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Abstract: Highly phosphine-resistant population&bf/zopertha dominicg.)
(Coleoptera: Bostrichidae) afddibolium castaneunfHerbst) (Coleoptera:
Tenebrionidae) have recently been found in Oklahgraan storage facilities. These
findings necessitate development of a phosphiristeege management strategy for
continued effective use of phosphine. Thereforg,gtudy investigated the efficacies of
two grain insecticides, namely, spinosad and clytfigs-methyl + deltamethrin against
highly phosphine-resistai®. dominicaandT. castaneumObservations showed that both
spinosad and chlorpyrifos-methyl + deltamethrinseali83-100% mortality in resistant
R. dominicaand caused total progeny production suppressioallfpost-treatment
storage periods: 2, 84, 168, 252, and 336 d. HowaveesistanT. castaneumthe

highest mortality caused by spinosad was only 38allcstorage periods. Chlorpyrifos-
methyl + deltamethrin was effective against resista castaneunonly in treated wheat
stored for 2 and 84 d where it caused 93-99% mtyt&lowever, chlorpyrifos-methyl +
deltamethrin achieved total suppression of progeoguction inT. castaneunrat all
storage periods. Spinosad was not as effectivalagpyrifos-methyl + deltamethrin at
suppressing progeny production of resistantastaneumExperiments were also
conducted to measure population growth and devedopahrates of phosphine-resistant
and -susceptible populations in a phosphine-fre@@mment in order to assess the
fitness effects caused by phosphine resistandeesettwo species. Three resistant
dominicapopulations tested exhibited lower population gfoand developmental rates
than the susceptible population indicating fitnesst in resistant insects. However, the
only resistant. castaneunpopulation tested exhibited a higher populatioowgh and
developmental rates than the susceptible populaidinating fitness benefit in resistant
insects. This means phosphine resistance develdpm@ndominicapopulations where
resistance has not developed can be slowed byudre use of phosphine, whereas it
can be mitigated by suspending phosphine use tendgd periods of time in resistant
populations. However, the same is not truelfotastaneumFor both scenarios, the most
appropriate option is to eliminate the resistadividuals, for example, by using spinosad
or chlorpyrifos-methyl + deltamethrin. These twseanticides can be used in a phosphine
resistance management strategyRodominicaandT. castaneunin the U.S.
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CHAPTER |

INTRODUCTION

Wheat is a major crop grown in Oklahoma. In 201@aB@oma produced 4.2
million tons (155 million bushels) of winter whe@dtriticum aestivuni.) worth $1.2
billion and ranked number two in the U.S. for protilon of this crop (National
Agricultural Statistics Service [NASS] 2013). Wheatrage time in Oklahoma on
average ranges from 6 to 12 months and storagesoaader relatively high temperature
conditions thereby increasing the risk of seriaiestation by stored-product insect pests
(Cuperus et al. 1990). Therefore, insect pest manageis important in mitigating
economic losses associated with storage. In Oklahphosphine (hydrogen phosphide
or PH) fumigation is the preferred method for the cohtfansect infestations, and
stored wheat in commercial storage facilities mifyated on average three times a year
(Cuperus et al. 1990). Given that methyl bromidebien phased out and there are no
alternatives with the combined advantages of phaosplt is critical that the

effectiveness of phosphine be maintained. Sombkechtivantages of phosphine include



low cost, easy application, lack of residuss] it can be applidd many types of grain
storage structures and on many commodities (Chs&{00, Collins et al. 2001, Nayak

and Collins 2008).

The popularity of phosphine has had the uninteredtestt of resistance
development in stored-product insect pests. Regaaddficient fumigations, including
fumigating leaky structures, has over the yearslted in the development of resistant
insect populations (Taylor 1989, Chaudhry 2000,Hadima et al. 2004). Resistance to
phosphine started to be documented in stored-ptaasects worldwide in the early
1970s (Champ and Dyte 1976). In the U.S., low eweélresistance to phosphine in
stored-grain insects collected in Oklahoma wesd feported in the 1980s (Zettler and
Cuperus 1990). Recently strong phosphine resistaasdound inRhyzopertha
dominica(F.) (Coleoptera: Bostrichidae), the lesser gbairer,and Tribolium castaneum
(Herbst) (Coleoptera: Tenebrionidae), the red floegtle, which are key insect pests of
stored grains in Oklahoma (Opit et al. 2012a). Aylation of T. castaneunthat was 119
times more resistant to phosphine compared toubeeptible population and three
populations oR. dominicathat were 254, 910, and 1,519 times more resititantthe
susceptible population were found in insects ctdédrom commercial grain storage

structures in Oklahoma (Opit et al. 2012a).

The occurrence of phosphine-resistant pest popuakafresents challenges to the
continued effective use of this fumigant. As prexly mentioned, phosphine is an
important tool for the management of stored-gragect pests. Phosphine causes
respiratory stress in the target insect by disngpthe mitochondrial electron transport

chain (Chefurka et al. 1976, Chaudhry 1997). Theharisms for phosphine resistance
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within resistant insects include active respirat@xglusion of phosphine resulting in less
uptake of the gas, a lower respiration rate irstast insects compared to their
susceptible counterparts, and phosphine detoxiicgPrice 1984, Chaudhry and Price
1990, Chaudhry and Price 1992, Pimental et al. R@Biven the discovery of strong
resistance to phosphine in stored-product insestspe the U.S., it is important to
develop a phosphine resistance management striateggure the continued effective

use of this fumigant and to maintain its cost-dffemess.

Development of a phosphine resistance managenratggy, involves finding
ways to maintain a large percentage of suscemtbled-product insect pests in grain
storage structures (Opit et al. 2012b). In scesasibere phosphine resistance has already
been detected, strategies are implemented to @tmihe resistant insect populations by
use of alternative treatment methods which havéferent mode of action than that of
phosphine (Opit et al. 2012b). Spinosad is a piatiealternative insecticide for the
elimination of phosphine-resistant insects. Spidasa proven effective grain protectant
that provides long-term protection against varispecies of stored-product insect pests
on different grain varieties (Fang et al. 200282 Nayak et al. 2005, Subramanyam
2006, Vayias et al. 2010). Spinosad is labeledi$ar at an application rate of 1 ppm
(Hertlein et al. 2011). Another alternative inseicte is a mixture of chlorpyrifos-methyl
(3 ppm) (an organophosphate) and deltamethringimd) (a pyrethroid) labeled for use

on stored wheat at an application rate of 3.5 ppabfamanyam 2007, 2012).

Long-term frequent use of an insecticide exposeatgr numbers of insects to
selection pressure thereby increasing the ratesistance development (Tabashnik

1990). This suggests that withholding the use afsphine for an extended period may
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reduce the selection pressure (Opit et al. 202)sphine resistance development in
insect populations where resistance has not deedlogn be slowed by infrequent use of
phosphine, whereas it cannot be mitigated by subpgmphosphine use for extended
periods of time in resistant populations with feadenefit (Pimental et al. 2007, Sousa et
al. 2009, Opit et al. 2012b). However, to deterniiribis assertion is true, a fithess cost
or benefit associated with phosphine resistancdstebe determined when phosphine
resistance is present within an insect populatféithholding phosphine use for long
periods of time does not always mitigate phosph&sestance in resistant populations, for
example in insects where resistance confers asBthenefit (Jagadeesan et al. 2012).
Where insecticide resistance confers a fitnessflieiés likely that resistance will
stabilize and become widespread rendering the ticgz ineffective (Arnaud et al.

2002). Insecticide resistance management seeksaitdam a large percentage of
susceptible insects in target populations and ascatharios of widespread resistance
(Opit et al. 2012b). This can be accomplished lepidying ways to prevent resistance
from developing rapidly in susceptible populati@msl methods to eliminate resistant

populations where they occur.

An important concern in grain processing and steffagilities is detection and
monitoring of insect pest populations which faatis making correct management
decisions and accurate evaluation of the effecassrof the integrated pest management
programs for these facilities (Barak et al. 199a@npbell et al. 2002). Insect traps have
been developed commercially for the detection anditaring of stored-product insects
such adl. castaneumnwhich is a common pest in grain processing ancgeofacilities

(Mullen 1992). However, insect pests have low respdo these commercially available



traps (Semeao et al. 2011, Duehl et al. 2011, Cethpb12). Low trap catches give less
accurate information on infestation levels in mored facilities. Investigating the
effectiveness of traps to monitor insect peststé for the identification of the most
effective traps that provide more accurate poputegistimate data that improve pest

management decision making.

Objectives

As previously stated, resistance to phosphineadredtproduct insect pests is a
threat to grain storage in the U.S. Detection afrgj phosphine resistance in key stored-
grain pests, namelfR. dominicaandT. castaneumin Oklahoma necessitates the
development of a phosphine resistance managemateggt for the U.S. to ensure
continued effective use of phosphine. Knowledgtheffitness effects associated with
insecticide resistance in insect populations aedtification of tools that mitigate
resistance development are necessary for developsigfance management. In addition,
identification of effective tools that facilitatetkction and monitoring of insect
infestations in grain processing and storage faslis essential for successful integrated
pest management in monitored facilities (Barak.et290, Campbell et al. 2002). Given
the importance of a phosphine resistance managestrategy to Oklahoma and wheat-
growing regions of the U.S. and the significancenohitoring pest populations to
integrated pest management in grain processingt@nage facilities, relevant studies

were conducted to address these issues.



The objectives are:

Objective 1:

Evaluate efficacies of the grain protectant inggais spinosad and chlorpyrifos-methyl
+ deltamethrin against phosphine-resistant ancceqibleR. dominicaandT.

castaneuntollected from Oklahoma.

Objective 2:

Measure population growth rates and developmeatas rof phosphine-resistart
dominicaandT. castaneungollected from Oklahoma to determine whether phosp

resistance confers a fithess cost or benefit ihnasphine-free environment.

Objective 3:

Compare effectiveness of three types of traps teseatbnitorT. castaneunn grain

processing and food storage facilities.
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Abstract

Highly phosphine-resistant populationsRifyzopertha dominicg.)
(Coleoptera: Bostrichidae) afddibolium castaneunfHerbst) (Coleoptera:
Tenebrionidae) have recently been detected in @khahgrain storage facilities. These
findings necessitate development of a phosphiristeege management strategy to
ensure continued effective use of phosphine. Ttadysdetermined the efficacies of two
grain insecticides, namely, spinosad applied atlledie of 1 ppm and a mixture of
chlorpyrifos-methyl and deltamethrin applied atdbtates of 3 and 0.5 ppm,
respectively, against highly phosphine-resisRntlominicaandT. castaneumAdult
mortality and progeny production suppression ofiggad- or chlorpyrifos-methyl +
deltamethrin mixture-treated wheat that had beeredtfor 2, 84, 168, 252, and 336 d
post-treatment were assesdétvas determined that both spinosad and chlorpsgxif
methyl + deltamethrin were effective against phasphesistank. dominicaand caused
83-100% mortality and also caused total progendyecton suppression for all storage
periods. Spinosad was not effective against phospiasistant. castaneurthe highest
mortality observed was only 3% for all the storpgeiods. Chlorpyrifos-methyl +
deltamethrin was effective against phosphine-rasidt. castaneunonly in treated wheat
stored for 2 and 84 d where it caused 93-99% nityrtdlowever, chlorpyrifos-methyl +
deltamethrin was effective and achieved total seggion of progeny production in
castaneundor all the previously mentioned storage peri&jsinosad was not as
effective as chlorpyrifos-methyl + deltamethrin moive at suppressing progeny
production of phosphine-resistantcastaneumrhese two insecticides can be used in a

phosphine resistance management strategR foominicaandT. castaneunn the U.S.
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Introduction

Oklahoma produced 4.2 million tons (155 million belks) of winter wheat
(Triticum aestivuni.) worth $1.2 billion in 2012 (National Agricultal Statistics
Service [NASS] 2013). In Oklahoma, phosphine gasiiidgen phosphide or BHs the
preferred method to fumigate stored grain to masageed-product insect pests. Stored
wheat in commercial grain storage facilities in &dma is fumigated using phosphine
on average 3 times each year (Cuperus et al. 1B@Wever, low levels of resistance to
phosphine started to be documenteRInyzopertha dominicé.) (Coleoptera:
Bostrichidae), the lesser grain borand Tribolium castaneunfHerbst) (Coleoptera:
Tenebrionidae), the red flour beetle collected kia@oma in the 1980s (Zettler and
Cuperus 1990). Resistance levels seem to haveasenieover the years because in 2009-
11, strong phosphine resistance was fouri®.idominicaandT. castaneunaollected
from commercial grain storage structures in Oklabd@pit et al. 2012a). A population
of T. castaneunthat was 119 times more resistant to phosphinepaosad with a
susceptible population and three populationR.alominicahat were 254, 910, and
1,519 times more resistant than the susceptiblalptpn were detected in Oklahoma
(Opit et al. 2012a). It is likely that resistaniyodations of these pest species occur in

other parts of the U.S. as well.

The occurrence of phosphine resistance in pestlgimus presents challenges to
the continued effective use of this fumigant. Plnis@ fumigation is an important tool
for the management of stored-grain pests. Govertaheggulation of pesticides has
significantly contributed to the common use of gitoee worldwide because it led to the

loss of older fumigants (carbon tetrachloride, cardisulfide, ethylene dichloride, and
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ethylene dibromide), the declining use of methyrbide, reduced use of residual contact
insecticides because of harmful residues they leaf@d, and the lack of alternative
fumigants that are cost-effective, easy to apggyé no residues, and can be used in a
wide range of storage types and commodities likesphine (e.g., Collins et al. 2001,

Fields and White 2002, Nayak et al. 2003, Philapd Throne 2010).

Phosphine kills insects by causing respiratorysstriue to its disruption of the
oxidative process occurring within living cellspeocess by which the chemical energy
of organic molecules is released in a series odbwic steps involving the consumption
of oxygen and the liberation of carbon dioxide arader (Chefurka et al. 1976, Chaudhry
1997, Schlipalius et al. 2008). Resistance lintitséffectiveness of phosphine as a
stored-product insect pest management tool, aschts become a problem in various
parts of the world (Collins et al. 2001, Pimentahle 2010, Opit et al. 2012a). In order to
effectively use phosphine in the future, a phosphesistance management strategy for
the U.S. needs to be developed in order to maimtigh proportion of susceptible

insects in pest populations.

An important component of phosphine resistance g@mant involves the
elimination of phosphine-resistant insects. Exaspleways that could be explored to
eliminate phosphine-resistant insects include rétiere fumigant gases (sulfuryl
fluoride) and residual long-acting insecticidestsas spinosad and a mixture of
chlorpyrifos-methyl (21.6%) and deltamethrin (3.7%pinosad is a biologically derived
insecticide from a soil actinomyceteaccharopolyspora spinoddertz and Yao
(Bacteria: Actinobacteridae) (Mertz and Yao 199@)ich is toxic to insects by contact

as well as ingestion (Toews and Subramanyam 2@0&)ts on the nicotinic
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acetylcholine and gamma amino butyric acid (GAB&gaptor sites of the insect nervous
system initially causing involuntary muscle contiaes and tremors by hyperexcitation
of the central nervous system, and after contininypgrexcitation, insects become
paralyzed due to neuromuscular exhaustion (Sal@@€8). Spinosad was registered by
the U.S. Environmental Protection Agency (E.P.Ar)dse on stored grains in 2005, but
it has not yet been made commercially availabletdube delay in approval of all
international trade agreements (Hertlein et al.120A mixture of chlorpyrifos-methyl
(21.6%) and deltamethrin (3.7%) is labeled for oisestored wheat and for structural
treatment of grain storages. The active ingreditdrpyrifos-methyl is an
organophosphate which acts as an acetylcholinesta@nhibitor causing hyperexcitation
leading to paralysis of insect neurons (O’'Brien@Q@&nd deltamethrin is a pyrethroid
which affects the insect neuromuscular system bp@as a sodium channel modulator
causing hyperexcitation and tremors followed byapais (Narahashi 1971). The fact
that spinosad, organophosphates, and pyrethrdidadects in a different manner than
phosphine suggests they have a greater likelihbetiminating phosphine-resistant

insects.

The effectiveness of spinosad as a grain proteeagaihst various species of
stored-product insect pests on different graingal established (Fang et al. 2002a,
2002b; Nayak et al. 2005, Subramanyam 2006, Vagtiat 2010), but these studies have
not specifically investigated efficacy against ghtuse-resistant stored-product insect
pests. Additionally, there are no published studieefficacy of chlorpyrifos-methyl +
deltamethrin mixture against phosphine-resistaestproduct insect pests. Therefore,

this study was initiated to evaluate efficaciesdifjuid formulation of spinosad and a
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mixture of chlorpyrifos-methyl and deltamethrin aggt phosphine-resistaand -

susceptible aduR. dominicaandT. castaneuncollected from Oklahoma.

Materials and Methods

Insects.One phosphine-resistant population and one phogghsceptible strain
of R. dominicaandT. castaneumwere used in this study. The phosphine-resistast a
susceptibldRk. dominicawill subsequently be referred to as Rd-res and&]-
respectively. In the case ®f castaneunthese will be referred to as Tc-res and Tc-sus,
respectively. Cultures of Rd-res and Tc-res weagesd using insects collected from
concrete silos in Garfield Co., OK in 2009. Culsio# Tc-sus and Rd-sus were started
using insects obtained from laboratory culturestaaned at the Center for Grain and
Animal Health Research (CGAHR) of the USDA Agriculil Research Service,
Manhattan, KS. Cultures of these susceptible ftfaave been maintained since 1958
and 1972, respectively. castaneurwere reared on a mixture of 95% all-purpose wheat
flour and 5% Brewer’s yeast (wt/wt) at 28°C and 6B% andR. dominicavere reared
on a mixture of 95% whole-wheat kernels and 5% Brésweast at 28°C and 65% RH.
Voucher specimens of Rd-res, Rd-sus, Tc-res, argl$¢hat were used in this study
were deposited in the K. C. Emerson Entomology Mosat Oklahoma State University

under lot numbers 122, 126, 129, and 136, respaygtiv

Insecticides.Efficacies of spinosad (Sensat™; 88.33 Al Conayd
CropScience) applied at a label rate of 1 ppm dhatgyrifos-methyl + deltamethrin
mixture (Storcide™ II; 253 Al Conc.; 21.6% chlorggs-methyl and 3.7% deltamethrin;

Bayer CropScience) applied at a label rate 3 ppohlfrpyrifos-methyl and 0.5 ppm of
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deltamethrin for control of phosphine-resistant aswsceptible aduR. dominicaandT.
castaneumwere evaluated. Both Sensat™ and Storcide™ |l wiuged using distilled

water and these solutions were used to treat wheat.

Insecticide Applications.Three 3.8-liter jars and three 2.5-kg batches cfath
were assigned to each of the aforementioned irs#es (spinosad or chlorpyrifos-
methyl + deltamethrin). The application of spinosadahlorpyrifos-methyl +
deltamethrin will be referred to as “treatmentthalugh they are not true treatments as
defined in statistics. Adequate insecticide treatinodé each 2.5-kg batch of wheat added
to each jar required 2.5 ml of insecticide solutiBonjour and Opit 2011). Therefore, to
treat 2.5 kg of wheat added to each of the jarngmesd to the spinosad treatment at a
label rate of 1 ppm, 0.6 ml of pesticide was miwnetth 50 ml of water and 2.5 ml of the
solution was taken and applied to the sides of @aclror the chlorpyrifos-methyl +
deltamethrin mixture treatment, 0.7 ml of pestioides mixed with 50 ml of water and
2.5 ml of the solution was taken and applied tosides of each jar, to attain an
application rate of 3 ppm of chlorpyrifos-methylda®.5 ppm of deltamethrin. Additional
three 3.8-liter jars and three 2.5-kg batches cfathvere assigned to the control and 2.5
ml of distilled water was taken and applied to sftes of each jar (Bonjour and Opit

2011).

After the application of 2.5 ml of insecticide stdun or water to the sides of each
3.8-liter jar, 2.5 kg of wheat was added to eaclafa the jar was sealed. Each jar was
then turned end over end 10 times and then rotafalll revolution 10 times (Bonjour
and Opit 2011). Jars were left for 2 h and they there turned and rotated as previously
mentioned (Bonjour and Opit 2011). Sealed jarsedted wheat were kept in an
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incubator maintained at 28 + 1°C, 65% + 5% RH, 2ad of darkness for storage during

the experiment.

The experiment had five post-treatment storageodsrof 2, 84, 168, 252, and
336 d (referred to as storage periods hereaftbgs@ storage periods corresponded to
spinosad- or chlorpyrifos-methyl + deltamethrin tane-treated wheat that was stored for
2, 84,168, 252, and 336 d post-treatment befagewiseat for the control treatment was
also stored for the same storage periods. Priosittg treated wheat after each storage
period, the 3.8-liter jars were rotated end ovet £ times before removing wheat for
the experiment. For each storage period, a totdiret replications for each strain or
population ofR. dominicaandT. castaneunfRd-res, Rd-sus, Tc-res, and Tc-sus) were
set up. One replication came from the grain in edch8-liter jars for each treatment (for
example, three 3.8-liter jars were treated witlmgpad and 100 g of grain were then
taken from each of the three different 3.8-litesjfor a given treatment and separately

placed in a 236.6 ml jar).

BioassaysThe experimental unit utilized for eaBh dominicaandT. castaneum
strain or population used in the experiment wa8&@&ml glass jar containing 100 g of
treated wheat. For jars receiviRgdominicg 100 g of treated whole kernels was used,
and the jar lids were fitted with a circular piexfdJ.S. Standard #40 mesh copper screen
sandwiched between two pieces of filter paper.j&@rreceivingl. castaneum95s g of
treated whole kernels and 5 g of ground treatedetemwere used, and jar lids were fitted
with two pieces of filter paper. Ground kernels @ebtained by grinding kernels for 30 s
using an electric blender (Hamilton Beach 909 ClatiCommercial Blender,

HamiltonBeach/Proctor-Silex, Inc., Southern PingS).
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For each storage period, 50 adult insects weredatddigeated grain in each
236.6-ml jar and held for 1 wk. Beetles were apprately 2-3 mo old and were
obtained from laboratory colonies. Jars were rarigqtaced in a plastic box containing
a saturated solution ebdium nitrite (NaN@) below perforated false floors to maintain
65 = 5% RH (Greenspan 1977). The box was placead imcubator maintained at 28 +
1°C. After 1 wk, adult mortality was determined.uAidnsects were removed from the
jars and counted as live, moribund, or dead. Mariband dead adults were then placed
in a 9-cm Petri dish containing a piece of filtappr moistened with 0.5-ml of water.
Those insects were re-evaluated after 24 h forvergo Jars were then held for an
additional 6 wk at the incubator conditions mengidmbove after which the number of
progeny was counted. Environmental conditions éititubator were monitored using a
temperature and relative humidity sensor (HOB{12, Onset Computer Corporation,
Bourne, MA) and a digital thermometer (Mini-alarhetmometer with probe, Fisher

Scientific 15-007-32).

Data Analyses.Control mortality did not exceed 3% in all cased &reatment
mortalities were corrected using Abbott’s formudott 1925). All statistical
procedures were accomplished using Statistical ysmaSystem software (SAS Institute
2010). The mortality data were analyzed separ&telgach species using General Linear
Model (GLM) procedure for a three-way analysis afi@ance (ANOVA) for treatment
(type of insecticide), storage period, and resi#astatus as main effects. Percent
mortality data were transformed using the arcsquage-root transformation to stabilize
variances. Untransformed means and standard em@rgported to simplify

interpretation. Least significant difference (LSB3$t was used to determine differences
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among mean adult mortalities. Despite storage gdyeng a quantitative independent
variable, regression analyses were not conductad.Was because regression equations
were not particularly meaningful as responses ftloenexperiments usually were either
minimal or not in a pattern that were easily déssxutiby regression equations. In progeny
production (number of progeny) data analyses, timéral treatment was included. Her
dominicaprogeny production data, only the control treathuata were analyzed,
because spinosad and chlorpyrifos + deltamethsulted in total suppression of progeny
production. Spinosad and chlorpyrifos + deltametiwere considered effective if the

insecticides attained adult mortality and progerodpction suppression of at least 80%.

Results

Rhyzopertha dominica. For mortality counts, all main effects and alkirgctions
were significant aP < 0.05, with the exception of resistance stattreatment and
resistance status x storage period (Fig. 1; Tapl8dinosad (1 ppm) was effective
against phosphine-resistaRt dominicdor all storage periods and adult mortality ranged
from 96 to 98% for all storage periods (Fig. 1Aingar results were obtained for
phosphine-susceptibR. dominicavhere mortality was 99% for all storage periodsg.(F
1A). Chlorpyrifos-methyl (3 ppm) + deltamethrin§Jopm) was effective against both
phosphine-resistant and -susceptiRledominicafor all storage periods (Fig. 1B).
However, effectiveness of chlorpyrifos-methyl +tdelethrin declined from 100 to 83%
from the first to last storage periods in the plsg-resistanR. dominicaand 100 to
84% in phosphine-susceptible insects of this sp€Eig. 1B). Both spinosad and
chlorpyrifos-methyl + deltamethrin resulted in iatappression of progeny production in
the phosphine-resistant and -suscepfibldominicafor all storage periodsn relation to
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R. dominicgprogeny production in the control treatment, theeee significantly more
susceptibldRk. dominicahan their resistant counterparts at all storag@gs except 336
d (Fig. 2; Table 2)Despite the lack of a significant difference in 886-d storage
period, the number of progeny in the suscepfildominica135 £ 46) was numerically
higher than in the resistaRt dominica91 + 10) (Fig. 2). For all storage periods, the
number of progeny in the susceptiBledominicaranged from 135 to 587 and in the

resistanR. dominicafrom 70 to 228 (Fig. 2).

Tribolium castaneum. For mortality counts, only treatment (type of icisede),
storage period, and treatment x storage period signéficant atP < 0.05, i.e. resistance
status had no effect on mortality (Fig. 3; TableSpinosad (1 ppm) was not effective
against phosphine-resistarid -susceptibl&. castaneurmortality ranged from 0.2 to
3% for all the storage periods (Fig. 3A). Chlorpysimethyl (3 ppm) + deltamethrin (0.5
ppm) was effective against phosphine-resisaack -susceptiblé. castaneunonly in the
2- and 84-d storage periods where mortality rarfged 93 to 100%; thereatfter,
mortality significantly declined and ranged betw@énand 45% (Fig. 3B). In relation to
progeny production, all main effects and interadiavere significant & < 0.05, with
the exception of storage period and treatment ragioperiod (Table 2). Chlorpyrifos-
methyl + deltamethrin resulted in total suppressibprogeny production in both
phosphine-resistamind -susceptibl&. castaneunpopulation at all storage periods.
Spinosad caused total progeny suppression of pimesghsceptibld. castaneunn the
168-, 252-, and 336-d storage periods (Fig. 4Ajhn2- and 84-d storage periods,
phosphine-susceptible castaneunprogeny production declined with storage time from

15 to 2 (Fig. 4A). In the spinosad treatment, phasg-resistant. castaneurprogeny
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were produced at all storage periods but progeogiymtion generally declined as storage
period increased (Fig. 4A). In the control treatinphosphine-resistafit castaneum
producedsignificantly more progeny than their susceptilearterparts at all storage
periods except 252 d (Fig. 4B; Table 2). Despitelitk of a significant difference in the
252-d storage period, the number of progeny irr¢lestantl. castaneun(147 + 8) was
numerically higher than in the susceptiblecastaneun(118 = 5) (Fig. 4B). The number
of progeny in the former, for all storage perio@dsged from 147 to 207 and in the latter

59 to 118 (Fig. 4B).

Discussion

Phosphine-resistant and -suscept®lelominicaandT. castaneuncan be
effectively controlled using a mixture of chlorpigs-methyl (3 ppm) and deltamethrin
(0.5 ppm). However, only phosphine-resistant andcsptibleR. dominicacan be
effectively controlled using spinosad (1 ppm). Thessults are in agreement with earlier
observations on the effectiveness of spinosad atRirdominicaFang et al. 2002a,
Nayak et al. 2005, Subramanyam et al. 2012). Ipthsent study, spinosad caused high
mortality and complete progeny suppression of phimspresistant and -susceptilite
dominicaat all the five post-treatment storage period842,168, 252, and 336 d).
Effectiveness of spinosad showed no significantideover time in both phosphine-
resistant and -susceptildRe dominicaA field study conducted in Oklahoma using hard
red winter wheat in small grain storage bins (dréstor 169 bushels) demonstrated that
stored wheat treated with 1 ppm of spinosad coralylepntrolledR. dominicaadults
and progeny production for all the post-treatméntagye periods (28, 84, 182, 252, 336,
and 672 d) (Bonjour et al. 2006).
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Based on the data within this study, spinosad wagffiective against phosphine-
resistantand -susceptibl&. castaneumlLow efficacy of spinosad againkt castaneum
has previously been reported (Nayak et al. 200bré8nanyam et al. 2012). Although
spinosad (1 ppm) was not effective against alluttastaneurit resulted in significant
suppression of progeny production in phosphinestastT. castaneunmProgeny
production of phosphine-resistaht castaneunm the 168-, 252-, and 336-d storage
periods decreased by 98, 99, and 98% respectnative to progeny production on
untreated wheat. In phosphine-suscepfibleastaneumspinosad significantly reduced
progeny production in the 2- and 84-d storage plerand caused total progeny
suppression in the 168-, 252-, and 336-d storagedse These results indicate that
spinosad is toxic t@. castaneunmmatures and are in agreement with data fronu@yst
by Toews and Subramanyam (2003). Furthermore, Bombal. (2006) demonstrated
that the effectiveness of spinosad against aduastaneundecreased over time but
caused total or nearly total progeny productiormpsegsion for storage periogd252 d.
Lastly, Subramanyam et al. (2007, 2012) have reddaw progeny production biy.
castaneunon wheat treated with spinosad; progeny produatias assessed after 56 d

and 42 d, respectively.

The mixture of 3 ppm of chlorpyrifos-methyl and @@m of deltamethrin was
highly effective against phosphine-resistant andceptibleR. dominicaor all storage
periods. Subramanyam et al. (2012) also reporiadctiiorpyrifos-methyl (3 ppm) plus
deltamethrin (0.5 ppm) was effective agaiRstdominicaon wheat with 100% adult
mortality after both 7- and 14-d exposure, and stady did not find any adult progeny

on the treated wheat when progeny production wsssaed after 42 d. Subramanyam et
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al. (2007) found that application of chlorpyrifosethyl alone at 3 ppm was ineffective
againstR. dominicaTherefore, the effectiveness of chlorpyrifos-nyethdeltamethrin
againstR. dominicacan probably be attributed to deltamethrin orgbssibility of a

synergistic effect of deltamethrin and chlorpyrifogthyl.

In the present study, it was determined that tfece¥eness of chlorpyrifos-
methyl + deltamethrin against adults of both phaspihesistant and -susceptilite
dominicadeclined significantly as post-treatment perioct@ased. A study conducted by
Arthur (2012) wherdR. dominicaadults were exposed to wheat treated at 0, 25,50,
and 100% of the label rate of a mixture of chlofmg-methyl (3 ppm) and deltamethrin
(0.5 ppm) for 2, 4, 8, 16, or 32 h showed that pedeadult mortality increased as the
concentration and exposure interval increased.|&ipifor progeny production which
was assessed after 7 wk, it decreased with incrgasincentration of chlorpyrifos-
methyl + deltamethrin mixture and increasing expesume. Given that all aduR.
dominicain the present study were exposed to wheat tresitedL00% of the label rate
of chlorpyrifos-methyl (3 ppm) + deltamethrin (Qppm) mixture for much longer than
32 h (7 d) before mortality was assessed, themeatli effectiveness as post-treatment

storage period increased is most likely due todtisiele degradation over time.

Although chlorpyrifos-methyl + deltamethrin was hiig effective against
phosphine-resistamind -susceptibl&. castaneunn treated wheat stored for 2 and 84 d,
its effectiveness significantly declined over tl&8,1252, and 336 d storage periods.
Subramanyam et al. (2007) reported that the ordavsgghate component of chlorpyrifos
methyl + deltamethrin where chlorpyrifos-methyl vegeplied at 3 ppm is effective

againsfl. castaneunn stored wheat. Arthur (1994) suggested thatrplyiafos-methyl is
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more effective againgt. castaneunsompared to deltamethrin. In that study, it was
shown that for up to 8 mo of storage, hacastaneunadults and progeny survived on
corn treated with twice (6 ppm) the rate of chlofmg-methyl used in the present study.
In corn treated with three different rates (0.50or 1 ppm) of deltamethrin, survival of
T. castaneunadults was observed at all the storage periodseher there were no
progeny. The significant decline observed in thiglg in the efficacy of chlorpyrifos
methyl + deltamethrin as the post-treatment penoteased may be due to degradation
of chlopyrifos-methyl which breaks down rapidlyhagh grain temperatures and
moisture contents; residues of deltamethrin areerpersistent on grains (Noble et al.

1982, Arthur et al. 1992, Afridi et al. 2001).

Subramanyam et al. (2012) reported 10D%astaneunmortality and significant
reduction of progeny production on wheat treatedgu8 ppm of chlorpyrifos-methyl
and 0.5 ppm of deltamethrin. This study expandetherprevious study by
demonstrating that chlorpyrifos methyl + deltamethesulted in total suppression of
progeny production in both phosphine-resistard -susceptibl&. castaneum
populations for all storage periods thereby sugggshat this insecticide mixture is

highly effective against the immature stages.

If T. castaneuns the key target pest of insecticide applicatidhs study
suggests that another control measure be appled &fter the chlorpyrifos-methyl +
deltamethrin treatment. In the caseRofdominicathis will not be required because
chlorpyrifos-methyl + deltamethrin maintains maittabf at least 80% for up to 336 d.
This is based on the fact that chlorpyrifos-methyeltamethrin was effective against

phosphine-resistaaind -susceptibl&. castaneunfor only 84 d post-treatment whereas it
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was effective again®. dominicafor 336 d post-treatment. This study demonstrédtad
spinosad is more effective against phosphine-g#iB. dominicaand chlorpyrifos-
methyl + deltamethrin is effective against both gttane-resistariR. dominicaandT.
castaneumAs previously mentioned, spinosad, chlorpyrifostinyl, and deltamethrin
have different modes of action than phosphine hrsdmost likely explains their
effectiveness against phosphine-resisRimdominicaandT. castaneumAccording to

Opit et al. (2012b), successful elimination of ghluse-resistant insects using alternative
fumigants or grain protectant insecticides will b@yreater success if the alternative

insecticides have different modes of action andeti®no cross-resistance.

In bothR. dominicaandT. castaneunthere was a difference in progeny
production between the phosphine-resistant andegtible insects in the untreated
wheat (control treatment). F&. dominicathe number of progeny produced by the
phosphine-susceptible insects was significantihéighan that by the phosphine-
resistant insects for all storage periods exceptdBB3I he converse was true for
castaneunwhere significantly more progeny were produceddsystant insects for all
storage periods except 252 d. These findings ndigate that there is a fitness cost to
having phosphine resistance geneR.imlominicawhereas there may be a fitness benefit
to having phosphine resistance geneg.inastaneumrThis preliminary observation
needs further investigation to provide confirmatadra fithess cost and/or benefit.
Knowledge of the fitness effects when phosphinestasce is present can aide in the

development of phosphine resistance managemetegtra (Opit et al. 2012b).

The goal of a phosphine resistance managemerntgyrest to maintain a level of

susceptibility within an insect population to phbs so that a high level of mortality
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can be attained each time phosphine is used fagatan. The findings within this

study show that grain protectants insecticides ssscépinosad and chlorpyrifos-methyl +
deltamethrin can be effective tools for the eliniima of the phosphine-resistaRt
dominicaandT. castaneumA phosphine resistance management strategy seeletay
the development of resistance to phosphine whérasiinot occurred and to mitigate
resistance in populations where it occurs by infesg use of phosphine and withholding
use for long enough to mitigate resistance, regpayt Infrequent or suspended use of
phosphine can be accomplished by integrating teeotialternative chemical and non-
chemical control measures such as grain protecta@ds, aeration, sanitation, and other

integrated pest management tools (Opit et al. 2012b

Based on this study, it can be concluded that pgtdos-methyl + deltamethrin
and spinosad can be used to eliminate phosphingaedk. dominicavhereas only
chlorpyrifos-methyl + deltamethrin can be usedlimi@ate phosphine-resistamt
castaneumThis suggests that wheat infested by phosphisistestR. dominicacan be
treated using chlorpyrifos-methyl + deltamethrirxtare or spinosad to eliminate
resistant insects. Wheat infested by phosphinetesdil. castaneunand empty storage
structures infested by resistant insects of bo#ltigis can be treated using chlorpyrifos-
methyl + deltamethrin to eliminate these pestsrdioee, spinosad and chlorpyrifos-
methyl + deltamethrin are effective insecticidestfee management of phosphine-
resistanR. dominicaandT. castaneunand can be used in a phosphine resistance

management strategy developed for stored-prodaettrpests in the U.S.
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