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ABSTRACT
Carbon dioxide (5% and 10%) was trialed as a synergist for phosphine against all life
stages of a highly phosphine-resistant strain of Rhyzopertha dominica and toxicity
results were compared to the toxicity of phosphine alone.  Results showed that the
addition of 10% carbon dioxide to phosphine did not increase phosphine’s toxicity,
but adding 5% carbon dioxide decreased the toxicity of phosphine.

INTRODUCTION

Rapid and effective fumigation at import and export terminals is essential to
facilitate the efficient movement of commodities.  Delays can result in major logistic
and economic costs.  In the past, methyl bromide (MB) has been the fumigant of
choice for this purpose.  However, with the restricted use and planned phasing out of
this material, industry is in need of a replacement fumigant for rapid fumigations.
Currently however, there is no acceptable fumigant that can match the characteristics
of MB, in particular its speed of action.  Phosphine (PH3) is the world’s most popular
fumigant in situations where rapid fumigations are not a priority.  This material has
many advantages: it is effective against most species on a very wide range of
commodities, easy to use and apply, relatively inexpensive and most markets accept
it as a residue free treatment.

Several authors have suggested that the exposure period required to control insect
pests with PH3 could be reduced by combining it with carbon dioxide (CO2), (Athie
et al., 1998; Desmarchelier 1984; Kashi and Bond 1975; Liang Quan 1989; Mueller
1998; Rajendran 1989, and 1990; Rajendran and Muthu 1989; and Ren et al., 1998).
In general, these studies indicate that the toxicity of PH3 can be increased by the
addition of CO2 at concentrations of 5% to 40%.  These reports, however, provide
only limited useful information because the investigations were restricted to very
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short exposure periods, adult insects or PH3 susceptible insects.  In practice,
fumigations need to be as short as possible but also effective against all life stages of
resistant insects.  A particular concern in Australia and many other regions is the
occurrence of populations of Rhyzopertha dominica (F.) with strong resistance to
PH3 (Collins et al. in press; Daglish and Bengston, 1999).  My aim, therefore, was to
investigate the potential of CO2 as a synergist for PH3 against all life stages of a
highly PH3 resistant strain of R. dominica.  In this paper, I present data on the
potential of 5% and 10% CO2 as a synergist for PH3 at 1 mg/L.

MATERIALS AND METHODS

R. dominica is the most common and most quarantine significant stored grain pest in
Australia, and for this reason, a strongly PH3 resistant strain of this species was
chosen for testing.  This resistant population of R. dominica originated from southern
Queensland (Collins 1998) and was used to set up mixed age cultures for testing as
described by Winks and Hyne (1997).  Because different life stages of most stored
grain insect species have different tolerances to PH3 (Barker 1969; Lindgren et al.
1958; Lindgren and Vincent 1966), the major advantage of testing mixed age
cultures is that all life stages are exposed to the fumigant allowing a true population
extinction to be determined.

The fumigation of these mixed age cultures was done in a specially constructed
flow-through fumigation apparatus similar to the dosing apparatus described by
Winks and Hyne (1997).  This apparatus has stainless steel chambers that house the
test cultures and allows a continuous flow of constant concentrations of PH3, CO2
and air through the chambers.  Three gas mixtures were tested: 1 mg/L PH3 in air, 1
mg/L PH3 in air plus 5% CO2 and 1 mg/L PH3 in air plus 10% CO2.  Gas
concentrations were controlled using separate mass flow controllers (Sierra®: Mass-
Trak®).  The advantages of using a flow-through system were that varying doses of
CO2 could be more easily set using gas flow controllers, and CO2 emission from the
test insects could not build up in the fumigation chambers.  For these reasons this
test method was chosen in preference to fumigating test insects in gas-tight
desiccators.

Before the commencement of each test, Sierra® mass flow controllers were
adjusted to deliver the required amounts of air, PH3 and CO2.  This was done by
bleeding the gas mix through the system without test insects, and then determining
the concentration of the two gases from each chamber through two sampling ports.
Mass flow controllers were then adjusted to deliver the desired gas concentrations.
The gas concentrations were checked using a gas chromatograph fitted with a flame
photometric detector for measuring PH3 concentrations and a thermal conductivity
detector for measuring CO2 concentrations.

Cages containing mixed age cultures of R. dominica were then placed in the
chambers and the fumigation started.  Fumigation starting time was nominated as
when gas taps were opened, allowing the gas mix to flow through the system.
During the fumigation period concentrations of both gases were monitored twice on



619

the first day and then once on subsequent days.  Untreated mixed age cultures
(controls) were kept next to the flow-through system.

At the end of each fumigation period, cultures were removed from the fumigation
chambers and adult insects were removed from the test cultures and from the
controls to prevent any post-fumigation oviposition.  The mixed age cultures were
then incubated for seven weeks at 30°C and 55% r.h.  This incubation time allowed
complete development of any surviving insects and accounted for any slow
development that may be induced by PH3 exposure (Winks & Hyne 1997).  All
progeny from the mixed age cultures, including control progeny were counted.

Percent progeny survival for each gas mixture at each exposure time was
calculated by comparing progeny numbers with control progeny at each exposure
time.  The data were subjected to probit analyses using Wadley’s method (Finney
1971) to obtain estimates of LT 50 and LT 99.9 values using an in-house computer
program (Anon. 1993), these values being the time taken, in days, to control 50 and
99.9% of the population when exposed to each gas mixture.

RESULTS AND DISCUSSION

For all experiments, with or without CO2, progeny survival was inversely
proportional to exposure time (Table 1).  A full explanation of this summary data is
presented in the Appendix, Tables 3-5.  At three days there was little difference in
percent survival between PH3 and PH3 plus 10% CO2 (4.8% and 2.6% respectively)
(Table 1).  In contrast, at the same exposure time PH3 plus 5% CO2 achieved only
79% suppression of progeny.  Population extinction was achieved in five days with
PH3 alone but there was still a small proportion of insects surviving at five days in
the PH3 plus 5% CO2 treatment.  The LT 50 and LT 99.9 values indicate that there was
no significant difference (based on overlap of fiducial limits) in efficacy between
PH3 alone and PH3 plus 10% CO2 (Table 2).  In contrast, the LT 99.9 value for PH3
plus 5% CO2 was significantly higher.

The addition of 10% CO2 to PH3 produced no synergistic effect in reducing the
minimum exposure time for the control (LT99.9) of cultures containing all stages of
QRD 569.  However, exposure to 5% CO2 plus PH3 reduced the efficacy of PH3 by
extending the exposure time required to control all life stages.

Synergism of PH3 using CO2 has been reported a number of times (Athie et al.
1998; El-Lakwah et al. 1989; Kashi and Bond 1975; Mueller 1998; Rajendran 1989
and 1990; Rajendran and Muthu 1989; Ren et al. 1998).  However, these reports
have little relevance to field applications as their tests were only for short exposure
periods (24-72 h), usually on adults only of PH3 susceptible strains.  Because of this
no real comparison can be made between their results and mine.

Some comparison of the present study can be made with the research done by
Desmarchelier (1984).  He tested various stages of several species, including
R.!dominica for seven day exposures.  The addition of 25% CO2 to PH3 increased its
toxicity against all stages of R. dominica except eggs.  My results indicate that no
synergism of PH3 occurs with the addition of 10% CO2 or less.
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TABLE 1
Summary of percent survival of adult progeny from mixed age cultures of Rhyzopertha

dominica (QRD 569) exposed (7 weeks prior) to constant concentrations of PH3 (1 mg/L)
with CO2 (0, 5 and 10%) for various exposure times T (days). Replicate numbers (n) per

exposure are in parenthesis

Exposure time T (in days)Treatment
0 1.0 1.5 2.0 2.5 3.0 4.0 5.0

PH3 1mg/L 100%
(8)

100%
(2)

72%
(2)

52.6%
(2) - 4.8%

(11)
0.13%
(11)

0
(2)

PH3 1mg/L
CO2 10%

100%
(8)

100%
(5)

61.1%
(2)

40.3%
(7)

23.2%
(2)

2.6%
(2) - -

PH3 1mg/L
CO2 5%

100%
(6) - - 34.6%

(3) - 21.5%
(14)

5.7%
(14)

0.4%
(11)

TABLE 2
Results of statistical analyses of percent survival of adult progeny from mixed age cultures of

Rhyzopertha dominica (QRD 569) when exposed for a range of exposure times (T) to PH3
(1!mg/L) with CO2 (0, 5 & 10%)

Treatment LT50 (95% limits) LT99 .9(95% limits) Slope

PH3 1mg/L 1.98 (1.76-2.16) 4.40 (3.83-5.54) 8.93±1.23

PH3 1 mg/L
CO2 5% 1.77 (1.32-2.11) 8.75 (6.69-14.29) 4.46±0.71

PH3 1 mg/L
CO2 10% 1.8 (1.53-1.99) 5.14 (4.26-7.26) 6.79 (±1.07)

In contrast, bulk grain is regularly fumigated in China for long exposure periods
with low PH3 concentrations and using only 4% CO2 as a synergist (Jin Zuxun 1998).
The important feature of these fumigations is that during the exposure period the O2
level is reduced to less than 12% (referred to as ‘the double low technique’).  An
explanation of these contrasting results may be that synergism of PH3 also may occur
when O2 levels are lowered in the presence of CO2.  The apparent synergism of PH3
using 25% CO2 (Desmarchelier 1984) may be in reality due to the combined effects
of a lowered O2 concentration in the test chambers in addition to a toxic effect of
CO2.

The toxic effect of PH3 used in combination with CO2 and varying O2 levels is
poorly understood.  Further studies will include controlled laboratory trials of
combinations of low concentrations of these three gases against mixed age insect
cultures.
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APPENDIX

TABLE 3
Percent survival of QRD 569 progeny after exposure to 1 mg/L PH3 for various exposure

times (derived from comparing progeny numbers from treatments, with control progeny for
each exposure time)

Control PH3Exposure
time T (days) Progeny Mean

progeny Progeny Mean
progeny

% survival

1.0 1187, 929 1058 1908, 824 1366 100

1.5 1187, 929 1058 845, 680 762 72.0

2.0 1187, 929,
454 756 491, 592,

231, 276 398 52.6

3.0
500, 454, 1187,
929, 506, 420,

417
615

23, 53, 13, 3,
62, 4, 36, 13,

24, 53, 68
29.5 4.8

4.0 500, 454, 506,
420, 417, 639 510 0, 0, 2, 2, 0, 0,

1, 0, 0, 1, 1 0.65 0.13

5.0 639, 500, 506,
420, 417 496 0, 0, 0, 0, 0, 0,

0, 0, 0 0 0
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TABLE 4
Percent survival of QRD 569 progeny after exposure to 1 mg/L PH3 plus 10% CO2 for

various exposure times (derived from comparing progeny numbers from treatments, with
control progeny for each exposure time)

Control PH3Exposure
time T (days) Progeny Mean

progeny Progeny Mean
progeny

% survival

1.0 868, 620 744
1137, 1440,
1002, 1276,

1548
1302 100

1.5 846, 1019,
1120

995 469, 746 608 61.1

2.0
982, 868,

846, 1019,
1120

948
393, 443,
415, 322,

342, 323, 411
382 40.3

2.5 846, 1019,
1120

995 304, 157 231 23.2

3.0 982 982 30, 22 26 2.6

TABLE 5
Percent survival of QRD 569 progeny after exposure to 1 mg/L PH3 plus 5% CO2 for

various exposure times (derived from comparing progeny numbers from treatments, with
control progeny for each exposure time)

Control PH3 plus 5% CO2Exposure time
T (days) Progeny Mean

progeny Progeny Mean
progeny

%
survival

2.0 824, 949, 706 826 212, 330, 315 286 34.6

3.0
1050, 756,

698, 824, 949,
706

831
131, 120, 118, 97,

115, 185, 162, 136,
258, 212, 185, 321,

264, 197

179 21.5

4.0
1050, 756,

698, 824, 949,
706

831
20, 22, 36, 15, 14,
49, 135, 190, 37,
27, 31, 23, 25, 33

47 5.7

5.0 1050, 756, 698 835 5, 7, 4, 4, 1, 6, 0, 0,
4, 3, 0 3.1 0.4


