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Effect of Sub-lethal Doses of Phosphine on
Macromolecular Concentrations and Metabolites of
Adult Beetles of Stored Grain Pest, Trogoderma
granarium, Previously Exposed to Phosphine
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ABSTRACT
Effect of different concentrations of phosphine for various exposure periods (24-120h) has been
studied on macromolecular concentrations and metabolites of adult beetles of a stored grain pest
Trogoderma granarium (Everts) previously exposed to phosphine (= resistant) and those not
previously exposed (= susceptible) strain. The LC50 values for adult beetles of phosphinesusceptible and resistant populations were 4.5 and 4.87 ppm, respectively. Sub lethal dose of
phosphine (LC20) significantly decreased the glycogen, lipids, DNA and RNA contents of all adult
beetles, while free amino acids and glucose contents were increased in resistant population
throughout the exposure period. Soluble proteins in resistant population, free amino acids and
glucose contents in susceptible population was first increased after exposure to sub lethal dose of
phosphine but then started to decrease after 72 h exposure period. Soluble protein contents of
susceptible population was first raised after exposure to sub lethal dose but then started to decrease
after 48 h exposure. Resistant population showed a significant increase in soluble proteins, amino
acids and glucose contents from 24-96 h with reference to susceptible population while resistant
population, showed a significant decrease in glycogen, lipids, DNA and RNA contents with
reference to susceptible population. These metabolic derangements induced by phosphine over
various exposure periods provide a raw biochemical data to adopt better control strategy by
regulating exposure period for this stored grain pest.

INTRODUCTION

S

tored cereal grains are infested by a number of
stored grain pests but Khapra beetle, Trogoderma
granarium (Everts) is the most notorious pest of wheat
causes a huge loss (Khare et al., 1974; Arbogast, 2004;
Ahmedani et al., 2009). Control measures of different
nature i.e., control by plant extracts (Dwivedi and Garg,
2003; Kestenholz et al., 2007), chemical control by
pesticides, fumigation with methyl bromide and
phosphine, (Atkinson et al., 2004; Wang et al., 2006) are
being adapted. Phosphine was discovered in 17th century
and has been used as important fumigant to control the
stored grain pests all over the world since 1930. It is a
highly effective fumigant for disinfestations of bulk grain
without affecting the viability of grains. It is very toxic to
aerobically respiring organisms but non toxic to
anaerobic and metabolically dormant organisms (Fluck,
1973; Berners and Sadler, 1988; Chaudhry, 1997).
Mechanism of phosphine toxicity is not well understood
but biochemical and physiological changes which occur
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as result of phosphine exposure can be classified as
neural, metabolic and redox related response (Nath et al.,
2011).
The unplanned use of phosphine leads to
development of resistance in T. granarium (Benhalima et
al., 2004). Since then the situation has worsened with
resistance being detected by different workers around the
world with increasing frequency (Srivastava, 1980;
Conway, 1981; Mills, 1983, 1986; Taylor, 1986; Zettler,
1991). Being a fumigant, the efficacy of phosphine
depends on time and concentration. Generally, higher
concentrations of fumigant are required for less exposure
periods to achieve proper control of the pest, and the
relationship between time and concentration can be linear
on a log–log scale between certain concentrations. The
equation Cn=t has described this relationship (Winks and
Waterford, 1986; Bell, 1992; Ho and Winks, 1995;
Daglish et al., 2002; Ahmedani, 2009).
Energy consumption could be measured using the
electron transport activity (at the mitochondrial level),
whereas reserve energy for metabolism could be
measured by measuring total lipids, protein and sugar
contents by spectrophotometric analysis. The differences
between energy consumption and the energy reserves
suggest the energy available for growth and biomarker of
fitness cost in resistant populations (Guedes et al., 2006;
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Araujo et al., 2008a,b; Lopes et al., 2010). The aim of the
present study was to evaluate the effect of sub-lethal
concentration (LC20) on various metabolites over wide
range of exposure periods. There is no report on the
effect of sub lethal concentration of phosphine (LC20) on
the activities and level of metabolites over wide range of
exposure periods.
MATERIALS AND METHODS
Rearing and maintenance of beetles
In this study a phosphine-susceptible (a population
never exposed to phosphine previously) and phosphineresistant populations (a population previously exposed to
phosphine for at least 15 generations) of T. granarium
were used. Master culture of resistant population was
collected from PASCO godowns of Gujranwala which
have more than fifteen years history of phosphine
fumigation while susceptible population was obtained
from the Department of Zoology, University of the
Punjab, Lahore and this culture was never exposed with
any type of insecticide or fumigant since thirteen years.
The culture of T. granarium was reared in the culture
room of Department of Zoology, University of the Punjab
Lahore. The culture was maintained at 35±2°C and
60±5% relative humidity (Riaz et al., 2014). The beetles
were fed on sterilized broken wheat and wheat flour in
sterilized glass jars of 300ml and these glass jars were
covered with muslin cloth which were tighten with rubber
band to avoid the escape of beetles and also to protect the
beetles from the pervasion of rodents, lizards and other
insects. The culture was reared to obtain age wise
homogeneous stock of adult beetles. The homogeneous
stock was maintained for further experiments.
Phosphine generation and administration
Gaseous phosphine was generated in laboratory and
different doses of phosphine were calculated according to
the method described in FAO Plant Protection Bulletin
(1969). Approximately 20 newly emerged adult beetles of
both populations of T. granarium were introduced in their
respective vials with five replicates for each dose. Insects
containing vials were exposed to different concentrations
of phosphine i.e., 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5,
5, 5.5, 6, 6.5, 7.0, 7.5 and 8.0 ppm in their respective gastight glass desiccators for 20 h (FAO, 1969). Mortality
data against each dose was recorded after ventilation for
48 h and data was subjected to Probit analysis (Finny,
1971) for the determination of LC50. Corrected mortality
was determined by using Abbot Formula (Abbott, 1925).

Effect of LC20 on various metabolites over wide range of
exposure periods
Approximately 300 newly emerged adult beetles of
both population of T. granarium were exposed separately
to their respective LC20 for 24, 48, 72, 96 and 120 h, at
35±2°C and 60±5% RH. Control desiccators of both
populations were prepared in the same way but they were
not exposed to phosphine. After exposure to LC20 live
adult beetles of both populations were used immediately
for biochemical analysis.
Biochemical analysis
Twenty adult beetles (treated and control) from both
populations of khapra beetle were weighed and then
macerated separately in 1.5ml saline (0.89%) with the
help of motor-driven Teflon glass homogenizer at 4°C.
They were centrifuged at 3000×g for 30 min in
refrigerated centrifuge at 4°C. Thus, clear supernatant
was used for the estimation of soluble proteins and
glucose contents. Soluble proteins contents of beetle
extract were determined according to the method
described by Lowry et al. (1951) and glucose contents of
beetle extract were determined by the o-toluidine method
described by Hartel et al. (1969). Total lipids, nucleic
acids and free amino acid (FAA) contents were estimated
from ethanol extract of treated and control beetles. For
total lipids, nucleic acid and FAA estimation the method
of Zöllner and Kirsch (1962), Schneider (1957) and
Moore and Stein (1954) were adopted, respectively.
Glycogen contents were extracted by crushing the whole
beetles in KOH and estimated by the anthrone method of
Consolazio and Lacono (1963).
Statistical analysis
Statistical analysis was carried out in Minitab 16.
Mortality data was subjected to two way ANOVA and
comparison of mean mortality with respect to exposure
periods was done by Tukey’s test at 95% confidence
limit. While data pertaining to effects of sub-lethal dose
of phosphine (LC20) on metabolites was preceded through
"t" test paired observations at 95% confident limit and
comparison of individual mean for the determination of
statistical significance was done.
RESULTS
Determination of LC50
Toxicity of phosphine for resistant and susceptible
populations of T. granarium was determined in terms of
LC50 by Probit analysis at 95% fudicial limit. The LC50
values for adult beetles of susceptible population was
4.50 and for resistant population was 4.87ppm.

EFFECT OF PHOSPHINE ON METABOLITE CONCENTRATIONS

Effect of LC20 on the metabolites of adult beetles
The effect of sub-lethal concentration of phosphine
(LC20) was evaluated on metabolites of adult beetles of
resistant and susceptible populations of T. granarium on
daily basis for five days.
Soluble protein contents
Soluble protein contents of susceptible population
were first significantly raised (10 and 24%) after 24 and
48 h exposure to sub lethal dose but after 48, 72, 96 and
120 h a significant decreased was observed with
reference to control beetles of susceptible population.
Soluble proteins in resistant population were
significantly increased till 72 h but then concentration
started to decrease and at 120 it concentration was
significantly decreased (11%) with reference to control
(Fig. 1A).
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level of free amino acids was significantly depleted by 2
and 14%, respectively. The adult beetles of resistant
population possessed higher levels of free amino acids
after each exposure period with reference to control but a
significantly decreasing trend (84 and 53%) was 96 and
120 h, respectively (Fig. 1B).
Glucose contents
Glucose contents in adult beetle of susceptible
population were significantly increased (13, 23 and 13%)
after exposure of 24, 48 and 72 h, with reference to
control, respectively. Whereas, after exposure of 96 and
120 h, glucose level was significantly decreased by 5 and
18% with respect to control, respectively. Although in
adult beetles of resistant population glucose contents
were significantly increased by 50, 149 and 235 % after
exposure of 24, 48 and 72 h, respectively but after 72 h
glucose level was started to decrease and at 120 h glucose
level was significantly decreased from control sample
(Fig. 2A).

A

A

B
Fig. 1. Effect of sub-lethal dose of
phosphine on soluble protein contents (A) and
amino acid contents (B) of adult beetles of
susceptible and resistant populations of T.
granarium. The percentage change has been
calculated with reference to the control which was
susceptible strain, but not treated with subl-ethal
dose of phosphine.

Free amino acids
Level of free amino acids in adult beetle of
susceptible population was significantly increased (24, 23
and 34%) after the exposure of 24, 48 and 72 h,
respectively. Whereas, after exposure of 96 and 120 h

B
Fig. 2. Effect of sub lethal dose of
phosphine on glucose contents (A), and glycogen
contents (B) of adult beetles of susceptible and
resistant populations of T. granarium. The
percentage change has been calculated with
reference to the control which was susceptible
strain, but not treated with sub lethal dose of
phosphine.

Glycogen, Lipids and Nucleic acids contents
In adult beetles of susceptible and resistant
population glycogen (Fig. 2B), lipids (Fig. 3) and nucleic
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acid contents (Fig. 4) were significantly decreased after
exposure periods of 24, 48, 72, 96 and 120h.

Fig. 3. Effect of sub lethal dose of
phosphine on lipid contents of adult beetles of
susceptible and resistant populations of T.
granarium. The percentage change has been
calculated with reference to the control which was
susceptible strain, but not treated with sub lethal
dose of phosphine.

A

B
Fig. 4. Effect of sub lethal dose of
phosphine on DNA (A) and RNA contents (B) of
adult beetles of susceptible and resistant populations
of T. granarium. The percentage change has been
calculated with reference to the control which was
susceptible strain, but not treated with sub lethal
dose of phosphine.

DISCUSSION
The insecticide resistance problem cannot be
resolved only by increasing the concentration of
phosphine because it is not only uneconomical but may
also lead to necrosis, which in turn increase survival of
insects (Nakakita and Kuroda, 1986). It is evident from

the results of present investigation that sub-lethal
concentrations of phosphine in conjunction with exposure
periods had significant effect on the mortality of adult
beetles of resistant and susceptible populations of T.
granarium. It was also revealed from the results that
phosphine concentrations had positive correlation alone
on adult beetle mortality; as the phosphine concentration
increased; mortality was also increased irrespective of the
exposure period. Likewise, exposure periods as well as
had significant interactions with phosphine toxicity
irrespective of phosphine concentrations. Overall findings
regarding efficacy of phosphine of present research are in
accordance with Haber’s rule (1924). This is true for the
fumigants or insecticides that their effect take some time
to become effective to achieve end point (Sun, 1946). It
was reported by Price and Mills (1988); Mills and
Pacheco (1996) that exposure time come to be most
effective factor rather than phosphine concentrations for
proper management of target pests.
Exposure of adult beetles of susceptible and
Resistant populations of T. granarium to their respective
LC20 showed changes in activities of soluble protein, free
amino acids, glucose, glycogen, lipids, RNA and DNA
contents. It is evident from the present studies that
soluble protein contents were significantly increased in
adult beetles of resistant population after exposure of 24,
48, 72 and 96 h and decreased significantly after
exposure of 120 h. But in adult beetles of susceptible
population soluble protein contents were increased
significantly after exposure of 24 and 48 h and decreased
significantly after the exposure periods of 72, 96 and 120
h with respect to their controls. Soluble proteins consist
of albuminous fractions, antibodies and enzymes,
although as the duration of exposure period was increased
there were depletion in soluble protein contents because
of the inhibition of protein synthesis by phosphine. Landa
et al. (1991) reported that the exogenous substances can
adversely affect proteins and peptides by three ways like
inhibition of protein synthesis, inhibition of enzymes, and
induction of enzymes.
Level of free amino acids was increased in resistant
population after each exposure period with respect to
controls. These results are in accordance with Hussain et
al. (2012) who reported elevated level of free amino acids
after treatment with abamectin in resistant adult than
susceptible adults of T. castaneum populations. Glucose
contents after exposure periods of 24, 48, 72 and 96 were
significantly increased in resistant population and
significantly decreased after exposure of 120 h. Whereas
in susceptible population, glucose contents were
significantly elevated after exposure of 24, 48 and 72 h,
while reduced significantly after 96 and 120 h with
respect to control. Glycogen, lipids and nucleic acid level
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was significantly reduced in both populations after each
exposure period.
Although typically in the insect body free glycogen
floats in the haemolymph but in order to maintain glucose
level in blood glycogen is broken down and released
glucose. Such change gives sufficient stimulus to initiate
glycogenolysis in insect tissues and accelerate the
development of glycogen units in response to stress
inflicted by pesticide exposure to adapt the insecticide
induced stress that cause the release of glucagons,
corticosteroids and catecholamines stimulating glucose
synthesis from the breakdown of glycogen to reduce
energy demand (Dezwann and Zandee, 1972; Shoba et
al., 2011). The reduction in the total lipid contents could
be attributed to its conversion to proteins to compensate
the reduction in protein contents or generate
supplementary energy. These findings are in accordance
with those results reported by many investigators (AboEla et al., 1998; Omar et al., 2005).
The growth of insects is under control of molting
hormone and juvenile hormone these hormones are
regulated by enzymes. It was reported by Socha and
Sehnal (1973) that molting hormone activates the
synthesis of RNA and juvenile hormone induced
duplication of DNA. So, it is suggested that as DNA and
RNA contents were reduced and their reduction was
enhanced as duration of exposure period increased thus
phosphine may acts as insect growth regulators by
inflicting its toxicity by targeting molting hormone and
juvenile hormone.

Araujo, R.A., Guedes, R.N.C., Oliveira, M.G.A. and Ferreira,
G.H., 2008b. Enhanced proteolytic and cellulolytic
activity in insecticide-resistant strains of the maize
weevil, Sitophilus zeamais. J. Stored Prod. Res., 44: 354359.

REFERENCES

Dezwann, A. and Zandee, D. I., 1972. The utilization of
glycogen and accumulation of some intermediate during
anaerobiosis in Mytilus edulis. Comp. Biochem. Physiol.,
43: 47-54.

Abbott, W.S., 1925. A method of computing the effectiveness
of an insecticide. J. econ. Ent., 18: 265-267.
Abou El-Ela, R.G., Younes, M.W.F. and Gamal El-Din,
M.M.A., 1998. Biochemical studies on the effect of three
different insecticides on the cotton leaf worm
(Lepidoptera: Noctuidae ). J. Union. Arab. Biol. Cairo, 9:
455-475.
Ahmedani, M.S., 2009. Phytosanitary management of
Trogoderma granarium everts with methyl bromide
alternatives to ensure food security and safety. PhD.
thesis, Entomol. Fac. Crop and Food Sci. Pir Mehr Ali
Shah Arid Agri. Univ., Rawalpindi Pakistan.
Ahmedani, M.S., Haque, M.I., Afzal, S.N., Aslam, M. and Naz,
S., 2009. Varietal changes in nutritional composition of
wheat kernel (Triticum aestivum L.) caused by Khapra
beetle infestation. Pak. J. Bot., 41: 1511-1519.
Araujo, R.A., Guedes, R.N.C., Oliveira, M.G.A. and Ferreira,
G.H., 2008a. Enhanced activity of carbohydrate and lipidmetabolizing enzymes in insecticide-resistant populations
of the maize weevil, Sitophilus zeamais. Bull. entomol.
Res., 98: 417-424.

Atkinson, B.L., Blackman, A.J. and Faber, H., 2004. The
degradation of the natural pyrethrins in crop storage. J.
Agric. Fd. Chem., 52: 280-287.
Bell, C.H., 1992. Time, concentration and temperature
relationships for phosphine toxicity in tests on diapausing
larvae of Ephestia elutella (Hübner) (Lepidoptera:
Pyralidae). Pestic. Sci., 35: 255-264
Benhalima, H., Chaudhry, M.Q., Mills, K.A and Price, N.R.,
2004. Phosphine resistance in stored-product insects
collected from various grain storage facilities in Morocco.
J. Stored Prod. Res., 40: 241-249.
Berners-Price, S. and Sadler, P., 1988. Phosphines and metal
phosphine complexes: relationship of chemistry to
anticancer and other biological activity. Bioinorg. Chem.,
70: 27-102.
Chaudhry, M.Q., 1997. A review of the mechanisms involved in
the action of phosphine as an insecticide and phosphine
resistance in stored product insects. Pestic. Sci., 49: 213228.
Consolazio, C.F. and Iacono, J.M., 1963. Carbohydrates. In:
Newer methods for nutritional biochemistry with
applications and interpretations (ed. A.A. Albanese).
Academic Press, New York, USA, pp. 317-367.
Daglish, G.J., Collins, P.J., Pavic, H. and Kopittke, R.A., 2002.
Effects of time and concentration on mortality of
phosphine-resistant Sitophilus oryzae (L) fumigated with
phosphine. Pest Manage. Sci., 58: 1015-1021.

Dwivedi, S.C. and Garg, S., 2003. Toxicity evaluation of flower
extract of Lantana camara on the life cycle of Corcyra
cephalonic. Indian J. Ent., 65: 330-334.
Finney, D.J., 1971. Probit analysis, 3rd Ed., Cambridge
University Press London, p. 333.
Fluck, E., 1973. The chemistry of phosphine, Fortschr. Chem.
Forsch., 35: 1-64.
Guedes, R.N.C., Oliveira, E.E., Guedes, N.M.P., Ribeiro, B.
and Serrao, J.E., 2006. Cost and mitigation of insecticide
resistance in the maize weevil, Sitophilus zeamais.
Physiol. Ent., 31: 30-38.
Haber, F., 1924. Zur Geschichte des Gaskrieges. In: Funf
Vortrage aus den Jahren 1920–1923. Julius Springer,
Berlin, pp. 76–92.
Hartel, A., Helger, R. and Lang, H., 1969. A method for
determination of glucose. Z. Klin. Chem. Klin. Biochem.,
7: 183-184.
Ho, S.H. and Winks, R.G., 1995. The response of Liposcelis

588

F.R. SHAKOORI ET AL.

bostrychophila Badonnel and L. entomophila (Enderlein)
(Psocoptera) to phosphine. J. Stored Prod. Res., 31: 191197.
Hussain, R., Ashfaq, M. and Saleem, M.A., 2012. Effect of
abamectin on body protein content and activity of selected
enzymes in adults of insecticide-resistant and -susceptible
strains of Tribolium castaneum (Herbst) (Coleoptera:
Tenebrionidae). Pakistan J. Zool., 44: 1159-1163.
Irshad, M. and Iqbal, J., 1994. Phosphin resistance in important
stored grain insect pests in Pakistan. Pakistan J. Zool., 26:
347-350.
Kestenholz, C., Stevenson, P.C. and Belmainm, S.R., 2007.
Comparative study of field and laboratory evaluations of
the ethnobotanical Cassia sophera L. (Leguminosae) for
bioactivity against the storage pest Callosobruchus
maculatus (F.) (Coleoptera: Bruchidae) and Sitophilus
oryzae (L.) (Coleoptera: Curculionidae). J. Stored Prod.
Res., 43: 79-86.
Khare, B.P., Singh, K.N. Chaudhary, R.N., Sengar, C.S.,
Agrawal R.K. and Rai, P.N., 1974. Insectinfestation and
quality deterioration of grain-I. Germination, odour and
palatability in wheat. Ind. J. Ent., 36: 194-9.
Landa, V., Sula, J., Marec, F., Matha, V. and Soldan, T., 1991.
Methods for assessing exposure of insects. In: Assessing
exposure of human and non-human biota. SCOPE
methods (eds. R.G. Tardiff and B. Goldstein). John Wiley
and Sons Ltd., ChiChester, New York, USA. pp. 249-266.
Lopes, K.V.G., Silva, L.B., Reis, A.P., Oliveira, M.G.A. and
Guedes, R.N.C., 2010. Modified α- amylase activity
among insecticide-resistant and –susceptible strains of the
maize weevil, Sitophilus zeamais. J. Insect Physiol., 56:
1050-1057.
Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall, R.J.,
1951. Protein measurement with the Folin phenol reagent.
J. biol. Chem., 193: 265-275.
Mills, K.A. and Pacheco, I.A., 1996. Resistance to phosphine in
stored product insects and a strategy to prevent its
increase. In: Abstracts of the XX International Congress
of Entomology, Frieze, Italy.
Moore, S. and Stein, W.H., 1954. A modified ninhydrin reagent
for the photometric determination of amino acids and
related compounds. J. biol. Chem., 211: 907-913.
Nakakita, H and Kuroda, J., 1986. Differences in phosphine
uptake between susceptible and resistant strains of insects.
J. Pestic. Sci., 11: 21-26.
Nath, N.S., Bhattacharya, I., Tuck, A.G., Schlipalius, D.I. and

Ebert, P.R., 2011. Mechanisms of phosphine toxicity. J.
Toxicol., http://dx.doi.org/10.1155/2011/494168.
Omar, N.A.M., Mousa, A., El-Husseini, M.M. AND El-Bishry,
M.H., 2005. Changes in lipid contents due to infection
with Bacillus thuringiensis kurstaki in larvae of the
greater wax moth Galleria mellonella L., (Lepidoptera:
Galleridae). Egypt. J. Biol. Pest Contr. 15: 41-44.
Price, L.A. and Mills, K.A., 1988. The toxicity of phosphine to
the immature stages of resistant and susceptible strains of
some common stored product beetles, and implications
for their control. J. Stored Prod. Res., 24: 51-59.
Riaz, T., Shakoori, F.R. and Ali, S.S., 2014. Effect of
temperature on the development, survival, fecundity and
longevity of stored grain pest, Trogoderma granarium.
Pakistan J. Zool., 46: 1485-1489.
Saleem, M.A. and Shakoori, A.R., 1989. Toxicity of malathion,
permethrin and cypermethrin against resistant and
susceptible strains of Tribolium castaneum (Herbst.).
Pakistan J. Zool., 21: 347-360.
Schneider, W.C., 1957. Determination of nucleus acids in
tissues by pentose analysis. In: Methods in enzymology
(eds. S.P. Colowick and N.O. Kaplan), vol. 3. Academic
Press, New York, USA. pp. 680-684.
Shoba, V., Elanchezhiyan, C., Hemalatha, S. and
Selvisabanayakam, S. 2011. Sublethal effect of
phytopesticide nimbecidine on biochemical changes in the
adult male insect Sphaerodema rusticum (Heteroptera:
Belostomatidae). Int. J. Res. Pharm. Sci., 2: 12–17.
Socha, R. and Sehnal, F., 1973. Inhibition of insect
development by simultaneous action of prothoracic gland
hormone and juvenile hormone. J. Insect Physiol., 19:
1449-1453.
Sun, Y.P., 1946. An analysis of some important factors
affecting the results of fumigation on insects. St. Paul.
Minnesota. Agric. Exp. Stat. Tech. Poul., 177: 553-554.
Wang, D., Collins, P.J. and Gao, X., 2006. Optimising indoor
phosphine fumigation of paddy rice bag-stacks under
sheeting for control of resistant insects. J. Stored Prod.
Res., 42: 207-217.
Winks, R.G. and Waterford, C.J., 1986. The relationship
between concentration and time in the toxicity of
phosphine to adults of a resistant strain of Tribolium
castaneum (Herbst). J. Stored Prod. Res., 22: 85-92.
Zöllner, N. and Kirsch, K., 1962. Microdetermination of lipids
by the sulfo-phosphovanillin reaction. Z. Gec. exp. Med.,
135: 545-561.

