-point 

mortalities from a simultaneous experiment, were not different. It 

was evident that comparatively lowest amount of oxygen was consumed 

by insects exposed to the mixture of fumigants and the observed 

mortalities were in accordance with the additive action of phosphine 

and methyl bromide. 

The effects of the fumigants on the oxygen uptake by S.sranarius,  

differed from those observed in T.castaneum.  In the period from 13-21 

hours, the oxygen uptake by S. ranarius was very low in comparison with 

the controls; after that with phosphine it was rather low; and after 

that with the mixture of phosphine and methyl bromide it was inter-

mediate. 
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III 

4. DISCUSSION 

(A) SUPTOMATOLOGY  

The effects of fumigants on insects were reviewed by A.W.A.Brown 

(1951). On the basis of biological activity of insects, Brown divided 

fumigants into narcotic and irritant poisons. Methyl bromide comes in 

the latter group, where materials release acids in tissues and are 

characteristically slow to react. The present investigation on the 

symptomatology confirms the action of methyl bromide described by 

Brown. The reversibility of the poisoning effect in M.domestica and 

the delayed collapse are similar to the findings of Winteringham et al 

(1958). They have further observed that a delay in collapse caused no 

change in the respiratory rate of M.domestica and concluded that it 

was indicative of a sulfhydryl enzyme inhibition. Gross symptoms of 

T.castaneum and S..granarius are also correlated with Winteringham's 

findings. It can be condluded that initial lack of paralysis (even 

to observing some hyperactivity) may be due to methyl bromide's 

inhibition of succinic dehydrogenase. This inhibition would decrease 

oxidative metabolism which in turn may stimulate glycolysis "Zo that 

the glycolytic process could supply the extra energy required for 

hyperactivity". This may be a possible explanation for the hyperactivity 

observed in M.domestica under current experimentation. The symptoms 

of methyl bromide poisoning in L.migratoria are similar to those of 

T,molitor larvae described by Russell (1950). 
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(B) JOINT TOXICITY OF PHOSPHINE AND METHYL BROMIDE 

For M.domestica the observed mortalities produced by the 

mixtures of phosphine and methyl bromide were all higher than those 

calculated for additive action. If the actions of phosphine and 

methyl bromide are dissimilar, as they probably are, the mixture 

mortalities would indicate interaction, since they were all substantially 

higher than those calculated for independert action with P= —1, the 

highest possible under independent action. The observations on spiracular 

movements also indicated that there was physiological and/or biochemical 

interaction in the sense defined by Plackett and Hewlett (1952), for 

the presence of phosphine in the mixture caused the spiracle to remain 

open as it would have done in the presence of phosphine alone. Thus 

the presence of phosphine may well have modified the conditions of 

dosage for the methyl bromide; that is the phosphine may have increased 

the uptake of the methyl bromide. 

For T.castaneum and S.gyanarius, the observed mortalities 

producd.by the mixtures were lower than those calculated for additive 

action for shorter exposures, but for longer exposures were about equal 

to those calculated on the same basis. This suggests that mixtures 

of the two fumigants in practical control might be useful from the 

point of view of joint toxicity, though obviously other factors would 

be considered, such as methods of application, rates of penetration into 

bulks of food stuffs etc., discussed in following paragraphs from 

various points of view. 
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W.B.Brown (1959) made a detailed study of the CT products of 

methyl bromide necessary to kill a number of species of stored product 

insects at various temperatures for practical field fumigation and he 

has mentioned that below a concentration of 2 mg/1 the CT products 

were insufficient. During current experimentation concentrations greater 

than 2 mg/1 were used for T.castaneum and S.granarius. Brown has not 

used M.domestica and it was observed that methyl bromide concentrations 

as low as 1.62 mg/1 were sufficient to give satisfactory CT products 

(Table 23a). Estes (1965) demonstrated that CT values for methyl bromide 

may or may not be constant over an exposure period of 2-12 hours 

depending upon the species concerned. However CT products, were not 

considerably changed for the range of exposure periods used, under the 

present investigation for insect species used. Current toxicity data 

for methyl bromide, considering the unequal experimental conditions, 

are comparable to some extent to those reported by Lindgren et al (1954), 

Kenaga (1961) and Estes (1965). These authors have not studied the end-

point mortalities therefore their CT products were higher than reported 

in the Table 23 b and c. Similar differences wore observed in comparing 

present toxicity data on phosphine with those reported by Qureshi, et al 

(1965), Lindgren and Vincent (1966) on Bang and Telford (1966) for 

T.castaneum and Sogranarius.  

Several workers have used mixtures of methyl bromide with liquid 

fumigants like carbon tetrachloride, ethylene dibromide etc. (Kazmaier 

and Fuller, 1959; Majumdar, 1962 and Caleron and Carmi, 1968) to improve 

the overall effectiveness of methyl bromide. Caleron and Carmi (1968) 
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indicated the possibilities of a synergistic effect obtained by 

mixing methyl bromide with carbon tetrachloride (1:4) against T.castaneum.  

However, to the best of my knowledge no one has so far reported any 

laboratory or field experiment using mixtures of phosphine and methyl 

bromide. It may sound unpracticable since in practice phosphine is 

generated by a solid preparation (1Phostoxint or 'Delia') and methyl 

bromide from compressed gas cylinders. Present findings have given 

indications of additive action of the phosphine and methyl bromide mixture 

at high doses against serious stored product insects like T.castaneum 

and S.sranarius,  therefore such a mixture might appear useful for other 

closely related insect species. Phosphine is also available in com-

pressed gas cylinders but to prevent spontaneous ignition of pure 

phosphine, it may be mixed with inert gases such as argon or nitrogen. 

In view of the non-flammable properties of methyl bromide (Thompson11966)„ 

it may be suggested as an appropriate gas to use with phosphine for 

safety and enhanced toxic action, as observed in the current investigation 

using mixtures of phosphine and methyl bromide. On the other hand 

complete decomposition of Thostoxinl can easily be predicted under 

practical conditions (Anon., 1968a and 1969) and thoroaftor methyl 

bromide can readily be released through pre-placed gas pipes or by the 

usual procedure. 

Risks to consumers from commercial fumigation with methyl bromide 

have been studied in detail by various workers (Dudley et al 1940; 

Brown et al, 1955 and Winteringham, 1955) and the resultant residue was 

considered safe. In Canada and U.S.A. a tolerance of 50 ppm has been 
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fixed (from Thompson, 1966) for residues In grain. But an Expert 

Committee of F.A.O. and W.H.O. on residue problems has commented that 

there was insufficient toxicological evidence available to evaluate 

the significance of any residue of the unchanged fumigants (Anon. 1965). 

Potter (1965) while reviewing the research on insecticides and their 

safety in use pointed out overdosing, as a possible hazard to fumigator 

and consumer from the currently used fumigants. 

Our current understanding of insect resistance to 

fumigants, insufficient toxicological evidences to evaluate hazards 

of fumigant residues and current dosages of fumigants, it may be proposed 

that a suitable formulation for pest control may be substituted to 

minimise the illustrated risks. Phosphine and methyl bromide are 

probably the most commonly used fumigants in commercial practice there—

fore the present indications of their additive action may lead to the 

development of some suitable formulation comprising of phosphine and 

methyl bromide. 

(C) EFFECT OF THE FUMIGANTS ON SPIRACULAR OPENING 

Studies on the movements of the Meta-thoracic spiracle of 

M.domestica under phosphine, methyl bromide and their mixtures have revealed 

some substantial evidehce of a different physiological response of both 

fumigants for supporting the cause of a dissimilar action of their joint 

toxicity reported earlier. Phosphine inhibits the closing mechanism of 

the spiracle and methyl bromide partially influenced the inhibition of 

the opening mechanism till insect had CT 99. Under methyl bromide two 

distinct flickering periods were observed, (1) near the onset of poisoning, 

(2) at the termination point of CT 99. These periods were similar to the 
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one reported with mixture within 7 minutes of exposure. Further 

observations in mixture indicated few semi-closing and few closing 

movements of the spiracle before it was held open. There are no 

doubts that the open position of the spiracle in M.domestica was not 

solely responsible for the uptake of phosphine. Similar observation 

was reported by Bond et al (1969) in P.americana regarding the uptake 

of phosphine. However, it is reasonable to postulate that the uptake 

of methyl bromide was mainly due to the open position of the spiracle 

as it was observed that highest toxicity occurred only when the spiracle 

was open. It might have favoured the greater uptake of methyl bromide 

by an insect in a mixture of phosphine and methyl bromide. 

Further electrophysiological studies as conducted by Miller (1960) 

for investigating the control of normal spiracle during respiration could 

reveal more precisely the action of phosphine and methyl bromide in 

relation to the opening and closing control mechanism. 

(D) THE EFFECT OF FUMIGANTS ON THE OXYGEN UPTAKE BY INSECTS  

Oxygen uptake by normal S.granarius was comparable with that 

of Qureshi et al (1965) but their data for the inhibition due to phosphine 

treatment were not similar to those observed in the present investigation 

due to unequal experimental conditions. Vincent and Lindgren (1965) 

reported that when S.granarius adults were exposed to methyl bromide, 

there was a depression in respiration as measured by carbon dioxide 

production during the exposure period. Average oxygen consumption by the 

adults of T.castaneum after fumigation with LC 90 (Bang and Telford11966) 

of phosphine and methyl bromide separately was lower than reported in 

the present studies, which may be due to their different assessment 
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period for mortality counts. No reference was available concerning 

the effect of the fumigant mixtures on the oxygen uptake by insects. 

The action of methyl bromide and the mixture of phosphine and 

methyl bromide was found different in T,castaneum  and S.Exenarius.  

Both species have shown inhibition in the oxygen uptake after fumigation 

with the mixture. In S.granarius  inhibition was greater in methyl 

bromide than in the mixture. It is thought that in the presence of 

phosphine, if spiracles of S.granarius  were opened, it might have 

caused greater uptake of methyl bromide as it woe occurred in M.domestica.  

The slow rate of respiration might have delayed the detoxification 

process hence providing more time for the toxicant to exert its effect. 

But Bond (1961) reported that respiratory inhibition not only affect4 

metabolism but also reduces the toxicity of methyl bromide in 

S.,granariue.  Therefore, reasons for the increased oxygen uptake in the 

mixture and at the same time indications of additive action are not 

known. More intensive studies are required to measure the uptake of 

oxygen during and after fumigation at CT 1 or o'and CT 99 before any 

conclusion can be drawn. 



124. 

SUMMARY 

(1) A fumigation chamber has been designed, the method of fumigation 

was standardised; insects were dosed by varying concentration of phosphine 

and time of exposure. 

(2) Some toxicological and physiological effects of phosphine and 

methyl bromide on insects, of various species, have been studied on the 

basis of two criteria of mortality assessments namely: 

(A) 24-hour holding period and (B) end-point mortality. 

(A) 24 HOUR HOLDING PERIOD 

(3) The common concept of CT =.-K does not hold for phosphine. However, 

the CnT = K relationship for phosphine was established, using adults and 

larvae of T. castaneum and T. molitor. Values of n were less than one 

for the insects studied, hence the exposure period was found to be the 

critical factor for the toxicity of phosphine. 

(4) The effect of stirring on the toxicity to T. castaneum adults and 

larvae of phosphine was investigated. Stirring increased the toxicity 

by 1.12 to 1.87 times, and hence the gas mixtures in the fumigation 

chamber were stirred in all further work. 

(5) The relative toxicity of phosphine to the insect species studied, 

was in the following order of increasing tolerance:- 

C. chinensis < 0. surinamensis < C. pusillus < G. cornutus < 
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R. dominita < T. castaneum < T. molitor < S. paniceuxn < T. 

granarium < S. granarius adults and T. castaneum < G. cornutus < 

E. cautella.< T. molitor < T. granarium larvae. 

(6) The toxic action of phosphine was irreversible in most of the insects 

studied but some indications of recovery were observed in T. castaneum  

and T. pranarium. 

(7) Investigations on the exretory system revealed that the rate of 

excretion of red amaranth dye from L. migratoria was depressed by the 

action of phosphine, and the excretion was delayed by a factor of 4 in 

insects subjected to CT 50 of phosphine, in comparison with the rate 

of exretion in normal insects. 

The effect of sub-lethal doses of phosphine, methyl bromide and 

dichlorOvos was investigated on the secretory efficiency of the 

malpighian tubules of L. miratoria. Response to phosphine indicated 

slight diuretic activity, while better indications of diuretic and 

antidiuretic effects were observed from the treatments with methyl 

bromide and dichlorOvos respectively. These studies provided indirect 

evidence of some interference, by toxicants, on the neurosecretory system 

of the insect. 

(8) Phosphine inhibited the oxygen consumption of adults and larvae of 

T. castaneum. R.Q. values of fumigated insects showed greater production 

of carbon dioxide than untreated insects. 
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A comparison of oxygen uptake, by normal insects, and tolerance to 

phosphine indicated that insects with lower oxygen requirement were more 

tolerant to phosphine. 

It was observed that the meta-thoracic spiracle of M. domestica 

remained open during fumigation with phosphine. 

Cytochrome-c-oxidase, from a mammalian source was reduced due to 

the action of phosphine. This indicates that phosphine can interfere 

with a common respiratory system enzyme. 

(9) Penetration of phosphine through the insect cuticle was studied 

using micro-potentiometric titration and colorimetric methods of 

phosphine estimation. It was observed that phosphine could penetrate 

through the abdominal cuticle of L. mi,ratoria. 

(10) A few attempts were made to study the absorption of phosphine by 

T. castaneum (adults) and to make a comparison with their susceptibility. 

(B) EXPERIMENTAL WORK BASED ON THE END-POINT MORTALITY 

(11) Mortalities (end-point) in T. castaneum and S. granarius stabilised 

in 20 - 30 days after fumigation with phosphine. A comparison of 

toxicity data, based on 24 hr.-holding period and end-point mortalities, 

revealed that CT 50 values were higher by a factor of 5 and 15 in 

T. castaneum and S. granarius respectively than for the 24 hr. holding 

period. 
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(12) Symptomatology of phosphine poisoning in T. castaneum, S. granarius, 

M. domestica and L. miRratoria was studied. Insects were found to be 

inactive immediately after fumigation, followed by a rapid recovery 

depending upon the dose of fumigant. Before death was suitably defined, 

insects showed gross symptoms: lack of coordination in their locomotor 

activity, twitches, tremors and narcosis. 

(13) There was no significant difference (P>0.05) in the toxicity of 

phosphine to flies when (a) anaesthetised by carbon dioxide and 

fumigated without recovery from the effect of carbon dioxide; and (b) 

fumigated after complete recovery from the effect of carbon dioxide. 

(14) There was no significant effect of carbon dioxide and ammonia on 

the toxicity of phosphine to M. domestica, such as those produced by 

IFhostoxinl pellets. From the extrapolation of regression lines for 

ammonia, it was found that the amonia produced by the pellets would 

have produced mortalities of 0.02% and 0.01% of T. castaneum and 

M. domestica respectively. 
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(15) Qualitative tests were carried out by protroating insects with 

synergists 3 hours before the phosphine fumigation. It was found that 

piperonyl butoxide synergised the effect of phosphine on T. castaneum 

and both piperonyl butoxide and SKr 525A (free base) synergised its 

effect on M. domestica. There was no effect of synergists on the 

toxicity of phosphine to S. granarius both strains. 

(16) Synergistic ratios were measured by varying exposure to a fixed 

concentration of phosphine. Lines for the regression of probit 

mortality on log. (CT products) were calculated. Where a pair of 

parallel lines could be fitted for insects pretreated and not pre-

treated with &allergists, the synergistic ratio was calculated. The 

synergistic effects detected were definite, but they were small; this may 

well result from the inhibition of microsomal oxidases. 

(17) It was evident from the symptoms of methyl bromide poisoning in 

insect species studied that M. domestica showed hyperactivity, and that 

paralysed flies did not recover. There was no effect on the activity 

of T. castaneum and S. G.ranarius after fumigation and recovery from the 

paralysis was not observed; moreover, paralysis was progressive during 

the holding period. End-point mortalities took 5 - 10 days more than 

those mentioned for phosphine. 

(18) The joint toxicity of phosphine and methyl bromide to M. domestica, 

T. castaneum, and S. granarius was studied. Observed mortalities due 
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to mixtures were compared with those calculated for independent action 

with complete negative correlation, and for additive action. The joint 

effect on M. domestica was greatest, but that on T. castaneum and S. 

granaries was fully high enough to merit consideration of mixtures of 

these two fumigants for practical control of these two species. 

(19) Effects of phosphine, methyl bromide and a mixture of both fumigants 

were further investigated, by observing the movement of the meta-thoracic 

spiracle of M. domestica during fumigation. The percentage time for 

which spiracle remained open was highest in phosphine > mixture of 

phosphine and methyl bromide > control > methyl bromide. Thus it was 

considered, that the overall presence of phosphine in the mixture may 

have increased the uptake of methyl bromide in M. domestica female 

adults. An effect of this kind falls into the category of interaction. 

(20) The oxygen uptake of T. castaneum and S. granarius adults was 

measured, using a continuous-recording electrolytic respirometer, after 

fumigation with a CT 95 of phosphine, methyl bromide and a mixture of 

both 02 dose for the additive action). Both species showed inhibition 

in their oxygen uptake after fumigation with the mixture. In S. jranarius, 

the inhibition was greater in the mixture than methyl bromide. Hence 

toxic effects of fumigants and the mixture were discussed in view of the 

oxygen uptake by insects. 
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Appendix 

Table A 1 Effect of concentration and time on the 
toxicity of phosphine to insects 

Species Phosphine (C) Median Lethal 
Time (T) 

mg/1 	I log C mlnutes' .log T 

: 
T. molitor 11.566 1  1.063 48.51 1.686 
T3dults) 8.322 0.920 61-,36 1.788 

3.206 0.506 94.93 1.977 
0.853 -0.069 211.76 2.326 
0.067 -1.174 617.76 2.791 

T. molitor 11.432 1.058 62.44 1.796 
larvae 6.000 0.778 57.04 1.756 

3.443 0.537 82.68 1.917 
0.655 -0.184 344.01 2.537 
0.025 -1.6o2 1853.20 3.268 

T. castaneum 11.540 1.062 16.08 1.206 
radgfFs77---  6.000 0.778 20.64 1.315 

3.443 0.537 21.84 1.339 
0.708 -0.15o 76.92 1.886 
0.050 -1.301 655.2o 2.816 	, 

T. castaneum 11.566 1.063 67.04 1.832 
?larvae ----  8.322 0.920 72.55 1.861 

3.206 0.506 97.78 1.990 
0.853 -0.069 196.45 2.293 
0.067 -1.174 387.91 2.589 
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Appendix 

Table A 2 Control mortality associated with data 
given in the Table 19 (qua2itative tests) 

Insect Treatment 
, . 

Mortality (%)* 

M. domestica Normal 6 
Acetone A.R. 3 
Pip. but. 5 
SKF 525A 8 
NCPE 4 

T. castaneum Normal 1 
Acetone 0 
Pip. but. 1 
SKF 525A 1 

S. 	anarius Normal 0 
-Gusc Acetone • 0 

Pip. but. 1 
SKF 525A 0 

S. Franarius Ndrmal 0 
Tbr. res.) Acetone 0 

Pip. but. 0 
SKF 525A 0 

* Recovery period is same as given in Table 19. 

In other tests the control mortalities am. domestica  
were lower. 
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APPENDIX 

Table A3 
	

Transformed data for the comparison of expected mortalities 

for T. castaneum  under additive action and independent 

action ( e = -1). 

(Data from Table 24 b, Expt. No. 3) 

Additive action 

log tm  Probit 
(% mortality) 

N.E.D. 
(% mortality) 

1.20 	- 4.o4 -0.96 
1.3o 4.85 -0.15 
1.38 5.5o 40.50 
1.52 6.84 +1.84 
1.60 7.72 +2.72 
1.67 8.50 .1-3.50 	• 

Independent action ( e = -1) 

Mortality 
(%) 

Probit 
/ Mortality) 

I.E.D. 
(% Mortality) log tm  ..n  ,,e.ti...,  yl bromide Phosphine 

P1 P2 

1.340 0.1 3.3 3.4 3.18 -1.82 

1.413 6.6 3.2 9.8 3.71 -1.29 
1.468 14.8 10.5 25.3 4.33 -0.67 
1.495 29.o 13.3 42.3 4.81 -0.19 
1.527 50.0 16.6 66.6 5.43 +0.43 
1.555 68.8 20.5 89.3 6.24 +1.24 

1.570 74.7 22.1 96.8 6.85 +1.84 

1.575 77.3 22.9 100.2 8.72 +3.72 
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