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INTRODUCTION  

The magnitude of losses caused by insects in 

the agricultural crop yield in storage varies ge-

ographically; 9% in developed countries and to 

20% or more in developing countries (Phillips 

and Throne 2010; Wijayaratne et al., 2018). In 

Sri Lanka approximately 80% of the total loss 

in grains during storage occurs due to insect 

attack (Palipane 2001; Dissanayaka et al., 

2018; Sajeewani et al., 2018). Tribolium casta-

neum, the red flour beetle, and Sitophilus ory-

zae, the rice weevil, are major pests of stored 

cereals, flour, nuts, spices, dried fruits and 

some pulses (Hill 1990; Hagstrum and 

Subramanyam 2006; Campbell et al., 2010). 

Current insect control methods in storage facil-

ities mostly use synthetic contact insecticides 
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ABSTRACT 

 

Tribolium castaneum (Herbst) (Coleoptera: Tenebrionidae) and Sitophilus oryzae (L.) (Coleoptera: Curculionidae) 

are serious pests of stored food. Exposure to high or low temperatures is effective in controlling these two species 

but accompany limitations. Spinosad, derived from bacterium Saccharopolyspora spinosa, is an effective insecti-

cide but synergistic effect on heat- or cold-acclimated insects has not been reported. The objectives of this study 

were to determine if spinosad affects the mortality of T. castaneum and S. oryzae adults under temperature accli-

mated and unacclimated conditions. Adult insects were exposed to spinosad or water, acclimated at 35℃ and 40℃, 

and finally held at 45℃ for 0-30 h for T. castaneum and 0-12 h for S. oryzae. The mortality of adults at different 

durations was recorded and LT50 values were calculated. Exposure to spinosad before heat exposure reduced the 

heat tolerance of T. castaneum and S. oryzae adults. Acclimation at intermediate temperatures 35℃ and 40℃ in-

creased the heat tolerance of both S. oryzae and T. castaneum adults. Further study is needed to determine the 

effect of spinosad on the heat tolerance and heat acclimation of other stored-product insect species. 
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(Arthur et al., 2019), or fumigants (Hwaidi et 

al., 2017). However, the factors such as phase 

out of effective fumigants (Andersen 2018), 

resistance in insects to the insecticides (Opit et 

al., 2012), and adverse impacts on the ecosys-

tem (Phillips and Throne 2010) have empha-

sized the use of biorational alternatives in pest 

management. High temperature is used in the 

management of stored-product pests (Beckett 

et al., 2007). However, its expensiveness 

(Dosland et al., 2006) and possible damage to 

heat-sensitive equipment (Dowdy and Fields 

2002) impose limitations for using this tech-

nology efficiently. Besides, the heat distribu-

tion inside a food processing facility is often 

uneven (Dowdy 1999) allowing insects to ac-

climate to high temperature and making them 
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was used in the experiment. A concentration 

series (1, 6.25, 12.5, 18 and 25 ppm) was pre-

pared by diluting the commercial product in 

distilled water. As the control, distilled water 

was used. From each concentration four repli-

cate solutions were prepared. The spraying was 

conducted immediately following the prepara-

tion of solutions. 

 

Spaying and introduction of adults  

Red raw rice medium (a mixture containing 60 

% whole grains and 40 % cracked grains) was 

used for spraying. For each treatment, 250 g 

rice medium was laid out on an aluminum foil. 

Spraying of insecticides was done using artist’s 

air brush (Paasche Airbrush Company, Chica-

go, USA). From each concentration, 3 mL was 

sprayed on rice using an artist’s airbrush (VL-

202s, Paasche Airbrush Company, Chicago) 

followed by shaking for 30 s (Arthur 2004) for 

uniform distribution of the insecticide in the 

grain sample. From the sprayed medium, 15g 

was placed in each plastic vial (50 mL).  Each 

vial later received 20 adults of T. castaneum or 

S. oryzae. Vials were maintained under ambi-

ent environmental conditions (30 °C and 65 % 

relative humidity) for 36 h, before used in the 

heat treatment experiments. 

 

Heat tolerance experiments  

The vials having rice medium and insects were 

divided into two batches. One batch of vials 

(heat acclimated batch) were placed in an oven 

(Mermmert, Schwabach, Germany) maintained 

at 35 ℃ for 6 h, 40 ℃ for 3 h and finally held 

at 45 ℃ for different durations. The second 

batch of vials (unacclimated for high tempera-

ture) was placed in oven directly at 45℃. The 

temperature inside the oven was measured by 

data loggers (TM-305U, Neihu, Taiwan). The 

vials having T. castaneum adults were removed 

at 0, 6, 9, 12, 15, 18, 24 or 30 h after exposure 

at 45℃. The vials having S. oryzae were re-

moved following 0, 2, 4, 6, 8, 10 or 12 h at 

45℃. Following removed from the oven, the 

vials were maintained for 12 h under room 

temperature (30 ℃) and number of dead adults 

was counted. 
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more difficult to be killed (Hagstrum and 

Subramanyam 2006).  

 

Combination of treatments has been more ef-

fective in the management of stored-product 

insects than the use of a particular component 

alone (Banks 1987; Banks and Fields, 1995). 

Thus, heat increases the efficacy when used in 

combination with diatomaceous earth (Dowdy 

and Fields, 2002) and carbon dioxide + phos-

phine mixture (Mueller, 1994). Furthermore, 

Wijayaratne and Fields (2010) showed that 

Methoprene + heat combination reduces heat 

tolerance in T. castaneum enabling the protec-

tion of stored food infested with T. castaneum 

at a lower temperature which is economical. 

On the contrary, the said combination expands 

the use of methoprene formulation as a safe 

management tool for T. castaneum.   

 

Spinosad derived from the bacterium Saccha-

ropolyspora spinosa (Mertz and Yao 1990) has 

low mammalian toxicity (Thompson et al., 

2000) and is environmentally benign 

(Cleveland et al., 2001). In general, spinosad 

has been tested against stored-product insects 

and its lethal effect has been reported 

(Athanassiou et al., 2011). Spinosad is effec-

tive in suppressing progeny emergence of T. 

castaneum (Dissanayaka et al., 2020). Howev-

er, little is known how spinosad affects heat 

tolerance and heat acclimation of stored-

product insects. Therefore, the objectives of 

this study were to determine if spinosad affects 

heat tolerance and heat acclimation of T. casta-

neum and S. oryzae adults.   

 

MATERIALS AND METHODS 

Test Insects 

T. castaneum adults reared in wheat flour and 

S. oryzae reared on rice medium inside an incu-

bator (FH-1200, Hipoint Laboratory, Taiwan) 

maintained at 30±0.5°C and 65±1% relative 

humidity. Adults about 30 days used for bioas-

say. 

 

Preparation of Spinosad Solutions 

The commercial product of spinosad (25 g/L) 
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Experimental design 

Heat tolerance experiments for T. castaneum 

and S. oryzae adults were conducted as Com-

pletely Randomized Design (CRD) with four 

replicates. This was a three-factor factorial 

experiment; three factors were concentration 

of spinosad, duration of exposure and heat-

acclimated/unacclimated situation. 

 

Data analysis 

Percentage values of adult mortality were 

transformed using the square root of the 

arcsine to accommodate the unequal vari-

ances associated with percentage data. Data 

were analyzed using ANOVA procedures of 

Statistical Analysis System (SAS Institute 

2002-2008). Means were separated by Tuk-

ey’s test at P= 0.05 level. The LT50 

(confidence intervals) for particular spinosad 

concentration was calculated using PoloPlus 

LeOra software. For a given acclimation, 

LT50 for each spinosad concentration was 

compared with that of water control.  
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RESULTS AND DISCUSSION 

In T. castaneum adults, increase in the expo-

sure period at 45 °C increased mortality. Up to 

9 h, there were no differences between the 

mortality of insects in the spinosad-treated and 

control (treated with water) rice samples under 

both unacclimated and heat-acclimated condi-

tions (Tables 1 and 2).  Furthermore, in both 

unacclimated and acclimated conditions, be-

tween 12 and 24 h, T. castaneum adult mortal-

ity in spinosad-treated samples were higher 

than the respective control treated with water. 

The LT50 values of spinosad-treated adults 

were lower than control (treated with water) in 

both unacclimated and acclimated adults. This 

indicates that pre-exposure to spinosad made 

T. castaneum adults more sensitive to heat. By 

acclimating adults at 35 ℃ for 6 h and 40 ℃ 

for 3 h, the heat tolerance of T. castaneum 

adults was increased; in the control LT50 

(Confidence intervals) increased from 15.9 

(14.8-17.1) h for unacclimated adults to 21.4 

(20.4-22.5) h. In the adults exposed to spi-

Spinosad 

concen-

tration 
(ppm) 

    
LT50 

(95% 

confi-

dence 

inter-

vals) 

(hrs) 

  
LT50 

ratio 

(95% 

confi-

dence 

inter-

vals)b
 

Mortality±SE (%)a
 

Duration of exposure (hrs) 

0 6 9 12 15 18 24 30 

0 0±0a 

6.25

±1.3

a 

8.75± 

2.4a 

13.75

±1.3b 

38.75

±1.3b 

65± 

2.9b 

82.5± 

1.4b 

98.75

±1.3a 

15.90 

(14.82-

17.09) 

  

1 

25 
2.5± 
1.4a 

8.75

±1.3

a 

13.75

±2.4a 
20±2a 

46.25

±1.3a 

80±3.

5a 

100±0

a 

100±0

a 

14.64 

(13.75-

15.44) 
  

1.09 
(1.08-

1.11) 
  

Table 1: Percentage mortality (mean±SE) of T. castaneum adults treated with spinosad and 

exposed to 45ᵒC without acclimation and held for different durations (n =4). 

a For a given exposure, means followed by the same letter in a column are not significantly different at P = 

0.05 according to Tukey’s test following ANOVA 
b LT 50 ratio = LT50 for control/LT50 for particular treatment. The LT50 values are not significantly differ-

ent at p = 0.05, if the 95% confidence intervals for the ratio include 1.0. 
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nosad-treated rice, LT50 (Confidence intervals) 

increased from 14.6 (13.8-15.4) h in unaccli-

mated adults to 18.6 (17.7-19.6) h in heat-

acclimated adults. This shows that acclima-

tion at intermediate temperatures increased 

the heat tolerance of T. castaneum adults in 

Table 2: Percentage mortality (mean±SE) of T. castaneum adults treated with spinosad, accli-

mated at 35 ˚C for 6 hrs, 40 ˚C for 3 hrs, and held at 45 ˚C for different durations (n =4). 

Spinosad 

concen-

tration 
(ppm) 

  
LT50 (95% 

confidence 

intervals) 

(hrs) 

LT50 ratio 

(95%  

confidence 

intervals)b 

Mortality±SE (%)a
 

Duration of exposure (hrs) 

0 6 9 12 15 18 24 30 

0 0±0a 0±0b 0±0b 

3.75

± 

1.3b 

16.2

5±1.

3b 

31.2

5±2.

4b 

55± 

2b 
90±2a 

21.36 

(20.37-

22.50) 

  

1 

25 

1.25

±1.3

a 

3.75

± 

1.3a 

5±0a 
10± 

0a 

30± 

2a 

47.5

± 

1.4a 

72.5

± 

3.2a 

93.75± 

1.3a 

18.611 

(17.69-

19.60) 
  

1.14 (1.15

-1.16) 

  

a For a given exposure, means followed by the same letter in a column are not significantly different at P = 

0.05 according to Tukey’s test following ANOVA 

b LT 50 ratio = LT50 for control/LT50 for particular treatment. The LT50 values are not significantly differ-

ent at p = 0.05, if the 95% confidence intervals for the ratio include 1.0. 

Spinosad 
Concen-

tration 
(ppm) 

      LT50 

(Confidence 

intervals) hrs 

LT50 ratio 

(95%  

confidence  

intervals)b 

Mortality±SE (%)a
 

Duration of exposure (hrs) 

0 2 4 6 8 10 12 

0 0±0d 10±0d 
15±2.

8e 
30±0d 

43.3± 

3.3e 

71± 

1.6e 

100± 

0a 

6.91 (5.85-

8.21) 
1 

1 
6.6±1.

6c 

16± 
1.6 cd 

23± 
1.6 de 

36.6±

1.6 cd 

58.3± 
1.6d 

76± 
1.6 de 

100± 
0a 

6.90 (5.99-

7.62) 

1 (0.98-

1.08) 

6.25 
13.3±

1.6bc 

21± 
1.6c 

30± 
0cd 

43.33

±1.6c 

68.3± 
1.6 cd 

80± 
0cd 

100± 
0a 

6.67 (5.91-

7.27) 

1.04 (0.99-

1.13) 

12.5 
18.3±

1.6b 

31± 
1.6b 

38± 
1.6c 

61.6±

1.6b 

76.6± 
1.6bc 

83.3± 
1.6bc 

100± 
0a 

5.63 (4.58-

6.35) 

1.23 (1.28-

1.29) 

18 
31.6±

1.6a 

41.66

±3.3b 

51.66

±3.3b 

70±2.

8b 

83± 
1.6b 

86± 
1.6b 

100± 
0a 

5.38 (4.21-

6.18) 

1.28 (1.39-

1.33) 

25 
43±4.

4a 

55±2.

8a 

66±1.

6a 

81±1.

6a 

91.6±1.

6a 

100±0

a 

100±

0a 

4.56 (3.17-

5.34) 

1.52 (1.85-

1.54) 

Table 3: Percentage mortality (mean±SE) of S. oryzae adults treated with spinosad and          

exposed to 45 ᵒC without acclimation and held for different durations (n =3). 

 
a For a given exposure, means followed by the same letter in a column are not significantly differ-

ent at P = 0.05 according to Tukey’s test following ANOVA 
b LT 50 ratio = LT50 for control/ LT50 for particular treatment. The LT50 values are not significantly different at p = 

0.05, if the 95% confidence intervals for the ratio include 1.0. 
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the water control as well as spinosad-treated 

batch. The non-overlapping nature of the con-

fidence intervals of LT50 values between spi-

nosad-treated and control batches in the heat 

acclimated T. castaneum proves that pre-

exposure to spinosad decreased the heat accli-

mation in T. castaneum adults.  

 

In S. oryzae, increase in the exposure of 

adults to 45°C increased their mortality than 

at 0 h exposure in both unacclimated and heat

-acclimated batches. In the unacclimated in-

sects, LT50 of spinosad-treated adults de-

creased than untreated controls at three higher 

spinosad concentrations tested 12.5, 18 and 

25 ppm. In the heat-acclimated batch, the 

LT50 was lower than untreated control when 

the insects were pre-exposed to spinosad 1, 

6.25, 18 and 25 ppm (Tables 3 and 4). This 

shows that pre-exposure to spinosad reduced 

heat tolerance in S. oryzae adults. As the con-

fidence intervals of LT50 values between spi-

nosad-treated and control batches do not over-

lap in the heat acclimated batch, spinosad has 

decreased the heat acclimation in S. oryzae 

adults. 

 

The death of stored-product insects at in-

creased temperatures occurs due to the chang-

es occurred in the lipoprotein layers, balance 

of biochemical reaction rates, ionic activities 

or due to desiccation (Fields, 1992; Denlinger 

and Yocum, 1998). Synthesis of heat shock 

proteins (Lurie and Jang, 2007); increased lev-

els of insect blood sugar trehalose (Singer and 

Lindquist, 1998), glycerol or sorbitol content 
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Table 4: Percentage mortality (mean±SE) of adult S. oryzae treated with spinosad, acclimated 

at 35˚C for 6 hrs and 40˚C for 3 hrs, and held at 45˚C for different durations (n =3). 

Spinosad 
Concen-

tration 
(ppm) 

 LT50 

(Confidenc

e intervals) 

hrs 

LT50 ratio 

(95% con-

fidence 

intervals)b 

Mortality ± SE (%)a
 

Duration of exposure (hrs) 

0 2 4 6 8 10 12 

0 0±0d 
5 

±2.8b 

10 

±2.8b 

13.3 

±1.6d 

26 

±1.6d 

63 

±1.6b 

83± 

1.6cd 

8.92 

(7.45-

11.44) 

1 

1 
3.3 

±1.6cd 

6.6 

±1.6b 

15 

±2.8ab 

15 

±0d 

36± 

1.6cd 

63.3 

±1.6b 

90± 

2.8bc 

8.63 (7.06

-11.34) 

1.03 

(1.05-

1.01) 

6.25 
6.6 

±2.8bc 

8.3 ± 

1.6b 

10 

±2.8b 

18.33 

±1.6c

d 

46 

±1.6c 

63 

±1.6b 

81.6 

±1.6d 

8.83 (8.16

-9.48) 

1.01 

(1.91-

1.21) 

12.5 
10± 

2.8abc 

11.66 

±1.6ab 

15 

±5b 

25 

±0bc 

33.3 

±1.6d 

70 

±2.8b 

90 ± 

0bc 

8.85 (8.18

-9.40) 

1.01 

(0.91-

1.28) 

18 
13.3 

±1.6ab 

13.33 

±4.4ab 

21.6±

4.4 ab 

31.6 

±1.6b 

65± 

2.8b 

73.3±1

.6b 

95± 

0b 

7.63 (6.91

-8.22) 

1.17 

(1.08-

1.39) 

25 
21.66 

±1.6a 

28.3 

±1.6a 
35 ±0a 

45 

±2.8a 

81.6±

3.3a 

93±1.6

a 

100±

0a 

6.67 (5.74

-7.18) 

1.34 

(1.30-

1.59) 

a For a given exposure, means followed by the same letter in a column are not significantly different at P = 0.05 ac-

cording to Tukey’s test following ANOVA 

b LT50 ratio = LT50 for control/LT50 for particular treatment. The LT50 values are not significantly different at p = 

0.05, if the 95% confidence intervals for the ratio include 1.0. 



 

 

(Denlinger and Yocum 1998; Wolfe et al., 

1998), amino acids (Malmendal et al., 2006) 

or dopamine (Rauschenbach et al., 1993) are 

some physiological changes that insects un-

dergo in response to heat stress to overcome 

adverse effects. One or more of these protec-

tive activities may have been adversely affect-

ed by spinosad making the insects more sus-

ceptible to increased temperature and hence 

reducing their survival following exposure to 

high temperature. Insects produce heat shock 

proteins when their body temperature rises 

above the optimal temperature for growth 

(Lurie and Jang 2007). Another study speci-

fied that heat acclimation enhances the surviv-

al of T. castaneum and S. zeamais adults sub-

sequently exposed to high temperatures. Par-

ticularly, acclimation to high temperature sig-

nificantly increases the heat tolerance of S. 

zeamais adults (Lu and Zang 2016).  

 

This study highlights the success of using heat 

combined with the bacterium-derived insecti-

cide spinosad for the management of T. casta-

neum and S. oryzae under laboratory settings. 

Further studies need to test this technology 

under practical situations such as inside food 

processing facilities to determine the possible 

drawbacks during implementation and suggest 

alternatives to overcome the same. Future 

tests also need to test the response of other 

stored-product insects to the combined use of 

heat and spinosad.  

 

CONCLUSION 

Pre-exposure to spinosad reduces heat toler-

ance of T. castaneum and S. oryzae adults. 

The mortality of both species is reduced by 

acclimation at 350C and then 400C before the 

exposure at 450C. Pre-exposure to spinosad 

also reduces heat acclimation of both spe-

cies. Therefore, pre-exposure to spinosad in-

creases the sensitivity of S. oryzae and T. cas-

taneum adults to high temperatures.  

 

ACKNOWLEDGEMENTS 

The authors appreciate the financial assistance 

provided by Sri Lanka Council for Agricultur-

al Research Policy (NARP/16/RUSL/AG/01). 

They also thank Ms Prabodha Sammani, Re-

search Assistant of the above grant for help-

ing during the experiment; Mr Kushan 

Samarasena, Mr PBN Udaya Kumara and Mr 

KVCTK Fernando at the Department of Plant 

Sciences, Faculty of Agriculture, Rajarata 

University of Sri Lanka for the technical 

assistance.  

 
REFERENCES  
Andersen SO, Sherman NJ, Carvalho S and 

Gonzalez M 2018 The global search 

and commercialization of alternatives 

and substitutes for ozone-depleting 

substances. CR Geosci. 350: 410-424. 

Arthur FH, Starkus LA and McKay T 2019 

Degradation and residual efficacy of 

beta-cyfluthrin as a surface treatment 

for control of Tribolium castaneum 

Herbst: Effects of temperature and 

environment. J. Stored Prod. Res. 84: 

101514. 

Athanassiou CG, Arthur FH, Kavallieratos 

NG and Throne JE 2011. Efficacy of 

spinosad and methoprene, applied 

alone or in combination, against six 

stored-product insect species. J. Pest 

Sci. 84: 61-67. 

Banks HJ 1987 Impact, physical removal and 

exclusion for insect control in stored 

products. pp. 165-184. In: Donahaye 

E, Navarro S (Eds.) Proceedings of 

the Fourth International Working 

Conference on Stored-Product Protec-

tion, 21-26 September 1986, Tel Aviv, 

Israel. Maor-Wallach Press, Jerusa-

lem, Israel.  

Banks HJ and Fields PG 1995 Physical meth-

ods for insect control in stored grain 

ecosystem. pp. 353-410. In: Jayas DS, 

White NDG, Muir WE (Eds.). Stored-

grain Ecosystems. Marcel-Dekker 

Inc., New York.  

Beckett SJ, Fields PG and Subramanyam B 

2007 Disinfestation of stored products 

and associated structures using heat. 

38 WIJERATHNE KBTT ET AL: HEAT AND SPINOSAD ON STORAGE INSECTS  



Tropical Agricultural Research & Extension 21 (3 & 4): 2018  

 

Pp. 182-236. In: Heat Treatments for 

Postharvest Pest Control: Theory and 

Practice. CAB International, Oxon, 

UK. 

Campbell JF, Toews MD, Arthur FH and Ar-

bogast RT 2010 Long-term monitor-

ing of Tribolium castaneum popula-

tions in two flour mills: rebound after 

fumigation. J. Econ. Ent. 103: 1002-

11. 

Cleveland CB, Mayes MA and Cryer SA 

2001. An ecological risk assessment 

for spinosad use on cotton. Pest 

Manag. Sci. 58: 70-84. 

Denlinger DL and Yocum GD 1998. Physiol-

ogy of heat sensitivity. Temperature 

sensitivity in insects and application 

in integrated pest management. Re-

trieved on 18/08/2018 from http://

www.researchgate.net/

publication/255595377. 

Dissanayaka DMSK, Sammani AMP and Wi-

jayaratne LKW 2020 Response of dif-

ferent population sizes to traps and 

effect of spinosad on the trap catch 

and progeny adult emergence in Tri-

bolium castaneum (Herbst) 

(Coleoptera: Tenebrionidae). J. Stored 

Prod. Res. 86: 101576. 

Dissanayaka DMSK, Sammani AMP, Wi-

jayaratne LKW, Samaranayaka PM, 

Karunarathna LM, Chandima N, Wi-

jerathna IM, Harshana S, Heshani A 

and Kalhari D, 2018 Postharvest loss-

es of agricultural commodities in 

Trincomalee, Sri Lanka. Pp. 55-56. In: 

Adler CS, Opit G, Furstenau B, Mul-

ler-Blenkle C, Kern P, Arthur FH, 

Athanassiou CG, Bartosik R, Camp-

bell J, Carvalho MO, Chayaprasert W, 

Fields P, Li Z, Maier D, Nayak M, 

Nukenine E, Obeng-Ofori, D, Phillips, 

T, Riudavets J, Throne J, Scholler M, 

Stejskal V, Talwana H, Timlick B, 

Trematerra P (eds.) Proceedings of the 

12th International Working Confer-

ence on Stored Product Protection, 7-

11 October, 2018, Berlin, Germany, 

Julius Kühn-Institut, Berlin, Germany.  

Dosland O, Subramanyam B, Sheppard G and 

Mahroof R 2006 Temperature modifi-

cation for insect control. pp. 89-103. 

In: Heaps J (Ed.) Insect Management 

for Food Storage and Processing. 

American Association of Cereal 

Chemists, St. Paul.  

Dowdy AK 1999 Heat sterilization as an alter-

native to methyl bromide fumigation 

in cereal processing plants. pp. 1089-

1095. In: Zuxun J, Quan L, 

Yongsheng L, Xianchang T, Lianghua 

G (Eds.) Proceedings of the Seventh 

International Working Conference on 

Stored Product Protection, 14-19 Oc-

tober 1998, Beijing, P.R. China. Si-

chuan Publishing House of Science & 

Technology, Chengdu, P.R. China.  

Dowdy AK and Fields PG 2002 Heat com-

bined with diatomaceous earth to con-

trol the confused flour beetle 

(Coleoptera: Tenebrionidae) in a flour 

mill. J. Stored Prod. Res. 38: 11-22. 

Fields PG 1992 The control of stored-product 

insects and mites with extreme tem-

peratures. J. Stored Prod. Res. 28: 89-

118. 

Hagstrum DW and Subramanyam B 2006. 

Fundamentals of Stored-Product Ento-

mology. AACC International, St Paul. 

Hill DS 1990. Pests of Stored Products And 

Their Control, CBS Publishers and 

Distributors (Pvt.) Ltd, New Delhi. 

Hwaidi MI, Collins PJ and Sissons M 2017 

Does sorption of sulfuryl fluoride by 

wheat reduce its efficacy against 

adults and eggs of Rhyzopertha domi-

nica? J. Stored Prod. Res. 74: 91-97. 

Lu J and Zhang H 2016. The effect of accli-

mation to sublethal temperature on 

subsequent susceptibility of Sitophilus 

zeamais Mostchulsky (Coleoptera : 

Curculionidae) to high temperatures. 

PLoS ONE. 11: 1-8.  

Lurie S and Jang E 2007 The influence of heat 

shock proteins in insect pests and 

fruits in thermal treatments. pp. 269-

39 

http://www.researchgate.net/publication/255595377
http://www.researchgate.net/publication/255595377
http://www.researchgate.net/publication/255595377


 

 

290. Heat Treatments for Postharvest 

Pest Control, CABI International, 

Wallingford, UK.  

Malmendal A, Overgaard J, Bundy JG, 

Sorensen JG, Nielsen NC, Loeschcke 

V and Holmstrup M 2006. Metabo-

lomic profiling of heat stress: harden-

ing and recovery of homeostasis in 

Drosophila. Am. J. Physiol-Reg I. 291: 

R205-R212. 

Mertz FP and Yao RC 1990 Saccharopolyspo-

ra spinosa sp. nov. Isolated from Soil 

collected in a sugar mill rum still. Int. 

J. Syst. Bacteriol. 40: 34-39.  

Mueller DK 1994 A new method of using low 

levels of phosphine in combination 

with heat and carbon dioxide. pp. 123-

125. In: Highley E, Wright EJ, Banks 

HJ and Champ BR (Eds.) Proceedings 

of Sixth International Working Con-

ference on Stored-Product Protection, 

17-23 April 1994, Canberra, Australia. 

CAB International, Wallingford, U.K. 

Opit GP, Phillips TW, Aikins MJ and Hasan 

MM 2012 Phosphine resistance in Tri-

bolium castaneum and Rhyzopertha 

dominica from stored wheat in Okla-

homa. J. Econ. Ent. 105: 1107-1114.  

Palipane KB 2001 Current storage practices 

and quality improvement of stored 

grains. pp. 17-30. In: Proceedings of 

the seminar on naval strategies in post 

management of stored grains in devel-

oping countries, 13th July 2001, Co-

lombo, Sri Lanka.  

Phillips TW and Throne JE 2010 Biorational 

Approaches to Managing Stored-

Product Insects.  Ann. Rev. Ent. 55: 

375-397. 

Rauschenbach IY, Serova LI, Timochina IS, 

Chentsova NA, Schumnaja LV 1993. 

Analysis of differences in dopamine 

content between two lines of Drosoph-

ila virilis in response to heat stress. J. 

Insect Physiol. 39: 761-767. 

Sajeewani PAH, Karunarathne EVUP, Wije-

rathne KBTT, Mahalekam MPS, Ru-

pasinghe MDMC, Dissanayaka 

DMSK, Wijayaratne LKW and Sam-

mani AMP 2018 Abundance of insects 

in rice mills in Polonnaruwa, Sri 

Lanka. pp.57-58. In: Adler CS, Opit 

G, Furstenau B, Muller-Blenkle C, 

Kern P, Arthur FH, Athanassiou CG, 

Bartosik R, Campbell J, Carvalho MO, 

Chayaprasert W, Fields P, Li Z, Maier 

D, Nayak M, Nukenine E, Obeng-

Ofori D, Phillips T, Riudavets J, 

Throne J, Scholler M, Stejskal V, Tal-

wana H, Timlick B and Trematerra P 

(Eds.) Proceedings of the 12th Interna-

tional Working Conference on Stored 

Product Protection, 7-11 October, 

2018, Berlin, Germany, Julius Kühn-

Institut, Berlin, Germany.  

SAS Institute 2002-2008 The SAS System for 

Windows, Release 9.1. Statistical 

Analysis System Institute, Cary, NC, 

USA. 

Singer MA and Lindquist S 1998 Multiple 

effects of trehalose on protein folding 

in vitro and in vivo. Mol. Cell. 5: 639-

648. 

Thompson GD, Dutton R and Sparks TC 

2000. Spinosad - a case study: an ex-

ample from a natural products discov-

ery programme. Pest Manag. Sci. 56: 

696-702. 

Wijayaratne LKW and Fields PG 2010 Effect 

of methoprene on the heat tolerance 

and cold tolerance of Tribolium casta-

neum (Herbst) (Coleoptera: Tenebrio-

nidae). J. Stored Prod. Res. 46: 166-

173. 

Wijayaratne LKW, Arthur FH and Whyard S 

2018 Methoprene and control of 

stored-product insects. J. Stored Prod. 

Res. 76: 161-169. 

Wolfe GR, Hendrix DL and Salvucci ME 

1998 A thermoprotective role for sor-

bitol in the silver leaf whitefly, Be-

misia argentifolii. J. Insect Phys-

iol. 44: 597-603. 

 

 

WIJERATHNE KBTT ET AL: HEAT AND SPINOSAD ON STORAGE INSECTS  40 




