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Synergistic Effect of Additional Gas on the Toxicity of
Phosphine to Sitophilus oryzae and Sitophilus zeamais
(Coleoptera: Dryophthoridae)

Wen-Bin Feng', Chi-Yang Lee', Tai-Chuan Wang’, and Me-Chi Yao™

Abstract

Feng, W. B., C. Y. Lee, T. C. Wang, and M. C. Yao. 2024. Synergistic effect of additional
gas on the toxicity of phosphine to Sitophilus oryzae and Sitophilus zeamais (Coleoptera:
Dryophthoridae). J. Taiwan Agric. Res. 73(1):1-10.

Sitophilus spp. is the most serious pest in imported brown rice warehouses, and its phosphine
resistance has been observed in Taiwan. To overcome the efficiency decline of phosphine fumigation
to Sitophilus beetles, phosphine fumigation with additional gas is the most noticed practice interna-
tionally. In this study, we evaluated the toxicity increase of phosphine in the presence of additional
10-20% of CO,, O,, or N, to Sitophilus beetles for 20 h or 72 h of fumigation. We found that there
was no synergism between phosphine and additional gas for phosphine-resistant Sitophilus oryzae
(Linnaeus) strains with 20 h fumigation. However, when the fumigation period prolonged to 72 h, the
LC,, of phosphine with additional 10 or 20% of CO,, or N, decreased from 13.8 to 2.9-11.0 pg L' for
Houbi strain of S. oryzae. We consider that additional CO,, and N, can potentially enhance the toxici-
ty of phosphine against phosphine-resistant stored-product pests in the imported rice warehouse.
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INTRODUCTION

Based on the principle of internation-
al trade fairness requested by World Trade
Organization (WTO), Taiwan must import a
certain amount of brown rice or white rice
from abroad. The 8% of people’s livelihood
demand of rice are imported per year, and 65%
of which are purchased by the government and
transported to designated warehouses. They
will then be stored for half a year to two years
as the emergency grain. Since Taiwan is in the
subtropical region where the temperature and
humidity are high and no clearly divided four
seasons that make the warehouses an ideal

environment for the growth of pests. Besides,
most warehouses for imported rice were rebuilt
from old fertilizer warehouses. Their tempera-
ture and humidity are always higher than out-
sides that tend to provide conditions for better
reproduction of stored-product insects. As a
result, the imported rice could be infested with
the stored-product insects during three-month
of storage. Among the stored-product pests,
Sitophilus spp. are the most serious pests in
Taiwan, such as the rice weevil (S. oryzae) and
corn weevil (S. zeamais Motchulsky).

Without the rice husk protection during
storage, the Sitophilus beetles can easily bore
deep holes with their mouthparts to lay eggs
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inside. After hatching, the larvae feed and grow
inside the grains producing debris which further
leads to the outbreak of secondary pest infesta-
tion such as the rusty grain beetle (Cryptolestes
ferrugineus Stephens), saw-toothed grain beetle
(Oryzaephilus surinamensis Linnaeus), and for-
eign grain beetle (Ahasverus advena (Waltl)).
Moreover, since the imported rice is often
stored in ton bags and the larva of Sitophilus
beetle is internal feeder, the damage and loss
of rice is barely observable from the surface of
storage bags. When the weevil adults emerged
from rice, huge loss of rice had occurred.
Currently, 57% aluminum phosphide or
66% magnesium phosphide tablets are used to
produce phosphine to control the outbreaks of
stored-product insects in warehouses during
the storage periods. However, Yao et al. (2022)
tested the phosphine susceptibility of 21 strains
of rice weevil and 17 strains of corn weevil
collected in imported brown rice warehouses,
and found that rice weevils from 5 locations
(Hukou, Ershuei, Huatan, Xihu, and Houbi)
had developed phosphine resistance at higher
than moderate level. The development of phos-
phine resistance in rice weevils may gradually
lead to the control failure using phosphine fu-
migation. Consequently, the fumigation opera-
tor may have to put more aluminum phosphide
tablets into the warehouses to avoid phosphine
fumigation failure. This vicious circle will
not only increase the selection pressure of
phosphine resistance to stored-product pests
in the wild, but also increase the frequency of
phosphine fumigation application that in turn
leads to the increase of financial burden on the
government (Agriculture and Food Agency).
To overcome the decline of phosphine fu-
migation efficiency against the phosphine-resis-
tant stored-product pests, several strategies had
been recommended including increasing ambi-
ent temperature during fumigation, using alter-
nate fumigants, and fumigation with additional
gas (Nayak & Collins 2008; Boopathy et al.
2022). Among these recommendations, addition
of gases such as O,, CO,, and N, to enhance

the fumigation effect of phosphine is the most
noticed practice internationally (Athié et al.
1998; Liu 2011; Manivannan et al. 2016; Con-
stantin et al. 2020; Sakka er al. 2020). In the
present study, several phosphine-resistant and
susceptible strains of rice weevil and corn wee-
vil from the collection of Yao et al. (2022) were
used. The median lethal concentration (LCs)
of weevils to phosphine for 20 h and 72 h were
measured with or without 10 or 20% of individ-
ual CO,, O,, or N,, respectively. The potential
improving strategies of phosphine fumigation
against the phosphine-resistant stored-product
pests in Taiwan will then be suggested based on
the results of the three added gases in improv-
ing the phosphine insecticidal effect.

MATERIALS AND METHODS

Sampling site and insect rearing

The species of Sitophilus weevils used in
this study were S. oryzae and S. zeamais. All
strains of both species were collected from
warchouses where the imported brown rice
was kept. The adults of phosphine-susceptible
strain of S. oryzae were collected from Yilan
and the Lab strain (reared for more than 10
years without insecticide treatments), and the
phosphine-resistant strains were collected from
Hukou, Ershuei, Huatan, Xihu, and Houbi. The
adults of phosphine-susceptible strains of §.
zeamais were collected from Xinying, Long-
tian, and Tainan. Weevil adults were reared in a
plastic container (radius: 12 cm, height: 5 cm)
with oatmeal as food source and maintained in
environmental chambers with temperature set at
27 £ 1°C and relative humidity at 70 £ 5%, and
24-hour darkness.

Synergism of fumigation between addi-

tional gas and phosphine

The 57% aluminum phosphide tablets
were manufactured by Detia Freyberg GmbH
(Laudenbach, Germany), and purchased from
GIANT BEAR Company (Taipei, Taiwan).
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The synergism experiments were slightly mod-
ified from the recommended FAO phosphine
bioassay methods (Anonymous 1975). First,
3 g of 57% aluminum phosphide tablets were
put into a glass jar with 5% sulfuric acid in a
20 L desiccator (called gas production site)
to generate phosphine gas and waited for 1.5
h for the chemical reaction to complete. For
each bioassay, 30 F, generation unsexed weevil
adults (1-to-2-week-old) were placed in a ven-
tilated plastic container (radius: 3.5 c¢m, height:
5.5 cm), then put into another 20 L desiccator
(called tests site) for phosphine fumigation. For
each bioassay, there were 3 replications with a
control without phosphine fumigation. The 10
or 20% CO,, O,, and N, were injected through
air flow meter respectively, then the required
dose of phosphine gas was injected to the tests
site with gas tight syringes. The phosphine
specificity detector and tester (Uniphos Envi-
rotronic Pvt Ltd, Valsad, India) were used to
measure the phosphine concentration. All desic-
cators were placed in a controlled temperature
space (27 £ 1°C, 75 + 10% RH) and the fumi-
gations were conducted for 20 h and 72 h, re-
spectively. After completion of the fumigation,
the phosphine gas and the other additional
gases were removed with the fume hood. The
weevil adults were fed with oatmeal for 24 h
to allow time for them to recover, and the mor-
tality (no response to touch) was observed af-
ter the recovery period. The Vaseline was used
to insure the tightness of desiccators while the
phosphine detector was used to detect the es-
caping of phosphine gas.

Statistical analysis

All analyses were performed using SPSS
program (Version 22). The Probit analysis was
used to analyze the concentration-mortality
data, and obtain the LCs, and 95% fiducial
limits (FL) of LCs, of each treatment. The rel-
ative ratios of phosphine fumigation toxicity
were then calculated by the LC;, with the extra
gas added divided by the LC;, without the ex-
tra gas added for each strain. A relative ratio

> 1.00 indicated decreased phosphine toxicity
and a relative ratio < 1.00 indicated increased
phosphine toxicity.

RESULTS

Synergism of 20 h co-fumigation

As compared to fumigation with phosphine
alone for 20 h in S. oryzae, results showed that
co-fumigation with 10-20% CO, resulted in the
LC,, decreasing to 0.49- to 0.93-fold for Yilan
and lab strains (Table 1). However, the LCy,
increased to 1.00- to 1.83-fold for all phos-
phine-resistant strains except the Huatan strain.
As phosphine co-fumigation with 10% N,, the
LCy, decreased to 0.72- to 0.81-fold for Huatan
and Hukou strains (Table 1). However, the LCy,
of phosphine with 20% N, was similar to that
with only phosphine for Huatan strain. The LCs,
of phosphine with 10-20% O, increased to 1.27-
to 2.99-fold for all strains except for the lab
strain at 10% O, (Table 1).

In S. zeamais, results showed that co-fu-
migation with 10-20% CO, resulted in decreas-
es of LCy, to 0.22- to 0.60-fold for Longtian
and Tainan strains, while the LC,, of phosphine
with 10-20% CO, did not change for the Xiny-
ing strain (Table 2). The LCs, of phosphine
with 10-20% N, increased to 1.38- to 1.64-fold
for all strains except for the all Longtian treat-
ments and Tainan + 10% N, (Table 2). For the
Longtian and Tainan strain of corn weevils, the
LC,, of phosphine with 10-20% O, decreased
to 0.40- to 0.91-fold (Table 2). Conversely, the
LC;, of phosphine with 10-20% O, increased
to 1.44- to 1.76-fold for Xinying strain.

Synergism of 72 h co-fumigation

Results of 72 h fumigation for the Houbi
strain of S. oryzae (Table 3) indicated that the
LC,, of phosphine with 10-20% CO, or N,
decreased to 0.21- to 0.80-fold as compared to
that with only phosphine. However, the LC;, of
phosphine with 10-20% O, increased to 1.10-
to 1.70-fold.
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Table 1. The LC, of Sitophilus oryzae to phosphine co-fumigation with 10 or 20% CO,, N, or O, for 20 h.

Treatments N* LCy, (95% FL”) (ug L™ Slope Chi-square Relative Ratio”
Lab (RR =2.22") 450 3.3(2.9-3.9) 2.30 30.22 1.00
Lab + 10% CO, 450 2.6 (2.2-3.0) 243 8.54 0.79
Lab +20% CO, 450 1.6 (1.3-1.8) 1.80 19.59 0.49
Lab + 10% N, 450 4.0 (3.64.5) 3.21 15.08 1.21
Lab +20% N, 450 3.2(2.6-3.9) 3.23 26.66 0.97
Lab +10% O, 450 3.1(2.8-3.5) 3.14 14.59 0.94
Lab +20% O, 450 4.2 (3.8-4.7) 3.87 2.72 1.27
Yilan (RR = 1.00) 450 1.5(0.9-2.2) 2.46 970.54 1.00
Yilan + 10% CO, 450 1.4 (0.9-1.8) 1.87 33.59 0.93
Yilan + 20% CO, 450 0.9 (0.6-1.2) 1.62 24.32 0.60
Yilan + 10% N, 450 2.3(1.6-3.2) 2.77 64.64 1.53
Yilan +20% N, 450 3.3(2.3-43) 2.37 53.09 2.20
Yilan + 10% O, 450 3.3(3.0-3.6) 4.81 6.44 2.20
Yilan +20% O, 450 343.1-3.7) 4.30 12.53 2.27
Ershuei (RR = 15.13) 540 22.7 (14.8-35.7) 3.00 65.21 1.00
Ershuei + 10% CO, 450 41.6 (38.7-44.5) 4.52 343 1.83
Ershuei +20% CO, 450 29.7 (24.5-34.7) 2.60 27.17 1.31
Ershuei + 10% N, 450 44.1 (39.1-50.0) 2.37 6.18 1.94
Ershuei +20% N, 540 37.4(30.9-43.9) 1.60 17.33 1.65
Ershuei + 10% O, 540 46.4 (40.9-51.8) 2.08 10.17 2.04
Ershuei +20% O, 450 30.6 (26.3-34.8) 2.29 1.15 1.35
Huatan (RR = 17.47) 450 26.2 (21.2-35.2) 1.35 10.96 1.00
Huatan + 10% CO, 540 16.7 (12.8-20.5) 1.36 1.93 0.64
Huatan + 20% CO, 540 26.3 (21.1-32.2) 1.26 7.81 1.00
Huatan + 10% N, 540 18.8 (15.1-22.4) 1.59 6.23 0.72
Huatan + 20% N, 450 27.9 (19.2-35.5) 1.16 3.47 1.06
Huatan + 10% O, 540 76.1 (60.4-104.0) 0.92 12.29 2.90
Huatan + 20% O, 540 78.3 (69.5-88.1) 2.25 6.11 2.99
Hukou (RR =25.87) 540 38.8(35.3-42.4) 3.25 20.45 1.00
Hukou + 10% CO, 450 51.7 (40.9-73.6) 1.15 3.94 1.33
Hukou + 20% CO, 450 59.4 (47.5-85.4) 1.27 4.43 1.53
Hukou + 10% N, 450 31.5(26.7-36.3) 2.03 6.25 0.81
Hukou +20% N, 450 55.9 (46.4-72.7) 1.52 9.38 1.44
Hukou + 10% O, 540 98.5 (76.2-149.0) 0.91 18.40 2.54
Hukou +20% O, 540 93.9 (85.1-104.0) 2.72 6.14 242
Xihu (RR = 36.40) 540 54.6 (46.0-66.8) 1.57 14.50 1.00
Xihu + 10% CO, 450 61.0 (51.4-78.1) 1.73 7.67 1.12
Xihu +20% CO, 540 85.1(65.9-134.0) 1.14 17.22 1.56
Xihu + 10% N, 540 91.3 (77.7-116.0) 2.15 13.25 1.67
Xihu +20% N, 540 68.2 (55.1-94.6) 1.94 29.77 1.25
Xihu + 10% O, 720 122.0 (94.5-185.0) 1.10 6.59 2.23
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Table 1. The LC;, of Sitophilus oryzae to phosphine co-fumigation with 10 or 20% CO,, N, or O, for 20 h. (continued)

Treatments N* LCs, (95% FL”) (ug L™ Slope Chi-square Relative Ratio®
Xihu +20% O, 630 73.6 (66.8-81.4) 2.51 9.51 1.35
Houbi (RR = 49.20) 690 73.8 (54.5-114.0) 1.14 19.30 1.00
Houbi + 10% CO, 450 103.0 (59.6-134.7) 1.03 37.33 1.40
Houbi +20% CO, 450 106.0 (102.0-112.0) 6.50 11.06 1.44
Houbi + 10% N, 720 148.0 (134.0-170.0) 3.32 9.84 2.01
Houbi +20% N, 720 147.0 (133.0-168.0) 3.31 11.57 1.99
Houbi + 10% O, 450 120.0 (110.0-137.0) 4.33 8.90 1.63
Houbi +20% O, 540 122.0 (112.0-137.0) 3.58 4.49 1.65

“ Number of insects tested.
¥ Estimated lethal concentration values with fiducial limits (FL).

* For each strain, the relative ratio = LCs, of additional gas treatment divided by the LC;, of no additional gas treatment. For exam-
ple, the relative ratio of Lab + 10% CO, = 2.6 (LCy, of Lab + 10% CO,)/3.3 (LCs, of Lab) = 0.79.
“RR = Resistance ratio.

Table 2. The LC, of Sitophilus zeamais to phosphine co-fumigation with 10 or 20% CO,, N, or O, for 20 h.

Treatments N* LCs (95% FL') (ug L) Slope Chi-square Relative ratio*
Xinying (RR = 1.32") 450 2.5(1.5-3.7) 2.61 95.48 1.00
Xinying + 10% CO, 450 2.5(2.2-3.0) 2.67 19.72 1.00
Xinying + 20% CO, 450 2.5(2.0-3.1) 2.43 28.36 1.00
Xinying + 10% N, 450 4.1 (3.84.5) 0.57 1.81 1.64
Xinying +20% N, 450 4.0 (3.54.5) 2.92 13.45 1.60
Xinying + 10% O, 450 3.6 (2.74.6) 2.85 39.93 1.44
Xinying +20% O, 450 4.4 (3.8-5.1) 2.42 15.45 1.76
Longtian (RR =5.32) 450 10.1 (8.8-11.8) 1.92 16.24 1.00
Longtian + 10% CO, 450 2.9 (2.5-3.3) 2.64 13.58 0.29
Longtian + 20% CO, 450 2.2 (1.9-2.5) 2.54 10.36 0.22
Longtian + 10% N, 450 4.9 (3.9-6.0) 2.52 22.77 0.49
Longtian +20% N, 450 6.4 (5.7-7.1) 3.32 14.23 0.63
Longtian + 10% O, 450 4.0 (3.2-4.9) 2.92 31.18 0.40
Longtian +20% O, 450 7.1(5.3-10.4) 1.92 42.90 0.70
Tainan (RR = 6.16) 540 11.7 (9.6-15.1) 1.79 6.18 1.00
Tainan + 10% CO, 450 5.3(4.3-6.5) 2.50 24.38 0.45
Tainan + 20% CO, 450 7.0 (4.9-11.5) 1.24 23.74 0.60
Tainan + 10% N, 450 8.3 (6.1-12.7) 1.26 30.90 0.71
Tainan + 20% N, 450 16.1 (11.0-32.2) 0.99 50.34 138
Tainan + 10% O, 450 7.9 (6.1-11.0) 2.10 24.52 0.68
Tainan +20% O, 450 10.7 (8.9-13.7) 1.41 12.52 0.91

“ Number of insects tested.

¥ Estimated lethal concentration values with fiducial limits (FL).

* For each strain, the relative ratio = LCs, of additional gas treatment divided by the LCj, of no additional gas treatment.
“RR = Resistance ratio.



Table 3. The LC, of Sitophilus oryzae to phosphine co-fumigation with 10 or 20% CO,, N, or O, for 72 h.

Treatments N* LCy, (95% FL) (ug L™ Slope Chi-square Relative ratio®
Houbi (RR =49.20") 450 13.8 (11.4-16.7) 1.56 8.52 1.00
Houbi + 10% CO, 450 6.8 (5.2-8.6) 1.47 10.71 0.49
Houbi + 20% CO, 450 2.9 (1.64.3) 0.92 4.52 0.21
Houbi + 10% N, 450 11.0 (9.2-13.0) 1.77 7.14 0.80
Houbi +20% N, 450 10.5 (6.7-15.3) 2.08 24.08 0.76
Houbi + 10% O, 450 15.2 (9.6-25.0) 2.24 27.37 1.10
Houbi +20% O, 450 23.5(19.2-29.8) 1.80 12.13 1.70

“ Number of insects tested.
* Estimated lethal concentration values with fiducial limits (FL).

* For each strain, the relative ratio = LCj, of additional gas treatment divided by the LCs, of no additional gas treatment.

“RR = Resistance ratio.

DISCUSSION

Since 1975, reports indicated that addi-
tional gases such as CO,, N,, and O, could
potentially enhance the toxicity of phosphine
against the phosphine-resistant stored-prod-
uct pests. Athié et al. (1998) indicated that
phosphine fumigation for 20 h with additional
10-20% CO, decreased the LCy, of phosphine
to 0.11- to 0.90-fold for phosphine-resistant
S. oryzae and Rhyzopertha dominica (L.).
Constantin et a/. (2020) found that phosphine
fumigation for 48 h with additional 30.99%
CO, decreased the LCs, of phosphine to 0.12-
fold for phosphine-resistant C. ferrugineus in
Australia. The increased toxicity of phosphine
with CO, was also found in the red flour bee-
tle (Tribolium castaneum (Herbst)), the wheat
weevil (Sitophilus granarius (L.)), and the
flour mill beetle (Cryptolestes turcicus (Grou-
velle)) (Kashi & Bond 1975; Rajendran &
Muthu 1989; Ren et al. 1994). In addition, the
decreased reproductive rates of the survival
beetles after co-fumigation of phosphine and
CO, were observed by Constantin et al. (2020)
when compared to the control group. However,
the fumigation of phosphine with 10-20% CO,
did not enhance the toxicity of phosphine to all
phosphine-resistant strains of the rice weevil
and the LC,, values increased to 1.12- to 1.83-
fold as compared with that of phosphine alone
for 20 h fumigation in this study. But phos-

phine fumigation with 10-20% CO, decreased
the LC;, value of Houbi strain to 0.21- to 0.49-
fold as the fumigation time was extended to 72
h. Lambkin (2001) indicated that there was no
synergistic effect between phosphine and 10%
CO, to phosphine-resistant R. dominica unless
the fumigation time was prolonged to 72 h.
Wong-Corral ef al. (2013) reported that 5 d of
co-fumigation between phosphine and 50-90%
CO, were needed to reach 100% mortality for
all developmental stages of the cowpea weevil
(Callosobruchus maculatus Fabricius). Other
studies reported that fumigation toxicity of
phosphine cannot be boosted with addition of
5-40% CO, in short fumigation periods (Ra-
jendran 1990; Ren et al. 1994). By contrast,
Valizadegan et al. (2012) indicated that the
fumigation periods required for killing the im-
mature stages of O. surinamensis, Lasioderma
serricorne (Fabricius), and Plodia interpunc-
tella (Hubner) could be reduced to 1 d as the
phosphine fumigation was applied with an
addition of 24% CO,. Obviously, the effect of
fumigation time on the toxicity of phosphine
differs among the developmental stages of in-
sects and species. However, the reasons about
the differences of the co-fumigation time in
enhancing the phosphine toxicity have not
been mentioned yet.

There are 2 possible mechanisms for en-
hancing the phosphine toxicity with additional
CO,. One is to increase the metabolic rate of
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aerobic respiration, thereby increasing the
toxicity of phosphine (Kashi & Bond 1975).
The other one is to promote the opening of the
insect spiracle to increase gas exchange rates,
thus enhancing the amount of phosphine flow-
ing into the insect body (McGovran 1932; Mit-
cham et al. 2006). However, it does not mean
that the higher the concentration of CO,, the
better the synergistic effect. Some studies have
found antagonism between high concentration
of CO, and phosphine. Kashi & Bond (1975)
indicated that adding 60-80% CO, did not
inhibit the insect’s aerobic metabolism which
might be related to narcosis (Winks 1985) that
finally led to increased resistance in insects
to phosphine. The key point for synergism be-
tween CO, and phosphine might be the propor-
tions of CO, and O, in the fumigation space.
Constantin et al. (2020) speculated that the
proportions of CO, and O, in the space should
be 25-35% and 8-15%, respectively that led
to the synergism between CO, and phosphine.
However, differences of phosphine toxicity
caused by the ratio of CO, and O, were rarely
investigated.

The present study indicated that the fu-
migation periods could affect the synergistic
effects between CO, and phosphine. This phe-
nomenon may be related to phosphine resis-
tance. The mechanisms of phosphine resistance
were known to include structural changes in
dihydrolipoamide dehydrogenase (DLD) (Zu-
ryn et al. 2008; Schlipalius et al. 2012; Chen
et al. 2015), decreased respiratory rate (Pimen-
tel et al. 2007, 2009), active excretion of phos-
phine (Price 1984; Chaudhry & Price 1992;
Pratt 2003), and upregulation of detoxification
enzyme genes (Oppert et al. 2015; Yang et al.
2018; Wang et al. 2020). Among the mecha-
nisms, decreased respiratory rate and active
excretion of phosphine may have negative ef-
fects on the additional CO, and N,. When the
phosphine-resistant insects are in a space with
high concentrations of CO, or N,, the phos-
phine-resistance mechanisms in these insects
might block the flow of the gas into their body

that resulted in no synergism in short fumiga-
tion periods, or promote the over-expression of
phosphine-resistant mechanisms that eliminat-
ed phosphine toxicity. Other studies indicated
that insects may try to adapt to the high CO,
concentration by minimizing the metabolic ac-
tivity in the short fumigation period (Blomberg
& Siegbahn 2014; Levy-de la Torre et al.
2018). However, since insects could not main-
tain the low respiration rate with slow meta-
bolic activity and excludability of gas when
the fumigation periods prolonged to 72 h, that
finally led to the synergism between CO, and
phosphine. Nevertheless, further evidence is
needed.

In summary, we reported that co-fumiga-
tion of phosphine with 10-20% CO, or N, for
72 h could enhance the toxicity. The fumiga-
tion periods in imported rice warehouses are
mostly 7-14 d, which is much longer than the
fumigation periods conducted in the present
study. In addition, CO, and N, are being con-
sidered as safe gases because of their low tox-
icity to human and environment. On the other
hand, there was no synergistic effect between
phosphine and 10-20% O, for 72 h fumigation,
nevertheless high levels of oxygen can sup-
press the fire risk of phosphine during fumiga-
tion (Bond & Miller 1988; Ohtani et al. 1989).
Therefore, we consider that co-fumigation of
CO, or N, can be one of the potential methods
for controlling the phosphine-resistant Sitoph-
ilus weevils in the imported rice warehouses.
Besides, even if the weevils survive under
co-fumigation condition, their reproductive
rate may decrease after fumigation that in turn
reduces the required fumigation frequency and
the fumigation costs (Manivannan et al. 2016).
The application potential of co-fumigation of
insecticides with gases for pest control in the
imported rice warehouses, and their control ef-
ficacy deserve further study.

ACKNOWLEDGMENTS

We are grateful to Jin-Xia Li, Gui-Xiang



Hong, and Shu-Xia Hu for assisting the experi-
ment. This study was supported by a grant from
Agriculture and Food Agency, Ministry of Agri-
culture, Taiwan.

REFERENCES

Anonymous. 1975. Recommended methods for the detec-
tion and measurement of resistance of agricultural
pests to pesticides.Tentative method for adults of
some major pest species of stored cereals, with
methyl bromide and phosphine- FAO Method No.
16. FAO Plant Prot. Bull. 23:12-25.

Athié, I., R. A. R. Gomes, S. Bolonhezi, S. R. T. Valentini,
and M. F. P. M. De Castro. 1998. Effects of carbon
dioxide and phosphine mixtures on resistant popu-
lations of stored-grain insects. J. Stored Prod. Res.
34:27-32. doi:10.1016/S0022-474X(97)00026-X

Blomberg, M. R. A. and P. E. M. Siegbahn. 2014. Pro-
ton pumping in cytochrome c oxidase: Energetic
requirements and the role of two proton channels.
Biochim. Biophys Acta. Bioenerg. 1837:1165-1177.
doi:10.1016/j.bbabio.2014.01.002

Bond, E. J. and D. M. Miller. 1988. A new technique
for measuring the combustibility of gases at re-
duced pressures and its application to the fumi-
gant phosphine. J. Stored. Prod. Res. 24:225-228.
doi:10.1016/0022-474X(88)90023-9

Boopathy, B., A. Rajan, and M. Radhakrishnan. 2022.
Ozone: An alternative fumigant in controlling the
stored product insects and pests: A status report.
Ozone. Sci. Eng. 44:79-95. doi:10.1080/01919512.2
021.1933899

Chaudhry, M. Q. and N. R. Price. 1992. Comparison of
the oxidant damage induced by phosphine and the
uptake and tracheal exchange of 32P-radiolabelled
phosphine in the susceptible and resistant strains
of Rhyzopertha dominica (F.) (Coleoptera: Bostry-
chidae). Pestic. Biochem. Physiol. 42:167-179.
doi:10.1016/0048-3575(92)90063-6

Chen, Z., D. Schlipalius, G. Opit, B. Subramanyam, and
T. W. Phillips. 2015. Diagnostic molecular mark-
ers for phosphine resistance in U.S. populations of
Tribolium castaneum and Rhyzopertha dominica.
PLoS ONE 10:e0121343. doi:10.1371/journal.
pone.0121343

Constantin, M., R. Jagadeesan, K. Chandra, P. Ebert,
and M. K. Nayak. 2020. Synergism between phos-
phine (PH;) and carbon dioxide (CO,): Implications
for managing PH; resistance in rusty grain beetle
(Laemophloeidae: Coleoptera). J. Econ. Entomol.
113:1999-2006. doi:10.1093/jee/toaal8 1

BI3E HI1

Kashi, K. P. and E. J. Bond. 1975. The toxic action of
phosphine: Role of carbon dioxide on the toxicity of
phosphine to Sitophilus granarius (L.) and Triboli-
um confusum DuVal. J. Stored Prod. Res. 11:9-15.
doi:10.1016/0022-474X(75)90056-9

Lambkin, T. A. 2001. The toxicity of phosphine in com-
bination with 5% and 10% carbon dioxide against
all stages of a strongly phosphine-resistant strain of
Rhyzopertha dominica (Coleoptera: Bostrychidae).
p.617-623. in: Proceedings of the International Con-
ference on Controlled Atmosphere and Fumigation
in Stored Products. October 29-November 3, 2000.
Fresno, CA. Executive Printing Services, Clovis,
CA.

Levy-de la Torre, V. A., L. Gémez-Garcia, J. Bor-
boa-Flores, F. J. Wong-Corral, F. J. Cinco-Moroyo-
qui, and O. Martinez-Cruz. 2018. Actividad citocro-
mo c oxidasa y atpasa de Rhyzopertha dominica bajo
el efecto de las atmodsferas modificadas. Biotecnia
20:79-84. doi:10.18633/biotecnia.v20i2.603

Liu, Y. B. 2011. Oxygen enhances phosphine toxicity
for postharvest pest control. J. Econ. Entomol.
104:1455-1461. doi:10.1603/ec10351

Manivannan, S., G. E. Koshy, and S. A. Patil. 2016. Re-
sponse of phosphine-resistant mixed-age cultures
of lesser grain borer, Rhyzopertha dominica (F.)
to different phosphine-carbon dioxide mixtures.
J. Stored Prod. Res. 69:175-178. doi:10.1016/
j-jspr.2016.08.005

McGovran, E. R. 1932. The effect of some gases on the
tracheal ventilation of grasshoppers. J. Econ. Ento-
mol. 25:271-276. doi:10.1093/jee/25.2.271

Mitcham, E., T. Martin, and S. Zhou. 2006. The mode of
action of insecticidal controlled atmospheres. Bull.
Entom. Res. 96:213-222. doi:10.1079/ber2006424

Nayak, M. K. and P. J. Collins. 2008. Influence of concen-
tration, temperature and humidity on the toxicity of
phosphine to the strongly phosphine-resistant psocid
Liposcelis bostrychophila Badonnel (Psocoptera:
Liposcelididae). Pest Manag. Sci. 64:971-976.
doi:10.1002/ps.1586

Ohtani, H., S. Horiguchi, Y. Urano, M. Iwasaka, K. Toku-
hashi, and S. Kondo. 1989. Flammability limits of
arsine and phosphine. Combust. Flame 76:307-310.
doi:10.1016/0010-2180(89)90113-2

Oppert, B., R. N. C. Guedes, M. J. Aikins, L. Perkin, Z.
Chen, T. W. Phillips, ... F. Arthur. 2015. Genes re-
lated to mitochondrial functions are differentially
expressed in phosphine-resistant and -suscepti-
ble Tribolium castaneum. BMC Genom. 16:968.
doi:10.1186/s12864-015-2121-0

Pimentel, M. A. G., L. R. D’A. Faroni, R. N. C. Guedes, A.
H. Sousa, and M. R. Tétola. 2009. Phosphine resis-



Synergism between Phosphine and Additional Gas 9

tance in Brazilian populations of Sitophilus zeamais
motschulsky (Coleoptera: Curculionidae). J. Stored
Prod. Res. 45:71-74. doi:10.1016/j.jspr.2008.09.001

Pimentel, M. A. G., L. R. D’A. Faroni, M. R. Tétola, and R.
N. C. Guedes. 2007. Phosphine resistance, respira-
tion rate and fitness consequences in stored-product
insects. Pest Manag. Sci. 63:876-881. doi:10.1002/
ps.1416

Pratt, S. J. 2003. A new measure of uptake: Desorption of
unreacted phosphine from susceptible and resistant
strains of Tribolium castaneum (Herbst) (Coleoptera:
Tenebrionidae). J. Stored Prod. Res. 39:507-520.
doi:10.1016/S0022-474X(02)00057-7

Price, N. R. 1984. Active exclusion of phosphine as a
mechanism of resistance in Rhyzopertha dominica
(F.) (Coleoptera: Bostrychidae). J. Stored Prod. Res.
20:163-168. doi:10.1016/0022-474X(84)90025-0

Rajendran, S. 1990. The toxicity of phosphine, methyl
bromide, 1, 1, 1-trichloroethane and carbon diox-
ide alone and as mixtures to the pupae of red flour
beetle, Tribolium castaneum herbst. Pestic. Sci.
29:75-83. doi:10.1002/ps.2780290110

Rajendran, S. and M. Muthu. 1989. The toxic action
of phosphine in combination with some alkyl
halide fumigants and carbon dioxide against the
eggs of Tribolium castaneum Herbst (Coleoptera:
Tenebrionidae). J. Stored Prod. Res. 25:225-230.
doi:10.1016/0022-474X(89)90028-3

Ren, Y. L., I. G. O’Brien, and C. P. Whittle. 1994. Studies
on the effect of carbon dioxide in insect treatment
with phosphine. p.173-177. in: Proceedings of the
6th International Working Conference on Stored
Product Protection. April 17-23, 1994. Canberra,
Australia. CAB International. Wallingford, UK.

Sakka, M. K., F. Gatzali, V. T. Karathanos, and C. G.
Athanassiou. 2020. Effect of nitrogen on phos-
phine-susceptible and -resistant populations of
stored product insects. Insects 11:885. doi:10.3390/

insects11120885

Schlipalius, D. I., N. Valmas, A. G. Tuck, R. Jagadeesan, L.
Ma, R. Kaur, ... P. R. Ebert. 2012. A core metabolic
enzyme mediates resistance to phosphine gas. Sci-
ence 338:807-810. doi:10.1126/science.1224951

Valizadegan, O., A. A. Pourmirza, and M. H. Safaral-
izadeh. 2012. The impact of carbon dioxide in
stored-product insect treatment with phosphine.
Afr. J. Biotechnol. 11:6377-6382. doi:10.5897/
AJB10.1971

Wang, D., J. Hou, Y. Huang, and J. Lyu. 2020. Influence of
low temperature on lethal time extension for differ-
ent life stages of Cryptolestes ferrugineus (Stephens)
with strong resistance to phosphine fumigation.
Grain Oil Sci. Technol. 3:25-28.

Winks, R. G. 1985. The toxicity of phosphine to adults
of Tribolium castaneum (Herbst): Phosphine-in-
duced narcosis. J. Stored Prod. Res. 21:25-29.
doi:10.1016/0022-474X(85)90056-6

Wong-Corral, F. J., C. Castaiié, and J. Riudavets. 2013.
Lethal effects of CO,-modified atmospheres for the
control of three Bruchidae species. J. Stored Prod.
Res. 55:62-67. doi:10.1016/j.jspr.2013.08.005

Yang, J., J. S. Park, H. Lee, M. Kwon, G. H. Kim, and J.
Kim. 2018. Identification of a phosphine resistance
mechanism in Rhyzopertha dominica based on tran-
scriptome analysis. J. Asia Pac. Entomol. 21:1450—
1456. doi:10.1016/j.aspen.2018.11.012

Yao, M. C., T. C. Wang, W. B. Feng, and C. Y. Lee. 2022.
Phosphine Susceptibility in Sitophilus oryzae and
Sitophilus zeamais (Coleoptera: Dryophthoridac)
Strains from Imported Brown Rice Warehouses. For-
mosan Entomol. 42:1-10. (in Chinese with English
abstract) doi:10.6662/TESFE.202202_42(1).001

Zuryn, S., J. Kuang, and P. Ebert. 2008. Mitochondrial
modulation of phosphine toxicity and resistance in
Caenorhabditis elegans. Toxicol. Sci. 102:179-186.
doi:10.1093/toxsci/kfm278



10 BEEEENTE B3 1l

BEEFIARENAREERR (WEE : BRBSH)
2 HE MBI
WESOR| AR THME ks

HE
MESOR ~ ZRIS - FFAE - Bh3ET - 2024 - BHEERIMARBE R R K E RS (BHHH -
Mg &aafl) 2 BT IRE - BRIV 73(1):1-10 -
SRR B ELER (Sitophilus spp.) Ry EHECDRBHE i B EN R E R > TEECHHHEMbSE D%

M ByreRE L SRR EDR R B SO ARERN TR > NI RAS Bk L & 2L E 7L Ry & R S e B R
J5ik o AR TOTEEEEEINRID 10-20% —SE B - ERIE AL EEILENEREPR 2B a2 &
FERLFAVEET: > FRAMTEEIIEZL 20 h > B LG =R E NNk B A G E AT T IER - AR
BFEAERZE 72 ho> JRA0 10-20% — S ERELE R RIA B R L S EMR BE S ZOR R 2 BOERUR - H LC,,
7 13.8 pg L' P2 2.9-11.0 pg L' > RELFHRAIEE AR EEIEAR RN — S(EREUAR - AT ERE
P HEECOR BN L a2 R F 8 EERE -

RABEE | ORGUE  BHMLE - Rk SR SR -

EREHEA - 2023 4210 H 13 H » #<2HIE 2023 411 H28H -
T EEUES © yaomc@tari.gov.tw
DR 2 SR T E A S AL B BRI SR B o 2208 2R o
PRENSEELEN LEETIES 28 FHET -
R EESRRATERAYARIER - 28 2 -



	臺灣農業研究73(1)-01 Me-Chi Yao

