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ABSTRACT Two field strains of the Indianmeal moth, Plodia interpunctella (Hiibner); red flour
beetle, Tribolium castaneum (Herbst); and lesser grain borer, Rhyzopertha dominica (F.), and one field
strain of the rusty grain beetle, Cryptolestes ferrugineus (Stephens), were collected from hard red
winter wheat stored on farms in northeastern Kansas. Fifty eggs of P. interpunctella and 25 beetle adults
of each species were exposed to 100 g of untreated wheat or wheat treated with various rates of
spinosad, to determine susceptibility of the field and corresponding insecticide-susceptible laboratory
strains. Mortality of beetle adults and P. interpunctella larvae was assessed after 7 and 21 d postin-
festation, respectively. Field strains of P. interpunctella, C. ferrugineus, and T. castaneum were less
susceptible to spinosad than the corresponding laboratory strains. The LDy, and LDy values for P.
interpunctella and C. ferrugineus field strains were 1.7-2.5 times greater than values for corresponding
laboratory strains. Adults of both laboratory and field strains of T. castaneum were tolerant to spinosad,
resulting in <88% mortality at 8 mg/kg. The LDy, and LDg values for the field strains of T. castaneum
were 2.0-7.5 times greater compared with similar values for the laboratory strain. The field and
laboratory strains of R. dominica were highly susceptible to spinosad, and one of the field strains was
relatively less susceptible to spinosad than the laboratory strain. Our results confirm a range of
biological variability in field populations, which is consistent with findings for other compounds, and
underscores the need to adopt resistance management programs with stored grain insect pests. The
baseline data generated on the susceptibility of the four insect species to spinosad will be useful for

monitoring resistance development and for setting field rates.
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SPINOSAD 1S A REDUCED RISK insecticide based on me-
tabolites of a soil bacterium, Saccharopolyspora spi-
nosad Mertz & Yao (Mertz and Yao 1990). This bac-
terial insecticide has a unique mode of action with a
very low mammalian toxicity compared with other
insecticides (Bert et al. 1997; Salgado 1997; Thompson
et al. 1997, 2000). Laboratory and field data have
shown spinosad at 1 mg(|AI])/kg to be effective
against several major stored-grain insects (Fang et al.
2002a, b; Toews and Subramanyam 2003; Toews et al.
2003; Huang and Subramanyam 2004). Dow Agro-
Sciences (Indianapolis, IN), the manufacturer of spi-
nosad, was granted an experimental use permit (EUP)
by the United States Environmental Protection
Agency (U.S. EPA) (experimental use permit no.
62719-EUP-50) on 31 May 2002, for conducting trials
on farms to document the effectiveness of spinosad at
1 mg/kg on wheat, barley, oats, sorghum, and corn
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against stored grain insect pests. A registration appli-
cation has been submitted to the U.S. EPA to use
spinosad at 1 mg/kg as a grain protectant, and a de-
cision is expected some time before December 2004.

Notable geographical variation in susceptibility to
spinosad has been reported in several field crop in-
sects, such as the cotton bollworm, Helicoverpa ar-
migera (Hiibner) (Ahmad et al. 2003); diamondback
moth, Plutella xylostella (L.) (Shelton et al. 2000, Zhao
et al. 2002); and beet armyworm, Spodopera exigua
(Hiibner) (Mascarenhas et al. 1998, Moulton et al.
2000). The variation in susceptibility of field strains of
stored-grain insects to spinosad is not known. The
objective of this study was to determine the suscep-
tibility of field strains of four stored product insect
species, collected from two locations in northeastern
Kansas, to spinosad.

Materials and Methods

Insects. Adults of the Indianmeal moth, Plodia in-
terpunctella (Hiibner); rusty grain beetle, Cryptolestes
ferrugineus (Stephens); red flour beetle, Tribolium
castaneum (Herbst); and lesser grain borer, Rhyzoper-
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Table 1. Sources of stored-product insect strains used in bioassays with spinosad
Insect species Strain Date Source No. adults collected
P. interpunctella Laboratory >10 yr Department of Grain Science and Industry, Kansas
State University
Abilene 16 Sept. 2002 Farm bin with 2002 crop year hard red winter wheat 65
treated on 8 July 2002 with spinosad at 1 mg/kg
Morganville 16 Sept. 2002 Farm bin with untreated hard red winter wheat 43
C. ferrugineus Laboratory >10 yr Department of Grain Science and Industry, Kansas
State University
Abilene 13 Feb. 2002 Farm bin with 2002 crop year hard red winter wheat >200
treated on 8 July 2002 with chlorpyrifos-methyl at
3 mg/kg
T. castaneum Laboratory >10 yr Department of Grain Science and Industry, Kansas
State University
Abilene 16 Sept. 2002 Farm bin with untreated 2002 crop year hard red >200
winter wheat
Morganville 16 Sept. 2002 Farm bin with untreated 2002 crop year hard red >200
winter wheat
R. dominica Laboratory Department of Grain Science and Industry, Kansas
State University
Abilene 16 Sept. 2002 Farm bin with 2002 crop year untreated hard red >200
winter wheat
Abilene 13 Feb. 2002 Farm bin with 2002 crop year hard red winter wheat >200

treated on 8 July 2002 with chlorpyrifos-methyl at
of 3 mg/kg

tha dominica (F.), were collected from round metal
bins holding wheat at two locations, Abilene and Mor-
ganville, in northeastern Kansas (Table 1). Field-col-
lected insects were reared in 0.95-liter glass jars at
28°C, 65% RH, and a photoperiod of 14:10 (L:D) h in
the laboratory. Field strains of P. interpunctella were
reared on a poultry-mash diet (Subramanyam and
Cutkomp 1987). Eggs of P. interpunctella, produced by
the first generation of moths from the field-collected
strains, were used in bioassays. Cultures of C. ferrug-
ineus strains were reared on a mixture of 95% rolled
oats and 5% (by weight) brewer’s yeast; T. castaneum
was reared on a mixture of 95% wheat flour and 5% (by
weight) brewer’s yeast; and R. dominica was reared on
whole, hard red winter wheat. Bioassays with field
strains of C. ferrugineus and R. dominica were con-
ducted using the third generation adults, whereas the
second generation adults were used for T. castaneum.
Laboratory strains of the four insect species, main-
tained in cultures for over a decade without insecti-
cide exposure, were assayed simultaneously and
served as standard insecticide-susceptible strains. All
laboratory strains were reared on diets mentioned
above for each species.

Insecticide. Spinosad (SpinTor 2 SC) containing
240 mg ([AI])/ml was provided by Dow Agro-
Sciences. Insecticide dilutions were made in distilled
water.

Grain. Hard red winter wheat (variety Jagger) was
obtained from the Milling Laboratory in the Depart-
ment of Grain Science and Industry, Kansas State
University (Fang et al. 2002a). Dockage and broken
kernels were removed by manual sieving over a
0.21-mm round-holed aluminum sieve (Seedburo
Equipment Company, Chicago, IL). Cleaned wheat
was frozen for 1 wk at —13°C to kill any residual insect
infestation. Wheat was tempered and equilibrated to
13% moisture in environmental growth chambers
maintained at 28°C and 65% RH.

Hatchability of P. interpunctella Eggs. Three repli-
cates of 200 eggs each of laboratory and field strains of
P. interpunctella were placed in glass petri dishes (25
mm diameter X 10 mm high). These dishes were
placed on the surface of 100 g of untreated wheat
(treated with 0.1 ml of distilled water only) held in
0.45-liter glass jars, so that larvae hatching from eggs
could infest the wheat. These jars were placed in a
growth chamber maintained at the same conditions as
described above. Eggs hatching in each dish were
examined after 7 d. Percentage of egg hatchability was
calculated from the number of eggs that hatched out
of the total (200).

Bioassays. Wheat kernels were treated with spi-
nosad to provide nominal rates of 0, 0.0078, 0.016,
0.031,0.063,0.125,0.25, 0.5, 1, and 2 mg/ kg in bioassays
with P. interpunctella, C. ferrugineus, and R. dominica.
Two additional rates (4 and 8 mg/kg) were used in
bioassays with T. castaneum, because adults of this
species are known to be less susceptible to spinosad
than the other species (Fang et al. 2002a, b; Toews and
Subramanyam 2003).

Wheat (100 g), placed in separate 0.45-liter glass
jars, was treated with 0.1 ml of the insecticide solution.
Wheat treated with aliquots of distilled water served
as the control treatment (0 mg/kg). Jars containing
grain treated with the insecticide or distilled water
were placed in a plastic drum (38-liter capacity) that
was tumbled on a ball-mill roller for 10 min to ensure
uniform coverage of insecticide on the kernels. After
tumbling, 50 eggs (=24 h old) of P. interpunctella or 25
unsexed adults of each beetle species were introduced
into each jar containing 100 g of untreated or spinosad-
treated wheat. Infested jars were closed with wire
mesh and filter paper lids. Jars were incubated at 28°C,
65% RH, and a photoperiod of 14:10 (L:D) h. Wheat
infested with insects was sieved and examined 21 d
after egg introduction to count the number of live P.
interpunctella larvae or after 7 d to count the number
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Table 2. Probit regression estimates (mean * SE) for laboratory and field strains of four stored-product insect species exposed to

spinosad-treated wheat

Strain Total no. insects Intercept Slope LD, (95% CL) (mg/kg)  LDgs (95% CL) (mg/kg) X (df)

P. interpunctella

Laboratory 1,608 360+ 038  2.72+027 0.04 (0.03-0.06) 0.18 (0.12-0.30) 20.6 (5)%

Abilene 1,650 2.33 = 0.20 197 £0.15 0.07 (0.05-0.08) 0.45 (0.32-0.73) 24.8 (7)*

Morganville 1,728 2.80 = 0.25 2.37 = 0.20 0.07 (0.05-0.08) 0.33 (0.24-0.51) 28.2 (7)*
C. ferrugineus

Laboratory 875 312+019 276 +0.16 0.07 (0.07-0.08) 0.29 (0.25-0.36) 45 (5)

Abilene 875 242 +0.15 2.69 = 0.15 0.12 (0.11-0.14) 0.52 (0.44-0.64) 8.0 (5)
T. castaneum

Laboratory 1,125 —0.06 =004 1.14 %006 1.10 (0.93-1.32) 30.54 (20.36-50.24) 85 (7)

Abilene 625 —-1.12 £0.15 1.55 £0.27 5.31 (3.22-15.89) 61.18 (18.80-2981) 9.7 (3)*

Morganville 1,000 —1.00 = 0.08 1.15 £ 0.12 8.33 (4.73-14.16) 196.6 (69.6-1129) 11.1 (6)
R. dominica

Laboratory 857 457 +0.89 2.25 = 0.50 0.009 (0.003-0.015) 0.050 (0.029-0.233) 33.7 (5)*

Abilene® 500 785115 341+ 057 0.005 (0.004-0.006) 0.016 (0.013-0.020) 12 (2)

Abilene” 1,000 4.57 = 1.96 2.22 = 1.09 0.009° 0.048¢ 191.0 (6)*

* Goodness-of-fit of the probit model to dose/response data was significant (P < 0.05), indicating poor fit of the model to data.

“Strain collected from a bin holding untreated wheat.

b Strain collected from a bin holding wheat treated with 3 mg/kg of chlorpyrifos-methyl.

“The 95% CL for the lethal values could not be computed.

of live and dead beetle adults. Each insect strain by
spinosad rate combination was replicated five times,
and each replicate was treated separately.

Data Analysis. Proportion of P. interpunctella eggs
(x) of laboratory and field strains that hatched on
untreated wheat was transformed using arcsine (x°?)
to normalize treatment variances (Zar 1984), followed
by one-way analysis of variance (ANOVA) using the
GLM procedure (SAS Institute 1999), to detect dif-
ferences among insect strains. Treatment means were
separated using Fisher’s protected least significant dif-
ference (LSD) test at the a = 0.05 level.

The mean mortality for each insect species on spi-
nosad-treated wheat was corrected for mortality on
untreated wheat (Abbott 1925). Corrected dose/mor-
tality data were subjected to probit analysis (SAS
Institute 1999) for determining spinosad dose produc-
ing 50% (LDs,) and 95% (LDgys) mortality of insects
and the associated 95% confidence limits (CL). Sig-
nificant differences (a« = 0.05) among strains of each
insect species to spinosad were verified by comparing
individual probit regression models to a pooled model
(Draper and Smith 1981).

Results

Hatchability of P. interpunctella Eggs. Egg hatch-
ability varied among the three P. interpunctella strains
(F = 40.72; df = 2, 3; P = 0.0003). The egg hatchability
(mean = SE) of the laboratory strain was 97.0 = 1.0%,
which was significantly greater than that of the
Abilene (73.3 = 1.4%) and Morganville (76.8 * 2.9%)
strains. Egg hatchability of the two field strains was
similar (P > 0.05).

Responses of P. interpunctella. Mortality (mean +
SE) of larvae of the laboratory, Abilene, and Morgan-
ville strains on untreated wheat was 32.0 = 3.4,29.6 =
3.3, and 22.4 = 1.5%, respectively. The LDy, and LD
values among the field and laboratory strains ranged
from 0.04 to 0.45 mg/kg (Table 2). The LD values for

the two field strains were 2-2.5 times greater than that
of the laboratory strain. The probit regression models
of the two field strains were not significantly different
from one another (F = 0.37; df = 2, 14; P = 0.7).
However, the probit regression model of the labora-
tory strain was significantly different from that of the
Abilene (F = 11.3; df = 2, 12; P < 0.002) and Mor-
ganville strains (F = 10.81; df = 2, 12; P = 0.002).

Responses of C. ferrugineus. The mean * SE adult
mortality of the laboratory and field strains of C. fer-
rugineus on untreated wheat was 1.6 = 1.0 and 0.8 =
0.8%, respectively. Although adults of both C. ferrug-
ineus strains were highly susceptible to spinosad, the
LDy, or LDy value of the field strain was approxi-
mately two-fold higher than that of the laboratory
strain (Table 2). The probit regression model of the
field strain was significantly different from that of the
laboratory strain (F = 4.93; df = 2, 10; P = 0.032).

Responses of T. castaneum. T. castaneum adults were
relatively less susceptible to spinosad compared with
the other species tested. Adult mortality of the three
strains on untreated wheat was <4%. The LDy, and
LDy values among strains ranged from a low of 1.1 to
a high 0f 196.6 mg/kg (Table 2). Adults of the two field
strains were less susceptible to spinosad than the lab-
oratory strain. For example, the LDy values of the two
field strains were five- to eight-fold higher than that of
the laboratory strain. Similarly, the LDy values of the
field strains were two- to six-fold greater than that of
the laboratory strain. The probit regression model of
the laboratory strain was significantly different from
that of the Abilene (F = 38.78; df = 2, 10; P < 0.0002)
and Morganville strains (F = 47.22; df = 2, 13; P <
0.00001). However, the probit regression models of
the two field strains were not different from one an-
other (F = 3.30; df = 2, 9; P = 0.084).

Responses of R. dominica. Mortality of adults of the
three strains on untreated wheat was <3%. Adults of
all three strains of R. dominica were highly susceptible
to spinosad, with the LD, and LD, values ranging
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between 0.005 and 0.05 mg/kg (Table 2). The LDy,
and LDy values of the laboratory strain and the field
strain collected from wheat treated with chlorpyrifos-
methyl were essentially similar and 2-3 times greater
than that of the field strain collected from the un-
treated bin. The probit regression model of the labo-
ratory strain was different from that of the strain col-
lected from the untreated bin (F=19.41;df =2,7,P =
0.0014), but not from the strain collected from the
chlorpyrifos-methyl treated bin (F = 0.49; df = 2, 11;
P = 0.625). The probit regression models of the field
strains were significantly different from one another
(F=1127;: df = 2, 8; P < 0.005).

Discussion

Field strains of P. interpunctella, C. ferrugineus, and
T. castaneum were generally less susceptible to spi-
nosad than the corresponding laboratory strains. Our
findings are consistent with those reported in litera-
ture for field crop (Hasty et al. 1997, Shelton et al.
2000) and stored product insect pests (Subramanyam
et al. 1989, Beeman and Wright 1990) tested with
different insecticides. For example, Subramanyam et
al. (1989) reported that four field strains of the saw-
toothed grain beetle, Oryzaephilus surinamensis (L.),
collected from farm-stored barley, were less suscep-
tible to the grain protectant chlorpyrifos-methyl, com-
pared with a laboratory strain. Stored barley from
which the four field strains of O. surinamensis were
collected had not been treated with chlorpyrifos-
methyl, because at the time of insect collection this
insecticide was not yet approved for grain treatment.

Differences in susceptibility observed among R. do-
minica strains is not of practical significance, because
our current study and that of others (Fang et al. 2002a,
b; Toews and Subramanyam 2003) has shown this
species to be highly susceptible to spinosad at low
rates. Although T. castaneum adults were less suscep-
tible to spinosad, the 1 mg/kg rate is effective in
preventing progeny production as shown in labora-
tory and field trials (Fang et al. 2002 a, Flinn et al.
2004), because larvae hatching from the eggs are
highly susceptible to spinosad. Therefore, the 1 mg/kg
rate should be effective in preventing population
growth of T. castaneum despite survival of adults at this
rate.

Resistance to various insecticides has been docu-
mented in P. interpunctella larvae and C. ferrugineus
and T. castaneum adults (Subramanyam and Hagstrum
1995). The decreased susceptibility of field strains of
these three species to spinosad is not likely caused by
cross-resistance, because several field insects that are
resistant to conventional insecticides do not show any
cross-resistance to spinosad due to its novel mode of
action (Scott 1998, Liu and Yue 2000, Scott et al. 2000,
Hardee et al. 2001, Wei et al. 2001, Levot et al. 2002).
Spinosad is toxic to insects by its action on the insect
nervous system at the nicotinic acetylcholine receptor
and GABA receptor sites (Salgado 1997, 1998).

Geographic variation in susceptibility to insecti-
cides is common, and such variability also has been
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observed in several insect pests exposed to spinosad
(Sparks et al. 1996, Mascarenhas et al. 1998, Moulton
et al. 2000, Shelton et al. 2000, Zhao et al. 2002, Ahmad
et al. 2003). For example, larvae of a strain of S. exigua,
collected from a cotton field in Lyford, TX, was 3.6-
fold more tolerant to spinosad than a laboratory strain
(Sparks et al. 1996). Third instars of two of seven field
strains of this moth pest collected from Alabama, Cal-
ifornia, Louisiana, Texas, and Rio Bravo, Mexico, were
2.3- to 3.3-fold more tolerant to spinosad than a lab-
oratory strain that had been reared without exposure
to insecticides for 5 yr (Mascarenhas et al. 1998).
Moulton et al. (2000) also reported that second instars
of seven field strains of S. exigua collected from United
States and Thailand were 2.5- to 72-fold more tolerant
to spinosad than the laboratory strain. The LCy, values
for second instars of P. xylostella in seven of nine
field-collected strains from California, where spinosad
was not used before the collections were made, was
10.6- to 14.7-fold higher than that of a laboratory strain
(Geneva 88). The Geneva-88 laboratory strain was
reared for 199-206 generations before use in bioassays
(Shelton et al. 2000).

The laboratory insect strains used in the current
study had been reared on insecticide-free diets for
over a decade. Low genetic diversity due to inbreed-
ing of laboratory strains could explain their increased
susceptibility to spinosad when compared with the
field strains. The decreased susceptibility to spinosad
in field strains implies that the minimum effective rate
of spinosad determined using laboratory strains may
provide less than satisfactory control of the field
strains. For example, spinosad at the currently pro-
posed label rate of 1 mg/kg was effective against the
laboratory strains of P. interpunctella (Fang et al.
2002a, 2002b), whereas our current study showed spi-
nosad at this rate did not provide 100% egg-to-larval
mortality of the two field strains. Spinosad rates that
result in survival of a few individuals may, over time,
lead to development of resistance to this insecticide.

Nearly 25% or more of the insecticide is lost during
application to the grain (Thomas et al. 1987, le Pa-
tourel 1992, Collins and Cook 1998). Thus, wheat
treated with the spinosad solution to obtain the pro-
posed label rate of 1 mg/kg will likely result in less than
the target dose immediately after application. Fur-
thermore, uneven application and coating of insecti-
cide residue on individual kernels, because of differ-
ences in kernel shape and size, could further reduce
insecticide residues in some parts of the grain mass. In
arecent field study, the actual spinosad deposit levels
on wheat immediately after treatment at the 1 mg/kg
application rate ranged from 0.4 to 0.8 mg/kg (Flinn
et al. 2004). Therefore, field application rates should
be carefully calibrated to minimize insecticide loss
that occurs during application so that the target rate
(e.g., 1 mg/kg) can be deposited on the grain. Our
findings highlight the importance of determining the
most appropriate rate suitable for controlling field
strains of insects. The baseline data presented here for
laboratory and field strains can be used to monitor
changes in susceptibility of the four insect species in
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Kansas, once spinosad is registered and used for man-
aging insects in stored wheat.
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