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Abstract

Abstract
The cabbage seedpod wee@kutorhynchus obstrictydarsham) (Coleoptera:
Curculionidae), is an important pest of brassicasemlseed crops, especially
canola Brassica napu&. andBrassica rapd..) in North America and Europe.
Application of foliar insecticide is the only methaurrently employed to control
C. obstrictugpopulations; because this approach is environnigntasustainable,
alternatives including host plant resistance haenlexplored.

White mustardSinapis albd.., is resistant t&€. obstrictusand was
chosen as a potential source of resistancB .foapusoilseed. Interspecific
crosses 08. albax B. napushave produced several lines that are resistait to
obstrictusfeeding and oviposition and yield fewer, lighterigig weevil larvae
that take longer to develop. | investigated potmtiechanisms of this resistance,
including assessing differences in visual and tdigccues among resistant and
susceptible genotypes, and antixenosis and angbidstermining effects of
visual cues associated with host plant resistaegeired investigation of weevil
vision. Deployment strategies for resistant gersiplavere assessed to evaluate
incorporation of susceptible refugia to promotegiderm durability of resistance
traits.

Results reported in Chapter 2 indicate thatGhebstrictusvisual system
is apparently trichromatic and incorporates reaspiath response maxima near
350, 450, and 550 nm. Modelling indicated that ikt alone reduced weeuvil
responses but the interaction of yellow and UVtliglsreased responses at a

threshold reflectance level of UV. Results reporte@hapter 3 indicated that
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differences in yellow and UV reflectance among hpanht flowers influence host
selection inC. obstrictus Results described in Chapter 4 determine difeakn
attraction to the odours &. albaandB. napusand among resistant and
susceptible accessions. Inferences of the identifiglucosinolates found in
varying amounts among susceptible and resistardtgees suggested that 2-
phenylethyl glucosinolate influenced attractivenésssults described in Chapter
5 indicate differences in adult feeding and ovipogipreferences among resistant
and susceptible genotypes. Oocyte developmergllaiomass and larval
development time varied among weevils feeding srstant and susceptible
genotypes. Based on results of Chapter 4, 1-metBargolylmethyl

glucosinolate was implicated as contributing taxamosis and antibiosis
resistance. Results reported in Chapter 6 desefibets of mixed plots of
resistant and susceptible genotypes on weeviladmhsitribution and oviposition.
These results are consistent with associationmsteexe and attributed to reduced
apparency of susceptible plants in mixtures anxembsis resistance associated

with resistant germplasm.
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Chapter 1. Introduction

Ceutorhynchus obstrictus (M ar sham), the cabbage seedpod weevil

Life history

Ceutorhynchusbstrictus(Coleoptera: Curculionidae) is univoltine and
overwinters as an adult in the ground below lea&drj usually in shelterbelts,
grassy berms and windrows (Dmoch 1965; Ulmer ansdBlb 2006a; J. Tansey
unpublished data). In western Canada, spring eeneggbegins when mean air
temperature reaches 9 to 12°C and peaks when gtemmgkratures reach 15°C at
depths of 5 cm (Ulmer and Dosdall 2006a). Newlergad adults initially feed

on a wide variety of brassicaceous plants near dwarwintering sites before
undertaking oviposition host-seeking migrationsr{Bemaison 1957).

Early season ‘food’ hosts in western Canada inclitte mustard §inapis
arvensisL.), hoary cresslepidium drabd..), field pennycressTlaspi arvense
L.), flixweed @escurania sophidéL.) Webb), shepherd’s purs€gpsella bursa-
pastoris(L.) Medik.), radish Raphanuspp.) and volunteer canolBr@ssica
napusL. andBrassica rapd..) (Dmoch 1965; Dosdall and Moisey 2004). Most
of these plants provide sustenance for overwinter@evils, resources for ovarian
development and opportunities to aggregate and (Rateand Dosdall 2003).
Adults typically feed for two to three weeks befonating (Williams and Free
1978). Diets containing racemes and post-diapgaesbng duration influence
egg development (Ni et al. 1990). Althoughnapugacemes are preferred, some
ovarian development can occur on green host-platemal (Ni et al. 1990). Fox

and Dosdall (2003) reported differences in oocyeetbpment associated with
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different brassicaceous host planfgnbient temperature also affects oocyte
development (Ni et al. 1990).

Oviposition occurs in developing siliquesBfnapus, B. rapa, Raphanus
spp. and to a lesser extéhtarvensisthese species are considered ‘true’ hosts
(Dmoch 1965). Weevils will oviposit and can compldevelopment in low
numbers on marginally suitable host plants Ekelbaif confined to these plants
(Dosdall and Kott 2006), but typically discriminamong potential host
populations (Moyes and Raybould 2001; Kalischuk Bonddall 2004).
Assessment of host quality by females prior to osifpon is associated with a
stepwise behavioural regimen: pod exploration, @ggty formation by inserting
the rostrum, turning to place the ovipositor abtheecavity, deposition of a single
egg, ovipositor retraction, pod brushing and paahalonment (Kozlowski et al.
1983). Ulmer and Dosdall (2006a) showed that estdges of oviposition
behaviour were slower on the relatively resistanst iplantsBrassicatournefortii
Gouan and. juncea(L.) Czern., than the relatively susceptiBiassica carinata
Braun,B. napusandB. rapa.

Pod brushing involves deposition of an epideidatiostance and is
characterised by brushing the region of the pod tieaoviposition site with the
female's eighth abdominal tergite (Ferguson andidtik 1991). Epideictic
substances, also called spacing pheromones, stemalgration from a resource
(Ryan 2002). Application of epideictic substancasduces repeated oviposition by
an individual and conspecifics into limited larfabd sources (Prokopy et al.

1984). Deposition of this substance results imuced repeated oviposition on
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that pod by conspecific females (Ferguson et &9)19This substance has been
characterised as a mixture of iso- amdlkanes, dimethylalkanes, alkenes, fatty
acids, 15-nonacosanone, 15-nonacosanol, and ohaesteterrent properties
were found to be associated with the polar fracfidodd et al. 1997). Deterrence
promotes uniform distribution of progeny and e#iti resource partitioning
among larvae, an adaptive strategy given the larerying capacity of pods in
brassicaceous plants (Mudd et al. 1997). Depaosdfdhis substance may also
influence spatial distribution of adults. Howewiige behavioural effects of
oviposition-deterrent pheromone last only about(Edrguson and Williams
1991). Other means for females to detect devetplairvae in pods likely exist
but have not yet been discovered.

Larvae hatch in 6 to 10 days (Bonnemaison 1957 fead on developing
seeds, consuming five to six seeds during thraamméDmoch 1965). Larvae
feed for 14 to 21 days (Bonnemaison 1957). Whedifegis complete, mature
larvae chew through pod walls and drop to thewsbére they burrow in and
pupate. Pupation occurs in earthen cells 1 to Deneath the soil surface; these
cells are approximately 6 mm in length (Dosdall Mafarlane 2004).
Development from egg to adult requires 31 to 58 sjgring canola in western
Canada (Dosdall and Moisey 2004).

The overwintering generation of adults emerge ¢al fen late flowers and
pods of brassicaceous plants to acquire resouoces/érwintering (Dmoch
1965). Bonnemaison (1957) indicated that for ssisfte overwintering, weevils

must consume a large quantity of food in a rel&igbort time. Bartlet et al.
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(1993) suggested that the reduced responses tiseyveld to olfactory stimulants
from field-collected specimens of the overwintergeneration were associated
with reduced nutritional requirements of weevilatttvere satiated and were
preparing for diapause. Large numberg€obbstrictusadults have been observed
feeding on cortical and vascular tissues ofR:utapusstems in early September
near Lethbridge, AB (J. Tansey, unpublished d&tials observation suggests the

importance of pre-diapause feeding.

Ceutorhynchus obstrictus: Taxonomic status

The cabbage seedpod weevil is currently consideraember of the
Curculionidae subfamily Ceutorhynchinae Gistel,@85olonnelli 2004).
However, Zherikhin and Egorov (1990) place the Gedwyinchinae in the
Baridinae and consider the Conoderinae, CeutorhgaehTrigonocolinae and
Orobitinae as tribes in this subfamily. Charactbed support these groupings
include: “a transverse carina at the hind margithefpronotum, a strongly
curved submarginal fold at the interior surfacehef elytra, a total fusion of
metepisternum and metepimeron, a strong medianaan the inside of the
metathorax (an apparently unique feature in Cusaolidea) and a number of
agreements in wing venation” (Oberprieler et aD20 Although some species in
this grouping have a separate metepisternum anepinetron, a large ascending
mesepimera and a similar pygidium are shared aralbbmgembers (Oberprieler et
al. 2007). Baridinae, according to this concepmprise approximately 8000

species; about one-half are in the Baridini. Thadda are particularly diverse in
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the Neotropics and larvae of these weevils develdpe fruits and stems of a
large assemblage of angiosperms. Conoderini aea afoodborers and hosts of
this group include gymnosperms and monocotyledoaoggsperms; hosts of
Ceutorhynchini include Brassicaceae and Polygoma(@berprieler et al. 2007).
Zherikhin and Gratshev (1995) considered the Comoale, Ceutorhynchinae,
Trigonocolinae and Orobitinae as subfamilies iepasate family, the Barididae.
Korotyaev (2008) considers the Ceutorhynchinaelid sabfamily and supports
Thompson’s (1992) opinion that this is one of theshtlearly defined taxa of
Curculionidae (Phanerognatha) although he supguetsgrouping with the
Conoderinae (= Zygopinae) and Baridinae. Particstiarctures of the weevil
vestiture do not support combining ceutorhynchemes other taxa in one
subfamily or separation from the Curculionidae (Lstal. 2006). Colonnelli
(2004) reported 1,316 species in the Ceutorhynehina

Characters that differentiate Ceutorhynchinae ohelelatively small size
(2.2 to 7.0 mm long), and broad and convex veraindl often dorsal profile
(Korotyaev 2008). Temperate species have elyatdte only slightly longer
than their width, but in tropical species, elytraynibe wider than long. These
body proportions are associated with well develapddect flight musculature
suggesting Ceutorhynchinae as a highly advancesht@gorotyaev 2008). In
addition, apices of the mesepimera are visibleallyrand project between
posterior angles of pronotum and elytral humeithe Thoderately long rostrum
may be held tightly to the body and placed betweed@e in dead or otherwise

highly relaxed individuals; the meso- and metasterare relatively deeply
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depressed, but do not form the high keels chaiatiteof Cryptorhynchinae
(Korotyaev 2008). The hind femora tend to be thigds and hind tibiae are
shortened with apices outcurved; these traits ssecated with the highly
derived ability of many members of this group tmjpu(Korotyaev 2008).

Adults of the tribe Ceutorhynchini are charactetibg a scaled, usually
unreflective body vestiture (Marvaldi and Lante®i0B). When postocular lobes
are present they partially cover the eye. Rudiargndr no uncus is associated
with hind tibiae and the elytra do not cover thgigium (Marvaldi and Lanteri
2005). Most larvae of this group bore in the stemsrowns of herbaceous plants
although some are foliage feeders on aquatic p(dasvaldi and Lanteri 2005).

The genugeutorhynchu&ermar 1824 has over 300 species associated
nearly exclusively with Brassicaceae and represemtsof the predominant
groups in the Holarctic fauna (Colonnelli 2004) wéwer, there are
approximately five times the numbers of Palaeaagi®Nearcticeutorhynchus
species (Korotyaev 2008). Some members have nsarapolitan distributions
(Colonnelli 2004). Adults are characterised by alerately convex pronotum
with curved or sinuous sides; when tubercles ofpttomotum are present, they are
distinct from the sides. Elytra are ovoid ratheart cordiform. In addition to
Brassicaceae, other host plants include Linaceaesgdceae, Tropeolaceae and
Cannabinaceae (Colonnelli 2004). This genus habewn divided into subgenera
(Korotyaev 2008).

Ceutorhynchus obstrictus indigenous to the western Palaearctic and feeds

exclusively on Brassicaceae (Colonnelli 2004). mbmenclature of this species



Chapter 1. Introduction

is complicated by historical misidentification asghonymy (Colonnelli 1993).
Thomson (1859) designat&€lirculio assimilisPaykull 1792the junior homonym
of Curculio assimilisFabricius 1775, as the type serie€eltorhynchusThis
designation was validated by the International Cassian on Zoological
Nomenclature (ICZN 1989) and the specific desigmatiurculio assimilis
Fabricius 1775 was suppressed. Of the five speanmetihe Paykull collection,
one corresponds eutorhynchus syriteéSermar 1824 and the rest to
Ceutorhynchus pleurostignMarsham 1802. Thus the synong@eutorhynchus
assimilisPaykull 1792 [=C. pleurostigmgMarsham 1802) syn. n.] was
established. Specimens of tygasrculio pleurostigmaarsham 1802 were
examined by Colonnelli (1993) and corresponded teedubsequent
interpretation and to types fQurculio obstrictudMarsham 1802. According to
Colonnelli (1990) Ceutorhynchus assimilBaykull 1775 must be callecl
obstrictusMarsham 1802. Voucher specimengofobstrictusadults from my
study have been placed in the University of Albsr&trickland Museum of

Entomology, Edmonton, AB, Canada.

Diagnostic characters

Adults of C. obstrictusare characterised by having round grey bodies42nton
in length with bodies and legs covered with finate/lscales. Thproboscis is
long and curved, and antennae are relatively samallbent (Laffin 2005). Adult
C. obstrictuscan be differentiated from its sympatric (in Noftimerica)

congeneCeutorhynchus neglect@atchley by larger size, grey body colour and
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leg colour;C. neglectusire 1 to 2 mm in length, have dark bodies covered i
white scales and red-brown legs (Blatchley and LESMS).

There are three larval instars; although labial madillary development
and development of labial and maxillary sensilagreater in second and
terminal instars and mean head capsule width varresng instars (first = 0.23
mm; second = 0.37 mm; third = 0.54 mm), other fezt@re consistent among all
instars (Dosdall and McFarlane 2004). Common featinclude: a stout, slightly
curved, apodous scarabaeiform body with a free biaown head as long as wide,
stemmata and evenly convex, not-prominent two-se¢gdeantennae; the
epicranial suture is visible the entire lengthie head and the frontal sutures are
U-shaped and anteriorly complete; there are twispach of dorsal and ventral,
one pair of lateral and three pairs of minute post@picranial setae; the clypeus
has two pairs of setae; the anterior margin otabeum is trilobed and the labrum
has three pairs of setae and short subparalldllatais; the epipharynx has three
anterolateral setae, four anteromedian setae,camdrfedian spines; each
mandible has two apical teeth and one subapicéhttize labial palpus is two-
segmented and the posterior margin of labium isndigy trilobed (Dosdall and
McFarlane 2004). Pupae are approximately 4 mm #&nthare initially primarily
white with pigmentation associated with developiogpound eyes and sparse
dark setae over the entire body (Dosdall and MelRa@rR004). Eggs are smooth,
opaque white, and approximately 0.5 mm long andh8wide (Dosdall and

McFarlane 2004).
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Origins, distribution and predicted spread of North American populations
Ceutorhynchus obstrictus native to Europe and is common in brassicaceous
oilseed production regions throughout Europe and$&ta (Hill 1987). The first
reported discovery in North America was in souttsteen British Columbia in
1931 (McLeod 1953, 1962). Weevils were likelyiaily transferred from
European source populations as contaminants osBex®ous seed stocks
(McLeod 1953). Since its accidental introductiorNtorth America, it has
dispersed or was accidentally distributed througlocountinental U.S.A.
(McCaffrey 1992). Ceutorhynchus obstrictwgas first reported near Lethbridge,
Alberta in 1995 (Carcamo et al. 2001) and lateQuebec and Ontario (Brodeur
et al. 2001; Mason et al. 2004). Source populatadresastern and western North
American populations differ: western North Amerigapulations were likely
introduced from western or northern Europe, wheneath-eastern North
American populations were introduced separatelnf8candinavia or Russia
(Laffin et al. 2005). Densities remained relativiedw in Alberta from 1995 to
1998 but increased to outbreak levels in approxipa00 000 ha in the
Lethbridge region from 1998 to 2001 (Dosdall e28i02).

Ceutorhynchus obstrictus dispersing north and east from southern
Alberta at approximately 55 km per year; the wessdiched western
Saskatchewan by 2000 (Dosdall et al. 2002). Déstlal. (2002) used the
CLIMEX™ dynamic simulation model (Sutherst et 8@99) to develop
ecoclimatic indices (EIl) and so predict patterngedgraphic distribution of.

obstrictus These evaluations were conducted incorporatimgent growing
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conditions, particularly long-term meteorologicaka, current geographic
distributions and known ecological requirement€obbstrictus Ecoclimatic
Index values are obtained by combining a growtlexn@1) with stress indices
that suggest unsuitable conditions. Olfert and3&/€2006) applied a
modification of this model to predi@. obstrictusgeographic distributions under
conditions predicted to occur in Canada by the tmildte 21st century (Brlacich
et al. 1997; Cohen and Miller 2001). Their final\Elues were categorized as
‘unfavourable’ (0 < 10), ‘suitable’ (10 < 20), ‘faurable’ (20 < 30) and ‘very
favourable’ (> 30). According to their results3«C increase in mean annual
temperature will increase the proportion of Canadé@mdmass favourable @.
obstrictusto 19.7 percent. Approximately 5.7 percent of #sa is currently
favourable taC. obstrictugDosdall et al. 2002). Canola production regions
southern Manitoba may support gredewbstrictugpopulations than those seen
in Alberta and Saskatchewan; (El) values were grdat Manitoba than for the
other Canadian Prairie Provinces (Dosdall et 80220

Increases of 0 to 2°C in annual mean temperatuesgrajected for
Alberta by the 2020’s; increases of 2 to 3°C and 3°C are projected for the
2050’s by median (HadCM3 B2(b)) and warmer andrdfl€SRNIES A1FI)
scenarios, respectively (Barrow and Yu 2005 aneregices therein).
Assessments of the effects of climatic factorstipalarly ambient temperature
and humidity orC. obstrictudlight and thus dispersal have been undertaken;
results indicate that flight height and disperssaiahces are correlated with

ambient temperatures and negatively correlated avithient relative humidity
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(Tansey et al. 2008b). Wind speeds may also infle€. obstrictudlight height
and dispersal; flight behaviour is greatest belosnlse (Kjaer-Pedersen
1992). Potential effects of the warming trend inrtNAmerica (Barrow and Yu
2005) could include more rapid dispersal ratesuttable regions than currently
anticipated. These regions include a northerly egjgam of 400 to 600 km from
current regions suitable for invasion By obstrictusn North America (Olfert and
Weiss 2006).

It is thought that invasion of western Canadianotaagroecosystems by
C. obstrictushas followed the sequence characteristic of ineaspecies
including initial introduction followed by estabtiment in the new habitat, and
subsequent range expansion (Andow et al. 1990is rhy not be the case.
Examination of distributions €. obstrictuan Saskatchewan from 2002 to 2007
indicates that, rather than a pattern of estabkstirand subsequent range
expansion, local populations found at a site maybeadetected in following
years. Invasion of new regions is not necesstoilgwed by establishment.
Dosdall et al. (2009) attributed this elasticityacal population densities in part
to dry conditions. Inadequate moisture could iefice translocation to
developing pods and so provide a less favourahlgzarmment for developing
larvae; soils can crust when dry and so reducalbiigy of mature larvae to enter
for pupation. Also(. obstrictusadults preferentially imbibe water rather than
feed when removed from overwintering diapause &hsé€y, unpublished data),

suggesting the importance of adequate springtimstore.
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Economic importance of C. obstrictus

The cabbage seedpod wee@kutorhynchus obstrictdarsham) (Coleoptera:
Curculionidae), is an invasive alien Brassicacdg®phage and an important
pest of brassicaceous oilseed crops in North Aragrasticularly canolaB. napus
andB. rapa and brown mustard. juncea(McCaffrey 1992; Buntin et al. 1995;
Cércamo et al. 2001; Dosdall et al. 2001). In toldito C. obstrictusC.
neglectus, Ceutorhynchus americamuchananCeutorhynchus oregonensis
Dietz, Ceutorhynchus subpubescdrmesConte andCeutorhynchus rapa@yllenhal
are also present in brassicaceous oilseed cropsestern North America although
none are responsible for the magnitude of econdameage attributed tG.
obstrictus(Hoffman 1954; Anderson 1997; Dosdall et al. 1998sdall et al.
2007a).

Canola is an important seasonal crop in North Acaeparticularly the
western prairie provinces of Canada and north-aéatrd south-eastern states of
the United States of America (McCaffrey 1992). Gimnaxports approximately
70 percent of its 11.3 million acres (10-year agejaof canola production; in
2007 to 2008 Canada exported 1.3 million tonnesaabla oil, 1.9 million tonnes
of seed meal, and 4.2 million tonnes of seed (8ie¢i Canada 2009). The total
value of these exports exceeded 3 billion Canadiadliars (BCAD); annual
estimates of the contribution of canola productmthe Canadian economy
exceed 13 BCAD (Canola Council of Canada 2008, a8(®anada is set to
increase canola production by 65 percent by 20dbidmg a 44 percent increase

in seed exports comprising anticipated exportapad of 2.0 million tonnes,
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Mexico of 1.5 million tonnes, the United Statesld million tonnes, and
Pakistan and China of 2.0 million tonnes (Reut®&&72.

The financial cost of. obstrictuso Alberta canola production was
recently estimated at $5 000 000 per year (Colatitii. 2006). An estimated
180,000 ha oB. napusandB. rapacanola and brown mustarB.(juncea crops
required insecticide application to contfdl obstrictugpopulations in western
Canada from 1999 to 2005; the estimated cost dicgpns was 4.5 million
(CAD) (Western Committee on Crop Pests 2001, 200Q3; L. Dosdall
unpublished data).

Feeding by botlC. obstrictusadults and larvae are associated with crop
damage and represent potential economic lossdsough brassicaceous oilseed
plants normally abort up to 60 percent of flowedsuand flowers and can
compensate for damage by retaining buds or flogeshan and Morgan 1985;
Lamb 1989 and references therein), increases ip-saason losses of flowers
and buds have been attributedtoobstrictusadult feeding (Dosdall et al. 2001).
Adult feeding on developing racemes results inséirtitive pattern of blanching
and desiccation that has been termed ‘bud blastsBll et al. 2001). Oviposition
occurs in developing pods of brassicaceous hostglalthough individual eggs
are more common (Alford et al. 1991), up to 10 gogspod may be deposited by
individual females (J. Tansey, unpublished datajallfecundity of females can
exceed 240 eggs (Bonnemaison 1957). Females ahavac holes in the walls
of developing pods to oviposit next to seeds; larfeed on developing seeds,

consuming five to six during three instars (Dmo&ik3).
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Larval feeding is also associated with reducedgiest weights (Buntin et
al. 1998). Although plants can compensate for sklaegage by increasing
numbers of pods (Tatchell 1983), estimated losgabuwted toC. obstrictus
larval feeding are 15 to 20 percent for North Aroani spring canola (Dosdall et
al. 2001) and 35 percent for winter rape (McCafieegl. 1986). For European
brassicaceous oilseed crops, losses can exceestdéhp (Alford et al. 2003;
Williams 2004). Increased numbers of pods may laésa compensatory
response to adult feeding (Lamb 1989). Althouglotanrops can tolerate 26
percent infestation rates without measurable ydd, seed weights are reduced
by 20.2, 38.1 and 52.2 percent, for one, two anektharvae per pod, respectively
(Buntin 1999).

Larvae chew circular holes in the pod wall and ege¢o fall to the
ground when they reach a pre-pupal wandering s@gwch 1965). Holes
associated with oviposition, adult feeding and &hemergence can act as
avenues for other arthropods and fungal pathogeaster pods (Dosdall et al.
2001). Other arthropods include thrips (Thysan@iearasitoid wasps and, in
Europe, the pod midd@asineura brassica@/Ninnertz) (Diptera: Cecidomyiidae)
(Lamb 1986; Dosdall et al. 2001, 2002). Althoughandary damage to seeds
associated with thrips has not been quantifiedingghssociated wit.
brassicadarvae can contribute significantly to losses bystag premature
dehiscence and seed loss (Ankersmit 1956). Bedaulsessicaehas a relatively
weak ovipositor, it relies on deformations and batepods caused I.

obstrictusand other insectsuch ad.ygusspp. to gain access to seeds (Ankersmit
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1956; Hughes and Evans 2003). Important fungalquegths in Canada include
Sclerotinia sclerotiorungLib.) de BaryLeptosphaeria maculari®esmaz.), and
Alternaria spp.; fungal pathogens entering holes in podsnas problematic
under humid conditions (Thomas 2003).

In addition to losses associated with seed lodsetuced seed quality,
larval feeding can also cause premature shattefingfested pods, and can delay
maturation or result in uneven maturation of bieaseous oilseecrops (Tulisalo
et al. 1976). Because losses to canola productisoceated with all active stages
of C. obstrictusand combined effects of direct damage by weeviisiadirect
effects associated with other arthropods and patignd agronomic
considerations have not yet been subject to rigotesting, loss estimates
(McCaffrey et al. 1986; Dosdall et al. 2001; Alfetlal. 2003; Williams 2004)
are likely conservative. Larval exit-hole data fretadies in 2007 and 2008 from
B. napuscv. Q2 monocultures and numbers of weevils per pva¢enid
flowering (15 per sweep in 2007; 20 per sweep 0 @&llowed development of
a preliminary model. It was assumed that one exg-hesulted in a total loss of
yield from that pod due to shattering. From thés&, | developed a natural
logarithmic model [(y = 0.145 Irx]] to explain numbers of exit-holes associated
with adult numbers mid-season ( Figure 1.1). Resatlicate a linear
relationship in pod loss &3. obstrictusadult densities increase to 10 adults per
sweep net sample, and subsequently more graduwabses in pod loss as

densities increase to 90 and 100 adults per sweep.
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Control strategies

Chemical control

Chemical control is effective and widely used fontrol of C. obstrictus
populations in Europe and North America. In wastéanadathe pyrethroid
insecticides Matad8rand Silencef (cyhalothrin-lambda), and Decls
(deltamethrin) are registered for application dmfsprays to contrdC.
obstrictuspopulations (Government of Alberta 2009). Foligplécation of either
deltamethrin or cyhalothrin-lambda is highly effeetfor reducingC. obstrictus
populations (Carcamo et al. 2005). Although chloifpg (an organophosphate)
can also be effective for reduci@y obstrictusabundance in western Canada,
Cércamo et al. (2005) found that control with tosnpound could be highly
variable. Insecticide application is most effeetwhen 70 percent of plants in a
crop have three to ten open flowers so as to pgrdmeeloping pods from
oviposition and flowers from adults (Dosdall et2001). An important
consideration for recommending spraying in eadyir is to minimize
insecticide impacts on non-target organisms. Atlenate commodity prices,
chemical control is recommended in western Canadaaminal economic
threshold of three to four adults per sweep samased on ten 18@weep
samples in at least five locations per field (Ddiseligal. 2001). This threshold
was reduced to two adults per sweep as commoddggpmcreased from near
$400 per tonne in the spring and summer of 20W&¢w $750 per tonne in the
spring and summer of 2008; prices are currentlpg2009) near $500 per tonne

(Canola Council of Canada 2009b).
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Although insecticide application is effective feducing localC.
obstrictuspopulations, re-colonisation from neafynapudields is common. A
dense population @. obstrictusn aB. napudield near Lethbridge was
eradicated with the insecticide cyhalothrin-lambda26 June 2001 (98-100
percent Abbotts Adjusted Mortality, 48 h after treant). Within 10 d, weeuvil
densities approached 20 to 30 percent of pre-agifit levels field-wide. The
nearest site with a large number of Brassicaceats lneas a commerciBl. napus
field approximately 2 km from the study site (L. $2iall, unpublished data).
There are also environmental and human health cos@ssociated with the
application of these insecticides. These includa hcute mammalian toxicity
(rat acute oral LD 50 = 395 mg kdor deltamethrin and 278 mg kdor
cyhalothrin-lambda); both active ingredients alaase severe eye and skin
irritation and are highly toxic to fishes and otlguatic organisms, pollinating
bees, parasitoids and predators (Government ofr@ll2909). Buntin (1999)
indicated that chemical foliar application is namwanted until pod infestation
rates reach 26 to 40 percent. Based on the megelaped for this document
(Figure 1.1), pod loss of 26 percent is reachetixatveevils per sweep. Although
this model is a preliminary approximation of thetgyn, it suggests that the
nominal threshold of three to four adult weevils p&eep is reasonable and
thresholds should likely not be set far below thiel. Tolerance of relatively
diffuseC. obstrictugpopulations will reduce chemical input and minimitze
effects on beneficial insects and potential effecthiuman health and financial

costs.
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Proposed options for chemical control also includecticidal seed
treatments. Seed treatments with several diffevempounds are effective for
controlling brassicaceous oilseed seedling pests asPhyllotreta cruciferae
(Goeze) (Coleoptera: Chrysomelidae) (e.g. Tansay €008c, 2009)

Evaluations of the effectiveness of insecticid@dsteatments have also been
conducted folC. obstrictusCércamo et al. (2005¢ported similar larval emergence
from B. napusgrown from lindane (ahlorinated hydrocarbosjeated and untreated
seed. Howeveicomparisons of the neonicotinoid insecticides céotitin and
imidacloprid and lindane indicated that these nemtmoid compounds negatively
influenceC. obstrictudarval development due to sustained systemic agtodfi
these compounds (Dosdall, in press). Although seadment with imidacloprid
was reported to be effective for reducidgobstrictusdamage in Washington
State (Bragg 1999a, b), Carcamo et al. (2005) fahatinone ofmidacloprid,
lindane, or acetamiprid (a neonicotinoid) were @ffe for reducing damage in

southern Alberta.

Trap crops

Examinations of stimulo-deterrent diversion (pusiipstrategies (as per Miller
and Cowles 1990) to manipulate lo€alobstrictugpopulations have been
undertaken in North America (Buntin 1998; Carcarnal€2007) and Europe
(Buechi 1990; Cook et al. 2004, 2006), and mayesgnt a useful control
strategy to minimize insecticide usadeap crops are usually more attractive to

species or are at a more attractive growth stame the main crop (Shelton and
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Badenes-Perez 2006). Attractiveness can be irfeeehy visual and/or chemical
cues (e.g. Prokopy and Owens 1983). Greater atteaeiss of a host plant species
or growth stage has the effect of concentrating pegulations so that they are
underrepresented in the main crop until it is paatlnerable stage or may be
eradicated with insecticides (Cook et al. 200Blntin (1998) found that 4.9 m
wide perimeters of fall-seeded spring canola (trap) around 0.35 ha
conventional winter canola plots (main crop) wer@lerately effective for
reducing weevil numbers in the main crop. The gpdanola flowered two to
three weeks earlier and concentrated weevils. Hewélre main crop still
sustained yield loss despite application of ins@ddi to the trap crop. Carcamo et
al. (2007) reported that trap crops consistin@6f to 30-m-wide borders .
rapaaround 1600 m by 1600 m plots were effective émlucingC. obstrictus
damage. Th&. rapatrap crop flowered approximately one week earhantthe
main crop and effectively concentrat€dobstrictugpopulations; these were
sprayed with insecticide. Although the area sprayas greatly reduced..
obstrictuscontrol was comparable to application of insectsitb the whole crop

(Carcamo et al. 2007).

Natural enemies

Natural enemies have less effect@mobstrictugpopulations in their extended
North American geographic range than in Europe ifi¢er and McCaffrey 1996;
Williams 2003; Dosdall et al. 2009). In Eurojie,obstrictugpopulations are

subject to control by several species of parastespeciallyirichomalus
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perfectugWalker) (Hymenoptera: Pteromalidae) avidsopolobus morys
(Walker) (Hymenoptera: Pteromalidae); rates of 8@8rcent parasitism &.
obstrictuslocal populations in Europe have been attributethése two species
(Buntin 1998; Murchie and Williams 1998; William8@3). Because of these
high parasitism rates, classical biological contra$ been viewed as a potentially
effective strategy to reduég obstrictugpopulations in North America (Muller
2006).

The first North American releases of potential sleal biological control
agents folC. obstrictusvere made in 1949; three pteromalids, identifiethat
time asTrichomalus fasciatuéThomson) Xenocrepis purMayr, and
Habrocytussp. were released in British Columbia (McLeod 195j)oblems
with synonymy and misidentification became appagaétar their release.
Examination of voucher specimens preserved fronotiggnal releases
determined that the correct identities of the sg®otleased werke perfectusM.
morysandStenomalina gracili$Valker (Hymenoptera: Pteromalidae),
respectively (Gibson et al. 2009xichomalus lucidugwWalker), Mesopolobus
moryoidesGibson andPteromalus puparur(Linnaeus) (Hymenoptera:
Pteromalidae) have also been reared fBrassicaspp. pods in British Columbia
although initial identification of these specimgataced these &k fasciatusX.
pura, andHabrocytussp. , respectivelyT. lucidus from these samples was also
misidentified a$>. puparum(Gibson et al. 2006).

Several native and naturalised parasitoids haweeadpanded their host

ranges to exploit naturaliz&gl obstrictugpopulations in North America; these
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includeT. lucidusandM. moryoideqgDosdall et al. 2009). Surveys of western
CanadiarC. obstrictugpopulations indicated that lucidus Chlorocytussp.,
Pteromalussp. (Hymenoptera: Pteromalidae), &tecremnus tidiusValker
(Hymenoptera: Eulophidae) are the most common paids of C. obstrictusn
this region (Dosdall et al. 2007b, 2009)richomalus lucidugindN. tidiushave a
Holarctic distributions but the origins @hlorocytussp., andPteromalussp. are
currently unknown and both species require catefdnomic evaluations to
determine their status as native or introducedddiNAmerica (Dosdall et al.
2009). However, the effectiveness of these pairdsito suppres€. obstrictus
populations appears limited. Although parasitistes associated with each
species can fluctuate greatly, average combinemsfism attributable to these
species is typically less than 15 percent (Dosetadl. 2009). Efforts to contrd.
obstrictuspopulations may benefit from the introduction ofr&uean
Chalcidoidea.

The larval ectoparasitoids perfectusndM. morysare currently being
examined for suitability for release as classidaldgical control agents foC.
obstrictusin North America (Kuhlman et al. 2006). Howeveme of the
population fluctuations observed for naturalizedagaoids have been attributed
to competition among Chalcidoidea Or obstrictudarvae (Dosdall et al. 2009).
This competition may limit the establishment ofaauced biocontrol agents.
Evaluation of the competitive interactions amongsthChalcidoidea species is

required.
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Establishment of an effective classical biologwahtrol program focC.
obstrictusrequires accurate identity of potential agentstagt specificity testing
(Gillespie et al. 2006). Non-target hosts that rhayhreatened by potenti@l
obstrictusbiological control agents include potential ancabbshed biological
control agents for invasive plants species (Kuhimetal. 2006). Threatened
weed biocontrol agents may include the stem feeldauyoplontus litura
(Fabricius) released on Canada thigilesium arvens€L.) Scopoli[Asteraceae]
(McClay et al. 2002aMicroplontus edentuluéSchultze) released on scentless
chamomileTripleurospermum perforatuiMérat) Lainz (Matricaria perforata
Mérat) (McClay et al. 2002b), and the seed fee@iagtorhynchus turbatus
(Schultze), the foliar feedingeutorhynchus cardariakorotyaev, and
Ceutorhynchus merkKorotyaey currently being considered for release on hoary
cressL. draba(=Cardaria drabg [Asteraceae] (Cripps et al. 2006)richomalus
perfectushas been reared fro@ cardariae(F. Muller and M. Cripps,
unpublished data). Native North American weevilyraso be threatened by
introduced and redistributed parasitoids with Nea@nd Holarctic distributions
(Dosdall et al. 2009). BotN. tidiusandT. luciduscan exploitC. neglectusas a
host (Dosdall et al. 2007b). Likely increasesapylation sizes of parasitoids
associated with increasir@@y obstrictugpopulations and competition betwe€n
obstrictusandC. neglectusnay combine to reduce populations of the indigenous

weevil (Dosdall et al. 2007b).
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Development of resistant ger mplasm

Development of insect-resistant genotypes may duc current reliance on
chemical insecticides (Dosdall et al. 2001). lgégreric hybridization is an
effective means of incorporating desired traite iatcultivated crop species by
broadening its genetic base (Brown et al. 1997)it8\fhustardSinapis albd..

[2n = 24, SaSa genome (Hemmingway 1976)], is ctigrgmown for use as a
condiment and has many desirable agronomic trHis. species has a relatively
high seed yield (Gareau et al. 1990), is drougbttagh temperature tolerant
(Downey et al. 1975), and is resistant to pod shaty (Kadkol et al. 1984). Some
S. albagenotypes are highly resistant to infection by &imathogens like
Alternariaspp. (Brun et al. 1987%inapis albds also resistant or tolerant to
several insect species that frequently atBckapusncludingPhyllotretaspp.

flea beetles (Coleoptera: Chrysomelidae) (e.g.lhL.a880), the root maggots
Delia radicum(L.) andDelia floralis (Fallén) (Dosdall et al. 1994), add
obstrictus(Doucette 1947; Kalischuk and Dosdall 2004). Kddigk and Dosdall
(2004) conducted comparisons@fobstrictudeeding punctures, eggs, larvae
and larval exit-holes and new generation adultifeedmong seven brassicaceous
species including@. napusandS. alba They found that although late-season
adults will feed upon all of the species testedalbawas resistant to direct
damage associated with obstrictudarvae and sustained fewer larvae. Although
S. albais more resistant to these insects tBanapusmost genotypes are
unsuitable for oil production due to poor oil andahquality associated with

intermediate levels of erucic acid and high glucokite content in seeds (Brown
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et al. 1997 and references therein). Intergenegticith progenies oB. napusx S.
albawere examined as a way to combine the desirabts tEB. napusandS.
alba and produce B. napusplant with canola seed quality and insect resiganc
(Brown et al. 1997; Kott and Dosdall 2006).

Although introgression can be an effective meanatroduce desired
traits to crops, there are reproductive barriersragrmember of the Brassicaceae
that restrict the transfer of genetic material aghorember species. Methods
examined to overcome barriers among members @rhssicaceae include
protoplast fusion (Primard et al. 198B) vitro ovulefertilization (Zenkteller
1990), ovary culture (Chevre et al. 1994) and emlbegcue (Ripley and Arnison
1990). Embryo rescue has been used successfulhlgdoe difficult crosses
includingS. albax B. napugBrown et al. 1997; Kott and Dosdall 2004). By this
technique, embryos are excised from ovaries oresvbiefore they are aborted and
reared on artificial media (Sharma et al. 199@&grigeneric lines for the current
study were developed by crossi@galbacv. Kirby andB. napuscv; F1 hybrids
were produced using an embryo rescue techniquéefRamd Arnison 1990).
These were backcrossed wBhnapudor three generations (Kott and Dosdall
2004). Doubled haploids (563) were propagated ft@nof these lines, using the
in vitro method of Fletcher et al. (1998). Of these, 2B88diwere selected for
having canola-quality seed glucosinolate contewti{Knd Dosdall 2004).

Putative introgression of resistance fr@nalbax B. napushas produced
several lines that have proven resistar@ tobstrictuan field trails and

laboratory experiments (Dosdall and Kott 2006). &epment times o€.
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obstrictuslarvae are significantly delayed and overall piaithn of larvae is
reduced in resistant lines. Although mechanisnfS.albstrictugesistance are
still unclear, they likely include both antixenosisd antibiosis. They may also
include variable visual and olfactory factors timdluence host selection (Tansey

et al. 2008a).

I nteractionswith host plants

Herbivorous insects can demonstrate great selgcéwiong visual and olfactory
cues used for host location (Prokopy and Owens Y198&ser (1986) indicated
that glucosinolates and their volatile hydrolysisqucts, which are relatively
specific to Brassicaceae, should act as host atswcicues to specialists of this
group. Host location in many herbivorous insecth@ight to follow a stepwise
process: directed flight in response to olfactargsincluding upwind
anemotaxis, behavioural responses to reflectedrsp@coperties at relatively
close ranges and chemical and tactile cues atatgéimanges (Kennedy 1965;

Finch and Collier 2000).

Glucosinolates

Although glucosinolates are characteristic of thasBicaceae, 500 species of
non-brassicaceous plants also produce at leasifdi20 known glucosinolates;
these include several species in the Capparacela€aitaceae and at least one
genus in the Euphorbiaced@rypetes syn.Putranjiva) (Fahey et al. 2001 and

references therein).
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Glucosinolates are glycosides comprised of glubaseled to another
non-sugar group by an S-glycosidic bond (thioglydgesresulting in S-D-
thioglucose and sulfonated oxime moieties (Halkigl Gershenzon 2006 and
references therein). These are generally watebkoanions balanced in nature
by cations (usually potassium) (Halkier and Gergbar2006 and references
therein). Glucosinolates are characterised by &sacR- groups and more than
120 different R- groups have been characterisesetifall into three main
categories: 1) Aliphatic - with side groups ded\¥eom aliphatic amino acids
(most commonly methionine), 2) Aromatic - derivednh phenylalanine or
tyrosine, and 3) Indolyl = heterocyclic - derivedrh tryptophan (Fahey et al.
2001; Halkier and Gershenzon 2006). Although asynaar34 individual
glucosinolates have been detectediabidopsis thaliand.. (Kliebenstein et. al.
2001), most members of the Brassicaceae have teamersix major
glucosinolates with a few others in trace amouR#sk et. al. 2001 and
references therein). Different glucosinolates apgessed at different
developmental stages and in different tissues Roger et al. 1991).

Glucosinolates are typically not volatile so thieef on olfactory
responses of herbivores and, in part, defensivetitum of glucosinolates are
realized through the action of myrosinageshjoglucosidase); these enzymes
facilitate irreversible hydrolysis of the thioglugdic bond and liberation of the
D-glucose and thiohydroximate-O-sulphonate (aglgdanoieties (Rask et al.
2001 and references therein). Little is known dlsoinstrate specificity of

myrosinases (e.g. Reed et. al. 1993). The unstagheone liberates sulfate and
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rearranges nonenzymatically to yield bioactivelepititriles, nitriles,
thiocyanates and isothiocyanates; a mixture of yetsdis typically formed with
low pH favoring nitrile formation, and neutral loigh pH favoring
isothiocyanates (Halkier and Gershenzon 2006 dedergces therein).
Approximately 20 genes code for myrosinaseB.inapusthese include three
subfamilies of genes: MA, MB, and MC (Falk et 895%). A myrosinase iB.
napusroots not associated with any of the three desdrdodfamilies has also
been detected (Rask et al. 2000).

Many of the products of the aglycone rearrangeraemtlso toxic to
plants, thus glucosinolates are compartmentalizeésuilfur rich’ cells between
phloem and epidermis (Rask et al. 2000) and myagsimn adjacent ‘myrosin’
cells (Andréasson et al. 2001). Detoxification fogsinolate hydrolysis
products, particularly isothiocyanatesplantais not well understood (Wittstock
and Gershenzon 2002). Compartmentalization meanydhatile hydrolysis
products of glucosinolates are generally produceg when tissue and so
myrosin and sulphur rich cells are damaged (Rask @000; Andréasson et al.
2001). However, allyl, 3-butenyl, 4-pentenyl, angtenylethyl isothiocyanates
have been detected in headspace volatiles of urgkadBa napugBlight et al.
1995).

Glucosinolate profiles vary greatly among Brasseeacincluding among
commercial varieties and this variability may irdhce herbivore responses.
Examinations of. alba B. napus, B. rapaandB. junceandicated differences in

the proportions of 3-butenyl, 4-pentenyl, 2-phetiyfeandp-hydroxybenzyl
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glucosinolates (McCloskey and Isman 1993); sinalpihydroxybenzyl
glucosinolate) was prevalent $ albabut absent from the other species.
McCalffrey et al. (1999) also detected differencethe glucosinolate profiles of
B. napusS. albaand an intergeneri8. albax B. napushybrid accession.
Sinalbin was not detected from seeds, leaves s pti8l. napusut was present
in all S. albatissues examined and in the leaves and seeds bflinel; 3-butenyl
and 4-pentenyl glucosinolates were present in pbé&s napusand the hybrid but
not inS. alba(McCaffrey et al. (1999)Ulmer and Dosdall (2006b) also found, in
a comparison of the seed and pod glucosinolatégsadf twoS. alba(cvs. L-GS
and AC Pennant) and tvi rapaaccessions (cvs. Echo and BoreBl)carinata
Braun (cv. Dodolla)B. junceacv. H-Butenyl), andB. napugcv. AC Excel) that
a detectable level (0.08nol g*%) of sinalbin was limited t&. alba(cv. AC
Pennant). However, 3-butenyl glucosinolate was détected in the seed of all
accessions tested and in the pods of alShaiba(cv. AC Pennant) anB. napus
(cv. AC Excel); 4-pentenyl glucosinolate was detdah the seed of all b&t
carinataandS. albaand the pods d@. rapa Amounts of 3-butenyl and 4-
pentenyl glucosinolate were much higheBirrapa(cv. Echo and cv. Boreal) and
B. junceathan any other accessions tested. AssessmeBtga@pbaas a trap crop
for control ofC. obstrictusn B. napushas shown that it is more attractive than
the main crop (Carcamo et al. 2007); greater ditnaenay be associated with
levels of 3-butenyl glucosinolate hydrolysis progu@voyes et al. 2000; Moyes

and Raybould 2001). ImportantB, rapaflowers about a week earlier thBn

29



Chapter 1. Introduction

napusoilseeds (Thomas 2003) so differential attractib@ oobstrictusn the
field is also likely influenced by visual cues.

Differing responses of insect herbivoresStaalba B. napusandB. rapa
have been attributed phydroxybenzyl glucosinolate content (Bodnaryk 1991
However,p-hydroxybenzyl isothiocyanate is the major hydraysioduct of this
glucosinolate and is highly unstable; its half-ideapproximately 6 min &. alba
physiological pH (Borek and Morra 2005; Vaughn &sithow 2005). A quinone
is formed from the breakdown pfhydroxybenzyl isothiocyanate; this compound
hydrolyzes to SCN Given the short half-life gf-hydroxybenzyl isothiocyanate,
it is unlikely to influence long-distance olfactagsponses i€. obstrictus
Differences in the attractiveness&falba B. napusandB. rapaare likely
associated with amounts and perhaps proportioasrotilatory kairomones
including 3-butenyl and 2-phenylethyl isothiocyanéds per McCaffrey et al.

1999).

Chemical differencesamong S. alba x B. napus genotypes

Several tissues of the genotypes examined in tihdy rave been subject to high
performance liquid chromatography (HPLC) analySisgw 2008). A peak was
associated with an as yet uncharacterised comp@etahtion time 21.4 + 0.03
min), associated with upper cauline leaves of tastsand susceptible. albax B.
napuslines, that was determined though myrosinase dagjcadto be a
glucosinolate. Peak height was inversely corrdlatgh weevil infestation scores

(the mean numbers of larvae per pod from genotypesplicated field trials)
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and, on average, the peak was 3.5 times largesiatant than susceptible lines
(Shaw 2008). Shaw (2008) also detected differeanesng resistant and
susceptibles. albax B. napudines in the amounts of another as yet unidertifie
glucosinolate (retention time 20.5 + 0.01 min) assted with seeds of immature
pods; its peak height was correlated with weevédstation scores and, on
average, the peak was 3.5 times greater in subtefitan resistant lines (Shaw
2008). Determining the identities of these compmtsuwill help determine their
roles in interactions amor(@. obstrictusand these novel genotypes. Estimates of
the identities of these compounds are made forsthidy and addressed in
Chapter 4. Potential roles and implications oséheompounds in relation to

resistance are addressed in Chapters 4 and 5.

Vision in C. obstrictus

At relatively close ranges, spectral quality ohligeflected by a potential host
plant is the predominant cue associated with deteeind alightment in many
herbivorous insects (Prokopy and Owens 1983). Backflight of herbivorous
insects in response to visual cues has been progbkeericke 1952). Visual
systems with receptors with response maxima{near 350 nm (UV), 450 nm
(blue) and 550 nm (green) are most common amonm#eets examined to date
(Briscoe and Chittka 2001). Yellow € 560-590 nm) also influences many
herbivorous insects as a ‘supernormal’ stimulusKBpy and Owens 1983). The
set of UV, blue, and green photoreceptors is araldstInsecta; lineages have

added or lost receptors due to selective pres¢Giattka 1996). A modeled
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hypothetical system of spectral receptor types with= 340, 440 and 560 nm
was found to be near optimal for distinguishingdlacolours from background
and among co-occurring species (Chittka 1996) ydesn with these responses
maxima is typical of the Apidae (Hymenoptera) (€it1996). Visually, flowers
can differ in size, shape, symmetry, depth, spaegluency, spatial orientation
and height; all these traits may require differ@mnn and can influence the
responses of anthophilous insects (Dafni et al7199

Although improved population monitoring and destdrC. obstrictus
resistant host plants would benefit from assesssrafiresponses of these weevils
to specific frequencies of reflected ligfdw previous studies have investigated
their visual system. Exceptions include assesssyaritap colours: Smart et al.
(1997) found that yellow traps were attractiveCtabstrictusbut black, white,
and green traps were not. Buechi (1990) foundyekaw, light green, and white
traps were attractive 0. obstrictus Effects of specific frequencies of light
including those in the ultraviolet range have nettlyeen conducted f@.
obstrictus However, in an examination of the responsesmthonomus
pomorumL. (Coleoptera: Curculionidae), Hausmann et al0o@Gletected an
affinity of females for UV, green, and blue lightcaconcluded that these weevils
have a trichromatic visual system; they also sutggethat visual cues are an
important component oA. pomorumrhost plant location and selection.
Investigations of th€. obstrictusvisual system are essential to better understand
the importance of visual cues® obstrictushost selection. Improved

understanding of weevil vision will allow the despment of more efficient
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trapping systems to monitor and possibly influeGcebstrictugpopulations.
Resistance breeding may also benefit from a bettderstanding of the
importance and specific response€obbstrictugo visual cues; plants that
express suboptimal visual cues could be less suigettack.

Behavioural evidence is necessary to assess patefigcts of specific
wavelengths on responses like host selection adtseof an investigation into
the behavioural responses@fobstrictusto components of the hypothesized UV-
blue-green system are presented in Chapter 2.tEffé¢the potential
‘supernormal’ stimulus yellow are also assesseat@ateractions among
frequencies. A large naturaliz€d obstrictuslocal population was offered traps
that reflected various amounts of each componetiteohypothesised visual
system. Captures @. obstrictusmales, females, and gravid females associated
with each trap colour over two growing seasons werapared. These
evaluations allowed a greater insight into visusdsassociated with host
selection inC. obstrictusEffects of weevil ontogeny on responses were also

tested.

Visual cues and host selection

Ceutorhynchusbstrictusis a Brassicaceae oligophage and adults are capfble
exploiting various members of this plant familyd#fterent points of their
phenology (Dmoch 1965). Plant species chosen igegition sites are more
limited than those exploited as early-season ‘fdaabts (as per Dmoch 1965).

Differences in the amounts of specific frequenokkght reflected from flowers
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and foliage are likely an effective means of diswniating hosts foC. obstrictus.
Differences in the spectral quality associated wifferent potential host plants
occur. Examinations of cultivar-specitic rapafloral UV colour proportions
(the proportion of light below and above 365 nnyénandicated differences;
these have been implicated in the preferencestbbphilous insects, particularly
pollinators (Yoshioka et al. 2005). Differencesamounts of 350 and 580 nm
light reflected fronS. albaandB. napudlowers have been detectesl; alba
flowers reflect more 350 nm light af&l napugeflect more 550 nm light
(Tansey et al. 2008a). These differences mayenfia attractiveness of the
differentially acceptable host plants. Frearseal.g2006) demonstrated
decrease€. obstrictusattack on apetalo. napugand so lacking the distinct
yellow colouration typical of flowers). Their rd®isuggest both the importance
of floral visual cues for host location and thegydtial role of yellow colouration
in allowing C. obstrictugo differentiate flowers from foliage. Howev@&, napus
petals also produce odours (Cook et al. 2005 hes@xclusive influence of
spectral quality on these results cannot be exigliconcluded.

Yellow is a relatively ubiquitous flower colour, atractive to many
anthophilous insects and considered a means tordisate foliage from non-
foliage (Prokopy and Owens 1983); perception o tulour also contributes to
discrimination among tissues. Chittka (1996) afstidated that a system of
spectral receptor types withax = 340, 440 and 560 nm was near optimal for
discrimination of flowers from foliage and amonge@n foliage. Different

amounts of 350 nm reflected frof albaandB. napudoliage have also been

34



Chapter 1. Introduction

detectedS. albareflect less of this frequency from foliage tHannapuqTansey
et al. 2008a).Ceutorhynchus obstrictusost choices may also be influenced by
the contrast at specific frequencies between flevaad foliage.

A specific predetermined template of stimuli hasrbenplicated in insect
responses to objects; stimuli that do not conforenignored (Laughlin 1981,
Wehner 1981). Althoug@. obstrictuscan complete development$ alba
siliques,it will preferentially oviposit inB. napusgiven choices (Kalischuk and
Dosdall 2004). Differing amounts of floral 550 nmda580 nm reflectance may
be a means to distinguish these hosts, and indigthte antibiotic properties &.
albato C. obstrictuge.g. Dosdall and Kott 2006), suggests the adaptive
significance of visual cues to host selection. Btseet al. (2004) detected
differences in the levels of induced glucosinolas®ngRaphanus sativus.
(Brassicaceae) petal colour variants (yellow, wlatehocyanin-containing
bronze and pink). Apparency theory (Feeny 19t&dRles and Cates 1976)
predictsreduced colonization of less apparent linad plants that are more
heavily defended by qualitative toxins should ss lapparent

Results of assessments@fobstrictugesponses to visual cues associated
with B. napusS. albaand resistant and susceptiBlealbax B. napusgenotypes
are presented in Chapter 3. Weevil responsest@ahcues associated with each
genotype, genotypic floral and foliar reflectancegerties and relationships of
reflectance properties and weevil responses aesssd. These results are related

to results of field resistance trials of these ggpes (Shaw 2008). Results of this
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study suggest courses for breeding strategies epldyinent of resistant

germplasm.

Olfactory cues

Ceutorhynchus obstrictus attracted twolatile compounds associated wigh
napus(Free and Williams 1978; Bartlet et al. 1993). b®of 3-butenyl, 4-
pentenyl and 2-phenylethyl isothiocyanates aragtitre toC. obstrictusn the
late spring (Smart et al. 1997). Each of these @amgds was attractive when used
to bait field traps (Smart and Blight 1997). Howe\electroantennogram
assessments of these compounds have been someedraistent. Only 2-
phenylethyl isothiocyanate elicited strong respsnsene study (Blight et al.
1995), and 3-butenyl and 4-pentenyl isothiocyanalieged the strongest
electroantennogram responses in another (EvansleadWilliams 1992).
Smart and Blight (1997) found that 3-butenyl, 44eeyl and 2-phenylethyl
isothiocyanates are attractive@o obstrictus Ceutorhynchus nagiGyllenhal)
andCeutorhynchus pallidactyludarsham) are also attracted to 2-phenylethyl
isothiocyanate (Walczak et al. 1998). No 3-butesypentenyl or 2-phenylethyl
glucosinolates were detected in an examinatid®. @lbafoliage (McCloskey and
Isman 1993). The amounts of 3-butenyl glucosimoéatd so amounts of
hydrolysis products of this compound are relate@.tobstrictusoviposition, and
facilitate location and discrimination of host pégiions (Moyes et al. 2000;

Moyes and Raybould 2001).
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Although stimulatory kairomones are likely importéor host location and
discrimination among potential hosts, the effectamege of olfactory cues is
limited; these rarely elicit behavioural responsesiost herbivores insects at
ranges greater than several metres (Finch 198@jyRetcal. 2004). Finch (1980)
calculated thab. radicum(syn. =D. brassicag (Diptera: Anthomyiidae) should
not be able to detect host odours at distancesegriwan 4.6 m. Calculations
were based on the electrophysiological threshohdentrations of green-leaf
volatiles and considered a wind speed of 0.45 nt geiach 1980).Plutella
xylostella(L.) (Lepidoptera: Plutellidae) is considered alfdctory searcher’ and
primarily employs odours to locate host plants @Reet al. 2004; Bukovinszky et
al. 2005). It is suggested that femBlexylostellarespond to host odours
encountered while flying low (Pivnick et al. 199®)utella xylostellawill
respond to host plant odours at 1.3 m in the laboygdReddy et al. 2004).
Phyllotreta cruciferagGoeze) andPhyllotreta striolata(Fabricius) (Coleoptera:
Chrysomelidae) are attracted to allyl isothiocyasdPivnick et al. 1992).
Although small plants are only weakly attractiveuib and Palaniswamy 1990),
these flea beetles will respond to allyl isothiatge lures 1.5 m fromB. napus
oilseed crop (Soroka et al. 2005). Insect larvae e¢spond to host odouRigris
rapae(L.) (Lepidoptera: Pieridae) larvae responded tst loolours at several
centimetres (Jones 1977). Although reliance oactilhn for host discrimination
is likely low, relatively passively mobile insea@so discriminate among potential
hosts.Brevicoryne brassicafd..) (Homoptera: Aphididae) is a relatively weak

flyer so is dependent on winds for long distan@péisal (Compton 2002).
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Aphids use visual cues to discriminate landscapmehts as they descend
(Kennedy et al. 1959). They then make short ‘attigits to neighbouring
plants (e.g. Compton 2002). Although there is evogethat these aphids respond
to host odours by descending in the air column,trstoglies suggest that host
plant recognition occurs only after landing (Petter 1973) and long distance
orientation to olfactory cues is limited (Bukoviysét al. 2005). However,
Brassica napusgxtracts are attractive @. obstrictusat distances greater than 20
m (Evans and Allen-Williams 1993).

Initial responses to host odours by herbivorousdtssinclude positive
anemotaxis: an upwind movement in response totolfacues. Although
directed flight in response to olfactory cues hatsyet been documented fGr
obstrictus adults orient upwind towar8. napudoliage and flowers and their
extracts in olfactometer studies (Bartlet et aB)9 Ceutorhynchus obstrictus
have also been documented moving upwind in respionsest odours in wind-
tunnel tests (Evans and Allen-Williams 1998). Updvorientation is maintained
when the odour source is removed (Kjaer-Peders8R)1&ravidD. radicumalso
respond to host odours with positive anemotaxisatMiéght distance of these
flies is approximately 0.5 m while in the odour ple; if the odour source is lost
or crosses flight direction, downwind and circliiight begins until the plume is
re-entered (Hawkes et al. 1978). Directed flightasponse to odour sources has
also been demonstrated for femilamestra brassicak. (Lepidoptera:
Noctuidae) (Rojas and Wyatt 1999) dndxylostella(Couty et al. 2006). Plume

characteristics influence forager flight pattefslia radicumrespond to diffuse
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odours with fast straight flights and to discrelienpes with slower flight and
changes in direction (Nottingham and Croaker 1985anges in odour
concentration may alter flight track angle (Nottwagn and Croaker 1987). The
best strategy for locating odour sources is upMligt in response to initial
perception and maintaining position or castingdbuor is lost (David et all982).
Delia radicumresponse distance to host odours increased witltegkdwvind
speed (Finch 1980)Delia radicumresponded t@8rassica oleraced. plots from
15 m in light winds (Hawkes 1974). Wind speed ailuences responses Gf
obstrictus male responsds leaf extracts decrease when wind speed increases
from 0.446 to 0.682 m sérfemale responses decrease from 0.682 to 1.062 m
sec! (Evans and Allen-William 1998).

Results of laboratory olfactometer assessmentsspionses dt.
obstrictusto odours of whole plants, racemes and caulinesleaiC. obstrictus
resistant and -susceptilde albax B. napugyenotypes and the parental
genotypesB. napusandS. albag are discussed in ChapterBbth overwintered-
and fall-generation weevils were tested. | als@sgtigated potential identities of
the uncharacterised glucosinolates detected by $2@98) and found to be
related to weevil infestation. Effects of detegb@dlymorphisms on attractiveness
of volatile cues associated with specific host g@pes are addressed. Based on
these results, potential deployment strategieadoel germplasm and courses for

resistance breeding are suggested.

39



Chapter 1. Introduction

Antixenosisresistance
Mechanisms of resistance reported3$omlbaand several nove3. albax B.
napusgenotypes also include non-preference or antixemosies as defined by
Painter (1951) and Kogan and Ortman (1978). KagahOrtman (1978)
proposed the term antixenosis as a preplacemeReginald Painter’'s (1951)
‘non-preference’. The term applies to the expaessi traits (for example,
chemical) by one organism that dissuade its exgiloit by another organism;
Kogan and Ortman (1978) proposed the term to magehasis on plant traits
rather than those of the potential herbivore. Agnipsis resistance associated with
C. obstrictusand potential host plants results in fewer egg®siégpd byC.
obstrictusin resistant plants (McCaffrey et al. 1999; Dokdal Kott 2006).
Differences in oviposition and feeding preferenicage been attributed in part to
varying amounts of the same attractive glucosiedtgtdrolysis products that
influence olfactory responses (McCaffrey et al. 999

Effects of deterrent compounds likely also accdantlifferences in
weevil feeding and oviposition preferences. D#fares in susceptibilities &
alba, B. napusandB. rapato insect herbivores have been attributeg-to
hydroxybenzyl glucosinolate (Bodnaryk 1991). Hoee€. obstrictus
oviposition and feeding behaviour were examinedsfoalbavarieties that
differed greatly imp-hydroxybenzyl glucosinolate content; plants oflthe p-
hydroxybenyl glucosinolate variety were not prefeialy chosen as oviposition
sites byC. obstrictusand both demonstrated antixenosis resistance {Linck

Dosdall 2006b). Ulmer and Dosdall (2006b) conctutlet antixenosis resistance
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to C. obstrictusdemonstrated by both varieties could not be atiethtop-
hydroxybenzyl concentration. Although detectablels ofp-hydroxybenzyl
glucosinolate were not reported from introgresSedlbax B. napuggenotypes
tested by Dosdall and Kott (2006), several of thm@otypes expressed
antixenosis resistance @ obstrictus A factor other thap-hydroxybenzyl
concentration is involved in antixenosis resistatodg. obstrictusin S. albaand
the novelS. albax B. napuggermplasm tested by Dosdall and Kott (2006).

High alkenyl-low indolylB. napusvarieties are colonized less By
obstrictusthan high alkenyl-low indolyl varieties (Cook et 2D06). Brassica
rapawas comparably attractive as a high alkenyl-lowolgdB. napusvariety in
linear track olfactometer tests; these were mdradaive toC. obstrictughan a
highindolyl-low alkenyl glucosinolat®. napusvariety (Cook et al. 2006).
Although much of the difference in colonization derstrated between high and
low indolyl varieties could be attributed to greaaenounts of alkenyl
glucosinolate hydrolysis products and their infleeon olfactory responses,
indolyl glucosinolates may have also contributethesreported differences in
olfactory responses reported by Cook et al. (2@D@) antixenosis reported by
Dosdall and Kott (2006).

Hydrolysis products of 1-methoxy-3-indolylmethylgbsinolate include
indole-isothiocyanates, indole-cyanides, indolyde8binol, thiocyanate and
possibly phytoalexins and auxins (Cole 1976; Mith&A82; Mewis et al. 2002).
Indole isothiocyanates, particularly 1-methoxy-8etylmethyl isothiocyanate,

reduce oviposition by the Brassicaceae oligophdgjiula undalis(Fabricius)
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(Lepidoptera: Pyralidae) (Mewis et al. 2002). Altigh the slight volatility of
indole-cyanides reduces the likelihood of effectimgg-distance olfactory
responses df. obstrictusresponses at more intimate ranges may reduce
attractiveness and contribute to antixenosis.

Differences in adul€. obstrictuseeding and oviposition preferences
among variou8. napusvarieties and betwedd napusandS. albamay also be
associated with induced qualitative defences. dtida of 1-methoxy-3-
indolylmethyl glucosinolate has been detecteB.imapusn response t@.
cruciferaefeeding (Bodnaryk 1992) and exogenous applicatfanethyl
jasmonate and jasmonic acid (Bodnaryk 1994; Doughgl. 1995). Systemic
17-fold increases in 1-methoxy-3-indolylmethyl gdsmolate content were
detected in 8. napusilseed variety in response b floralis (Diptera:
Anthomyiidae) attack (Birch et al. 1992). Inductiof indole glucosinolates can
result in reduced herbivore feeding: inductionrafalyl glucosinolates reduced
Psylliodes chrysocephala (Coleoptera: Chrysomelidae) feedingB®nnapus

cotyledons (Bartlet et al. 1999).

Antibiosisresistance

Antibiosis resistance is also an important mechmarmsresistance (Painter 1951):
these are cases where the interaction of two csgemis harmful to one of the
participants. Antibiosis resistance has been detrated for noveb. albax B.
napusgermplasm (McCaffrey et al. 1999; Dosdall and K06). Although

differences in oviposition and feeding preferentuage been attributed to
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differing levels of stimulatory kairomones (McCaffret al. 1999), mechanisms
of antibiosis resistance remain unclear. Prolor@edbstrictudarval
development times and reduced larval weightS.ialbaandS. albax B. napus
hosts have been attributedgdnydroxybenzyl glucosinolate content (McCaffrey
et al. 1999). Differences in susceptibilitiesSfalba B. napusandB. rapato
several herbivores have also been attributed terdiices irp-hydroxybenzyl
glucosinolate content (Bodnaryk 1991). The effects-hydroxybenzyl
glucosinolate and/or hydrolysis products of thimpound as a repellent,
antifeedant, and/or toxic constituent remain urnclea

Antibiosis resistance was demonstratedSoalbavar. L-GS; this variety
was associated with reduc€d obstrictusoviposition, longer larval development
times and reduced larval weights relativ®8tanapugUImer and Dosdall 2006b).
However,p-hydroxybenzyl glucosinolate was not detected w @frthe tissues
examined for this variety. It seems likely thabtrer factor must be influencing
larval development in thiS. albavariety and likely in resistant introgressed
albax B. napudines tested by McCaffrey et al. (1999) and Dosdall Kott
(2006). Hopkins et al. (1998) detected 1-methoxgedlylmethyl glucosinolate
in all tissues of three cultivars 8t alba.

The potential effects of greater constitutive aluoed 1-methoxy-3-
indolylmethyl glucosinolate levels may also conttdto reductions in larval
weights and prolonged development times demonstiatdosdall and Kott
(2006). Prolonge®. rapaedevelopment times were associated \itloleracea

expressing greater levels bimethoxy-3-indolylmethyl glucosinolate (Gols et al

43



Chapter 1. Introduction

2008). Increases in 1-methoxy-3-indolylmethyl gisiaolate levels of more than
10-fold (from < 0.01 to 0.10 mg%yin response to mechanical damag8imlba
have been reported (Koritsas et al. 1991). Inigdrtant to note that development
times inS. albaAC Pennant (a high-hydroxybenzyl glucosinolate variety) were
greater and larval weights were less tharStoalbalL-GS (Ulmer and Dosdall
2006b). There may be an effectmhydroxybenzyl glucosinolate on larval
development and/or an interactionpalfiydroxybenzyl and 1-methoxy-3-
indolylmethyl glucosinolates.

Results of examinations of laboratory and greenb@ssessments of
antixenosis and antibiosis resistance in n&veadlbax B. napugyenotypes are
presented in Chapter & eutorhynchus obstrictdeeding and oviposition
preferences among resistant and susceptible $o\abax B. napusggermplasm
and the parental genotyp&s,napusandS. alba were assessetarval
development times and weights were also assessedvel and parental
germplasm. Assessments of oocyte developmentwdlés on resistant and
susceptible novel germplasm, parental genotypesarrly-season food host,
Thlaspi arvensé., were also conductedl hlaspi arvensés a purported early-
season food host @. obstrictugDmoch 1965), but demonstrates profound
antixenosis resistance to the flea be®lesruciferae(Palaniswamy et al. 1997;
Gavloski et al. 2000). The effects of polymorphsstetected among these
genotypes (Shaw 2008) on feeding and ovipositiefepences, larval

development and oocyte development are also irferidEployment strategies
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for resistant genotypes and potential strategiefutare resistance breeding are

discussed.

Deployment of resistant ger mplasm

Deployment strategies for resistant genotypes regxamination. Based on
previous studies of introgress8dalbax B. napugyenotypes (McCaffrey et al.
1999; Dosdall and Kott 2006), antibiosis resistasamticipated in the genotypes
tested in this study. Toxic cultivars are not evioloarily sustainable in
monoculture (Bernal et al. 2004); therefore meanainimize the selective
pressures associated with antibiosis resistanceequired. Differences in
olfactory cues and visual apparency (as per Fe8iig)lmay initially contribute

to resistance of nové. albax B. napugyenotypes in the field. However,
herbivore search efficiency has been shown to evim\correspond to parental
oviposition choices and not be influenced by appaydParmesan 1991).
Because al. albax B. napuggenotypes tested by Dosdall and Kott (2006) and
the highly weevil-resistar. albacansupportC. obstrictudarval development
(McCaffrey et al. 1999; Dosdall and Kott 2006)sitikely that all genotypes
tested in this study can be considered conditigrslitable hosts fo€. obstrictus
larvae. Larval development on these genotypesfagilitate modification of
search efficiency. The widespread adoption otast germplasm depends in
large part on the durability of resistant trait@(@l@her 2001). Because of these
considerations, incorporation of susceptible redutas been proposed as means

of preserving resistant traits for these genotypessey et al. 2008a).
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Examples of incorporation of susceptible refugmlaest known from
deployment of transgenic cordga mayd..) andcotton Gossypium hirsuturh.)
that expres8acillus thuringiensifBerliner Bt) - endotoxinsA ‘high-dose-
refuge’ (HDR) strategy to reduce selective pressassociated with crops that
produce Bt) toxins is recommended by regulatory authoritibe;refuge
component of this strategy involved planting noxitaultivars that are
accessible to and can be used by pests for develtpmclose proximity to these
crops (Gould 1998; USEPA 2001). This strategy wasémented with the
advent of crop genotypes toxic enough to achievepbtete mortality of pest
populations (Vacher et al. 2003). By this stratemymplete mortality of
susceptible homozygotes and majority mortality eétehozygotes occurs after
consumption oBt crops; the likelihood that remaining heterozygatdsmate
with susceptible homozygotes from susceptible refugcreases and thus reduces
the frequency of resistant homozygotes (Gould 1998k efficiency of this
strategy depends in large part on a relativelyfi@guency of resistance alleles,
the functional recessive nature of resistant allaled random mating among
populations (Bourguet et al. 2000; Carriere e2@01). Relatively large refuges
are required to prevent emergence of resistanpests (Carriére et al. 2001).
Strategies for incorporating lower levels of togdnave not been well studied
(Gould 1998).

Vacher et al. (2003) employed a population germmabdel of tobacco
budworm,Heliothis viresceng. (Lepidoptera: Noctuidae), mortality and gene

flow in mixed resistant-susceptible cotton agrogstems. They assessed the
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effects of toxicity associated with transgenic pdaaind spatial structure and size
of refugia on a scale of kilometres. Their resirticated that the HDR strategy is
adequate for delaying emergence of resistancs trathis pest but suboptimal for
preventing its emergence. Their results also atd that a strategy that
incorporates transgenic plants with low toxicityipted with refugia occupying
approximately 25 percent of the production arestiiips separated by
approximately 20 km was more effective for maintagnthe efficacy of
transgenic traits than current HDR practices (Vaetal. 2003). Comparable
results were obtained for modeled 400%kand 600 krh cultivated regions
(Vacher et al. 2003).

Several insect pests have evolved resistanBeitothe laboratory and
field populations oP. xylostellaand greenhouse populationsToichoplusia ni
(Hubner) (Lepidoptera: Noctuidae) have developsdtance tdt sprays
(Tabashnik 1994; Tabashnik et al. 2002; JanmaaMymis 2003). Some field
populations oHelicoverpa ze4Boddie) (Lepidoptera: Noctuidae) have
developed resistance to CrylAc in Arkansas andib&ig®i, seven to eight years
after commercial introduction @&t cotton (Ali et al. 2006; Tabashnik et al 2008).

Although several of th&. albax B. napuggenotypes tested by Dosdall
and Kott (2006) demonstrate antibiosis resistaa€ bbstrictus none of the
genotypes tested includirg®) albawere associated with high adult mortality.
Thus, although tests of deployment strategies pwating spatial parameters that
approximate agroecosystems requires testing anelfimay resistant genotypes

tested in this study can likely be considered lowidity and should allow
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sustained expression of resistance traits withivelg small refugia (as per
Vacher et al. 2003).

An important consideration in the deployment ofs&st germplasm is
the incorporation and spatial arrangements of qisate refugia. These
considerations assume that virulence in the insggtilation is recessive and rare;
functional recessiveness can be conferred by thR Blitategy, ensuring great
mortality of heterozygotes and reducing the freqyesf virulence alleles
(Rausher 2001). Sufficient frequency of aviruleatieles associated with refugia
can contribute to prevention or delay of emergefdeomozygous virulence
alleles (Gould 1986; Rausher 2001). Random gee&tihange between virulent
and avirulent members of pest populations contebth delays in the emergence
of virulence (Comins 1977).

Appropriate strategies for deployment depend igdgrart on the mobility
of pests (Rausher 2001). For pests hkkevirescensmobility of larvae is
relatively high and may result in dilution of toxpcoperties associated with
resistant plants by movement away from resistastshand greater frequency of
heterozygotes than if resistant and susceptiblestaze blocked (Rausher 2001).
In cases where juvenile insects are limited toviddial plants such &Sitodiplosis
mosellangGéhin) (Diptera: Cecidomyiidae), interspersed ge&flare appropriate
because larvae are immobile and therefore expasauqitibiosis associated with
resistant plants for their entire development (8rattal. 2007). Fo. mosellana
mating likely occurs before dispersal (Pivnick drdbbé 1992), requiring

homozygous avirulent mates in close proximity tant homozygotes; resistant
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plants should be interspersed with susceptibles |[{Senith et al. 2007).
Ceutorhynchus obstrictuarval development is also limited to individuaapts,
but mating occurs after overwintering and may heaesdistance from plants that
supported larval development (e.g. Dmoch 1965)s Bkpect o€. obstrictudife
history places fewer limitations on deploymenttetgées for resistant germplasm
but does not supersede the need for susceptibigiaef

Incorporating susceptible refugia with resistamagpes may have
benefits for crop protection beyond preservationesfstance traits. Arthropod
pest outbreaks occur more frequently in monocudttiian polycultures (Elton
1958; Pimentel 1961). Inverse relationships betwsant diversity and
individual herbivore numbers have been documeriResth et al. 1983).
Polycultures of plants with variable resistancégraere typical of traditional and
subsistence systems for millennia; these cropgiagegjies help to stabilize
yields and reduce the effects of pests. For exanpallycultures of olive, grape
and wheat were incorporated by Mediterranean Bréwgze(ca. 2000 BC)
farmers to increase production (Renfrew 1972).y&dtures are associated with
greater emigration and reduced immigration of spestiherbivores than
monocultures (Kareiva 1983; Elmstrom et al. 1988).

Although agroecosystem diversification usually ilves the incorporation
of different plant species, varietal mixtures irnmaated as intercrops, trap crops
and border crops can also influence herbivorouscingsopulations. Latin
American cassavalanihot esculent&rantz (Euphorbiaceae), farmers have

traditionally used varietal mixtures to reduce Inaske loads (Lozano et al. 1980).
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Mixed populations of glabrous and hirsute cottonajgpes incur less damage by
the fleahopper?’seudatomoscelis seriatBeuter (Hemiptera: Miridae), and yield
more than either line grown alone (Benedict el 886). Although evaluations of
the effects of genotypic mixes on insect populatiare relatively rare, those that
have been conducted indicate reduced impacts ettipests. The contributions
of genetic or taxonomic diversity to reductionsarbivore feeding are consistent
with associational resistance (Tahvanainen and R@02).

Mechanisms linked to associational resistance (se/eeslationship of
herbivore occurrence and/or damage with increageztaosystem diversity)
include reductions in the apparency (as per Feéiig)lof susceptible genotypes
as well as increased competition among potentedbtiferous herbivorous
species and improved natural enemy diversity amdide(Root 1973; Risch et al.
1983; Baliddawa 1985; Andow 1990). Plant apparenfiyences host location
and discrimination (Feeny 1976) and is the mostyikactor influenced by
simultaneous, sympatric assemblages of mixed gpastyApparency can be
influenced by both visual and olfactory cues (Fe&@y6). Susceptible genotypes
may be obscured when in close proximity to genatypith less attractive visual
and olfactory cues. Movement ©f obstrictu§rom overwintering sites to crops
is influenced by host-plant odour (Evans and ANgiliams 1993). The odours
of plant neighbours, rather than of individual p&amwere suggested to be the
primary factor influencing attraction @. obstrictugo B. oleraceaandBrassica

nigra (L.) local populations and thus oviposition (Moyesd Raybould 2001).
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Emigration of weevils from sites due to antixenassistance could also
contribute to associational resistance. Barbos& €2007) conducted a large
meta-analysis of associational resistance and ias®oal susceptibility. Their
analysis incorporated habitat (managed or unmarnagathtability of potential
host plant neighbours, taxonomic similarity of glarighbours, herbivore feeding
guild, feeding type and host range, and plot simkarangement. Results of their
review and analysis indicated the importance obivere abundance or plant
damage as predictors; however, associational aesistwas consistently
associated with unpalatable (antixenotic) neighbaund associational
susceptibility with palatable neighbours (Barbosale2007). Somewhat
surprisingly, their results also indicated thatasstional resistance was not
strongly influenced by herbivore host range and tiinfluence of taxonomic
similarity among neighbours was variable (Barbdsa.€2007).

It should be noted that within-site genotypic dsrgr may actually
promote the growth of some insect populations. &ari2001) demonstrated a
positive correlation between within-site diversafyEuphorbia esuld.. with
Aphthona nigriscuti$oudras (Coleoptera: Chrysomelidae) population $izeas
suggested that host preferences of these beetiegshewed to aggregated
distributions, thus allowing them to avoid Allee‘onderpopulation’ effects:
inability of widely dispersed (on the scale of asact) members of populations to
find mates, avoid predators or overcome host defe(®llee 1931). The
predilection of a species to aggregate likely iaflaes responses to within-site

host variability. Aggregations &phthonaspp.can be very dense and large;
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densities of 2500 thAphthona lacertoséRosh.)are not uncommon (Van
Hezewijk and Bourchier 2005). Although obstrictusalso assumes aggregated
distributions, particularly on early flowers of cda crops (Dosdall et al. 2006),
their highly localised densities, by my estimatido,not approach those of the
Aphthonaspp. examined to date (Van Hezewijk and Bourchi®52 J. Tansey,
unpublished data). Although conspecific chemicascare produced by femdle
obstrictus(Evans and Bergeron 1994) and malenigriscutis(Tansey et al. 2005)
and likely influence conspecific spatial distritmrtiin these species, the effects of
epideictic substances associated Wtlobstrictusoviposition certainly augment
this insect’s propensity for aggregated distribogionid-season.

Results of a small field plot study examining #ffects of mixingC.
obstrictussusceptible and -resistant genotypes in variouggstions and
comparison of these seeding arrangements withiaesigr susceptible
monocultures are presented in Chapter 6. Mixeg wehieved by planting
alternating strips of resistant and susceptibletgres; resistance or
susceptibility was based on assessments by Sh&g)2@lots were established
in a region inhabited by a large, naturalif2dbstrictugpopulation. This small
plot study was used to test the hypothesis thaturgz of resistant and
susceptible genotypes deterobstrictusattack on susceptible germplasm
(associational resistance). Adult weevils werppeal and assessed weekly over
two growing seasons and their spatial distributletermined in each plot.
Oviposition associated with each mixture of resistand susceptible genotypes

was also assessed annually. Potential mechanisassaciational resistance are
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discussed in light of results of Chapters 2 to & suggestions regarding
deployment strategies for resistant genotypesniagt best exploit these factors

are made.
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Introduction
The cabbage seedpod wee@gutorhynchus obstricty#Marsham) (synC.
assimilis(Paykull)) (Coleoptera: Curculionidae) is an imjpot pest of
brassicaceous oilseed crops in North America andgg& attack on canola,
Brassica napu&. andBrassica rapdal., and mustardBrassica juncedL.) Czern.
is of particular concern (McCaffrey 1992; Buntina¢t1995; Dosdall et al. 2001).
This European weevil was first reported in souttstem British Columbia in
1931 (McLeod 1962). It has since dispersed oracaglentally introduced, so its
current range encompasses most of continental U(BléCaffrey 1992).In the
Canadian prairies;. obstrictuswas first reported near Lethbridge, Alberta in
1995 (Carcamo et al. 2001) and was recently foor@uébec and Ontario
(Brodeur et al. 2001; Mason et al. 2003). Weshwrth American populations
were likely introduced from source locations in #es or northern Europe,
whereas north-eastern North American populatiornre weroduced separately
from Scandinavia or Russia (Laffin et al. 200&eutorhynchus obstrictus
dispersing north and east from southern Alberapgatoximately 55 km per year;
by 2000 the weevil reached western Saskatchewarsamddicted to eventually
occupy all western Canadian canola production reg{@osdall et al. 2002).
Ceutorhynchusbstrictusis univoltine and overwinters as an adult in the
soil below leaf litter, usually in shelterbelts (Doh 1965; Ulmer and Dosdall
2006). In spring, newly emerged adults feed osdicaceous plants near their
overwintering sites for a few days before undergdinst-seeking migrations

(Bonnemaison 1957). Most of these plants providdenance for newly emerged
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overwintered weevils, resources for ovarian develept and opportunities to
aggregate and mate (Fox and Dosdall 2008)position occurs in developing
siliques ofB. napus, B. rapa, Raphansgp. and to a lesser ext&ihapis
arvensisL. (Dmoch 1965). Larvae feed on developing seeodissuming five to
six seeds during three instars (Dmoch 1965). Msafanvae chew through pod
walls and drop to the soil where they burrow in aogate. The next generation
of adults emerges about 10 d later; development &gg to adult requires 31-58

d in spring canola in western Canada (Dosdall angs&y 2004).

Herbivorous insects use visual and olfactory coesbst location and
demonstrate great selectivity among visual cuesk@y and Owens 1983).
Host location has been suggested to follow a stepmiocess that incorporates
directed flight in response to olfactory cues, gis@sponses to reflected spectral
properties of potential host plants at relativdbse range and chemical and
tactile cues at intimate ranges (Kennedy 1965yedded flight in response to
visual cues has also been proposed (Moericke 1952elatively close ranges,
spectral quality of the light reflected by a potehost plant is the predominant
cue associated with detection and alightment inyniembivorous insects

(Prokopy and Owens 1983).

Most insect visual systems examined to date haae ulgaviolet
receptors (UV) with response maxima near 350 hm(= 350 nm), blue
receptorsA max = 450 nm), and green receptoisnix ~ 550 nm) (Briscoe and
Chittka 2001). Many herbivorous insects also resipo yellow ¢ = 560-590

nm) as a ‘supernormal’ stimulus (Prokopy and OwWE33). Chittka (1996)
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suggested that this set of UV, blue, and greengoloéptors is ancestral to
Insecta and that some lineages have since lostdadareceptors as a result of
different selection pressures. Chittka (1996) fotirat a modeled system of
spectral receptor types with.x = 340, 440 and 560 nm, approximating the type
typical of Apidae (Hymenoptera), was near optinealdistinguishing floral
colours from background, flower colours among sympalant species and

discrimination of green foliage.

Understanding the visual response€obbstrictusto light of specific
wavelengths has important implications for impropegulation monitoring and
for developingC. obstrictusresistant plants, yet few previous studies have
investigated the visual system of this speciesealier studies, Smart et al.
(1997) found that yellow traps captured many n@rebstrictusthan black,
white, and green traps; Buechi (1990) found thioaigh yellow traps captured
more weevils than other colours, light green andeminaps also captured large
numbers ofC. obstrictus Effects of UV reflection or interactions of UV
reflection and human-visible frequencies@nobstrictusbehaviouthave not yet
been examined. Hausmann et al. (2004) found amtgféf femaleAnthonomus
pomorumL. (Coleoptera: Curculionidae) for UV, green, amdeatransmitted light
in laboratory choice tests; they concluded thasehgeevils have a trichromatic

visual system and use visual cues for host plamattion.

Electrophysiological studies can detect perceptipand sensitivity to,
specific frequencies of transmitted light, but tizeg limited in their ability to

detect behavioural effects. Because insect reggdosvarious wavelengths of
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light can include discrimination and potential natetions of dominant
wavelengths, behavioural evidence is necessarysiesa potential effects of
specific wavelengths on responses like host selectihe objective of this study
was to investigate the behavioural responsés obstrictusto components of the
hypothesized UV-blue-green system and the potestigernormal’ stimulus,
yellow, and assess interactions among frequenddarge naturalized.
obstrictuslocal population was offered traps painted withcklayellow, green,
and blue with colours mixed at various ratios withite paints that reflected
different levels of UV. | sought to compare thénéde@oural responses @f
obstrictusmales, females, and gravid females to the colowes the course of
two field seasons, and so gain greater insighttimovisual cues responsible for
host selection in this species and assess poteffeals of weevil ontogeny on

responses.

Materialsand Methods

Trap colours and spectrophotometric analysis

Painted bowl traps, half-filled with propylene ghfcwere used to assess
attractiveness of colours by comparing capturdse Bowl dimensions were 15
cm in diameter and 9 cm deep, and they were sehaight of 1 m on metal
poles. Traps were coated with blue, green, blackvehite paints (TiQor
PbCQ). TiO; reflects less UV (350 nm) than Pbg&Qudd et al. 1988). UV-
reflecting qualities of the paints were increasgariixing them with a UV-

reflecting white pigment, PbGQin a method similar to that of Moericke (1969)
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and adopted by Judd et al. (1988). Some yellow lbraps were left unpainted
while the saturation series were obtained by mixmngiO, or PbCQ at different
ratios in all selected colours. For each colowsgi@es consisted of unmixed and
mixed colours at a ratio of 3:1 or 1:3 with eiti@®, or PbCQ. This generated a
series designated, for example, as follows: Yellgellow: Ti (3:1), Yellow: Ti
(1:3), Yellow: Pb (3:1), Yellow: Pb (1:3). Eachleor (yellow, blue and green)
was designated in an identical manner and will &féee be referred to by this
designation. Black and white (Ti@nd PbC@) paints will hereafter be referred
to as Black, Ti White and Pb White, respectivelyxtdres (1:1) of black and
white (TiO, and PbC@) paints will hereafter be referred to as Ti Gray &b
Grey, respectively. Similar proportions of Yello@reen, Blue or Black and
either TiQ or PbCQ appeared monochromatic to the human eye. Refleeta
properties of individual tints (paints and mixtyresere assessed using a dual-
beam spectrophotometer operating between 250 ehdqCary 5G UV-Vis-
NIR, Varian, Inc., Mississauga, Ont.). Reflectamn@s assessed at 1 nm
increments and corrected for proportion reflecte@ 9% Spectralon reflectance

standard (Labsphere, North Sutton, NH).

Trap captures

Bowl traps, set on metal posts at a height of Tigure 2.1), were deployed near
Lethbridge, Alberta (49° 4B9" N, 112° 4958.3' W) near a 2.0 hB. napudield
in 2007 and an irrigated 10.7 Banapudield in 2008. Fields chosen in 2007

and 2008 were approximately 1.5 km apart. Botld§elere seeded &. napus
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and the experimental plot area was surrounded Iy m borders oB. rapa.

Traps were set 10 m from a shelterbelt comprisedlgnaf cottonwood Populus
angustifoliaJames) and 4 m from the field’s western edge 0v2ihd
approximately 2 m from that field's eastern edg@@08. Individual tints were
replicated four times; traps were separated by Insects were gathered from
bowl traps weekly from 1 June to 10 August 2007 a@dd/ay to 8 August 2008
and stored in 70% ethanol. Sampling intervals nglleafter be referred to as
weeks 1 to 10. Preserved obstrictuswvere dissected to determine sex and
gravid status of females. Gravid status was detexchby the presence or absence
of chorionated oocytes in the ovarioles or latexatlucts (as per Fox and Dosdall
2003). All females with chorionated oocytes wessuemed to be gravid.

All analyses were conducted with SAS version 9Ag3nstitute Inc.
2005). Weekly weevil counts from each bowl trapeva@nalyzed using a
repeated measures analysis with Poisson genera&tedating equations (proc
GENMOD). Proportions of. obstrictusmales, total females and gravid females
from each trap on each sampling interval were cagetphy repeated measures
analysis with binomial generalized estimating emunest (oroc GENMOD). An
exchangeable correlation structure was used feethad weekly weevil count
analyses to account for correlation of counts femoh trap. Pair-wise
comparisons for weekly count and analyses of tbpgation of males, total
females and gravid females in catches were madeg asWald chi-square test
(LSMEANS statement with DIFF option in proc GENMO(BAS Institute Inc.

2005). A Bonferroni adjustment mvalues to 0.0025 was made to achieve an
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overall criterion level of statistical significano&0.05 for the 20 tint

comparisons.

Relating reflectance propertiesto trap captures

Assessments of relationships between reflectivpeatees of traps and weevil
catches were conducted using multiple regressepwsse procedure analysis
(proc REG with the Selection = Stepwise optionjopg@rtions of males and total
and gravid females were evaluated as a proporfieach group captured weekly.
Capture data were transformed flo(x +0.1)] to normalize residuals. Bonferroni
adjustments were calculated by dividing the nomatgiha level (0.05) by the
number of hypotheses. Modified alpha values wecerporated into the
SLENTRY=a function (significance level to enter) and SLSTAY: function
(significance level to remain); only variables sfgpant at modified alpha values
were allowed to enter and stay in models. Moda&rsevdeveloped to represent
the responses of male, total female and gravid ie@aobstrictuso amounts of
ultraviolet (350 nm), blue (450 nm), green (530 ramyl yellow (580 nm) light
reflected from traps as well as sampling interqailahtified as 1 to 10) and year.
Tested factors also included variables createdgoesent interactions between
main effects, quadratic relationships of main éffgbetween main effects and

sampling interval, and between year and samplitegval.
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Results
Overview of trap captures
Comparison of the numbers of weevils captured biyras in 2007 and 2008
indicated significant differences between yeafs=(60.46,df = 1,P < 0.0001);
moreC. obstrictuswvere captured in 2007 (6505) than in 2008 (1539).
significant effect of sampling interval was als@agent ¢* = 55.60,df = 9,P <
0.0001) as was a significant interaction of sanpiitierval and yean{ = 41.20,
df = 9,P < 0.0001). In 2007, significant decrease€irobstrictusnumbers
occurred between weeks 2 and 3, 5 and 6, 7 antd® and 10; significant
increases occurred between weeks 3 and 4, 4 adl® and 9K < 0.05 for all
comparisons). In 2008, significant increase€ ibstrictcusmumbers occurred
between weeks 1 and 2, and weeks 4 and 5; signifttecreases occurred
between weeks 2 and 3, 5 and 6, and 6 afd< .05 for all comparisons).
Significantly moreC. obstrictusvere captured in weeks 1, 5, 6, 7, 8, 9 and 10 in
2007 than in 2008. Mor€. obstrictusvere captured in weeks 2 and 3, 2008 than
2007 Similar numbers were captured week 4, 2007 and.2008

Trap colour significantly influenced capture numb@? =41.27df =19,
P =0.0022) (Figure 2.2). Yellow traps capturedagee numbers of. obstrictus
than any other colouP(< 0.0001 for all comparisons). Green and Yellow: Pb
(3:1) traps captured similar numbeyé € 0.14,df = 1,P = 0.7044). These
colours captured moi@. obstrictughan Yellow: Ti (3:1) P < 0.0001 for both
comparisons). Yellow: Ti (3:1) traps captured mGreobstrictughan the

remaining coloursK < 0.0001 for all comparisons). Green: Pb (3:1) anekG:
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Ti (3:1) captured similar numbers of weevif € 0.07,df = 1,P = 0.7894) and
significantly more than Yellow: Pb (1:3fp(< 0.0001 for both comparisons); these
traps captured significantly mo€ obstrictughan Yellow: Ti (1:3), Green: Ti
(1:3), Green: Pb (1:3), Pb White, or Pb Grey<(0.001 for all comparisons).
These traps captured mdee obstrictughan Ti Grey, Ti White, Black, Blue,

Blue: Pb (3:1), Blue: Pb (1:3), Blue: Ti (3:1),Blue: Ti (1:3) £ < 0.001 for all
comparisons) (Figure 2.2). No significant interac$ of trap colour and

sampling interval? = 80.0,df = 80,P = 0.4790), or trap colour and yeaf €

26.98,df = 19,P = 0.1051) were apparent.

Proportions of malesin traps

Similar proportions of males were captured in 20€8%) and 2008 (46%)4 =
0.27;df = 1;P = 0.6014). A significant effect of sampling intervahs apparent
(¢* = 41.51;df = 9; P < 0.0001). Significant decreases in proportions afa®
were observed weeks 3 to 4 and 6 to 7; significareases were observed in
weeks 4 to 5 and 7 to & (< 0.05 for all comparisons). No significant lineagrtd
was associated with proportions of males captuyeddlbe for 2007 and 2008 &
0.10; df =1, 9P = 0.7543). A significant effect of trap colour wdsmapparent
(x*= 30.50:df = 19; P = 0.0458) (Figure 2.3). Yellow traps captured greater
proportions of males than Yellow: Pb (3:1) or Grémps ¢* = 21.31df= 1,P <
0.0001, ang? = 39.55;df = 1; P < 0.0001). Green and Yellow: Pb (3:1) captured
similar proportions* = 1.13,df = 1,P = 0.2878) and significantly more than

Yellow: Ti (3:1) (P <0.0001 for both comparisons). Yellow: Ti (3:1) aaed
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greater proportions of male weevils than Green(3b) or Green: Ti (3:1)K <
0.0025 for both comparisons). Green: Pb (3:1) captgreater proportions than
Yellow: Pb (1:3), Pb White, Green: Pb (1:3), Green(1:3), or Yellow: Ti (1:3)
(P < 0.001 for all comparisons). Green: Ti (1:3), Yelld®b (1:3), Pb White, and
Green: Ti (1:3) captured greater proportion§€obbstrictusmales than Pb Grey,
Ti Grey, Ti White, Black, Blue, Blue: Pb (3:1), BIuPb (1:3), Blue: Ti (3:1), and
Blue: Ti (1:3) £ < 0.0025 for all comparisons) (Figure 2.3). No #igant
interaction of trap colour and year was apparght (28.38;df = 19;P = 0.0764).
No interactions of year and sampling interydl£ 11.45:df = 9; P = 0.2464), or
sampling interval and trap coloyfE 80.0;df = 80;P = 0.4790) were detected.
Examination of the proportions of males capture@dagh colour as a proportion
of total males captured also indicated signifiadifferences among treatmen3 (
=30.20,df = 19,P = 0.0493). Patterns among colours were similar ¢seh
demonstrated for males as a proportion of totalurap. Yellow traps captured

28% of males (Figure 2.4).

Proportions of total femalesin traps

Similar proportions of females were captured in2(@2%) and 2008 (54%)=
0.41;df = 1;P = 0.5234). A significant effect of sampling intervehs also
apparent* = 33.33df = 1,P < 0.0001). Increases in proportions of total
females in traps occurred between weeks 1 and@¢d4%, 7 and 8, and 8 and 9;
decreases occurred between weeks 5 aRd<60.05 for both comparisons). No

significant linear trend was associated with préipos of total females captured
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by date for 2007 and 200B € 0.10; df =1, 9P = 0.7543). A significant effect
of trap colour was also apparept € 32.51;df = 19:P = 0.0274). Yellow traps
captured greater proportions of female weevils tfialtow: Pb (3:1) £ =
408.25,df = 1,P < 0.0001) or Green trapg?(= 35.34,df = 1,P < 0.0001). Green
and Yellow: Pb (3:1) traps captured similar projoos of total females{ =
2.80,df = 1,P = 0.0944) and significantly more than Yellow: Ti13(P < 0.0001
for both comparisons). Yellow: Ti (3:1) traps cagtli greater proportions of
female weevils than traps of remaining colodts<(0.0025 for all comparisons).
Green: Pb (3:1) and Green: Ti (3:1) traps captsmeular proportions of females
(P >0.0025); Green: Pb (3:1) captured greater propwsttban Yellow: Pb (1:3),
Green: Pb (1:3) and Green: Ti (1:8) € 0.0025 for both comparisons). Yellow:
Pb (1:3), Green: Pb (1:3) and Green: Ti (1:3) tregg®tured similar proportions of
females; Green: Pb (1:3), Green: Ti (1:3), Pb Whit&rey, Blue: Ti (1:3),
Yellow: Ti (1:3), Pb Grey, Blue: Pb (1:3), and Bluaps caught similar
proportions of total female® (> 0.0025 for all comparisons). Traps of these
colours captured greater proportions than Ti WaitBlue: Ti (3:1) trapsH <
0.0025 for all comparisons) (Figure 2.3). No siigant interaction of trap colour
and year was apparenf € 26.11;df = 19;P = 0.1273). No significant
interactions of sampling interval and trap colgdr= 80.0,df = 81,P = 0.5105),
or sampling interval and yegr*(= 12.71,df = 9,P = 0.1763) were detected.
Examination of the proportions of females capturgdraps of each colour as a
proportion of total females captured also indicatigghificant differences among

treatments,{ = 37.57,df = 19,P = 0.0067). Patterns among colours were similar
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to those demonstrated for females as a proporfitotal captures. Yellow traps

captured 43% of all females (Figure 2.4).

Proportions of gravid femalesin traps

Greater proportions of gravid females were captur&2008 (19%) than 2007
(15%) §* = 32.07;df = 1;P < 0.0001). A significant effect of sampling interval
was also apparenti(= 65.88,df = 1,P < 0.0001) as was an interaction of
sampling interval and yeay¥(= 29.04,df = 9,P = 0.0006). In 2007, increases in
proportions of gravid females captured in trapsuoed between weeks 2 and 3,
4 and 5, 7 and 8 and 9 and 10; decreases occleteddn weeks 8 and P
0.001 for all comparisons). In 2008, increasesapprtions of gravid females
captured in traps occurred between weeks 2 anald34 and 5; decreases
occurred between weeks 1 and2<0.001 for all comparisons). Although no
significant linear trend was associated with prdéipos of gravid females
captured by date for 2007 and 2068=0.77; df =1, 9P = 0.4045), greater
proportions of gravid females were apparent lathénseason. A significant
effect of trap colour was also apparerft£ 51.92;df = 19;P = 0.0274) (Figure
2.3). Yellow traps captured greater proportiongraivid females than Yellow: Pb
(3:1) or Green trap$>(< 0.0001 for both comparisons). Green and YellBtw:
(3:1) traps captured similar proportions of gral@chales P > 0.05). Among
remaining traps, Yellow: Pb (1:3), Yellow: Ti (3;5reen: Pb (3:1), and Green:
Ti (3:1) captured similar proportions of gravid fales, and significantly more

than Yellow: Ti (1:3), Green: Pb (1:3), Green: TiJ), and any blue, white, grey
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or black traps R < 0.0001 for all comparisons) (Figure 2.3). Altghuno
significant interaction of trap colour and year vegparent)¢ = 20.76:df = 19;P

= 0.35.02), pair-wise comparisons indicated thatofelITi (3:1), Yellow: Pb
(3:1), Yellow, Green: Ti (3:1), Green, Ti Black, Black, and Blue: Ti (1:3) traps
caught greater proportions of gravid females in&®@&n 2007 (Figure 2.3). No
significant interaction of sampling interval andgrcolour ¢* = 80.0,df = 80,P =
0.4790) was apparent. Examination of the propostimirgravid females captured
by each colour as a proportion of total gravid fEe@aptured also indicated
significant differences among treatmenfs< 43.04 df = 19,P = 0.0013).
Patterns among colours were similar to those detraied for gravid females as a
proportion of total captures. Yellow traps captuéddo of gravid females (Figure

2.4).

Relating reflectance propertiesto C. obstrictustrap catches

Reflectance properties of each trap colour aregnttesl in Figure 2.5. In the
following section, UV (350 nm), Blue (450 nm), Gne50 nm) and Yellow

(580 nm) reflectance will be referred told¥, B, G, andY, respectively. The
multiple regression stepwise-selection proceduesreming relationships between
total males per trap as a proportion of weeklyltwtale captures and specific
frequencies reflected from these traps during semgleriods 1-10, 2007 and
2008 indicated contributions to the final model®yF = 108.38; d= 1, 1599,P

< 0.0001),B (F = 254.23.14; dE 1, 1599,P < 0.0001), and the variables created

to represent interactions 0V andY (F = 185.09; df= 1, 1599,° < 0.0001),B
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andG (F = 497.66; df= 1, 1599;P < 0.0001), and the quadratic functibiv? (F
=56.57; df= 1, 1599P < 0.0001). A significant interaction of samplingental
(S andY (YS) was also detected & 24.17; df= 1, 1599,P < 0.0001). A

model developed to describe the relationship décédnce of specific frequencies
from traps and proportions of males in weekly cascis: logo (x + 0.1) = —
0.85229 + 0.418823) — 0.93095B) + 8.80952 VY) — 2.06857 BG) —

26.15332 (V?) + 2.11239B%) — 0.00914YS) (F 7, 1500= 167.44;R = 0.4273P

< 0.0001) (Table 1).

The multiple regression stepwise-selection proaedhaicated
contributions to the final model of the relationsbietween total females per trap
as a proportion of weekly total female captures taapl reflectance properties by
G (F = 74.64; df= 1, 1599;P < 0.0001)B (F = 476.42; df= 1, 1599P <
0.0001), and the variables created to represesraictions ofJV andY (F =
327.32; df= 1, 1599;P < 0.0001),B andG (F = 57.86; df= 1, 1599;P < 0.0001),
and the quadratiddV? (F = 89.63; df= 1, 1599;P < 0.0001),B?(F = 227.89; df=
1, 1599;P < 0.0001) and3?(F = 19.62; df= 1, 15992 = 0.0001). A model
developed for the relationship of reflectance acsfic frequencies from traps
and proportions of females caught is:ilpgx + 0.1) = — 0.83681 + 0.91538) —
1.36029 B) + 12.188 UVY) — 1.80406 BG) — 36.18053¢V?) + 2.33536 B?) —
0.82901 G?) (F 7, 1509= 276.95R = 0.5491P < 0.0001) (Table 1).

The multiple regression stepwise-selection proceéxamining
relationships between corrected proportions of igreamales captured by and

specific frequencies reflected from these trapgatdd contributions to the final
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model byG (F = 25.40; df= 1, 1599;P < 0.0001)B (F = 141.19; df= 1, 1599P
< 0.0001), and the variables created to represesriaictions ofJV andY (F =
170.53; df= 1, 1599;P < 0.0001),B andG (F = 15.30; df= 1, 1599;P < 0.0001),
and the quadratiddV? (F = 47.19; df= 1, 1599:P < 0.0001),B?(F = 66.74; df=
1, 1599;P = 0.0001) and3? (F = 12.59; df= 1, 1599;P = 0.0001). A significant
effect of sampling intervalS]) was also detecte® € 34.57; df= 1, 1599,P <
0.0001). A model developed for the relationshipafifectance of specific
frequencies from traps and proportions of weekigluas is: logp (x + 0.1) = —
0.92863 + 0.826623) -1.12209 B) + 12.47426 (VYY) -1.39674 BG) -35.45179
(UVA) + 1.87464 B%) -0.94033 G°) + 0.00994 BI) (F g, 1509= 87.87;R° = 0.3064;
P <0.0001) (Table 1).

Comparisons of modeled responses of males anddsrtathe interaction
of UV andY in the absence @ or B indicated great differences. Both males and
females responded to attractive effects of thisratdtion; both sexes were most
attracted to increasing levels¥fand moderately low levels afV (Figure 2.6)
The greatest modeled total and gravid female ptap were associated with
proportions of reflected of 1.0 andUV of ca. 0.18. Increases and decreases in
the proportions o)V from a proportion of 0.18 reduced attractiveness.
Proportions of reflectedV < 0.17> reduced modeled male proportions. Great
differences were apparent in modeled responsesgaifand gravid females to the
proportions of reflected andUV: gravid females were most sensitive to this
interaction with a modeled response ofilgg +0.1) = 0.27 a¥ = 1.0 andJV =

0.18. Modeled total female and male responsdseattproportions of andUV
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were logo(x +0.1) = 0.18 and lag(x +0.1) = -0.21, respectively. Responses to
the interaction broadened at loweandUV levels for total and gravid females
and males. AY = 0.5, greatest female responses wetg\ak 0.07-0.10>;
greatest male responses wer&¥t< 0.06 - 0.10 >Neutral response was
associated with levels &fV = 0.45 atY = 1.0 for females and male&reater
negative effects on females than males was appatr¥nrt 1.0 andJV = 0.5:
logio(x +0.1) = -3.79 and lag(x +0.1) = -3.08, for total females and males,
respectively. Reducedreflectance depressed levelddf required to elicit
neutral responses for total and gravid femalestatadl males: 0.35, 0.37 and 0.36,
respectively. The addition of the effect®fnfluenced models associated with
both males and females. At proportions of refledtef 1.0 andJV of 0.18,
moderate levels @ reflectance (0.33) reduced responses for gravizhles, total
females and males. In the absence of the attesetfects of the interaction &f
andUV, values oB = 0.33 reduced gravid female, total female and maddeled
responses. Including moderate level§&okflectance in models increased
responses of total and gravid females and malbs. aftractive effects @&
increased until 0.65 for total females and malektarD.45 for gravid females; at
proportions greater than these, modeled resporsesased. Proportions Bf
andG also interacted. AB =0.33,G=0.33,Y=1.0 andJV = 0.18, responses of
females were reduced in a similar manner to theseaated witB = 0.33 in the
absence os. Males were increasingly attracted to the intéoacof B andG

with greater proportions & andG reflected.
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Discussion

Total captures o€. obstrictusadults were much greater in 2007 than 2008.
Although local populations can undergo naturalafatity between years
(Dosdall et al. 2008), differences in this studg tkely be attributed to two
factors: insecticide application and excessivgation on the 2008 site.
Pyrethroid insecticide (Dedisdeltamethrin) was applied to an area adjacent to
the 2008 study site in late June and this redueedoicalC. obstrictugpopulation.
Excessive irrigation produced some pools of stapdiater in the field
throughout the season and likely increased moytafipupatingC. obstrictus.
The second, large emergence peak observed in 2@Di@ical ofC. obstrictus
populations (Bonnemaison 1957; Dmoch 1965) didoeotr in 2008 and
explains larger proportions of gravid females latthe 2008 season.

Despite differences in capture numbers betweersyeansistent overall
trends were apparent. Yellow traps captured teatgst numbers &. obstrictus
in both years. Green traps also captured many \geaieit fewer than Yellow.
These results are intermediate to those of Bud&8d) and Smart et al. (1997):
Smart et al. (1997) found that yellow traps weteaative but green traps were
not; Buechi (1990) found that yellow, light greemavhite traps were attractive.
| also found that a mixture of yellow and Pb Wiptents at (3:1) captured similar
numbers ofC. obstrictusas Greenand more than mixtures of Yellow and Ti
White at (3:1). Mixtures of Yellow and Pb Whiteptared more total and gravid
females but not males than Yellow and Ti WhitelaB). Blue and mixes of Blue

and Ti or Pb White, Black, Grey (both Pb and Tigl &b White caught similar
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and low numbers df. obstrictusn both years. These results suggest a positive
interaction of Yellow and UV and a greater sengitito this interaction by
females than males. Differences in total, and @riogns of male, total female
and gravid femal€. obstrictudetween monochromatic mixes of Green and Pb
White and Ti White were not significant, suggestiitite interaction of Green and

UVv.

Analysis of relationships of trap catches witheetance properties
indicated that significant linear trends@n obstrictusesponses were associated
with 550 and 450 nm; quadratic effects were assediaith 350 nm; and
interactions of 580 and 350 nm were detected. Fenweere more sensitive to
this interaction of Yellow and UV than males. M@leobstrictusdid not respond
to trap colour as strongly as females, which cdddttributable to greater
reliance on and/or sensitivity to visual cues hydées than males. Relatively
broader responses of males than females and ¢otallés than gravid femalaes,
as indicated by proportions of each group captbsedellow traps and modeled
responses, indicate greater discrimination amosgavicues by females than
males and by gravid females than total fen@lebstrictus An important
consideration in this analysis is the evaluatiototdl and gravid females. Had
analysis incorporated comparisons of non-gravidalerand gravid female trap
catches, differences associated with these grooptivihave been greater. The
current analysis allowed comparisons of femaleraate responses but still
indicates effects of gravid status. DifferencesMeein sexes in responses to visual
cues have also been observed in some other inssges. Sivinski (1990)
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determined that femakenastrepha suspengeoew) (Diptera: Tephritidae)
showed strong preferences among five colours ofrsgdd fruit models and that
males were less discriminating. Femalgpomorumwere found to be more
responsive to UV, green, and blue light than métssismann et al. 2004).
Hausmann et al. (2004) attributed this differercgreater affinity of females to
host plant-associated visual cues.

Significant effects of all components of the hypstized trichromatic
system as well as differences in the signs and rmaps of coefficients
associated with models suggest Gabbstrictushas trichromatic vision.
However, without electroretinogram assessmentgethiekies should be
interpreted as approximate response maxima. Afgfheisual systems of many
insects have been reported to hawgx =~ 350 nm, 450, and 550 nm (Briscoe and
Chittka 2001), this is the first documented evidefar trichromatic vision in the
Ceutorhynchinae, and only the second for the Cimoudae (Hausmann et al.
2004) Chittka (1996) proposed that a set of UV, blue, gregen photoreceptors is
ancestral and traceable to the Devonian ancesfateofgote insects, and that
some lineages have since lost or added receptarsessilt of different selection
pressures. Electroretinogram assessments of Celadpave been limited, but
within this orderLeptinotarsa decemlineat®&ay)(Chrysomelidae) was found to
have a visual system withyax = 360 and 510 nm (Mischke 198Photuris
lucicrescen®Barber (Lampyridae) has a visual system Withx = 350, 440 and
550 nm (Lall et al 1982); andarabus nemoraligMuller) andC. auratusL.

(Carabidae) havemax = 348, 430, 500, and 620 nm (Hasselmann 1962).
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Receptor pigments can have relatively broad serigs (Lall et al. 1989;
Briscoe and Chittka 2001), so effects associatéd %80 nm inC. obstrictusan
most likely be attributed to reception by visuampents withi nax ~ 550 nm.
Prokopy and Owens (1983) attribute ‘supernormalpomses to yellow (560-590
nm) as an exaggerated foliage-type stimulus ageakcwith stimulation of a 550
nm receptor with intensities greater than those@ated with foliage.

Chittka (1996) found that a modeled system of speotceptor types with
A max= 340, 440 and 560 nm, approximating receptorsafmf Apidae
(Hymenoptera), was near optimal for distinguisHingal colours from
background and flower colours among sympatric pgeties.Ceutorhynchus
obstrictusis a Brassicaceae oligophage; adults are capalebepbditing several
members of this plant family (Dmoch 1965). Hostsdarly season, newly
emerged adults include wild mustaRir{apis arvensit.), hoary cressLepidium
drabal. = Cardaria draba(L.)), field pennycressitlaspi arvense..), flixweed
(Descurania sophidlL.) Webb), shepherd’s purs€dpsella bursa-pastorig..)
Medik.), radish Raphanuspp.) and volunteer canolB.(hapud.. andB. rapg
(Dmoch 1965; Dosdall and Moisey 2004). Most ofthplants provide
sustenance for newly emerged overwintered weeeidsyurces for ovarian
development and opportunities to aggregate and (Rateand Dosdall 2003).
Plant species suitable for larval development avehmmore limited. Oviposition
occurs in developing siliques Bt napus, B. rapa, Raphansgp. and to a lesser

extentS. arvensisonly these species can sustain larvae (Dmoch)1965
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Significant differences in the proportions of 3% and 580 nm light
reflected fromS. albaandB. napudlowers and in proportions of 350 nm
reflected from foliage have been detected; morersB@nd less 350 nm light
was reflected fronB. napughan fromsS. albaflowers (Tansey et al. 2008).
Differences in the UV colour proportions (the prapm of light below and above
365 nm reflected from flowers) among cultivardBofapahave also been
detected and implicated in pollinator choices (Yoka et al. 2005). Althoug@.
obstrictuswill oviposit in developingS. albaif caged on plants in a no-choice
environment, oviposition occurs with low frequenicythe field and emergence of
mature larvae is rare (Kalischuk and Dosdall 2@@4sdall and Kott 2006).
Reduced modeled responses of gravid fer@alebstrictuso UV-reflectance
beyond a proportion of 0.18 suggest that visuas @re important fo€.
obstrictusoviposition site selection and that the proporodtuV: yellow is
particularly important. Greater sensitivity of fel@&. obstrictugo this
interaction and differential larval development amgdosts with different floral
reflectance properties suggests the adaptive ggnife of this response.

Another possible explanation for decreased respaiasgV proportion
beyond a threshold value of 0.18 may be UV-gre¢agamism. Moéller (2002)
suggested that UV and green receptors of insest@ydd allow separation
between foreground and sky under a multitude oflhation conditions and
could be associated with a threshold of UV sengjtiMenzel and Blakers (1976)
reported that UV and green receptors occur withéndame ommatidium in bee

eyes. However, | did not detect an interaction wfdhd green and the interaction
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of yellow and UV was positive although the reflexta associated with these
traps did not approach levels typical of the sky.

Chittka (1996) also suggested that spectral recéypes withina.x= 340,
440 and 560 nm was near optimal for discriminatbgreen foliage. Bot.
alba andB. napudlowers reflect much 580 and 530 nm but little 3850 nm
(proportions ca. 0.05-0.08); foliage of b&halbaandB. napugeflects
moderate amounts of 530-580 nm (proportions c2-M114). Greater responses
of C. obstrictugo increased 530 nm reflectance and reduced respaos
increased 450 nm reflectance suggest a possibleanisen for discrimination of
flowers from foliage and among foliage (TanseyleR@08). The negative effects
of the interaction of blue and green detecteddandles in these models support
this conclusion.

Although linear trends associated with samplingnvel and trap colour
were not apparent for proportions of males, orl tata gravid females,
significant effects of sampling interval were dégecin modeled responses of
males and gravid females. Evaluation of each gesug proportion of total
captures may have been confounded by differentogdgotions of each group
present in captures at different times of year. 8ed responses were based on
captures of each group expressed as proportiosgobf group rather than as
proportions of total captures. Modeled responseésated male responses to
yellow decreased with time, gravid female respomsg®ased. These results
indicate ontogenic plasticity in the responsestfizC. obstrictugo visual cues.

Greater gravid female responses with time suggphbysiological state change
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associated with prolonged egg retention. Stinagbaiated with an appropriate
oviposition site can cause increased juvenile hoertdre, initiating oogenesis in
Nicrophorus orbicolli=ab. (Coleoptera: Silphidae) (Trumbo et al. 1995).
Pimentel et al. (1998) detected increasdRhagoletis juglandi€resson (Diptera:
Tephritidae)egg load when they were held near yellow spherssineman and
Rapaj (1999) found that intensity Bf juglandissearch for oviposition sites was
dependent on egg load. Fewer canola flowers &sept as plants mature so
increased sensitivity dE. obstrictugo floral cues is likely adaptive.

Decreased mal€. obstrictugesponses to visual cues with time may be
associated with an interaction of visual and otfactues. Mal®endroctonus
pseudotsugaklopkins (Coleoptera: Curculionidae) respond in @dittve manner
to a combination of olfactory cues (a mix of aggtemn pheromones and ethanol)
and visual cues associated with simulated hostal/mues (Campbell and Borden
2006). Evans and Bergeron (1994) found that uninf@i®aleC. obstrictusrom
the spring generation produce a volatile chemiagaltbat is attractive to both
males and females; this cue was not produced bgdriatales or females of the
fall generation. Males of the fall generation catnttetect this substance (Evans
and Bergeron 1994).

Population densities could influence responseguRtions were higher
in 2007 than 2008 and Yellow: Ti (3:1), Yellow: B1), Yellow, Green: Ti
(3:1), Green, Ti Black, Pb Black, and Blue: Ti (ltéaps caught greater
proportions of gravid females in 2008 than 200&rzty (1995) found that

Trirhabda virgataLe Conte (Coleoptera: Chrysomelidae) females eategrmore
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frequently from host patches with severe defoliato high densities of
conspecifics. Greater population densities in 20@n 2008 may have also
resulted in greateC. obstrictudlight activity and influenced trap captures. This
hypothesis requires testing.

Insects respond to objects based on specific feedmed templates and
ignore stimuli that do not conform (Wehner 198Wallin and Raffa (2004)
detected a broadening host range in eruptive versdemidendroctonus
rufipennis(Kirby) (Coleoptera: Curculionidae) populationgggesting a
relaxation of the template of suitable host-assmmastimuli. Although Wallin
and Raffa (2004) attributed this trendDnrufipennisto an increase in the range
of acceptable phytochemical concentrations, resiitisis study suggest a
potential broadening in the acceptability of visoaés in response to greater
population densities. The effects of crowding asual responses have not been
tested on any insect to my knowledge.

These data indicate sensitivity ©f obstrictugo UV, blue and green
wavelengths consistent with trichromatic systeniss knowledge, particularly
the influence of UV and the interaction betweeroyeland UV,could have a
number of potential applications, including improments in trap design.
Incorporation of yellow reflectance and moderate tdifectance can potentially
greatly increase the effectiveness of traps antiesaccuracy of population
assessments. Understanding the behavioural imipinsator the interaction
between yellow and UV also offers insights intothaxssociation cues that are

important to economically important anthophilouseaats likeC. obstrictusThis
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understanding can be exploited to manipulateapus B. rapaor other
commercially important host plant flowers to refleovels of yellow or UV that
are suboptimal in their behavioural effects@robstrictusattraction.
Manipulating cues associated with host attractisn has the potential to
reinforce other modes of resistance such as theemoisis demonstrated in
severalS. albax B. napuggenotypes (McCaffrey et al. 1999; Dosdall and Kott
2006).

Attractive effects of the interaction of UV and lgeV can also offer
insights into an important aspect©f obstrictudehaviour: spring-time mass
migration into crops (Bonnemaison 1957). Dosdadl Btoisey (2004) reported
that fewC. obstrictugmigrated to spring canola when crops were in tleellgsy
and rosette stages; migration reached its maxinmutimei bud and flowering
stages. Carcamo et al. (2007) found that a permoéf. rapaaround &B. napus
main crop flowered one week earlier than the memp @nd concentrated weevil
populations. Trap catches reported at 4.8 timgisdriin flowering winter oilseed
rape than in non-flowering spring rape (Sedivy ®adak 2002) also suggest the
importance of visual cues although they cannotadistthe importance of
olfactory cues in early season host associatiooweyer, strong attraction @f.
obstrictusto flowering crops and early-season attraction eéwis to yellow
objects (J. Tansey, unpublished data) suggesta gffinity of these weevils to
the visual cues found to be attractive in this gtuds attractive effects were
detected in the absence of olfactory cues, attnacan be attributed to vision

alone.
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Table

Table 2.1. Models developed by stepwise multiptgession procedure for
proportions of weevils sampled weekly from mid Jumearly August 2007 and
2008.Gy: log (x + 0.1) proportion mal€. obstrictuscaptured per sampling
interval.Gy: log (x + 0.1) corrected proportion of all female obstrictuscaptured
per sampling intervalGys. log (x + 0.1) corrected proportion of gravid feméle
obstrictuscaptured per sampling intervalV: absolute reflectance of 350 nm
light from painted trapsB: 450 nm. G: 530 nm.Y: 580 nm.UVY: variable
created to represent interactiondf andY; interaction oB andG; UVB:
interaction ofUV andB; YG: interaction ofY andG. SI: sampling intervaly St

variable created to represent the interactiow ahdSl.

Modeled system Models developed by multiple F df R P

regression stepwise procedure

Males Gm = — 0.85229 + 0.418873) — 167.44 7,1599 0.4273 <0.0001
0.93095 B) + 8.80952 JVY) —
2.06857 BG) — 26.153320V?) —
0.00914 ¥'S)

Total Females Gy = — 0.83681 + 0.9153%) — 276.95 7,1599 0.5491 < 0.0001
1.36029 B) + 12.188 JVY) —
1.80406 BG) — 36.18053V?) +
2.33536 B%) — 0.82901 G?)

Gravid Females Gy = —0.92863 + 0.826625] - 87.87 18,1599 0.3064 < 0.0001
1.12209 B) + 12.47426QVY) -
1.39674 BG) -35.45179 (V) +
1.87464 B?) -0.94033 G?) +
0.00994 8I)
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Figure 2.1. Array of painted bowl traps near Lettipe, Alberta.
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Mean C. obstrictus Captured

Trap Color

Figure 2.2. MearCeutorhynchus obstrictusptures by trap colour for weekly
sampling intervals from late May to early Augus02@nd 2008. Each trap was
replicated four times. Bars with different lett@rdicate significant differences by

pair-wise comparisons using Wald’'s Chi-square (st 0.0025).
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Figure 2.3. Mean proportions Gkutorhynchus obstrictusales, total and gravid
females of total weekly captures in all traps f@ekly sampling intervals from
late May to early August 2007 and 2008. Bars wifferent letters indicate
significant differences by pair-wise comparisonmgdVald’s Chi-square test (
=0.0025). Data for Blue, Blue: Pb (3:1), Blue: ®8), Blue: Ti (3:1), Blue: Ti
(1:3), Ti White, Pb Grey, and Ti Grey are not shothwese were not significantly

different than Black.
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Figure 2.4. Mean numbers of males, total and griantales per colour expressed

as a proportion of total male, female and graviddkeC. obstrictus respectively,

for weekly sampling intervals from late May to gaflugust 2007 and 2008.

Bars with different letters indicate significantfdrences by pair-wise

comparisons using Wald’s Chi-square test(0.0025). Data for Blue, Blue: Pb

(3:1), Blue: Pb (1:3), Blue: Ti (3:1), Blue: Ti @); Ti White, Pb Grey, and Ti

Grey are not shown; these were not significanttieteént than Black.
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Figure 2.5Reflectance properties associated with yellow kioags and paints
and paint mixes applied to bowl traps and presettedarge naturalize@.
obstrictuspopulation near Lethbridge, AB in 2007 and 200&tié% indicate the
proportion of each tint in the mix. A: Black, whi#ad grey paints. B: Blue paints.
C: Green paints. D: Yellow paints. Black: Ti (1litlicates a mix of one part
black paint and Ti@white paint at (1:1). Black: Pb (1:1) indicatesi of black
paint and PbC@white paint at (1:1). Colours and either 7i@ PbCQ white

paints were mixed at (1:3) or (3:1).
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Chapter 3

Contributions of visual cues to cabbage seedpodilyee
Ceutorhynchus obstricty®1arsham) (Coleoptera: Curculionidae),

resistance in novel host genotypes
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Introduction

The cabbage seedpod wee@kutorhynchus obstricty®darsham) (synC.
assimilis(Paykull)) (Coleoptera: Curculionidae), is damagia brassicaceous
oilseed crops both in Europe and North America (&f&é@y 1992; Buntin et al.
1995; Dosdall et al. 2001). i# native to Europe and was reported in south-
western British Columbia in 1931 (McLeod 1962), Mied Grassland
Ecoregion near Lethbridge, Alberta in 1995 (Carcatal. 2001), western
Saskatchewan in 2000 (Dosdall et al. 2002) anduéb®@c and Ontario 2000-2001
(Brodeur et al. 2001; Mason et al. 2003). WesteorttNAmerican populations
were likely introduced from source locations in #ees or northern Europe,
whereas north-eastern North American populationgweroduced separately
from Scandinavia or Russia (Laffin et al. 200Ggutorhynchus obstrictus
dispersing north and east from western Canadianlptpns at approximately 55
km per year and will eventually occupy all regiamsvestern Canadian
associated with canola production (Dosdall et @023.

Adult weevils overwinter in the ground below Idigter (Dmoch 1965;
Ulmer and Dosdall 2006), emerge late spring to feetirassicaceous plants near
their overwintering sites before undergoing hostkegy migrations
(Bonnemaison 1957). Early season hosts providmiress for ovarian
development and aggregation and mating sites (Rd>Desdall 2003).
Oviposition occurs in developing siliguesBrassica napus., Brassica rapd..,
Raphanuspp. and to a lesser ext&ihapis arvensik. (Dmoch 1965). Larvae

consume five to six seeds during three instars (@ni®65), chew through pod
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walls when mature and drop to the soil where thgyage in earthen cells. In
western Canadian spring canola, development tinoes €gg to emergence of
adults are typically 31-58 d (Dosdall and Moise®2)0

Interspecific crosses &inapis albd.. x B. napushas produced several
lines demonstrated to I6& obstrictusresistant in field trials and laboratory
experiments (Dosdall and Kott 2006). Mechanisme&edévil resistance
associated with these lines likely include antix@s@nd antibiosis (Kogan and
Ortman 1978; Painter 1951); oviposition and lawaights are reduced and larval
development times are prolonged when reared ostagsilines (Dosdall and Kott
2006; Chapter 5). Resistance mechanisms mayratkale variable visual
factors that influence attractiveness and hosttele Visual factors may
influence choices of ‘food’ hosts shortly after egence and ‘true’ hosts for
oviposition.

Yellow is a relatively ubiquitous flower colour, adtractive to many
herbivorous insects and pollinators and is conedi@rmeans for herbivores and
pollinators to discriminate foliage from non-fole@gProkopy and Owens 1983).
Smatrt et al. (1997) found that conspicuous yell@pg were attractive 10.
obstrictusbut black, white and green traps were not. Htssttdlowers are
attractive toC. obstrictusadults. Removing this colour by removing flowé&man
otherwise suitable host plants influences theraativenessk-rearsen et al. (2006)
demonstrated a marked reduction in levels of westalck on apetalou. napus
However, petals also produce odours (Cook et @520 the influence of

colour on host choices could not be explicitly deti@ed from this study.

130



Chapter 3Visual responses to introgressed genotypes

Herbivorous insects use both visual and olfactomgsdor host location
and can demonstrate great selectivity among visued (Prokopy and Owens
1983). Host location has been suggested to fadl@tepwise process that
incorporates directed flight in response to olfactaues, visual responses to
reflected spectral properties of potential hoshidat relatively close range and
chemical and tactile cues at intimate ranges (Kéyi®65). Directed flight in
response to visual cues has also been proposedifM®é952). At relatively
close ranges, spectral quality of potential hosntd is the predominant cue
associated with detection and alightment in maniitierous insects (Prokopy
and Owens 1983). Hausmann et al. (2004) foundfamtgfof female
Anthonomus pomoruin (Coleoptera: Curculionidae) for ultraviolet (U\dreen,
and blue transmitted light in laboratory choicddemd concluded that these
weevils have a trichromatic visual system and ipooate visual cues for host
plant locationCeutorhynchus obstrictugsponses to painted traps are strongly
influenced by the amounts of light reflected at B8 (yellow) and 350 nm (UV)
wavelengths and females are more sensitive to fhegeencies than males
(Chapter 2).

Here | present results of assessmentS.abstrictugesponses to visual
cues associated with Brassicaceae species thstiszeptibleB. napu$ and
resistant $. albg to weevil infestations, and recombinant inbred$ fromS.
albax B. napus Differences in floral and foliar reflectance pesties among
genotypes and the relationship of reflectance ptigseand weevil responses are

assessed. The relationship between reflectanceieg weevil responses and

131



Chapter 3Visual responses to introgressed genotypes

results of field resistance trials are also deteeti These results suggest courses

for breeding strategies and deployment of resigiantnplasm.

Methods and M aterials

Plantsand I nsects

Seed for test plants was obtained from Dr. Laimidt (University of Guelph,
Guelph, ON); genotypes includ&d napusvar. Q2 (hereafter referred to as Q2),
Sinapis albavar. AC Pennant (hereafter referred tdsasilbg, and threeC.
obstrictusresistant and two susceptible lines fr8malbax B. napugAccessions
171S, 154S and 276R, 173R and 121R, respecti&lglenotes susceptible
genotypes, ‘R’ denotes resistant genotypes). laate propagated in a soilless
growth medium consisting of a modified Cornell roixsed on the recipe of
Boodly and Sheldrake (1982) (Agriculture and Agoed Canada (2002)) in a
greenhouse chamber at the Agriculture and Agri-Foadada centre, Lethbridge,
Alberta and maintained at 16:8 (L:D) and 60% retumidity.Ceutorhynchus
obstrictusadults were captured using sweep nets from a cooiah®. napus

field near Lethbridge (49° 4B9' N, 112° 4958.3' W). Plants were at growth
stage 4.3 (many flowers open, lower pods elongafidgrper and Berkenkamp
1975) when tested; this stage is most sensitiv& tabstrictusoviposition

(Dosdall and Moisey 2004)Ceutorhynchus obstrictulults were captured using
sweep nets from a commercial napudield near Lethbridge, Alberta

(49° 41 39" N, 112° 4958.3' W) in late May, late June and mid-August 2007;

weevils were maintained on potted, flowerlBgnapusvar. Q2 in mesh cages in
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the laboratory at 12:12 (L:D) and introduced toemxpents within two weeks of

capture.

Floral and foliar reflectance properties
Reflectance properties of genotypes (flower petatsfoliage) were assessed
using a dual-beam spectrophotometer operating leet@80 and 700 nm (Cary
5G UV-Vis-NIR, Varian, Inc., Mississauga, ON). &lst(collected approximately
4 days after anthesis) were masked with blackiplébh with a 4 mm diameter
aperture to present a constant sample area tastraement. This technique was
found by Noble and Crowe (2007) to be effectiverfegating problems
associated with samples smaller than the areaedfitiminating beam.
Reflectance was assessed at 1 nm increments ardteorto absolute diffuse
reflectance by a 99% Spectralon reflectance standabsphere, North Sutton,
NH). Flower petals and foliage were randomly selédrom at least four plants;
4 to 11 replicate petals and four replicate loveawvks were tested from each
genotype.

Floral and foliar reflectance was compared usimagjysis of variance
(proc MIXED). All factors were considered fixed.f@rences between genotypes
were assessed with the LSMEANS statement usingukey-Kramer adjustment

in proc MIXED.
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Bioassay: assessment of C. obstrictus visual responsesto genotypes
Attractiveness of test plants to weevils was aggkgsing a plastic Y-maze
(Figure 3.1). The body of the apparatus consisted28 x 24 cm black
acrylonitrile butadiene styrene T-joint. Colourlessmitransparent plastic tubes
(23 cm-long; 10 cm-diameter) were mounted to tkerdd openings of the
apparatus; these were capped with a clear cell@phlam (thickness < 0.2 mm) so
as to minimize potential influences of olfactoryeswassociated with test plants. A
0.2 mm thickness of cellophane allows 89% transomssf 275 nm (Johnson
1934). A flowering plant was set directly next toeccapped end of the Y-maze.
A comparison of responses of individual weevils gralips to flowering, whole
Q2 in olfactometer tests indicated no significaiffiedences (Chapter 4). Groups
of 20 randomly selected, mixed s€xobstrictusvere introduced to the apparatus
and allowed 20 min to acclimate and move to thalbta test plant side. Similar
numbers of males and females were tested: 3950{4826)C. obstrictugested
were male, 432 of 827 (52%) were female. Each gpeolvas replicated four
times with different plants of comparable size. Rapes of genotypes were
tested in random order over the course of the @xjget and sides of the Y-maze
were alternated for successive runs. This expetinvas conducted outdoors
under natural light. The experiment was conduatddte June 2008 with
specimens of the overwintered spring generatidd. abstrictusand in mid-
August 2008 with specimens of the newly emergdebgiheration. Runs were

restricted to 10:00 — 14:00 h on bright, sunny days with temperatures ranging
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from 20 to 24C. Frequency-specific photon flux density assodiatéh each test
was not assessed.

Proportions ofC. obstrictusassociated with the blank or test sides of the
Y-maze and proportions males or females assocvaitedhe blank or test sides
of the Y-maze were compared by analysis with birabmpeneralized estimating
equations (proc GENMOD). Pair-wise comparisongyimotype and generation
of the proportion of totaC. obstrictus males and females were made using a
Wald chi-square test (LS MEANS statement with ‘dffition in proc

GENMOD).

Relating C. obstrictusresponsesto floral and foliar reflectance

Assessments of relationships between floral andrfotflective properties and
proportions of male or femafe. obstrictusassociated with the blank or test sides
of the Y-maze were conducted using multiple regoesstepwise procedure
analysis (proc REG with the Selection = Stepwistoa. Models were
developed to represent the responses of male amld€. obstrictuso amounts
of ultraviolet (350 nm), blue (450 nm), green (588) and yellow (580 nm) light
reflected from flowers and foliage. These frequesiavill hereafter be referred to
asUV, B, G, andY, respectively. Tested factors also included véembreated to
represent interactions between main effects andrgtia functions associated
with main effects. Interactions between main effexil be referred to asVG,

the interaction betweddV andG; UVY, the interaction betwednV andY; and

BG, the interaction betweddandG. All possible combinations of main effects
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were tested. Quadratic functions associated WithB, G andY will hereafter be

referred to a&)\V?, B, G? andY2.

Relating C. obstrictusresistance to floral and foliar reflectance

Assessments of relationships between weevil iniestacores associated with
each genotype and reflectance properties werecalstucted using a similar
multiple regression stepwise procedure analysiewVefestation scores were
calculated as the mean numbers of weevil larvaegganee holes per pod
associated with each genotype from replicated fietistance trials near

Lethbridge, AB in 2004 and 2005 (Shaw 2008).

Relating C. obstrictusresistance to responses
Assessments of relationships between weevil iniestacores associated with
each genotype and Y-maze responses were condwgitggaulinear regression

analysis (SAS proc REG).

All analyses were conducted with SAS version 9AIMstitute 2005).

Results

Floral reflectance

Floral reflectance properties of genotypes aregmesl in Figure 3.2. Significant
differences in 580 nm reflectance were detectedngngenotypesH = 3.84; df =

6, 29;P = 0.0062). Pair-wise comparisons indicated that1J1S, 154S, 173 R,
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276R ands. albareflected similar amounts of 580 nia% 0.05 for all
comparisons); Q2 and 154S reflected more 580 nm1B4aR P < 0.05 for both
comparisons). Significant differences in 550 nneieince were also detectéd (
=4.13; df = 6, 29P = 0.0011). Pair-wise comparisons indicated tHat171S,
154S, 173 R, 276R artl albareflected similar amounts of 550 nf ¥ 0.05 for
all comparisons); Q2, 171S, 154S, 173R and 27d@Rcatefl more 550 nm than
121R P < 0.05 for all comparisons). Genotypes also rédi@significantly
different amounts of 450 nm lighf & 5.10; df = 6, 29P = 0.0041). Pair-wise
comparisons indicated that Q2, 171S, 173Ralbaand 276R flowers reflected
similar amounts of 450 nniP(> 0.05 for all comparisons). Q2, 171S and 276R
reflected significantly more 450 nm than 12HR<0.05 for all comparisons).
Comparisons of reflectance of 350 nm from genotyles indicated differences
(F = 16.05; df = 6, 29P < 0.0001). Sinapis albaeflected significantly more 350
nm than any other genotyp € 0.05 for all comparisons). Q2 and 171S reflected
similar amounts of 350 nnt € 0.37; df = 29P = 0.9998) and significantly more

than 121R, 154S, 173R, or 276R < 0.05 for all comparisons).

Foliar reflectance

Foliar reflectance properties of genotypes aregmesl in Figure 3.3. Significant
differences among genotypes were detected in thgopion of 580 nmK =

4.16; df = 6, 22P = 0.0060). Pair-wise comparison indicated th&@R7eflected
a significantly more 580 nm than 154S, 173R$oalba(P < 0.05 for all

comparisons). There were also significant diffeesnio 550 nm reflectance
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among genotypes$-(= 3.13; df = 6, 22P = 0.0225). Foliage of 276R reflected
significantly more 550 nm than 173R or 1545<0.05 for both comparisons).
Comparisons of amounts of 450 nm reflected amongtgees also indicated
differences IF = 8.93; df = 6, 22P < 0.0001). Sinapis albaeflected significantly
less 450 nm that all other genotypBs<(0.01 for all comparisons). Reflectance at
350 nm reflectance also differed among genotypes4.75; df = 6, 22P <

0.0001). Sinapis albaeflected significantly less 350 nm that all otgenotypes

(P < 0.001 for all comparisons).

Ceutorhynchus obstrictus responses to genotypes

Significant differences in responses of weevilgeaotypes were detected €
68.21;df = 6;P < 0.0001). Similar proportions of weevils wergatted to Q2
and 171S,{= 0.46;df = 1; P = 0.4993). These were more attractive than 154 S,
173R, 276R, 121R d@ alba(P < 0.05 for all comparisonsiNo significant
differences were detected among 154S, 173R, 12PRG&R P > 0.05 for all
comparisons). Of these, only 154S attracted greatgrortions thars. alba(y® =
7.98;df = 1;P = 0.0047). Although there were no significanfeliénces between
responses of spring and fall generation€ obbstrictugo these genotypeg(=
1.06;df = 1;P = 0.3303), a significant interaction of generatsnd genotype was
detected’= 19.21;df = 6; P = 0.0038). Significantly higher proportions of
spring than fall generation weevils were attra¢tefi54S ¢ = 18.15:df = 1;P <

0.0001).
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Significant differences in the proportions of nsatesponding to these
genotypes were apparepaf € 22.28;df = 6;P = 0.0011). Similar proportions
were attracted to 171S and Q2; Q2, 154S and 274&R1384S, 276R, 173R, 121R
andS. alba(P > 0.05 for all comparisons) (Figure 3.4). Althoumkignificant
generation effect was not apparefft(2.78;df = 1; P = 0.0957), a significant
interaction of generation and genotype 15.76:df = 6; P = 0.0151) indicated
differences in the responses of spring and fales&b visual cues associated with
these genotypes. A significantly higher proportdrspring generation than fall
generation males was attracted to 1543 (14.33:df = 1; P = 0.0002). No other
differences in responses to genotypes by sprindgahgeneratiorC. obstrictus
were apparent > 0.05 for all comparisons). Blank sides and 121Raetitd
similar proportions of maleg{= 0.93;df = 1; P = 0.3338).

Significant differences in the proportions of fden@. obstrictusattracted
to genotypes were apparept € 52.74;df = 6; P < 0.0001). Greatest (albeit not
significantly) proportions were attracted to QAmiar proportions were attracted
to Q2 and 1715£ = 0.57;df = 1; P = 0.4492); similar proportions were also
attracted to 171S and 1548 € 2.90;df = 1; P = 0.0887). Similar proportions of
female weevils were attracted to 154S, 121R, aidR1([? > 0.05 for all
comparisons), and similar proportions were attctdel21R, 173R, 276R, aid
alba (P > 0.05 for all comparisons) (Figure 3.4). Theexevno significant
differences between responses of spring and fakgéion femal€. obstrictus

to these genotypegc 0.08;df = 1; P = 0.7786), and no significant interaction of
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generation and genotypg € 8.58:;df = 6; P = 0.1986). Blank sideS. albaand

276R attracted similar proportions of femalBs>0.05 for all comparisons).

Relating Ceutorhynchus obstrictus responsesto floral and foliar reflectance

The multiple regression stepwise procedure inditttat female responses (the
proportions of females responding to test plamt$lowers could be attributed to
the interaction of yellow and UV, as well as thedratic function associated with
UV reflected from test plants. The model develofmedescribe this relationship
is: x =-0.0632 -0.000%JV? + 0.0003UVY (F 3 53= 18.86;R° = 0.4158P <

0.0001) (Figure 3.5). This model suggests incrdésmale responses with
increased floral 580 nm in the presence of 350 efitaation. Greatest modeled
weevil scores are associated with proportionsar&fl580 nm reflectance = 100%
and proportions of floral 350 nm reflection of apximately 50%. Decreased
weevil scores are associated with levels of 350eflactance above and below
these values. No linear relationships of maleanses to floral yellow, green,
blue or UV reflectance were detect&dX 0.05 for all assessments). No linear or
guadratic relationships between female or malearesgs and proportions of
foliar yellow, green, blue or UV or interactions ang these frequencies was
detected > 0.05 for all assessments). Female response=ased linearly with
greater amounts of 550 nm reflected by flowerstinadeto foliage F 1 54= 24.69;

R? = 0.3137;P < 0.0001). No relationships between proportiongadiow, green,
blue or UV reflected by flowers relative to foliagere detected for maleB ¢

0.05 for all assessments).
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Relating Ceutorhynchus obstrictus resistanceto floral and foliar reflectance
The multiple regression stepwise procedure indéctiat weevil infestation
scores as measured by larval exit-holes in matligeiss were related to the
interaction of yellow and UV and the quadratic flioie associated with UV
reflected from test plant flowers ¢ s3= 95.46;R° = 0.7827;P < 0.0001). The
model developed to describe this relationship is-0.3906 -0.000TV? +
0.0006UVY (Figure 3.6). This model suggests increased wedestation with
increased floral 580 nm in the presence of 350 eftaation. Greatest modeled
weevil scores are associated with proportionsar&fl580 nm reflectance = 100%
and proportions of floral 350 nm reflection of d8%. Decreased weevil scores
are associated with levels of 350 nm reflectanavaland below these values.
No relationship of foliar reflectance and weevibses was detecteé (> 0.05 for
all assessments). However, a significant lineati@iship between increasing
weevil scores and increasing ratios of green refteby flowers relative to foliage

was apparenty1 s4= 48.52;F = 0.4733:P < 0.0001).

Relating Ceutorhynchus obstrictus visual responsesto resistance

Significant linear relationships in Y-maze assesgsibetween weevil scores
associated with each of the tested genotypes apdmses of combined male and
femaleC. obstrictusvere appareni(y, s4= 39.50;R° = 0.4224;P < 0.0001). The
model representing the relationship of weevil ss@¥¢9 (the mean numbers of

larval exit-holes per genotype from Shaw (2008)) @nobstrictugesponses ix
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=0.40702 + 0.69349N9. A significant linear relationship between femal
responses to genotypes in Y-maze assessments anid soores was also
apparentR 1 s4= 41.40;R = 0.4340:P < 0.0001). The model representing the
relationship of weevil scoreS\(§ and femaleC. obstrictugesponse ist =
0.18520 + 0.52976/N9. The relationship of male responses and weewutles

approached significanc€ ¢ s4= 3.91;F = 0.0675;° = 0.0532).

Discussion

| found differences in reflectance properties amgegotypes associated with
frequencies of light known to be important to manyhophilous insects. Most
insect visual systems examined to date have néavidlet receptors with
response maxima near 350 nin.{x~ 350 nm), blue receptors (ax =~ 450 nm),
and green receptors fax ~ 550 nm) (Briscoe and Chittka 2001). Chittka (1996
suggested that this set of UV, blue, and greengoloéptors is ancestral to
Insecta and that some lineages have since lostdadareceptors as a result of
different selection pressures. Chittka (1996) fotirat a modeled system of
spectral receptor types withnax = 340, 440 and 560 nm, approximating those
typical of Apidae (Hymenoptera), was near optinealdistinguishing floral
colours from background, flower colours among sympalant species and
discrimination of green foliage. Many herbivoransects also respond to yellow
(560-590 nm) as a ‘supernormal’ foliage-type stinsulProkopy and Owens
1983), causing exaggerated responses. Prokop2)$8ggested that the great

attraction of many herbivorous insects to yellowyrba a function of affecting
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insect visual receptors with response maxima ng@mbn with greater intensity
than that typically emitted from foliage. Trichrotitavision inC. obstrictuswith
A max values near those described for bees (Hymeno@ieidae) has been
detected (Chapter 2).

| found that differences in floral yellow, greemyd and UV reflectance
properties were significant. The susceptible ggmetyQ2 and 154S reflected
more yellow than the resistant genotype 121R, sstggea relationship of greater
attractiveness with increased yellow reflectancen@ypic differences in floral
UV reflectance were somewhat surprising; the suided 71S and Q2 reflected
significantly more UV than any of the resistantagressed genotypes, suggesting
a relationship of greater UV reflectance with attrseeness. However, the highly
resistantS. albareflected significantly more UV than any other ggpe. These
results indicate thaZ. obstrictuss attracted to moderate amounts of UV
reflection and that response decreases beyon@shthid UV level. These results
are consistent with those of Chapter 2.

Visual responses @. obstrictugo these genotypes differed. The
susceptible genotypes, 171S, 154S and Q2 werdisagrtly more attractive to
femaleC. obstrictughan the resistant 121R, 173R, 276R50rlba. The
genotypes 276R arfsl. albawere not significantly more attractive to fematlean
blank sides. Males were less discriminating. Sotsigle genotypes Q2 and 154S
were the most attractive to males although notisogmtly more than the
resistant genotypes 276R and 173R. There weregndisant differences in

attractiveness to males of the susceptible gendtyp& and highly resistast
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alba. Sivinski (1990) determined that fem#leastrepha suspengeoew)
(Diptera: Tephritidae) showed strong preferencesraniive colours of spherical
fruit models but that males were less discrimir@tifFemaleéAnthonomus
pomorumL. (Coleoptera: Curculionidae), were more respongvgV, green,
and blue light than males (Hausmann et al. 200sjponse attributed to greater
affinity of females to host plant-associated visuas.

In addition to differences in the responses of lo#he and femal€.
obstrictusto visual cues associated with these genotypesgs(@verwintered)
males were more attracted to 154S than fall geloeratales. Newly emerged
spring generation adults feed on several brassacscglant species near their
overwintering sites (‘food’ hosts) for a few daysfdre undergoing oviposition
host-seeking migrations (Bonnemaison 1957). Redtegabnses of males from
C. obstrictudield populations to visual cues with time haverbdetected
(Chapter 2). Greater responses of spring generatades to 154S are consistent
with decreasing male responses with time. | hdsewed weevils hovering over
and briefly visiting yellow objects in the sprind) (Tansey, unpublished data);
although the sexes of these insects were not dtedivisual cues are likely
very important to early season host location fahtsexes and discrimination
among attractive ‘food’ host visual cues is likidw.

Importantly, weevils of both the spring and falhgeations were held at
12:12 (L;D) in the laboratory before being introdddo experiments. Plasticity in
pheromone responses of mBRlgeudaletia unipunctéHaworth), (Lepidoptera:

Noctuidae) is influenced by photoperiod (Dumont &uaNeil 1992). Behavioural
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response to pheromone by reproductively inactivee i@aloptilia fraxinella(Ely)
(Lepidoptera: Gracillariidae) can be increased \mgthoprene (JHA) treatment
(Lemmen and Evenden 2009). Juvenile hormone larelsesponses to food
odours are influenced by circadian rhythm®nosophila melanogaster.
(Diptera: Drosophilidae) (Krishnan et al. 1999)tte cotton boll weevil,
Anthonomus grandBoheman(Coleoptera: Curculionidae), juvenile hormone
levels are greater in reproductive females (Tauldmayor et al. 1997).
Acclimation ofC. obstrictugo a 12:121 (L:D) schedule from the 16:8 (L:D) at
time of capture may have caused juvenile hormovelddo rise and increased
responses of fall generation weevils to host cues.

Chittka (1996) proposed that hymenopterans witthtamatic vision are
capable of differentiating flowers with similar leftance properties. Although
significant differences in the amounts of florallges, green, blue and UV were
detected among genotypes, the greatest contrilsuttorelationships of female
responses and reflectance properties were assbevdteinteractions of yellow
and UV and a quadratic response to UV. The ataoess of yellow was greatly
influenced by the amounts of UV reflected; increbatractiveness was
associated with increased yellow and increaseddJ/threshold UV proportion.
Proportions greater and less than this amountteskirl reduced attractiveness.
This peak in attractiveness associated with amaafmgsllow and UV reflection
suggest the potential for great specificity of féarm@sponses to potential host

plants with variable reflectance properties. Malese less discriminating and,
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although an effect of yellow and UV interactionmales has been detected
(Chapter 2), this interaction was not found torifeuential in this study.

Responses to visual cues were related to weeestafion scores in
mature podsThis relationship was limited to females, againgasging greater
discrimination of visual cues associated with tsedéction by females than
males. Weevil scores are a partial measure of sitipa preference. Early-season
oviposition is generally associated with lower anaturing pods (Carcamo et
al. 2001; Dosdall and Moisey 2004). Large numlo¢ftowers are also present
on upper raceme branches at this stage of plaela@went and likely influence
attractiveness of potential host plants to femalegposition occurs in developing
siliques of relatively few Brassicaceous sped&siapus, B. rapa, Raphansgp.
and to a lesser exte$t arvensigDmoch 1965). Although exhaustive
spectrographic analysis of these species has eotdmnducted, results of this
study suggest that they may share some visualrésatiosdall and Moisey
(2004) also found that in a mixed standsofarvensid.., Thlaspi arvensé., and
Descurania sophidl.) Webb, weevil numbers were significantly highenS.
arvensis the only species in this list with yellow flowers

Weevil infestation scores were also related taatin@unts of floral yellow
and UV and the contrast between floral and folr@eg. The model developed to
explain this relationship was similar to the modeVveloped to explain femata
obstrictusresponses to floral reflectance properties. Aiigant relationship
between weevil scores and visual cues incorporatmigteraction of yellow and

UV and a quadratic relationship with UV was agagtedted. Effects of yellow
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reflectance in the presence of UV, a peak in wesnales associated with
moderate UV reflectance were apparent. Models &sgsdcwith female responses
to reflectance patterns and weevil infestation essdo reflectance patterns were
similar. The relationship of weevil scores and fen@a obstrictusesponses to
visual cues associated with test genotypes wasismmt. These results indicate
the great importance of floral visual cues to wkeviposition choices. These
results also suggest that obstrictudemales are capable of discrimination
among flowers that are highly similar.

Visually, flowers can differ in size, shape, symmetiepth, spatial
frequency, spatial orientation and height; theagstican influence anthophilous
insects (Dafni et al. 1997). These characters wiendar among the genotypes
tested, both in field resistance trials and assess1ofC. obstrictugesponses to
visual cues. Consequently, differences in respanseat least some of the
difference demonstrated in resistance trials caattouted to differences in
floral spectral reflectance properties of theseotygres. Yoshioka et al. (2005)
found that the proportion of UV reflected and abgaor fromB. rapaflowers was
genotypically stable and attributed differencesigitation by anthophilous
insects to these differences.

Despite differences in reflectance properties antbegyenotypes
evaluated in the current study, weevil infestagoares cannot be attributed
exclusively to oviposition choices based on diffexes in reflectance. Dosdall and
Moisey (2004) found that. obstrictusadults were found only on members of the

Brassicaceae, even though some sympatric non-baassius species that
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flowered simultaneously also produce yellow flowefhe amounts of yellow
and UV reflected from these flowers have not yetrbexamined. Differences in
the responses B. napusS. albaand severab. albax B. napugyenotypedave
been demonstrated in an olfactometer and in feemdgoviposition preference
assessments in the absence of floral visual cuespt€rs 4, 5). The link between
visual and chemical factors is as yet unknownlieseS. albax B. napus
genotypes. Strauss et al. (2004) detected diffeecthe levels of induced
glucosinolates amorigaphanus sativus. (Brassicaceae) petal colour variants
(yellow, white;anthocyanin-containingronze and pink). Strauss et al. (2004)
suggested that petal colour and glucosinolate itnalugvere likely associated
with pleiotropic effects between petal colour and deddnci.

An altered glucosinolate profile with reduced folaiphatic
glucosinolates and increased indolyl glucosinolatas detected ian
Arabidopsismutant with a defectivgene encodin@YP83Al(acytochrome
P450 highly similar teCYP83B1 an enzyme associated with glucosinolate
biosynthesis) (Hemm et al. 2003). This mutant dismonstrated altered
phenylpropanoid pathway products (Hemm et al. 2083ause anthocyanin
(yellow) and colourless flavonoid (UV absorbingymients are derived from
phenylpropanoidnetabolism $chwinn and Davies 2004; Kitamura 2006)s
gene can influence expression of aliphatic andlyndducosinolates and alter
floral reflective properties.

Many insects respond to objects based on a specdaetermined

template of stimuli and ignore stimuli that do sohform (Laughlin 1981;
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Wehner 1981). Results of this study suggest tieCt obstrictugemplate
incorporates a well-defined visual component. Thiesalts also suggest that
plants that conform more closely to the visual congnt of this template may be
more ‘apparent’. Apparency theory (Feeny 1976;&les and Cates 1976)
predicts that less apparent plants should be neaeily defended by qualitative
toxins; more apparent plants are protected by iaéime defences. Antibiosis
resistance has been demonstratedfalbaand several resistast albax B.
napusgenotypes and is associated with reduced larvam®&iand prolonged
development times (Dosdall and Kott 2006, ChapterGhemical analysis of
these genotypes indicates differences in glucosiagirofiles among resistant and
susceptible lines. Shaw (2008) examined uppeflraldaves; HPLC analysis
detected consistent differences in the heightseffmeak among cauline leaves of
resistant and susceptilfe albax B. napudines. The peak was associated with
an as yet uncharacterised glucosinolate (retetitiom 21.4 £ 0.03 min); peak
height was inversely correlated with weevil inféista scores and on average, 3.5
times larger in resistant than susceptible lind&($2008). The role of this
glucosinolate as @. obstrictusantifeedant or mechanism of antibiosis resistance
is unknown. Shaw (2008) also detected differemmasng resistant and
susceptibles. albax B. napudines in the amounts of another as yet
uncharacterised glucosinolate (retention time 2031 min) in seeds of
immature pods; peak heights were correlated witbwlénfestation scores and
were, on average, 3.5 times greater in suscephhbleresistant lines (Shaw

2008).

149



Chapter 3Visual responses to introgressed genotypes

Given the antibiotic qualities of resistant gen@y@ands. alba(Chapter
5), floral visual cues are apparently indicative ofti@ant quality and responses
of femaleC. obstrictusare likely adaptive. Also, greater numbers of proge
would be associated with genotypes that are Idsbitary to larval growth and
development. Given the prevalence of suscepBbleapusn the Lethbridge
region, the vast majority @@. obstrictussampled for this study were certainly
associated with this host plaamd would likelyexpress an affinity for it. This
suggests that differences in responses may alatiriimited to behaviour
analogous to flower constancy in bees, where iddadis ignore flowers of non-
preferred species, even if these are more rewa(éiitiget al. 1997).

Importantly, apparency theory also predicts redw@dnization of less
apparent (resistant) lines (Bernal et al. 2004thd\ugh initial resistance of novel
genotypes in the field may be enhanced by beirggdpparent, herbivore search
efficiency evolves after colonization of novel rostgardless of apparency
(Parmesan 1991). All of the genotypes tested oppat larval development and
so facilitate modification of search efficiencyls@, toxic cultivars are not
evolutionarily sustainable in monoculture (Berniaale 2004). Therefork
suggest introduction of resistant genotypes in anmeathat incorporates
susceptible refugia as a means of reducing thenpakevolution of search

efficiency and selective pressures associatedamtibiosis.
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Figures

10cm | 24cm

24cm

Figure 3.1. Y-maze used to assess visual respofszbstrictugo test plants.
Ends of translucent arms of the apparatus wereechpih cellophane (A).
Flowers of test plants were placed next to the edmpening of one arm. Weevils
were introduced through the opening in the top {Bix end was then capped.

Attraction to a test plant or a blank side was rded after 20 min.
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Figure 3.2. Mean floral reflectance properties efigtypes evaluated including

Brassica napusar. Q2,Sinapis albaandS. albax B. napudines.

152



Chapter 3Visual responses to introgressed genotypes

0.2
...... 154S
—m 1715 0.18
""" B. napus var. Q2
. N
==S. alba 0.16 Y
- c
— " 1R - 014 &
—173R / ) \ 5
0 \ o
——276R i 012 &
]
\\ e
e 01 3
L\ :‘\ >
R =
AR T - 008 O
\\ SO, g
A - - —
Noor 006 B
- Y] o
- Q_
0.04 o
a
0.02
T T T T T T T T T 0

250 300 350 400 450 500 550 600 650 700

Wavelength (nm)

Figure 3.3. Mean foliar reflectance propertiesest tgenotypes evaluated

includingBrassica napusar. Q2,Sinapis albaandS. albax B. napudines.
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Figure 3.4. Responses Gf obstrictugo flowering plants of sever&inapis alba

X Brassica napugenotypesS. albavar. AC Pennant anB. napusvar. Q2 versus
blank sides in a visual Y-maze. ‘S’ indicates gyible genotypes; ‘R’ resistant.
Different letters on bars indicate significant diénces irC. obstrictugesponses
by a Wald'sy’test:a = 0.05. * Significantly higher proportion than blasides by
a Wald'sy?test: *P < 0.05; ** P < 0.01; *** P< 0.001. There are no significant

differences P< 0.05) by Wald chi-square tests among like-lettepealps.
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Figure 3.5. Surface plot representing modeledicgiahip of proportions of
femaleC. obstrictugespondingo 580 and 350 nm reflectance associated with
flowers ofS. alba B. napusandresistant and susceptilfie albax B. napus

genotypes. Negative modeled responses are assomegarésent non-response.
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Figure 3.6. Surface plot representing the moded&tionship between 580 and
350 nm reflectance associated with flowerSo#élba B. napusandresistant and
susceptibles. albax B. napuggenotypes and weevil resistance scores. Weeuvil
scores indicate the mean number€obbstrictugper podthat emerged from
resistant and susceptilfie albax B. napuggenotypes in field trials near
Lethbridge, AB in 2004 and 2005. Negative weewvirscvalues are assumed to

represent no oviposition associated with non-respon

156



Chapter 3Visual responses to introgressed genotypes

References

Agriculture and Agri-Food Canada. 2002. Soillessagh medium for plants:
preparation. SOP code: 120.0000.00. 6 pp.

Bernal, J.S., J. Prsifka, M. Sétamou, and K.M. Bef®04. Transgenic
insecticidal cultivars in integrated pest manageamarallenges and
opportunitiesin: Koul, O., G.S. Dhaliwal, G.W. Cuperus (eds.). pp3-
145. Integrated pest management: potential, cansgrand challenges.
CABI Publishing, Oxon, United Kingdom.

Bonnemaison, L. 1957. Le charancon des siliquest{Cieynchus assimilis
Payk.) biologie et méthode de lutte. Annales depliies 4: 387-543.

Boodly, J.W., and R. Sheldrake. 1982. Cornell ReatMixes for Commercial
Plant Growing. An extension publication of the N¥ark State College of
Agriculture and Life Sciences, a statutory colleféhe state university, at
Cornell University, Ithaca, New York.

Briscoe, A.D., and L. Chittka. 2001. The evolutmfrcolour vision in insects.
Annual Review of Entomology 46: 471-510.

Brodeur J., L. Leclerc, M. Fournier, and M. Roy020Cabbage seedpod weevil
(Coleoptera: Curculionidae) a new pest of canoladriheastern North
America. The Canadian Entomologist 133: 709-711.

Buntin, G. D., J.P. McCaffrey, P.L. Raymer, an&dmero. 1995. Quality and
germination of rapeseed and canola seed damagadiittycabbage seedpod
weevil, Ceutorhynchus assimil{®aykull) [Coleoptera: Curculionidae]. The

Canadian Journal of Plant Science 75: 539-541.

157



Chapter 3Visual responses to introgressed genotypes

Cércamo, H.A., L. Dosdall, M. Dolinski, O. Olfednd J.R. Byers. 2001. The
cabbage seedpod weeleutorhynchus obstrict€oleoptera:
Curculionidae) - a review. Journal of the EntomatagSociety of British
Columbia 98: 201-210.

Chittka, L. 1996. Optimal sets of colour receptamsl colour opponent systems
for coding of natural objects in insect vision. @l of Theoretical Biology
181: 179-196.

Cook, S.M., J.S. Sandoz, A.P. Martin., D.A. MurréyM Poppy, and I.H.
Williams. 2005. Could learning of pollen odourshiney beesApis
melliferg) play a role in their foraging behaviour? Physgibal
Entomology 30: 164-174.

Dafni, A., M. Lehrer, and P. G. Kevan. 1997. Sgdtaver parameters and insect
spatial vision. Biological Reviews 72: 2282.

Dmoch, J. 1965. The dynamics of a population ofcdiebage seedpod weevil
(Ceutorhynchus assimilis Payk.) and the developrokwinter rape. Part |.
Ekologiya Polska. Seria A 13: 249-287.

Dosdall, L. M., D. Moisey, H. Carcamo, and R. Dug@01. Cabbage seedpod
weevil fact sheet. Alberta Agriculture, Food and&Wevelopment,
Edmonton, AB, Canada.

Dosdall, L.M., R.M. Weiss, O. Olfert, and H.A. Cango. 2002. Temporal and
geographical distribution patterns of cabbage se@dyeevil (Coleoptera:

Curculionidae) in canola. The Canadian Entomologi34: 403-418.

158



Chapter 3Visual responses to introgressed genotypes

Dosdall, L.M., and D.W.A. Moisey. 2004. Developmadriiiology of the cabbage
seedpod weevilCeutorhynchus obstricty€oleoptera: Curculionidae), in
spring canolaBrassica napusn western Canada. Annals of the
Entomological Society of America 97: 458-465.

Dosdall, L. M., and L.S. Kott. 2006. Introgressiiiresistance to cabbage
seedpod weevil to canola from yellow mustard. C3opence 46: 2437-
2445,

Dumont, S., and J.N. McNeil992. Responsivenessdeudaletia unipuncta
(Lepidoptera: Noctuidae) males, maintained as adultler different
temperature and photoperiodic conditions, to ferealepheromone.
Journal of Chemical Ecology 18: 1797- 1807.

Feeny, P. 1976. Plant apparency and chemical def&werent Advance in
Phytochemistryl0: 1-40.

Fox, A.S., and L.M. Dosdall. 2003. Reproductivelbgy of Ceutorhynchus
obstrictus(Coleoptera: Curculionidae) on wild and cultivaBssicaceae
in southern Alberta. Journal of Entomological Scee88: 533-544.

Frearson, D.J.T., A.W. Ferguson, N. Laugier, akld Williams. 2006. The
influence of petals on numbers of pests and tha@agtoids in oilseed rape.
In Proceedings of the International Symposium on hatiegl Pest
Management in Oilseed Rape. April 3-5, 2006. Paukinche, Gottingen,

Germany.

159



Chapter 3Visual responses to introgressed genotypes

Harper, F.R., and B. Berkenkamp.1975. Revised dretdge key foBrassica
campestriandB. napus The Canadian Journal of Plant Science 55: 657—
658.

Hausmann, C., J. Samietz, and S. Dorn. 2004. Vightation of overwintered
Anthonomus pomoruColeoptera: Curculionidae). Environmental
Entomology 33: 1410-1415.

Hemm, M.R., M.O. Ruegger, and C. Chapple. 2003. Ariabidopsisref2 mutant
is defective in the gene encodi@yP83A1 and shows both
phenylpropanoid and glucosinolgitkenotypes. Plant Cell 15: 179-194.

Hill, P.S.M., P.H. Wells, and H. Wells. 1997. Spammeous flower constancy and
learning in honey bees as a function of colourndaliBehavior 54: 615—
627

Johnson, B.K. 1934. An ultra-violet microscopettog examination of opaque
objects. Journal of Scientific Instruments 11: 34+

KennedyJ. S. 1965. Mechanisms of host plant selection.afsnaf Applied
Biology 56: 317 — 322.

Krishnan, B., S.E. Dryer, and P.E. Hardi®99. Circadian rhythms in olfactory
responses ddrosophila melanogasteNature 400: 375-378.

Kogan, M., and E.F. Ortman. 1978. Antixenosis—A rierm proposed to define
Painter’s ‘non preference’ modality of resistari8alletin of the
Entomological Society of America 24: 175-176.

Laffin, R.D., L.M. Dosdall, and F.A.H. Sperling. @B. Population structure of the

cabbage seedpod weeWleutorhynchus obstrictydarsham) (Coleoptera:

160



Chapter 3Visual responses to introgressed genotypes

Curculionidae). Origins of North America introdwts. Environmental
Entomology 34: 504-510.

Laughlin, S. 1981. Neural principles in the peri@heisual systems of
invertebrates. pp. 133-28M Autrum, H. (ed.). Handbook of Sensory
Physiology, Vol. 7, Sect. 6B. Springer, Berlin/N&ark.

Lemmen, J., and M. Evenden. 2009. Peripheral ahdweral plasticity of
pheromone response and its hormonal control img-lwed moth.The
Journal of Experimental Biology 212: 2000-2006.

Mason, P.G., T. Baute, O. Olfert, and M. Roy. 200&bbage seedpod weevil,
Ceutorhynchus obstricty®larsham) (Coleoptera: Curculionidae) in
Ontario and Quebec. Journal of the Entomologicaiedp of Ontario 134:
107-113.

McCaffrey, J.P., B.L. Harmon, J. Brown, A.P. Brovamd J.B. Davis. 1999.
Assessment dbinapis albaBrassica napuandsS. albax B. napushybrids
for resistance to cabbage seedpod we€aljtorhynchus assimilis
(Coleoptera: Curculionidae). Journal of Agriculiusaience 132: 289-295.

McCaffrey, J. P. 1992. Review of the U.S. can@atgomplex: cabbage seedpod
weevil, pp. 140-143n Proceedings, 1992 U.S. Canola Conference, 5-6
March 1992. Ameri-Can Pedigreed Seed Company, Menph.

McCaffrey, J.P., B.L. Harmon, J. Brown, and J.Bvi3a2004. Resistance of
canola-quality cultivars of yellow mustar@inapis albal.., to the cabbage
seedpod weevilCeutorhynchus obstricty#Marsham). The Canadian

Journal of Plant Sciences 84: 397-399.

161



Chapter 3Visual responses to introgressed genotypes

McLeod, J. H. 1962. Cabbage seedpod wee@kdtorhynchus assimil®ayk.)
Curculionidaeln J. H. McLeod, B. M. McGugan, and H. C. Coppel (kds.
A review of the biological control attempts agaimstects and weeds in
Canada. 5-6. Commonwealth Institute of Biologicah€ol Trinidad.

Moericke, V. 1952. Farben als Landereize flur gedlien BlattlAusen
(Aphidoidea). Zeitschrift fir Naturforschung 7: 3¢324.

Noble, S.D., and T.G. Crowe. 2007. Sample holddrraathodology for
measuring the reflectance and transmittance obnaleaf samples.
Applied Optics 46: 4968-4976.

Painter, R.H. 1951. Insect resistance in crop plddniversity of Kansas,
Lawrence, KS.

Parmesan, C. 1991. Evidence against plant “appgr@sca constraint on
evolution of insect search efficiency (Lepidoptedgmphalidae). Journal
of Insect Behaviour 4: 417-430.

Prokopy, R . J. 1972. Response of apple maggattiieectangles of different
colours and shades. Environmental Entomology 1: 728

Prokopy, R.J., and E.D. Owens. 1983. Visual detaatif plants by herbivorous
insects. Annual Review of Entomology 28: 337-364.

Rhoades, D.F., and R.G. Cates. 1976. Toward a getheory of plant
antiherbivore chemistry. Recent Advances in Phytaubtry 10: 168—-213.

SAS Institute. 2005. SAS, Version 9.1. SAS Ins#ifuhc., Cary, NC.

Sivinski J. 1990. Coloured spherical traps fortaegpof Caribbean fruit fly

Anastrepha suspensBlorida Entomologist 73: 123-128.

162



Chapter 3Visual responses to introgressed genotypes

Shaw, E. 2008. The detection of biochemical markar cabbage seedpod
weevil (Ceutorhynchus obstrictysesistance iBrassica napug. x Sinapis
alba L. germplasm. M.Sc. Thesis, University of Guel@uelph, ON. 155
pp.

Smart, L. E., M.M. Blight, and A.J. Hick. 1997. Th#ect of visual cues and a
mixture of isothiocyanates on trap capture of cgelseed weevil,
Ceutorhynchus assimilidournal of Chemical Ecolog?B: 889-902.

Strauss, S.Y., R.E. Irwin, and V.M. Lambrix. 20@ptimal defence theory and
flower petal colour predict variation in the secandchemistry of wild
radish. Ecology 92: 132-141.

Taub-Montemayor, T.E., K.H. Dahm, G. Bhaskaran, léln&l. Rankin. 1997.
Rates of Juvenile Hormone biosynthesis and degoaddtiring
reproductive development and diapause in the bedwil, Anthonomus
grandis Physiological Entomology 22: 269 — 276.

Ulmer, B.J., and L.M. Dosdall. 2006. Spring emegehiology of the cabbage
seedpod weevil (Coleoptera: Curculionidae). Anoélhe Entomological
Society of America 99: 64-69.

Wehner, R. 1981. Spatial vision in arthropods.28¥-616In Autrum, H.
(ed.).Handbook of Sensory Physiology, Vol. 7, S&€L. Springer,
Berlin/New York.

Yoshioka, H., A. Horisaki, K. Kobayashi, Syafaruadds. Niikura, S. Ninomiya,
and R. Ohsawa. 2005. Intraspecific variation inuheviolet colour

proportion of flowers irBrassica rapa.. Plant Breeding 124: 551-556.

163



Chapter 4 Olfactory responses to introgressed genotypes

Chapter 4

Responses dfeutorhynchus obstricty8arsham) (Coleoptera:
Curculionidae)o olfactory cues associated with no$ahapis albd..

X Brassica napu&. genotypes
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I ntroduction

The cabbage seedpod wee@kutorhynchus obstrictydarsham) (synC.
assimilis(Paykull)) (Coleoptera: Curculionidae) is a pedbmassicaceous oilseed
crops in Europe and North America (McCaffrey 19B@ntin et al. 1995; Dosdall
et al. 2001). This European insect was first reggbm south-western British
Columbia in 1931 (McLeod 1962) and has spread tirout most of continental
U.S.A. (McCaffrey 1992).The weevil was reported near Lethbridge, Alberta in
1995 (Carcamo et al. 2001), western Saskatchew20d@ and is predicted to
eventually occupy all western Canadian canola prtolo regions (Dosdall et al.
2002. The weevil has also been found in Québedardrio (Brodeur et al.
2001; Mason et al. 2004). Dispersal from westeanadian populations is at a
rate of approximately 55 km per year; eventual shwa of all western Canadian

canola production regions is predicted (Dosdadlle2002).

Adult Ceutorhynchusbstrictusoverwinter in the ground below leaf litter
(Dmoch 1965; Ulmer and Dosdall 2006). Adults emedarglate spring to feed on
brassicaceous plants near their overwintering;sit@ss migration into canola
crops occurs shortly after flowering (Bonnemais®87). Oviposition occurs and
larvae feed on seeds in developing siligueBrafssicaspp.; five to six seeds can
be consumed during three instars (Dmoch 1965).uMdarvae chew holes in
pod walls, emerge and drop to the soil where thgafe. Emergence of the next
generation of adults occurs in mid August in westeanada (Dosdall and

Moisey 2004).
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Interspecific crosses &inapis albd.. x B. napushave produced several
accessions that are resistanCtaobstrictugDosdall and Kott 2006; Ross et al.
2006; Shaw 2008). Fewer eggs are deposited avakelahow increased
development times on resistant lines (McCaffregle1999, Dosdall and Kott
2006, Chapter 5). Reduced apparency (as per H&ai6) of resistant lines has
also been demonstrated; obstrictusadults are less responsive to visual cues
associated with resistant genotypes (Tansey 208B; Chapter 3). Althoug@.
obstrictuswill oviposit and can complete development on nreally suitable host
plants likeS. alba(Kalischuk and Dosdall 2004; Dosdall and Kott 20@fyen
choices, these weevils discriminate among populatad potential hosts (for
example, Moyes and Raybould 2001). In additioditierences in visual cues
associated with potential hosts, mechanisms ferdilsicrimination and
differences in susceptibilities of introgresseesrare likely related to variations

in volatile compounds emitted by resistant and spiicle hosts.

Visser (1986) noted that volatile chemical cuesuserd by many
herbivorous insects for host association and lonatind suggested that
glucosinolates and their hydrolysis products, which compounds relatively
specific to Brassicaceae, should act as host agswticues to Brassicaceae
specialists. Evans and Allen-Williams (1993) fouhdt field traps baited witB.
napusextracts were located ly. obstrictusrom distances of 20 m, and adults
oriented toward odours &. napudoliage and flowers and their extracts in
olfactometer studies (Evans and Allen-Williams 1988&rtlet et al. 1997). Smart
et al. (1997) found that mixes of 3-butenyl, 4-ge&yl and 2-phenylethyl
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isothiocyanates are attractive@o obstrictusduring its crop-colonizing migration.
Smart and Blight (1997) determined that each cdé¢lsompounds was also
individually attractive taC. obstrictugn a field trapping study. Moyes and
Raybould (2001) determined that a relationshipteXetween amounts of 3-
butenyl glucosinolate associated with potentiak iptent populations an@.
obstrictusoviposition, and suggested that hydrolysis prodasgociated with this
compound facilitated location and discriminatiorhokt populations by the

weevil.

Shaw (2008) examined upper cauline leaves usiryegformance liquid
chromatography (HPLC) analysis and detected camgislifferences in the
heights of one peak among resistant and susceftilabax B. napudines. The
peak was associated with an as yet unidentifiedoommd (retention time 21.4 £
0.03 min) that was determined, though myrosinaggadiation, to be a
glucosinolate. Peak height was inversely corrdlatih susceptibility to weevil
attack as indicated by exit-hole frequencies inspafdsusceptible and resistant
genotypes. Peak height of the uncharacteriseagjinglate was, on average, 3.5
times larger in resistant than susceptible lind&{$2008). Shaw (2008) also
detected differences among resistant and susceftilslbax B. napudines in
the amounts of another as yet uncharacterised gjhuate (retention time 20.5 £
0.01 min) in seeds of immature pods; peak heigleteworrelated with weevil
infestation scores and, on average, the peak heighB.5 times greater in
susceptible than resistant lines (Shaw 2008). tiikes of these compounds were
not assessed by liquid chromatography-mass speetrpm
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Here | present results of laboratory olfactomegsseasments of the
volatile cues associated with whole plants, raceamescauline leaves &.
obstrictusresistant and susceptible lines derived fi®@nalbax B. napusand the
parental genotype8. napusandS. alba.Responses were assessed for both
overwintered- and fall-generation weevils. | alseastigated potential identities
of the uncharacterised glucosinolate investigaie8imaw (2008). Potential
effects of hydrolysis products of these glucositedavere used to draw
inferences regarding the influence of detectedmpolphisms on attractiveness of
volatile cues associated with specific host genedypotential courses for
resistance breeding and deployment strategiesofael germplasm are also

addressed.

Methods and M aterials

Plants and insects

Seed for test plants was obtained from Dr. Laimidt (University of Guelph,
Guelph, ON); genotypes evaluated inclu@echapusvar. Q2 (hereafter referred
to as Q2)S. albavar. AC Pennant (hereafter referred tdasilbg, and threeC.
obstrictusresistant and two susceptible lines derived fmlbax B. napus
(Accessions 171S, 154S and 276R, 173R and 121peatagely; ‘'S’ denotes
susceptible genotypes, ‘R’ denotes resistant gpes)y Plants were propagated
in a soilless growth medium consisting of a modifi@rnell mix based on the
recipe of Boodly and Sheldrake (1982) (Agricultarel Agri-Food Canada 2002).

Plants were grown in a greenhouse chamber at theuNgire and Agri-Food

168



Chapter 4 Olfactory responses to introgressed genotypes

Canada Research Centre, Lethbridge, Alberta andtanaed at 16:8 (L:D) and
60% relative humidity. Plants were at growth stddg(many flowers open, lower
pods elongating) (Harper and Berkenkamp 1975) vilbsted because this is
when mostC. obstrictusoviposition occurs (Dosdall and Moisey 2004).
Ceutorhynchus obstrictiedults were captured using sweep nets from a
commerciaB. napudield near Lethbridge, Alberta (49° 439" N,

112° 4958.3' W) in late May, late June and mid-August 2007; wilsevere
maintained on potted, flowerir napusvar. Q2 in mesh cages in the laboratory

and introduced to experiments within two weeksaytare.

Bioassay

A Y-tube olfactometer (Figure 4.1) was used to ss$ehavioural responses of
C. obstrictugo olfactory cues associated with these genotypletests were
conducted in the laboratory at 21°C and betwee@Ql@nd 15:00 hrs. The
olfactometer was place squarely under ceiling #8oent lighting (GE T8
F32T8/SPX41, General Electric, Fairfield, CT). Tdpparatus consisted of a
modified 145-mm-diameter by 250-mm-high glass falith a 29 mm circular
opening in its side and a 42.5 mm circular opeinits top. A curved (49, 115
mme-long section of 38-mm-diameter glass tubing atéeched to the top of the
bell jar; another similarly curved piece was at&tko this. A 160 mm glass Y-
intersection (49 (42.5 mm internal diameter) was next in line;reaom was
attached to a 50-mm-diameter by 200-mm-long glatigdr that tapered to a 6.9

mm opening at its distal end. All glass sectiohthe apparatus were connected
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using 33.5-mm-diameter Tygon™ tubing. A machineabpt funnel with a 12.8-
mme-diameter distal opening was inserted into teebeall jar to allow weevils to
move into the jar but restrict movement back i@ Y-tube. The ends of each
small bell jar attached to the Y-tube were conreetded50-mm-long by 190-mm-
diameter Plexiglas™ cylinders using 15-mm-diam&tggon™ tubing.
Compressed air was filtered using activated chduawe bubbled through
distilled water to maintain consistent humidity dref being pumped into the
apparatus. Relative humidity in the device was memkat one second intervals
over 2 hr and determined to be 48.98 + 0.009 %loMrwas maintained at 0.24
L min™ using an air-flow regulator, through a splitteda@n odour sources and
controls. All parts of the apparatus were washeadish soap and water, rinsed
with 70% ethanol and dried between runs.

Replicates of genotypes were tested in random ankarthe course of the
experiments. Preliminary analysis indicated naisicant differences between
the responses of 40 individual weevils (65%) and firoups of 20 randomly
selected weevils (70%) to whole, flowering Q2 € 0.31; df = 1; P= 0.5805, so
randomly selected, mixed-sex groups ofMmbstrictusvere tested in all
evaluations of responses, as per Bartlet et 8@l Weevils were introduced
through the opening in the side of the large ghedkjar; the opening was plugged
with a rubber stopper after their introduction. & positions in one arm or the
other of the Y-tube were recorded after 20 minufésevils were removed,
preserved in 70% ethanol and dissected to deterseixie Proportions df.

obstrictusmales or females associated with the blank orsidss of the Y-tube
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olfactometer were compared by analysis with binbgneaeralized estimating
equations (proc GENMOD) (SAS Institute 2005). Reise comparisons of the
proportions of males and females among genotypw/gen whole plants and
flowers and among sampling dates were made usind @asquare tests (LS

MEANS statement with ‘diff’ option in proc GENMODOPBAS Institute 2005).

Comparing responses to whole plants and flowering racemes

Whole plants were placed in Plexiglas™ cylinderd am was pumped past them
and through the apparatus. Pots of soilless gravetium were used as a control
for these tests. To test flowers, the top 20 cnmtaict flowering plants were
inserted into a 30 cm plastic cylinder through@¥opening in its side.
Parafilm™ was placed over the opening to prevecds of pumped air. An
empty chamber was used as a control for these Rssponses were compared in

mid June and mid August 2007.

Responsesto flowering racemes at different pointsin the growing season
Responses to flowering racemes were assessedanmemconsistent with the
previous section. An empty chamber was used astaot@or these tests.
Responses were compared in mid June, mid July ashdugust 2007.
Responses to cauline leaves by weevil generation

Cauline leaves are the bracts just below an irdligace. Fresh cauline leaves,
excised and macerated (with scissors), freeze-@diddg reconstituted with 0.1

mL distilled water) and freeze-dried with myrosieaslenatured (0.1 g heated to
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110°C for 45 min then reconstituted with 0.1 mLtiled water) were introduced
into a sealed 250 mL flask. Air was forced throagtole in the rubber stopper
sealing the flask, out another hole in the stogmer through the apparatus. The
control for these tests was an empty Plexiglas™hdgl. Responses to
macerated and excised cauline leaves were assassédl June and mid August
2008, and responses to freeze-dried cauline leagss assessed in mid August

2008.

Relationships of glucosinolate content and weevil responses

Relationships of the mean peak heights associatbédmwcharacterised
glucosinolates evaluated from immature seeds amithedeaves Shaw (2008) to
weevil infestation scores were assessed usingrinegaession analysis (proc
REG). Relationships of peak heights and proportaingeevils responding to

specific genotypes were assessed in a similar manne

Glucosinolate characterization

Estimates of the identities of uncharacterised @guwlates from Shaw (2008)
associated with cauline leaves (inversely corrdlatgh susceptibility to weevil
attack) and seeds (correlated with susceptibiityweevil attack) were performed
using retention time shifts corrected by lineaerpblation (as per Gong et al.
2004). Results of High Performance Liquid Chromedpyy — Mass
Spectrometry (HPLC-MS) analysis of glucosinolatiébcation standards (Lee et

al. 2006; Rochfort et al. 2008) were compared Withresults of plant tissue
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analyses of Shaw (2008). All of these studiesuatald retention times of
glucosinolate compounds usirgyersed-phase Hypersil BDSgColumns.
Column dimensions were 250 nwd.6 mm, 5 pm for Shaw (2008250 mm x
4.6 mm, 5um for Lee et al. (2006), artbO mmx 2.1 mm, 3um for Rochfort et
al. (2008); flow rates were 1.0 mL mifhy and0.2 mLmin ~* for Lee et al. (2006)
and Rochfort et al. (2006), respectivaijow rate was not indicated by Shaw
(2008). For Shaw (2008) and Lee et al. (2006), ilagihase consisted of a
gradient of30 mmol Lt ammonium acetate (component A) and methanol
(component B); Rochfort et al. (2008) used a magbilase gradient @.1%
ammonium acetate in wateromponent Agnd 0.1% ammonium acetate in
methanollcomponent B). Formic acid was used by Shaw (28@8)Lee et al.
(2006) to achieve a pH 5.0 in component A; pH watsimdicated by Rochfort et
al. (2008) Correlation analysis (proc CORR) was conductedssess the validity
of interpolated retention times associated withviim@ompounds from Lee et al
(2206) and Rochfort et al. (2008) and to make egtshof the identities of

unknown compounds from Shaw (2008).

Results
Comparing responses to whole plants and flowering racemes
Significant differences in the responses of femafabe overwintered generation

to genotypes were apparent when flowering racemeésviole plants were tested
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(x* = 63.82;df = 6; P < 0.0001). Similar responses to the susceptidt®types
Q2,154 S and 171 S were appar&ht(0.05 for all comparisons); these were
greater than those associated with the resistanatgeesS. alba 173R, 121 R,
and 276 RP < 0.007 for all comparisons). There were no signiftaddifferences
in the responses of overwintered-generation fentalessistant genotypeB &
0.05 for all comparisons). Females responded aitpito whole plants and
flowering racemes,€ = 0.02;df = 1; P = 0.8953). No interaction of flowering
racemes by whole plant and genotype was apparentd.50;df = 6;P =
0.2036).

Significant differences in the responses of ovetarigd generation males
to genotypes were also apparefit 28.84;df = 6;P < 0.0001). Responses of
males to tested genotypes were similar to tho$enoéles. There were no
significant differences in the responses of mafab@® overwintered generation to
whole plants or flowering racemeg € 0.03:df = 1; P = 0.8613) or interaction of

flowering racemes by whole plant and genotyge=(4.73;df = 6; P = 0.5792).

Responsesto flowering racemes at different pointsin the growing season
Significant differences in the responses of femtddbe tested genotypes were
apparent* = 92.92:df = 6; P < 0.0001). Responses to the susceptible genotypes
Q2,154 S and 171 S were simil& % 0.05 for all comparisons) and greater than
those associated with the resistant genotfpedba 173R, 121 R, or 276 FP(<

0.01 for all comparisons) (Table 4.1). There wearesignificant differences in the

responses of females to resistant genotypes .05 for all comparisons). The
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effect of date was significant’(= 8.83;df = 2; P = 0.0181). Responses of
females were greater in June and August than Jtily $.72;df = 1;P = 0.0168
andX? = 6.40;df = 1; P = 0.0114, respectively). Differences between A
August were not significanj(?(z 0.04;df = 1;P = 0.8508). No significant
interaction of testing date and genotype was appére= 6.42;df = 12;P =
0.8937), suggesting similarities in the relativep@nses of femal@. obstrictugo
these genotypes throughout the field season.

Significant differences in the responses of malebiése genotypes were
also apparenyf = 71.72:df = 6; P < 0.0001). Responses of males were similar to
those of females (Table 4.1). No significant eleaf testing datggf =2.55;df =
2; P =0.2791) or interaction of testing date and ggpei’ = 10.57;df = 12;P =
0.5664) were detected suggesting similar resparfs@siles to olfactory cues

associated with test genotypes in June, July argligtu

Responses to cauline leaves by weevil generation

Females responded similarly to macerated and ekciseline leaves/{ = 0.95;

df = 1;P = 0.3288). A significant effect of genotype waparent §* = 64.55df
=6;P <0.0001). Responses to the susceptible genofypes, 171 S and Q2
were similar P > 0.05 for all comparisons) and significantly gredbtem those
associated with 276R, 173 R®ralbg 154 S and 171 S were more attractive
than 121 R; 121 R was more attractive tBamalba(P < 0.01 for all comparisons)
(Table 4.2). The effect of generation was alsaificant (/> = 6.55;df = 1; P =

0.0105); responses were greater for overwinterad tiew generation weevils.
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No interactions of generation by genotype, prepamaechnique by genotype,
generation by preparation technique, or generdtyopreparation technique by
genotype were apparent for femalBs>(0.05 for all).

Macerated cauline leaves were more attractive tesrthan excised
leaves f* = 8.68;df = 2; P = 0.0032). A significant genotype effect was also
apparent;(2 =43.27,df = 6;P < 0.0001). Responsesto Q2,171 S and 154 S were
greater than those associated V8thalba 121 R or 173 R; responses to Q2 and
154 S were greater than those to 27@R 0.01) (Table 4.2). Male responses did
not differ by generatiory{ = 0.14;df = 1;P = 0.7073). No interactions of
generation by genotype, preparation technique byptype, generation by
preparation technique, or generation by preparaéohnnique by genotype were
apparent for male$>(> 0.05 for all).

Responses @. obstrictudfemales to reconstituted freeze-dried cauline
leaves indicated differences among genotypes (18.30:df = 4; P = 0.0011)
(Table 4.3). No effects of heat treatment or gigant interaction of heat
treatment by genotype were appareit0.01:df = 1;P = 0.9116, ang’ = 7.74;
df = 4;P = 0.1014, respectively). However, pair-wise congmns indicated
significant differences in the responses of femtadegenotypes without heat
treatment: 154 S and 171 S were more attractive$halba 171S was also more
attractive than 121R to femald3 <€ 0.01 for all comparisons). No significant
differences in responses of females to heat-trdataes were detected ¢ 0.05

for all comparisons) (Table 4.3).

176



Chapter 4 Olfactory responses to introgressed genotypes

Responses of males to reconstituted freeze-drigithedeaves did not
differ among genotypeg{ = 8.82:df = 4; P = 0.0656) and no significant heat
treatment effect was detected € 1.88;df = 1;P = 0.1702). However, a
significant interaction of heat treatment and ggpetwas apparent% 10.01;df
= 4;P = 0.0403) and pair-wise comparisons indicated1b4tS and 171 S
without heat treatment were more attractive t8aalbaor 173 R without heat
treatment P < 0.01 for all comparisons) (Table 4.3). No sigraht differences in
responses of males to heat-treated leaves weretel@ > 0.05 for all

comparisons) (Table 4.3).

Comparing responsesto flowers and cauline leaves

Comparison of the responses of female€ .obbstrictusof the new generation to
S.albga 121 R, 173 R, 154 S and 171 S flowers, excisetenated and freeze-
dried cauline leaves indicated a significant gepetgffect £ = 43.13;df = 4;P <
0.0001); susceptible genotypes attracted similanbers of weevils > 0.05 for
all comparisons) and significantly more than resisgenotypes < 0.01 for all
comparisons). A significant effect of plant parfpoeparation technique was also
apparent;(2 =43.83;df = 4;P < 0.0001). No significant interactions of genayp
and plant part or preparation technique were appgre= 14.34:df = 16;P =
0.5735). Racemes attracted significantly more femtnan macerated, excised,
freeze-dried and reconstituted or freeze-driedi-treated and reconstituted
cauline leavesK < 0.01 for all comparisons). Macerated and excisedime

leaves attracted similar proportions of femajés=(0.01;df = 1; P = 0.8405);
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both treatments resulted in greater proportiomacted than for freeze-dried
cauline leavesK < 0.01 for all comparisons). Freeze-dried and rettorasd and
freeze-dried, heat-treated and reconstituted calgiaves attracted similar
proportions of femalegt = 0.01;df = 1;P = 0.9118).

Responses of males indicated a significant gencffeet §° = 90.01;df
= 4;P < 0.0001); susceptible genotypes attracted similanbers of weevildq >
0.05 for all comparisons) and significantly morarihresistant genotypeB &
0.01 for all comparisons). A significant effectgént part or preparation
technique was also apparepft € 28.59:df = 4; P < 0.0001), although no
significant interaction of genotype and plant marpreparation technique was
apparent)* = 22.28:df = 16;P = 0.1343). Racemes attracted significantly more
males than macerated, excised, freeze-dried andsttuted and freeze-dried,
heat-treated and reconstituted cauline leakes Q.05 for all comparisons).
Unlike females, males responded more strongly toemzed than excised cauline
leaves £* = 4.66;df = 1;P = 0.0309). Males were also more attracted to excised
than freeze-dried cauline leavés< 0.05 for both comparisons). Freeze-dried
and freeze-dried and heat-treated cauline leatexted similar proportions of

males ¢* = 1.90;df = 1;P = 0.1682).

Relationships of glucosinolate content and weevil responses
Significant negative relationships of female regmsto whole plants, flowers,

macerated, excised and freeze-dried and recomstiastuline leaves and mean
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peak heights associated with the uncharacterisgdthedeaf glucosinolate (Shaw
2008) were detectedP (< 0.05 for all assessments). However, no relatipnsh
female responses to freeze-dried, heat-treatedemoastituted cauline leaves and
this glucosinolate was detectddly(14= 4.11; R = 0.1718;2 = 0.0621). Similar
trends were detected for males: responses to vterés, flowers, macerated,
excised and freeze-dried cauline leaves were dy@mgl negatively associated
with this glucosinolateR < 0.01 for all assessments). No relationship of male
responses to heat-treated freeze-dried caulineseand this glucosinolate was
detectedk 1 14= 1.41; R = 0.0918 = 0.2541).

Relationships between female responses and peglts@ssociated with
the uncharacterised glucosinolate detected by $2@08) from seeds of these
genotypes were demonstrated for whole plants anekfing racemed(; 21 =
13.08; R = 0.3544;P = 0.0016 and 1 7,= 90.05; B = 0.5495P < 0.0001,
respectively). Similar relationships were demaatsl for malesK 1, 21 = 11.26;
R?=0.3181P = 0.0030 and~ ; .= 80.62; R = 0.5217P < 0.0001,

respectively).

Glucosinolate characterization

Comparisons of HPLC results from Shaw (2008) aherostudies (Lee et al.
2006; Rochfort et al. 2008) by linear interpolatindicate that the
uncharacterised glucosinolate (retention time 2031 minutes) detected from
seeds of immature pods and positively correlated weevils scores and

responses is likely 2-phenylethyl glucosinolatedar interpolation predicted the
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retention time of 2-phenylethyl glucosinolate at&thinutes. Cauline leaves,
mature foliage and seeds also exhibited a peak atidutes. This second peak
was likely associated with 3-butenyl glucosinolabel was relatively consistent
among resistant and susceptible lines (Shaw 200&) peak associated with
cauline leaves and negatively correlated with wiesnares is likely 1-methoxy-3-
indolylmethyl glucosinolate. Mean retention times@sated with this compound
was 21.4 £ 0.03 minutes; linear interpolation pecexia retention time of 21.4
minutes for 1-methoxy-3-indolylmethyl glucosinoldiéble 4.4). Correlation
analysis of the results of retention time shiftkebwn standards from Lee et al.
(2006) and Rochfort et al. (2008) corrected bydmaterpolation and retention
times associated with uncharacterised peaks froemv$2008) indicated a

significant relationshipR = 0.9998;P = 0.0121).

Discussion

Results of this study indicate differences amomgrédsponses @. obstrictuso
olfactory cues associated with napusandS. albaand accessions obtained by
crosses of these species. Odours from whole floggaiants, flowering racemes
and cauline leaves of the susceptible genotpempus?2, 171 S and 154 S
were significantly more attractive than resistagnatypes to both male and
female weevils. Similarities in weevil responsesag Q2, 171S and 154 S
suggest similarities in the profiles of the volatlompounds that stimulate

electrophysiological and/or behavioural activitytive weevil. Behavioural

180



Chapter 4 Olfactory responses to introgressed genotypes

responses to resistant lines were similar. Diffeesramong responses of weevils
to resistant and susceptible introgressed linasatel chemical differences.

Although differences in susceptibilities 8f alba B. napusandB. rapato
insect herbivores have also been attributgathgdroxybenzyl glucosinolate
content (Bodnaryk 1991), the major hydrolysis piichf sinalbin is the highly
unstablep-hydroxybenzyl isothiocyanate (Vaughn and Berhow3308sp-
hydroxybenzyl isothiocyanate breaks down, a quirtbaehydrolyzes to SCNs
formed (Borek and Morra 2005). Given that the Hi&f-of p-hydroxybenzyl
isothiocyanate is ca. 6 min at physiological pHr@oand Morra 2005), its
influence on long-distance olfactory responseS.iobstrictusseems unlikely.
Differences in the attractiveness of odours fronoletplants, flowering racemes
and cauline leaves &. albaand those of the susceptible genotypes in this/stud
are likely associated with a lack of stimulatoryr&mones (as per McCaffrey et
al. 1999).

Ceutorhynchus obstrictus attracted tovolatile compounds associated
with B. napugFree and Williams 1978; Bartlet et al. 1993)tidiresponses to
host odours include positive anemotaxis (EvansAdigsh-Williams 1998)
consistent with responses of weevils in the olfaxetter used in this study. Visser
(1986) suggested that compounds specific to Brassae should act as host
association cues to crucifer specialists; thesepooumds include glucosinolates
and their hydrolysis products. Hydrolysis of glaigmlates in plants results from
the action of specific myrosinasgsthioglucosidases) that facilitate the

irreversible hydrolysis of the thioglucosidic botierating the D-glucose and
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aglycone moieties; unstable isothiocyanates, epittriles and nitriles are the
typical products (Rask et al. 2000 and referenceetn). Because myrosinase
and glucosinolates are compartmentalized in thep@ates including the
Brassicaceae, volatile hydrolysis products of ghicolates are generally
produced only when tissues and thus myrosin amghsukich cells are damaged
(Rask et al. 2000; Andréasson et al. 2001). Howealistt, 3-butenyl, 4-pentenyl,
and 2-phenylethyl isothiocyanate have been detectedadspace volatiles of
undamage®. napusand specific olfactory cells tuned to these compisumave
been detected i@. obstrictugBlight et al. 1995).

Of these isothiocyanates, only derivatives of 2rgiethyl glucosinolate
(2-phenylethyl isothiocyanate) elicited strong @sges in one study (Blight et al.
1995). In another study, 3-butenyl and 4-penté&uothiocyanate elicited the
strongest electroantennogram responses (EvanslemdWilliams 1992). Smart
and Blight (1997) found that each of these compeswnaks attractive tG.
obstrictus and recommended baiting traps with 2-phenyledothiocyanate for
monitoring spring populations. This compound i®a#ractive taCeutorhynchus
napi (Gyllenhal) andC. pallidactylus(Marsham) (Walczak et al. 1998).
Examination of foliar glucosinolates indicated nbwenyl, 4-pentenyl or 2-
phenylethyl glucosinolate i8. albaalthough these compounds were detected in
B. napugMcCloskey and Isman 1993). Shaw (2008) determihatdQ2 and the
susceptible and resistaBt albax B. napudines tested in this study differed in the
amounts of an uncharacterised glucosinolate inssekmnmature pods. Peak

height was correlated with weevil scores and, @rage, was 3.5 times greater in
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susceptible than resistant lines (Shaw 2008). Gprespecific peak heights
associated with this compound were also correlatddmale and female weevil
olfactometer responses in this study. | found, taseestimates of
uncharacterised glucosinolates from Shaw (2008¢tsntion time shifts
corrected by linear interpolation (as per Gong.€2@04), that the identity of this
compound was likely 2-phenylethyl glucosinolate.

Glucosinolate profiles can vary among plant tisqi@msexample, Porter et
al. 1991). However, examination of results from8if2008) indicates that the
peak putatively associated with 2-phenylethyl ghigolate is also present in
mature foliage and is consistently greater in soidgle than resistant lines.
Another peak corresponding to 3-butenyl glucositeoleas also associated with
seeds and mature foliage for all genotypes ex8eptba(Shaw 2008). The
additive or synergistic effects of 3-butenyl angtinylethyl isothiocyanates on
C. obstrictugesponsebave been demonstrated in olfactometer studiegléBat
al. 1993). Smart and Blight (1997) also found thatixture of 3-butenyl, 4-
pentenyl, 2-phenylethyl, and allyl isothiocyanatese highly attractive t&.
assimilisin trapping studiedn an examination of naturaliz&tassica oleracea
L. andBrassica nigral. populations in England, Moyes and Raybould (2001
found greateC. obstrictusoviposition in plant populations that expressedhrg
levels of 3-butenyl glucosinolate. Greater seetifahar expression of 2-
phenylethyl- and 3-butenyl glucosinolates by susbipgenotypes explains
differences in responses Gf obstrictusamong susceptible and resistant

genotypes detected in this study.
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| propose that the uncharacterised peak assoaiatiedauline leaves and
inversely correlated with weevil scores and olfawter responses was 1-
methoxy-3-indolylmethyl glucosinolate. This compdihas been shown by other
researchers to increase in brassicaceous hoss pargsponse to insect herbivore
attack (Birch et al. 1992; Bodnaryk 1992, 1994, Blay et al. 1995). Local
increases in 1-methoxy-3-indolylmethyl glucosinelabncentration occur .
napusin response to mechanical damage Bhyllotreta cruciferagdGoeze)
(Coleoptera; Chrysomelidae) feeding on cotyled®wlfaryk 1992), and
exogenous application of methyl jasmonate and jastrexid (Bodnaryk 1994;
Doughty et al. 1995). Birch et al. (1992) reportieat 1-methoxy-3-
indolylmethyl glucosinolate content in the Brass&ae they tested (these
included aB. napusoilseed variety) increased systemically as much/afold in
response t@elia floralis (Fallén) (Diptera: Anthomyiidae) attack; this inase
was the greatest of any individual glucosinolate.

Moyes and Raybould (2001) reported that 1-methoxyddlylmethyl
glucosinolate was present in Bll oleracedested but that no relationship was
evident between population-wide content of this poond andC. obstrictus
oviposition. However, mean constitutive populatieigle concentrations of 1-
methoxy-3-indolylmethyl glucosinolate were signdfitly higher on one site than
at the four other sites tested by Moyes et al. @208lants from this site supported
fewerC. obstrictudarvae than sites characterised by plants with tdexeels of
this glucosinolate in one study year (Moyes anddeaid 2001). Although Shaw

(2008) did not measure concentrations of individuiathpounds in the plant
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tissues tested in this study, putative 1-methoxye®lylmethyl glucosinolate
HPLC peaks that were, on average 3.5 times gregatesistant than susceptible
lines derived fron®. albax B. napusindicate differences comparable to those
detected by Moyes et al. (2000); their resultsaatéd as much as 4.8- fold
differences in plant population-wide concentratioh4-methoxy-3-
indolylmethyl glucosinolate content between sites.

Hydrolysis products of 1-methoxy-3-indolylmethylgbsinolate include
indole isothiocyanates, indole-cyanides, indolyde8binol, thiocyanate and
possibly phytoalexins and auxins (Mithen 1992; Mewti al. 2002). Indole
isothiocyanates are unstable but the slightly Velatdole-cyanides are relatively
stable and prevalent B. rapassp.chinensisv. Joi Choi, Black Behi and Bai
Tsai (Mewis et al. 2002). Indole isothiocyanafesticularly 1-methoxy-3-
indolylmethyl glucosinolate, are suspected of aboting to reduced oviposition
by the oligophagous butterfijellula undalis(Fabricius) (Lepidoptera: Pyralidae)
(Mewis et al. 2002). Moreover, increased levelsdble glucosinolates and
greater overall glucosinolate levels greatly rediesylliodes chrysocephala
(Coleoptera: Chrysomelidae) feeding on cotyleddneduced plants (Bartlet et
al. 1999).

Cook et al. (2006) found th8t rapawas more attractive tG. obstrictus
than a highndolyl/ low alkenyl glucosinolatB. napusggenotypeand in
olfactometer trials responses to a high alkenyldlogolyl genotype were similar
to those oB. rapa However, given the slight volatility of indolgrnides, their

role in long-distance olfactory response£obbstrictusseems unlikely.
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Although their effects in this study cannot be distted, behavioural responses
of weevils to 1-methoxy-3-indolylmethyl glucosintdahydrolysis products are
likely limited to more intimate ranges. ResponskE€. obstrictugo volatile
hydrolysis products of indolyl glucosinolates reguinore rigorous testing.

Responses of both males and females to racemegveater than to
cauline leaves. In addition to the glucosinolatgsociated with cauline leaves,
flowering racemes also exude compounds suck,&s){a-farnesene (Evans and
Allen-Williams 1992); E,E,)-a-farnesene is a major componenBoapudioral
volatiles (Blight et al. 1995) but is exuded in rhugmaller amounts fror8. alba
(Tollsten and Bergstrom 1988). Evans and Allenkéfits (1992) found that it
was the only volatile compound they detected fEamapudlowers that elicited
strong electroantennogram responses f@rabstrictusat relatively low doses.
Attractive glucosinolate hydrolysis products aigH)-a-farnesene have also
been suspected to have a synergistic attractieetedhC. obstrictudoehaviour
(Evans and Allen-Williams 1992, 1998). Omittingarnesene from artificial rape
odour reduced. obstrictuselectroantennogram responses and attractiveness of
odours in wind tunnel tests (Evans and Allen-Wili&11992, 1998).

Responses of both males and females were gredtesto(macerated or
excised) cauline leaf material than to freeze-daed reconstituted material.
Maceration, excision and rending cauline leaves jpawder would damage
tissues and allow release of glucosinolate hydislysoducts. Differences
between preparation techniques are likely dued@tksentation of lesser

amounts of freeze-dried material. Although a digant effect of heat treatment
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after freeze-drying was not detected, samples witheat treatment elicited
different behavioural responses; tissue from sugdemenotypes was more
attractive. These effects were not seen with heateéd samples. These results
support the conclusion that differenceLinobstrictugesponses to resistant and
susceptible genotypes are associated with hydsoprsiducts of glucosinolates
acting as attractive kairomones (as per McCaffteat.€1999).

Males respond more strongly to macerated thantiotadine leaf
material. Females respond similarly to these odources. The green leaf
volatilescis-3-hexen-l-olandcis-3-hexenyl acetate have been detected fBom
napusheadspace and male weevils are more sensitivese tompounds than
females (Evans and Allen-Williams 1992). These coumals comprise 90% of
the odour from maceratd®l napudeaves but less than 15 % of crop odour
(Evans and Allen-Williams 1992) and likely influesttmale response in this
study.

Female response to flowering racemes from susdegénotypes was
greater in June than in July. A similar response detected in June and August.
Bartlet et al. (1993) found that pre-diapause wedebrresponding to
August/new generation weevils in this study) weneegponsive to floral odours
if they had been field-collected but responsiveedred from pods. Bartlet et al.
(1993) suggested that the reduced response induleicted specimens was
associated with satiation of weevils that had fegdreparation for diapause.
Responses of August females to host plant odoutsdrstudy suggest that these

C. obstrictushad not yet completed feeding before diapause. Tiegyhave also
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been influenced by acclimation to 12:12 (L:D) (Ctea8). Post-diapause weevils
(collected in April in England and roughly correspng to June weevils in this
study) were responsive to olfactory cues associattdsusceptible genotypes.
This attraction waned as this weevil cohort agedreased responses of gravid
femaleC. obstrictudo visual cues as the season progressed have been
demonstrated in a trapping study and are adagtihese cues are used for
oviposition site location (Chapter 2). Reductiamattractiveness of olfactory
cues, however, may be subject to another mechaRsduced chemoreceptor
sensitivity in insects is well documented and ieflaed by age; sensory input to
the central nervous system may decrease as serisgtamme inoperative
(Schoonhoven 1969; Blaney et al. 1986). For ingatie sensitivity of boll
weevil, Anthonomus grandiBoheman (Coleoptera: Curculionidae),
chemoreceptors is greatest in the period coincidirig mating and host location

(Dickens and Moorman 1990).

Fluorescent lighting can influence insect behawsd&hields 1980). For
example, gathering behaviour of the honeyhpis mellifera(Hymenoptera:
Apidae) is reduced in a room illuminated by flumest tubes (Renner 1957).
Insect flicker fusion frequencies (FFF: the minimoomber of flashes per second
that are no longer resolved as continuous lighyearom 20 to 300 cycles per
second (Miall 1978). Fluorescent lamps that usedsted ballasts flicker at 120
cycles per minute (Shields 1989). Although the pu&é effect of flicker onC.
obstrictusbehaviours is as yet unknown, all tests in theenurstudy were
conducted under the same lighting conditions.
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Results of this study offer insights into the diffieces in susceptibilities of
novel canola germplasm and suggest potential gtestéor resistance breeding.
Restraining expression of attractive volatile cassociated with hydrolysis
products of 3-butenyl and 2-phenylethyl glucositedaand/or encouraging
production of indole glucosinolates may facilitateduction of canola genotypes
that are less attractive @ obstrictus Deployment of less attractive germplasm
coupled with a highly attractive trap crop sudB.aapamay prove to be an
effective strategy for concentrating and contrgilimeevil populations (as per
Cércamo et al. 2007). Examination of the respoosédsese weevils to current
commercial cultivars that express varying propagiof alkenyl and indolyl
glucosinolates is required and may allow this stygtto be used effectively with
existing germplasm. Although olfactory cues ar@adieimportant taC. obstrictus
host location, it should be noted that visual caresalso essential to this
interaction. Smart et al. (1997) found that trapsdal with a mixture of allyl, 3-
butenyl, 4-pentenyl and 2-phenylethyl isothiocyanaere more attractive if held
vertically than at a 45° angle; traps baited wéttlhiocyanates alone were not

attractive.
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Tables

Table 4.1. Mean proportions 6f obstrictuqS.E.) responding to racemes of
Brassica napusar. Q2,Sinapis albavar. AC Pennant and several lines derived
from S. albax B. napusn a Y-tube olfactometer in mid June, mid July amd
August, 2008. There are no significant differen@es 0.007) by Wald chi-square
tests among like lettered groups. The ‘'S’ assodiatiéh genotype designations

denotes a susceptible genotype; ‘R’ representstagi

Proportion Proportion Proportion
Genotype n of total responding = responding =

responding female male
Brassica napusar. Q2 280 083 (0.03) a 043 (0020 a 0402D0. a
171S 240 0.75 (0.03) a 0.35(0.02) a 0.40 (0.02a
154 S 260 0.75 (0.03) a 0.37 (0.02) a 0.38 (0.02a
173 R 220 0.38 (0.03) b 0.15 (0.03) b 0.24 (p.02b
121 R 280 037 (0.03) b 0.19 (0.02) b 0.18 (p.02b
276 R 2000 040 (0.04) b 0.18 (0.03) b 0.22 (p.02b

Sinapis albavar. AC Pennant 220 0.43 (0.03) b 0.21 (0.03) b.2200.02) b
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Table 4.2. Mean proportions 6f obstrictugS.E.) responding to pooled data
associated with macerated and excised caulinedezfBrassica napusar. Q2,
Sinapis albavar. AC Pennant and several lines derived ffaralbax B. napusn

a Y-tube olfactometer in mid June and mid AuguB0& There are no significant
differences P< 0.007) by Wald chi-square tests among like lettgmedips. The
‘S’ associated with genotype designations denossseaeptible genotype; ‘R’

represents resistant.

Proportion Proportion Proportion
Genotype n of total responding = responding =

responding female male
Brassica napusar. Q2 340 055 (0.04) a 027 (0.03) ab 02830 a
171S 320 0.54 (0.04) a 0.31 (0.03) a 0.23 (0.03ab
154 S 320 0.53 (0.04) a 0.30 (0.03) a 0.2830. a
173 R 320 0.31 (0.04) b 0.17 (0.03) bc 0.143D.0 bc
121 R 320 0.33 (0.04) b 0.18 (0.03) b 0.14 (0.03bc
276 R 280 0.33 (0.04) b 0.17 (0.03) bc 0.1630.0 bc

Sinapis albavar. AC Pennant 300 0.26 (0.04) b 0.10 (0.03) @16 (0.03) c
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Table 4.3. Mean proportions 6f obstrictuqS.E.) responding to freeze-dried and

reconstituted (with water) cauline leavesSirhapis albavar. AC Pennant and

several lines derived frol. albax B. napuswith and without heat treatment to

denature myrosinases in a Y-tube olfactometer.siweste conducted in mid June

and mid August, 2008. There are no significantedéhces®< 0.01) by Wald

chi-square tests among like lettered groups. ThasSociated with genotype

designations denotes a susceptible genotype; [Resents resistant.

Proportion of Proportion Proportion
Genotype n total responding = responding =
responding female male
Native
171 S 80 0.43(0.05) a 0.24(0.04) a 0.19(0.02)a
154 S 80 0.38(0.05) a 0.19(0.04) ab 0.19 (0.02)a
173 R 80 0.14 (0.05) b 0.11(0.04) abc 0.03(0.02)b
121 R 80 0.21 (0.04) b 0.10 (0.03) bc 0.11 (0.02prb
Sinapis albavar. AC 80 0.06 (0.05) b 0.03(0.04) ¢ 0.05(0.02)b
Pennant
Denatured
171S 80 0.20(0.05) a 0.15(0.04) a 0.05(0.02)a
154 S 80 0.19(0.05) a 0.11(0.04) a 0.06(0.02)a
173 R 80 0.15 (0.05) a 0.08 (0.04) a 0.08(0.02) a
121 R 80 0.10(0.05) a 0.03 (0.04) a 0.06(0.03) a
Sinapis albavar. AC 60 0.15 (0.05) a 0.12 (0.04) a 0.03(0.03) a
Pennant
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Table 4.4. Retention times of glucosinolates; sontle electrophysiological
and/behavioural effects @i obstrictus T represents unidentified peaks from
cauline leaves and negatively correlated with wieegponses (Shaw 2008); T+
represents uncharacterised peaks from seeds aagefotrepresents
uncharacterised peaks correlated with weevil respo(Shaw 2008). HPLC
results:a —estimates of unidentified glucosinolates from Skj2008) by retention
time shifts corrected by linear interpolation (& @ong et al. 2004p- Shaw

(2008);c- Lee et al. (2006) - Rochfort et al. (2008).

Trivial Name Side ChairR- HPLC Retention Time (min)
source a b c d

Glucoiberin 3-Methylsulphinylpropyl- - 5.8 48 3.0
Glucocheirolin 3-Methylsulfonylpropyl- - 6.6 52 -
Sinigrin Allyl / 2-Propenyl- - 8.1 6.2 -
Glucosinalbin p-Hydroxybenzyl- - 16.6 11.2 6.3
Gluconapin 3-Butenyl- 17.1 17.60' 119 -
Glucotropaeolin  Benzyl- - 19.8 15.8 16.8
Glucoerucin 4-Methylthiolbutyl- - 19.9 16.2 184
Gluconasturtiin 2-Phenylethyl- 20.6 208" 191 -
Neoglucobrassican 1-Methoxy-3-indolylmethyl- 214 214 - 34.2
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Figure

Figure 4.1. Y-tube olfactometer.
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obstrictusof novelS. albax B. napuggermplasm
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Introduction

The cabbage seedpod wee@kutorhynchus obstricty®darsham) (synC.
assimilis(Paykull)) (Coleoptera: Curculionidae), is a sasigpest of canola,
Brassica napu&. andBrassica rapdal., and mustardBrassica juncedL.) Czern.
in Europe and North America (McCaffrey 1992; Burdiral. 1995; Dosdall et al.
2001). This European native is invasive in Northekita and was first reported
in south-western British Columbia in 1931 (McLedb62). Its current North
American range extends throughout continental U.@V&kCaffrey 1992); the
weevil was documented near Lethbridge, Albertad@5L(Carcamo et al. 2001);
it was subsequently found in Québec and OntariodBur et al. 2001; Mason et
al. 2004). Western North American populationsléedy introduced from source
locations in western or northern Europe, whereahreastern North American
populations are introduced separately from Scantinar Russia (Laffin et al.
2005).Ceutorhynchus obstrictus dispersing north and east from southern
Alberta at approximately 55 km per year and is jgted to eventually occupy all
western Canadian canola production regions (Dosdlall. 2002).
Ceutorhynchusbstrictusis univoltine and overwinters as an adult in the
soil below leaf litter (Dmoch 1965; Ulmer and Dok@®06a). Newly emerged
adults feed initially on brassicaceous plants tiear overwintering sites
(Bonnemaison 1957); these plants provide siteadgregation and mating and
nutrients for sustenance and ovarian development #Rd Dosdall 2003).
Oviposition occurs in developing siliques; suitabtests for larval development

includeB. napus, Brapa, Raphanuspp. and to a lesser ext&ihapis arvensis
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L. (Dmoch 1965). Larvae feed within pods duringethinstars and may consume
5-6 seeds (Dmoch 1965). Mature third instar lacta®wy holes in pod walls
through which they emerge and fall to the grounghgtion occurs in earthen
cells. A period of 31-58 d is required for devetemt from egg to adult in
western Canadian spring canola (Dosdall and M@2€éy).

White mustardSinapis albd.., is resistant to infestation 6. obstrictus
(Doucette 1947; Kalischuk and Dosdall 2004), armseguently has been used as
a source of host resistance in the developmemttefgeneric hybrid germplasm.
Several lines developed through albax B. napughat have proven resistant to
C. obstrictugn field trials and laboratory experiments (Do$dald Kott 2006).
Mechanisms of resistance include variable respaiostsral visual and olfactory
cues (Tansey et al. 2008; Chapters 2, 3, 4). no-ehoice situationC. obstrictus
will oviposit and can complete larval developmensi alba(Dosdall and Kott
2006), but when given choices, weevils select ggeaf more suitable hosts
(Moyes and Raybould 2001; Kalischuk and Dosdall®@0MNon-preference or
antixenosis and antibiosis resistance modes aBamster (1951) and Kogan and
Ortman (1978) have also been reportedSoalbaand several nove&. albax B.
napusgenotypes. Fewer eggs are deposited@nabstrictudarvae experience
increased development times and have lowered bedtyhts in resistant plants

(McCaffrey et al. 1999; Dosdall and Kott 2006).

Mixes of hydrolysis products of 3-butenyl, 4-pentieand 2-phenylethyl
glucosinolates are attractive @ obstrictusduring their crop colonizing
migration (Smart et al. 1997). Isothiocyanate hiydtis products of these
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compounds were individually attractive@ obstrictuan a trapping study (Smart
and Blight 1997). Although differences in ovipositiand feeding preferences
have been attributed in part to varying amounthese attractive compounds,
mechanisms of antibiosis resistance demonstrataubieel!S. albax B. napus
germplasm (Dosdall and Kott 2006) remain unclédcCaffrey et al. (1999)
attributed prolonged development and reduced laregdhts inS. albato p-
hydroxybenzyl glucosinolate (sinalbin). Differendesusceptibilities 08. alba
B. napusandB. rapato herbivores have been attributed to this comgoun
(Bodnaryk 1991). However, introgressed genotypstet by Dosdall and Kott
(2006) did not express detectable amounts of Smallihese results indicate that
another factor is involved in antibiosis and prdipamtixenosis resistance @
obstrictus

Shaw (2008) used high performance liquid chromatolgy (HPLC)
analysis to examine upper cauline leaves of redistad susceptiblg. albax B.
napuslines. A peak was associated with an as yet uackenised compound
(retention time 21.4 + 0.03 min) that was determdjrthough myrosinase
degradation, to be a glucosinolate. Peak heigktimaeersely correlated with
weevil scores (the mean numbers of larvae per mod §enotypes in replicated
field trials) and, on average, the peak was 3.gsiharger in resistant than
susceptible lines (Shaw 2008). This compound ats putatively identified
through comparisons of HPLC data by retention tamiés corrected by linear
interpolation (as per Gong et al. 2004) as 1-metindolylmethyl

glucosinolate (Chapter 4). This compound is suligeaduction in response to
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herbivore feeding and methyl jasmonate and jasmaxict application in
Brassicaceae (Birch et al. 1992; Bodnaryk 1992418®&ughty et al. 1995;
Bartlet et al. 1999). Shaw (2008) also detectei@iihces among resistant and
susceptibles. albax B. napudines in the amounts of another as yet unidertifie
glucosinolate (retention time 20.5 £ 0.01 min) @eds of immature pods; its peak
height was correlated with weevil scores and, araye, the peak was 3.5 times
greater in susceptible than resistant lines (SH2@82 This compound was later
proposed to be 2-phenylethyl glucosinolate (Chagpter

Here, | present results of laboratory and greenhassessments of the
feeding and oviposition preferencesfobstrictugor resistant and susceptible
novelS. albax B. napuggermplasm and the parental genotyfes)apusandsS.
alba.l examined the development times and associateddss of larvae that
developed on these genotypes. Tests also inclassgbsments of oocyte
development of post-diapause, springtime adult fesnan resistant and
susceptible novel germplasm, parental genotypesarrly-season food host,
Thlaspi arvensé. (Dmoch 1965), that is resistant to another Hcas®ae
oligophagePhyllotreta cruciferagGoeze) (Coleoptera: Chrysomelidae)
(Palaniswamy et al. 1997; Gavloski et al. 2000)teRtial effects of glucosinolate
hydrolysis products were used to make inferencgsrding the influence of
detected glucosinolate polymorphisms (Shaw 2008¢eding and oviposition
preferences, larval development and oocyte devedopnmPotential courses for
resistance breeding and deployment strategiesofael germplasm are also

discussed.
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Methods and M aterials
Plants and insects
Seed for test plants includ&d napusvar. Q2 (hereafter referred to as &),
albavar. AC Pennant (hereafter referred t&Gaslbg, and severaC. obstrictus-
resistant and susceptilfe albax B. napuggenotypes.Thlaspi arvensseed was
obtained from field-collected plants in central Aita. Plants were propagated in
a soilless growth medium consisting of a modifiemtr@ll mix based on the
recipe of Boodly and Sheldrake (1982) (Agricultarel Agri-Food Canada 2002)
in a greenhouse chamber and maintained at 16:§ @nd 60% relative humidity.
Adults of C. obstrictudor laboratory arena and larval development trials
were captured using sweep nets in a commeBciabpudield near Lethbridge
(49° 41 39" N, 112° 4958" W). Weevils for arena trials were maintained for n
more than two days on a diet of 10% sucrose solaia wild mustard flowers in
2006. Weeuvils for larval development assessman?06-2008 and weevils for
laboratory arena trials in 2007 and 2008 were raaetl on caged, pottdsl
napus.Weevils were maintaineak 20 = 1°C in all three years. Adult weevils for
oocyte development assessments were capturedmgiagidal wooden-framed
mesh cages (1 Tibase, 1 m high, following the design of Dosdakle(1996))
placed on overwintering sites in early May, 2007.
Laboratory ArenaTrials
Approximately eight weeks after planting, pods d®® mm long were excised

from plants. Female weevils were separated ushigacular microscope, and
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pods ofB. napuswere used to confirm their ovipositional statusipto
commencing the experiments (as per Harmon and Mic£yaf997).

The experimental setup was similar to that of Harrand McCaffrey
(1997). All tests were replicated four times asédia pod to weevil ratio of 6:1.
In 2006, each cage (18.5 cm x 18.5 cm x 8 cm Higld evenly spaced pods of
seven genotypes in a randomized complete blockjaegih eight blocks (56
pods per cage). The genotypes tested include®&Qilba 171 S, 154 S, 145 MS,
173 R and 121 R: 'S’ denotes a susceptible genpggpdetermined in field
assessments similar to those of Dosdall and K622, ‘R’ denotes a resistant
genotype and ‘MS’ denotes moderate susceptiblhit007, two tests were
conducted: six genotypes in a randomized completklgesign with eight
blocks were assessed in Test 1, and five genotgpesandomized complete
block design with eight blocks were assessed i 2. eBhese included Q3.
alba, 171 S, 154 S, 276 R and 214 R in Test 1 and3Qalba 145 MS, 149 R
and 121 R in Test 2. In 2008, eight genotypes \@ssessed in a Latin square
design (each genotype randomly represented org&cimrow and column).
Tested genotypes included (&,alba 171 S, 154 S, 145 MS, 173 R, 276 R and
121 R.

In all tests, pods were removed after 24 h, digskeehder a binocular
microscope and numbers of weevil eggs and feederiisrper pod were counted.
ANOVA (SAS proc MIXED) was used to assess diffeesm oviposition and
feeding among genotypes in the randomized completk and Latin square

designs (SAS Institute 2005). Block was considereandom factor. Egg and
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feeding mark numbers were lgfx +0.1) transformed to achieve a normal
distribution as necessary. Comparisons of Tukeystdg least squared means
were conducted using the LSMEANS statement withiPB&-F option in proc

MIXED (SAS Institute 2005).

Relationships of glucosinolate content, oviposition and feeding

Relationships between numbers of eggs depositefeadihg marks per pod by
genotype and genotype-specific peak height assaktiaith the uncharacterised
glucosinolates detected by Shaw (2008) from seedsauline leaves were
assessed using proc CORR (SAS Institute 2005)ati@ekhips between mean
numbers of eggs and mean numbers of feeding magkes also assessed using
proc CORR (SAS Institute 2005). Relationships wasgessed for genotypes Q2,

171 S,154 S, 276 R, 214 R, 173 R, 149 R and 121 R.

Larval development times and weights

The experimental setup was similar to that of Ddsdal Kott (2006). Groups of
60 C. obstrictusadults (30 males: 30 females) per plant were cedfin a no-
choice situation to caged plants with abundant @dd® to 60 mm in length in a
greenhouse chamber under similar conditions toetivosler which plants were
grown. Weevils were introduced to caged plants id-August 2006 and mid-

July 2007 and 2008. Genotypes tested includedSQ&lba 171 S, 154 S, 173 R,
276 R and 121 R in all three years. In 2006, ggrest tested also included 127 S,

145 MS, 276 R, 255 R, 214 R, 152 R, 149 R, 1393R,R and 116 R, and in
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2007 145 MS, 214 R, 149 R, and 139 R were alsede&iach genotype was
replicated three to five times per year. After 24vibevils were removed and
plants were transferred to a growth chamber maiathat 22 + 1°C, 16:8 (L:D)
and 60% relative humidity. In 2006 and 2007, 30diameter paper traps with
20 cm raised edges were fitted to plants ensurimghéseal between stem and
trap. In 2008, rectangular cardboard traps wetedfito plants. These were
approximately 2700 cfrand had raised edges of 8 cm. Traps caught lavae
they fell from pods at the beginning of pre-puparandering. Larvae were
removed, counted and frozen daily and later frebmd and weighed. ANOVA
(SAS proc MIXED) was used to assess differencéarial development times
(days) and weights of larvae reared from plan@ifdérent genotypes (SAS
Institute 2005). Emergence times were §0g+0.1) transformed to achieve a
normal distribution. Comparisons of Tukey-adjudesakt squared means were
conducted using the LSMEANS statement with the FDdption in proc MIXED

(SAS Institute 2005).

Relationships of glucosinolate content, larval development timesand larval
weights

Relationships between mean larval weights and dewetnt times associated
with each host genotype and host genotype-spgmfak height associated with
uncharacterised glucosinolates detected by Sha@8jZfom seeds and cauline

leaves and relationships between mean larval wemyhd development times
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were assessed using proc CORR (SAS Institute 20Rélationships were

assessed for genotypes Q2,171 S, 154 S, 276 R2IA3 R, 149 R and 121 R.

Oocyte development

Groups of 30 randomly selected female weevils wereduced to mesh cages
containing Q2, 171 S, 121 R, 145 M%,albaor T. arvensen 15 May 2007
Females were introduced directly from emergencesagd, as no potential host
plants were present in emergence cages, not ysufédiently on early season
hosts to allow ovary development (Ni et al. 199t9ges were replicated four
times and set in four blocks along a greenhousehbeGroups of 10 females
were removed from each cage 30 May 2007, and storédhle's solution for
later dissection (as per Borror et al. 198%j)atus of the most advanced of
developing oocytes were assessed using a ratitgnsysodified from
Bonnemaison (1957) and Fox and Dosdall (2003)ttle bocyte development
detected; 2, length of oocyte comparable to itghyid, length of oocyte greater
than its width; 4, oocyte swollen with dense y&@kmature chorion in ovarioles
or lateral oviducts ANOVA (SAS proc MIXED) was used to assess diffeen
among mean oocyte development ratings associatedweevils reared from
each genotype in the randomized complete bloclgddSIAS Institute 2005).
Block and sample nested in cage were considerebnafactors. Comparisons
of Tukey-adjusted least squared means were cordlusieg the LSMEANS

statement with the PDIFF option in proc MIXED.
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Results

Laboratory ArenaTrials

In 2006, significant differences . obstrictusegg numbers per pod were
detected among host plant genotyges (> = 50.87;P < 0.0001) (Table 1).
Oviposition was greater in pods of Q2 andXalalbax B. napudines than irS.
alba (P < 0.0001 for all comparisons). There were no sigaiit differences
among Q2 an&. albax B. napudines @ > 0.05 for all comparisons).
Significant differences in numbers of feeding maskse also apparent among
host plant genotype& ¢ 42= 104.64;P < 0.0001) (Table 5.1). Greater numbers
of feeding marks per pod were observed on Q2 drfél albax B. napudines
than onS. alba(P < 0.001 for all comparisons).

In 2007, Test 1 indicated significant differencesavels of oviposition
among genotype$(s 35= 95.91;P < 0.0001) (Table 5.1). Oviposition was
greater in pods of Q2 and &8l albax B. napudines than irS. albaand greater in
Q2 and 154 S than in 214 R or 276HR<0.05 for all comparisons). Test 1 also
indicated significant differences in the numbers$eafding marks associated with
the genotypesHs 35= 308.90;P < 0.0001) (Table 5.1). Weevils fed more
frequently on Q2 and a8. albax B. napuggenotypes than o&. alba(P < 0.05
for all comparisons). More feeding marks were detton Q2 than on 276 R or

214 R podsR < 0.05).

Test 2 in 2007 indicated significant difference®gy deposition among
host plant genotype$(; 2s= 44.31;P < 0.0001) (Table 1). Oviposition was
more frequent in Q2 and 145 MS than the other ypesttested, and
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significantly more eggs were deposited on 121 RI8IR than o1%. alba(P <
0.05 for all comparisons). Test 2 also indicaigdificant differences in the
numbers of feeding holes by genotype, ;s = 32.06;P < 0.0001) (Table 5.1).
Greater numbers of feeding marks were found onr@2145 S than the other
genotypes tested, and more feeding marks werededan 121 R and 149 R than
onS. alba(P < 0.05 for all comparisons).

In 2008, significant differences . obstrictusegg humbers were also
found among genotypeB §174= 16.63;P < 0.0001) (Table 1). Weevils
oviposited more frequently on Q2 and @llalbax B. napusgenotypes than o8.
alba (P < 0.001 for all comparisons), and more frequentiy@® and 154 S than
on pods of 276 RR < 0.01 for both comparisons). Similar numbers ofseggre
deposited in Q2,154 S, 171 S, 121 R and 17B R Q.05 for all comparisons).
There were also significant differences in the namlof feeding holes associated
with genotypesK s 174= 45.08;P < 0.0001) (Table 5.1). Weevils fed more
frequently on pods of Q2 and &l albax B. napugyenotypes than o8. alba(P
< 0.01 for all comparisons), and more frequently@#) 171 S and 154 S than on
276 R P < 0.01 for all comparisons) (Table 5.1). Similar roers of feeding
holes were detected in Q2, 154 S, 171 S, 173 RiahdR podsK >0.05 for all

comparisons).

Relationships of glucosinolate content, oviposition and feeding
A significant correlation of oviposition and genpéyspecific peak height

associated with the unknown glucosinolate detelsye8haw (2008) from
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immature seeds and later proposed to be 2-pheglyticosinolate (Chapter 4)
was detectedR=0.7318;P = 0.0391). However, no relationship of numbers of
feeding marks and peak height associated withgihisosinolate was detected
(R=0.5766;P = 0.1346). A negative relationship between unknoauioe leaf
glucosinolate content (as per Shaw 2008), latgpgsed to be 1-methoxy-3-
indolylmethyl glucosinolate (Chapter 4), and oviios was significantR= -
0.9057;P =0.0020). A relationship of peak height associatét this
glucosinolate and mean feeding marks was also eet¢e=-0.8165;P =
0.0134). Mean numbers of eggs and mean numbéesdihg marks were
correlated R=0.9117;P = 0.0016). Excludindg. napudrom analysis indicated
no relationships of 2-phenylethyl glucosinolateteom and eggdR=0.6757;P =
0.0957) or feeding mark®E 0.5124;P = 0.2397). Negative relationships were
apparent between 1-methoxy-3-indolylmethyl glucokite content and eggR%
-0.8888;P = 0.0075) and between this glucosinolate and feeaiaks R= -

0.7828;P = 0.0374).

Larval development times and weights

In 2006 significant differences were observed mdevelopment times @.
obstrictuslarvae reared from different host plant genotyas §os= 5.63;P <
0.0001) (Table 5.2). Larval development times wess for larvae reared on Q2,
171 S, 154 S, 145 MS and 116 R than for 214 R.@lba(P < 0.05). Similar
development times were detected for larvae reamed 127 S, 276 R, 255 R, 214

R, 173 R, 152 R, 149 R, 139 R, 137 R, 121 R&nalba(Table 5.2). Difference
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in larval weights among genotypes were also appéifeg sos= 3.67;P <
0.0001). No significant differences were dete@swng larvae reared from Q2
and any of thé&. albax B. napuggenotypesk > 0.05), but larvae reared on
plants of Q2, 171 S, 154 S, 127 S, 255 R and 1#@iR significantly heavier
than those fron%. alba(P < 0.05). Similar weights were observed for larvae
reared on the other genotypes &célba(Table 5.2).

Evaluations in 2007 also indicated significanteliénces among larval
development times by host plant genotypg (1s2= 4.64;P < 0.0001).
Development times were greatest for larvae read . alba(P < 0.05).
Development times for larvae reared on 139 R ardidRL®vere approximately
three days longer than those associated with Q2S17154 S, and 145 M®
0.05) (Table 5.2). Larval weights also differedHmst plant genotypéd-{o 152=
4.57;P < 0.0001). Weights of larvae reared®nalbawere significantly less
than for larvae reared on all other host plant ggres P < 0.05). Larvae from
Q2,154 S,171 S, 145 MS, 214 R, 149 R and 1391 heavier than those from
276 R or 121 RR < 0.05) (Table 5.2).

Evaluations in 2008 also indicated significant&liéinces in the
development times @. obstrictudarvae among host plant genotypEs, §3s=
46.36;P < 0.0001). All genotypes produced third-instavéss approximately
seven to 10 days sooner tHanalba(P < 0.05). Development was approximately
three days more rapid in Q2 and all otBealbax B. napusgenotypes than in 121
R (P <0.05). Development was more rapid in 171 S thanR. 3 < 0.05) (Table

5.2). Larval weights also differed by genotype ¢ss= 15.61;P < 0.0001).
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Weights of larvae reared on Q2, 154S and 171 S greiaer than those reared on
276 R, 121 R o6. alba weights of larvae reared on 173 R, 121 R andR¥&re

greater than weights of larvae reared>mlba(P < 0.05) (Table 5.2).

Relationships of glucosinolate content, larval development times and larval
weights

A significant correlation of larval weights and geype-specific peak height
associated with the unknown glucosinolate detelsye8haw (2008) from
immature seeds and inferred as 2-phenylethyl ginotate (Chapter 4) was
detectedR = 0.8915;P = 0.0029). A significant negative correlation ofalr
development time and peak height was also evident-0.8863;P = 0.0034). A
negative correlation between unknown cauline léadaginolate content (as per
Shaw 2008), proposed to be 1-methoxy-3-indolylmleghycosinolate (Chapter
4), and larval weight was significarR € -0.7404;P = 0.0356). A relationship of
peak height associated with this glucosinolateraedn larval development time
was also observedrR(=0.8152;P = 0.0137). Mean larval weights and
development times were also negatively correladied {0.6233;P = 0.0173).
ExcludingB. napugdata from the analysis yielded similar results viahr
development times were related to 2-phenylethytaginolate R = -0.8866;P =
0.0078) and 1-methoxy-3-indolylmethyl glucosinolé®e= 0.8018;P = 0.0301).
However, larval weight was related to 2-phenyletjiyicosinolate R = 0.8605;P
= 0.0301) but not 1-methoxy-3-indolylmethyl glucodate R = -0.6548,P =

0.1105).
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Oocyte development

Significant differences were observed in mean odawelopment ratings among
females reared on different host plant genotypes{= 30.80;P < 0.0001).

Faster ovarian development was detected in fenaakssciated with Q2, 171 S
than 214 RS. albaor T. arvensdP < 0.05) (Table 5.3). Ovarian development of
females associated with 214 R exceeded that oflésnemS. albaandT. arvense
and ovarian development & albasignificantly exceeded that &t arvensgP <

0.05) (Table 3).

Discussion

Introgression of. albax B. napugproduced several genotypes that demonstrated
resistance t&. obstrictugn similar replicated field assessments conduated i
Alberta (Dosdall and Kott 2006; Shaw 2008) and @atgShaw 2008).

Responses df. obstrictushave been shown to vary among genotypes in
behavioural assessments based on vision and olig@ansey et al. 2008;
Chapters 3, 4). Results of the current study mteichat mechanisms of resistance
also include antibiosis and non-preference or antisis modes as defined by
Painter (1951) and Kogan and Ortman (1978). Thatgse differences in
oviposition and feeding preferences among the plasit genotypes tested in
laboratory arena trials were between susceptibtetypes and. alba

Differences in oviposition and feeding were alsmdastrated between resistant

and susceptible lines. Although these genotypes less preferred than
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susceptible lines, they were still selected asasitpn sites and fed upon more
frequently thars. alba.

McCaffrey et al. (1999) suggested that differenngs. obstrictus
colonisation oB. napusandS. albacould be attributed in part to differences in
attractive kairomones. Shaw (2008) determinedghsteptible and resista®it
albax B. napudines tested in this study differed in the amowoftan
uncharacterised glucosinolate detected in seentsrolture pods. Peak heights
were correlated with weevil scores and, on averages 3.5 times greater in
susceptible than resistant lines (Shaw 2008). idéetity of this compound was
likely 2-phenylethyl glucosinolate (Chapter 4). Alner peak proposed to
correspond to 3-butenyl glucosinolate (Chapter 43 also associated with seeds
of all genotypes exce@. alba(Shaw 2008). The additive or synergistic effects of
3-butenyl and 2-phenylethyl isothiocyanateshrobstrictugesponsebave been
demonstrated (Bartlet et al. 1993). A significamtrelation of oviposition and
levels of 2-phenylethyl glucosinolate suggest thiierences in oviposition
preferences detected in this study can be attcbuteart to differences in 2-
phenylethyl-glucosinolate content among test ggresyHowever, there was no
correlation of feeding and levels of 2-phenylethlyicosinolate detected. This
result indicates that oviposition behaviour mayri@e sensitive to the attractive
or stimulant effects of this compound and/or fegdehaviour is more strongly
influenced by a deterrent factor(s).

Effects of deterrent compounds likely also accdantlifferences in

weevil feeding and oviposition preferences detettdtis study. Differences in
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susceptibilities of. alba B. napusandB. rapato other insect herbivores have
been attributed tp-hydroxybenzyl glucosinolate (sinalbin) content Baryk
1991). However, because difference€irobstrictusoviposition betweels. alba
varieties that differed greatly prhydroxybenzyl glucosinolate were not detected,
Ulmer and Dosdall (2006b) concluded that the dertnatesl antixenosis could not
be attributed to this compound. Sinalbin was néo¢cted in any tissues of
introgressed genotypes examined by Shaw (2008asseksed in this study, so is
not associated with differences in weevil feedingwposition preferences
among these genotypes. However, significant negatvrelations between peak
heights of an uncharacterised cauline leaf gluadaia (Shaw 2008), later
proposed to be 1-methoxy-3-indolylmethyl glucosatel(Chapter 4), and
oviposition and feeding were detected. This coti@iasuggests that both
behaviours are strongly influenced by this compoand/or its hydrolysis
products.

Hydrolysis products of 1-methoxy-3-indolylmethylgbsinolate include
indole-isothiocyanates, indole-cyanides, indolyd&8binol, thiocyanate and
possibly phytoalexins and auxins (Mithen 1992; Meati al. 2002). Indole
isothiocyanates, particularly 1-methoxy-3-indolytimg isothiocyanate, are
suspected to contribute to reduced ovipositionheyBrassicaceae oligophage
Hellula undalis(Fabricius) (Lepidoptera: Pyralidae) (Mewis et28l02). Given
the slight volatility of indole-cyanides, their eoin long-distance olfactory

responses df. obstrictusseems unlikely and responses are likely limiteohtoe
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intimate ranges. These responses are apparefidigteel in the differences in
oviposition and feeding preferences among genotgipeescted in this study.

Differences in adult feeding and oviposition prefeses may also be
associated with induced qualitative defences. dtidn of 1-methoxy-3-
indolylmethyl glucosinolate has been detecteB.imapusn response t@.
cruciferaefeeding on cotyledons (Bodnaryk 1992) and exogemappsication of
methyl jasmonate and jasmonic acid (Doughty €1295). Delia floralis (Fallén)
(Diptera: Anthomyiidae) attack resulted in greadtsynic increases in 1-methoxy-
3-indolylmethyl glucosinolate content irBa napusoilseed variety (Birch et al.
1992). Induction of indole glucosinolates was associated with reduced
Psylliodes chrysocephala (Coleoptera: Chrysomelidae) feedingB®nnapus
cotyledons (Bartlet et al. 1999).

A correlation of peak height associated with 1-rog{R3-indolylmethyl
glucosinolate (inferred identity of this compourgdper Chapter 4) and weevil
scores was not detected for seeds or pericarget{&waw 2008). However,
correlations between levels detected in caulinktiesue and weevil responses
observed in this study are likely not coincident@focessing of seeds for
chemical analysis, particularly heating sampledeioature myrosinases, would
not elicit the same responsesasobstrictugeeding and/or oviposition;
consequently induced responses may not have béectetbby Shaw (2008).
Induction of qualitative defences in plants hasb&®own to vary by mode of
attack and herbivore species. Agrawal (2000) faimat responses of two

specialist and two generalist Lepidoptera larva®aphanus sativus.
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(Brassicaceae) differed after exposure to genéralispecialist herbivores.
Schmelz et al. (2003) found thapodoptera exigugHibner) (Lepidoptera:
Noctuidae) feeding and exogenous application atuwl (N-(17-
hydroxylinolenoyl)-L-glutaminejrom insect oral secretions to wounded plants
resulted in greater induction of volatile emissitimsn mechanical damage alone.
Differences in induced responses of these genotygssciated with different
challenges and under different conditions requasting.

Laboratory assessments were conducted with expsaésl Induction of
glucosinolates can be influenced by translocatioorag tissues. Although
grafting experiments by Lein (1972) indicated thaticarp tissue is the major site
of seed glucosinolate synthesis, provision of prems for glucosinolate
biosynthesis is associated in part with translocatiom other tissues
(Billsborough et al. 1993). Induction of indolylugosinolates and so differences
in responses df. obstrictuscould have been affected by pod excision. However,
Kim and Jander (2007) found induced increasesdalenglucosinolates in
response tdlyzus persicaSulzer (Homoptera: Aphididae) feeding to be similar
in intact and excisedrabidopsis thaliand.. foliar tissue.

Significant differences in oviposition and feedamgong Q2 and
introgressed genotypes were not detected in 2086I€TL). Tests in 2006 were
conducted in mid-August; those in 2007 and 200&wenducted in mid-July. A
lack of demonstrated feeding and oviposition pexfees among introgressed
genotypes and Q2 in 2006 was likely associated phifsiological state/age of

weevils. Reduced chemoreceptor sensitivity ingtses influenced by age;
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sensillae become inoperative and sensory inputet@éntral nervous system may
decrease (Schoonhoven 1969; Blaney et al. 198@)wBevil, Anthonomus
grandis(Boheman) (Coleoptera: Curculionidae), antennahareceptors are
most sensitive in the period coinciding with matargl host location (Dickens
and Moorman 1990). F&. obstrictusthis period coincides with flowering and
pod elongation iB. napuscrops in mid June to mid July in western Canada
(Dosdall and Moisey 2004).

Biomass of larvae associated with some resistamitgpes was
significantly less than biomass associated witra@@ some susceptible lines;
these larvae were also delayed in their developmene significant correlation
of larval weight and development time suggest these measures are subject to
the same factor(s). The correlations of 2-phehylajlucosinolate content and
weevil scores (Shaw 2008), amounts of this gluadate in seeds and feeding,
and oviposition preferences and larval weights iogpé this compound as a
feeding stimulant for larvae. The negative cotreftaof larval development
times and 2-phenylethyl glucosinolate content aisiacate its role as a feeding
stimulant. However, 2-phenylethyl glucosinolate bs® been detected $ alba
seed (Lim et al. 2008) again suggesting the impodaf feeding deterrents
and/or toxins in this interaction.

Greater development times and reduced larval weigbdociated witB.
alba have been attributed pphydroxybenzyl glucosinolate content (McCaffrey et
al. 1999; Dosdall and Kott 2006). Becapseydroxybenzyl glucosinolate was

not detected in any tissue examined in either QR@introgressed genotypes
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(Shaw 2008), another factor must be influencingdbdevelopment in resistant
introgresseds. albax B. napudines. The potential effects of induced responses
on larval feeding may also contribute to reductionksrval weights and
prolonged development times demonstrated in thidysand by Dosdall and Kott
(2006). The correlation detected for peak heigbtociated with cauline leaves
and larval development times and the inverse mlahip of these peak heights
and larval weights suggest the importance of thramound in antibiosis
resistance demonstrated for so&ealbax B. napuggenotypes. Prolongegieris
rapaelL. (Lepidoptera: Pieridae) development times wessoaiated with
Brassica oleraced. expressing greater levels bimethoxy-3-indolylmethyl
glucosinolate (Gols et al. 2008).

Sinalbin is the predominant glucosinolateSinalbaand has been reported
to be subject to induction by insect feeding (Ksag et al. 1991). Mechanical
damage an@. cruciferaefeeding resulted in reduced palatabilitySfalbato
these beetles (Palaniswamy and Lamb 1993). Indblglosinolates, including 1-
methoxy-3-indolylmethyl glucosinolate were alsoetd¢d in all tissues of three
cultivars ofS. albaexamined by Hopkins et al. (1998) and in all Breaseae
tribes examined by Bauerle et al. (1986) excepbBaa. Koritsas et al. (1991)
reported that 1-methoxy-3-indolylmethyl glucosirtel&evels increased more than
10-fold (from < 0.01 to 0.10 mg%yin response to mechanical damag8.imlba
Antibiosis inS. albamay be subject tp-hydroxybenzyl glucosinolate levels (as
per McCaffrey et al. 1999), 1-methoxy-3-indolylmgthlucosinolate and a

possible interaction of these compounds and theirdtysis products. Additive
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effects or an interaction would account for antisademonstrated f@&. albain
this study and others (McCaffrey et al. 1999; Ddsalad Kott 2006).

Induced responses can include transient and mogelésting effects.
Birch et al. (1992) found that indole-based glunokites were greatly increased
in roots of oilseed and foradge napusgyenotypes aftebd. floralis attack and
peaked four weeks after first colonization. A samilsustained induction of
indolyl glucosinolates in the seed and pods obgressed lines tested in this
study could account for reduced feeding and socediweights and prolonged
development times. Long-lasting effects of inductian also include abnormal
tissue growth. Tryptophan-derived indolyl glucadates can act as precursors to
auxins; galls, cankers and twisted leaves are egedowith increased occurrence
of these substances (Mithen 1992). Mithen (1988pested that these structures
may be associated with reducing the spred@lasmodiophordrassicae
Woronin (Plasmodiophoraceae)laptosphaeria maculari®esm.) Ces. and de
Not. through the production of galls and stem caskespectively. The
production of abnormal tissue growth within podsaesponse t&. obstrictus
larvae has also been documented. Dosdall et@G1{describe the distorted
appearance of infested pods in the field; theybaiite this to compensatory
growth of remaining seed€eutorhynchus obstrictieggs and larvae can be
isolated from developing seeds by proliferatingues inB. napugFox and
Dosdall 2003). Comparisons of the occurrence abaial growth in susceptible

and resistant introgressed genotypes are required.
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Differences in oocyte development among the susde@nd resistant
lines tested can also likely be attributed in partombined effects of the same
variable attractive and deterrent factors thaumfice feeding and oviposition. Ni
et al. (1990) reported that food quality and paapduse feeding duration
influence egg development but that some ovariaeldement is possible on a
diet of green host-plant material. An almost cogtglack of oocyte development
onT. arvensand reduced development 8nalbaindicate strong antifeedant or
potential toxic effects fo€. obstrictusadults. | observed considerable activity of
weevils caged oii. arvensavithin a day of introduction. Weevils were observed
on cage walls rather than on plants (data not sholdms behaviour was unlike
that of weevils in cages containiBg napusintrogressed genotypes 9ralba
Palaniswamy et al. (1997) reported profound antsenresistance af. arvense
to P. cruciferaeMany arthropods respond to the initial stages afvsttion by
increasing locomotory activity (Tanaka and Ito 1282 references therein). This
seems a likely scenario f@r. obstrictusonT. arvensegiven its high levels of
activity and low levels of oocyte development ois thost Although Dmoch
(1965) indicated thal. arvenses a good early-season food host@robstrictus
in Europe, these results suggest this relationsiap not apply t&C. obstrictus
andT. arvensgopulations in western Canada.

Potential antifeedant and toxic factorslinarvensenclude flavone
glycosideqOnyilagha et al. 2003), 1-methoxy-3-indolylmetigidicosinolate
hydrolysis products (Mewis et al. 2002) and sulstarassociated with indolyl

glucosinolate synthesis. Cadmium exposure indagstemic shift from alkenyl
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glucosinolate to indolyl glucosinolate Th arvensgTolra et al. 2006). Because
jasmonate is involved in the signal transductiothyay of cadmium (Xiang and
Oliver 1998) and is a strong elicitor of indolyugbsinolate synthesis A
thaliana(Jost et al. 2005; Mewis et al. 2005), this respanay be similar to
induction associated with herbivory. Camalexin Brassicaceae phytoalexin that
shares the first steps of synthesis with indolylcgkinolates and is inducedAn
thalianain response t&revicoryne brassicae. (Homoptera: Aphididae) feeding
and reduces aphid fecundity (stilerczyk et al. 2008). Increased levelgpef
hydroxybenzyl glucosinolate have also been detdot&darvensen response to
stress (Tolra et al. 2006) and may be inducedsparse to herbivory.

Greater levels of feeding by both obstrictusadults and larvae and
greater oviposition are likely attributable in pertgreater amounts of attractive
and lesser amounts of repellent and/or toxic glnodates and their hydrolysis
products. Results of the current study indicaé both antibiosis and antixenosis
resistance are expressed in some resistant ingstdines but that levels of
these resistance modes are relatively low. Althqugfound effects on weevil
control attributable to these modes of resistameaialikely, effects do occur and
will have benefits for crop protection. Additiohalselective pressures associated
with resistant genotypes should be relatively lowd &cilitate maintenance of
these resistance traits. However, it will stillibgortant to deploy this and other
resistant germplasm in conjunction with susceptiefagia to maintain these
traits. These results also suggest directionsuidhér work. Rigorous assessment

of inducibility, particularly of indolyl glucosinaltes, and its effects @
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obstrictusare essential. Combined effects of reduced levViedsti@ctive
glucosinolates (and subsequent hydrolysis prodacid)potential induced
responses contributing to antixenosis and antibi@sistance to this weevil and
other insects should be exploited in further bregdifforts. Induction of indolyl
glucosinolates is also influenced by pathogenss 3iiggests the potential to
develop resistance to broad assemblages of comatigiionportant organisms in
Brassicaceous oilseedops. In addition, assessmentg ofrvenseas a potential
oilseed crop have recently been undertaken in Namikerica (e.g. Isbell 2009).
Factors favouring commercial exploitation of thpesies include much greater
resistance thaB. napugo C. obstrictusand other insect pests includiRg

cruciferae(Palaniswamy et al. 1997; Gavloski et al. 2000).
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Tables

Table 5.1. Mean eggs per pod (S.E.) and mean fgedarks per pod (S.E.)
associated with genotypes tested in laboratoryaatreals August 2006, and July
2007 and 2008. ‘'S’ denotes a suscepthlalbax B. napugyenotype, ‘R’ denotes
a resistant genotype and ‘MS’ denotes moderateeptibdity. Different letter

designations indicate significant differences irk@yadjusted means detected by

ANOVA.
Genotype 2006 2007 Test 1 2007 Test 2 2008

Mean Eggs per Pod (S.E.)
B. napuscv. Q2 3.50(0.29) a 4.06(0.42)a 2.44(0.36) a 3.07(0.45) a
171S 2.72(0.65) a 3.15(0.78) ab - - 3.32(0.7%b
154 S 2.44 (0.66) a 4.16(0.21)a - - 439(0.71) a
145 MS 3.03(0.34) a - - 216(0.29) a - -
173 R 2.84(0.23) a - - - - 2.18(0.52)ab
121 R 3.03(0.21) a - - 050(0.25) b 2.21(0.4%b
276 R - - 241(0.80) b - - 1.64(0.45)b
214 R - - 219(0.35) b - - - -
149 R - - - 093(0.34) b - -

S. albacv. AC Pennant 0.00(0.00) b 0.00(0.00) c 0.00qp. ¢ 0.04(0.04) ¢

Mean Feeding Marks per Pod (S.E.)

B. napuscv. Q2 8.81(1.30) a 950(1.28) a 5.06(0.54) 2.14(1.43) a
1718 6.53(1.07) a 6.66(1.46) ab - - 11.96 (1.09)
154 S 6.19 (1.07) a 6.75(0.66) ab - - 10.46 (0.78)
145 MS 6.47 (1.28) a - - 4.84(0.45) a - -
173 R 7.47(0.78) a - - - - 9.04(1.10)ab
121 R 5.94 (0.19) a - - 2.03(0.35) b 8.89(0.85pb
276 R - - 591(1.71) b - - 5.82(0.79) b
214 R - - 545(0.45) b - - - -
149 R - - - 291(0.35) b - -

S. albacv. AC Pennant 0.34(0.22) b 0.03(0.03) c¢ 0.083p. ¢ 1.54(0.57) c
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Table 5.2. Mean larval dry weights and developntiem# from egg to emergence

of third instar larvae (days) (S.E.) associatedhginotypes tested in July 2006,

2007 and 2008. ‘S’ denotes a susceptihlalbax B. napugyenotype, ‘R’ denotes

a resistant genotype and ‘MS’ denotes moderateeptibdity. Different letter

designations indicate significant differences irk@yadjusted means detected by

ANOVA.
Genotype n Mean Mean days
weight (mg) to emergence
(SE) (SE)

2006
B. napuscv. Q2 64 157(0.05) a 15.83(0.28)a
171S 57 150(0.05) a 15.02(0.43)a
154 S 24 153(0.08) a 15.29(0.46)a
127 S 14 153(0.10) a 17.29(0.60) ab
145 MS 39 135(0.06) ab 16.18(0.36) a
276 R 4 1.13(0.19) ab 18.75(1.12)ab
255 R 19 148(0.09) a 16.95(0.51) ab
214 R 17 1.36(0.09) ab 18.06(0.54) b
173 R 46 1.41(0.05) a 17.00(0.33)ab
152 R 53 1.29(0.05) ab 16.75(0.31) ab
149 R 44 1.30(0.06) ab 17.45(0.43) ab
139 R 30 1.21(0.07) ab 17.17(0.41) ab
137 R 27 1.39(0.07) ab 16.59(0.43) ab
121 R 52 1.26(0.05) ab 16.21(0.31)ab
116 R 27 1.27(0.07) ab 15.19(043) a
S. albacv. AC Pennant 3 0.97(0.21) b 20.33(1.30) b

2007
B. napuscv. Q2 37 168(0.06) a 17.46(0.39) a
171S 39 159(0.04) a 16.82(0.36) a
154 S 29 165(0.06) a 17.10(042) a
145 MS 18 1.44(0.08) a 17.11(0.80) a
276 R 3 1.20(0.19) b 17.67(0.67) ab
214 R 5 1.38(0.15) a 17.60(0.40) ab
173 R 11  1.36(0.06) ab 18.09 (0.49)ab
149 R 10 1.36(0.11) a 18.10(0.67) ab
139 R 17 138(0.09) a 20.82(1.23) b
121 R 20 130(.09) b 20.05(0.75) b
S. albacv. AC Pennant 4 0.98(0.17) ¢ 24.00(0.70) c

2008
B. napuscv. Q2 264 1.45(0.02) a 17.24(0.18)ab
171S 207 1.38(0.02) a 16.50(0.20) a
154 S 87 135(0.04) a 17.69(0.31)ab
276 R 179 1.22(0.03) b 17.07(0.22) ab
173 R 47 1.23(0.05) ab 18.43(042) b
121 R 146 1.21(0.03) b 20.45(0.24) c
S. albacv. AC Pennant 15 0.93(0.09) «c¢ 27.00(0.76) d
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Table 5.3. MeaiCeutorhynchus obstrictumcyte development ratings on
susceptible and resistant host plants. ‘'S’ dermt@ssceptibl&. albax B. napus
genotype, ‘R’ denotes a resistant genotype and ‘&Botes moderate
susceptibility. Oocyte development was rated onegoint scale: 1, little oocyte
development detected; 2, length of oocyte compartabits width; 3, length of
oocyte greater than its width; 4, oocyte swollethwdense yolk; 5, mature egg in
ovarioles or lateral oviductdDifferent letter designations indicate significant

differences in Tukey adjusted means detected by YWAIO

Genotype n Mean ovary development rating (S.E.)

B. napuscv. Q2 40 4.08 (0.17) a

171S 40 3.73(0.17) a
145 MS 30 3.63 (0.19) ab
214 R 40 3.21 (0.17) b

S. albacv. AC Pennant 35 2.26 (0.18) C
Thlaspi arvense 29 1.38 (0.20) d
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Chapter 6
Incorporation of noveCeutorhynchus obstrict€oleoptera:
Curculionidae)resistant canola genotypes into mixed cropping

strategies and its effects on weevil spatial dyiami
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Introduction

The cabbage seedpod wee@kutorhynchus obstrictydarsham) (synC.
assimilis(Paykull)) (Coleoptera: Curculionidae), is a ses@lien invasive pest of
brassicaceous oilseed crops in North America, eézlhecanola,Brassica napus
L. andBrassica rapda.., and mustarddrassica juncedL.) Czern. (McCaffrey
1992; Buntin et al. 1995; Dosdall et al. 2001)is Ihative to Europe and was first
reported in south western British Columbia in 198itLeod 1962). It has since
dispersed or was accidentally introduced througlkountinental U.S.A.
(McCaffrey 1992), and was recently found in Quéted Ontario (Brodeur et al.
2001; Mason et al. 2004)n the Canadian prairie€,. obstrictuswas first
reported near Lethbridge, Alberta in 1995 (Carcatal. 2001), and is dispersing
north and east from southern Alberta at approximd&® km per year. The
weevil reached western Saskatchewan by 2000 grédiécted to eventually
occupy all western Canadian canola production regg{®osdall et al. 2002).
Crosses ofinapis albd.. x B. napushave produced several lines that are
resistant tcC. obstrictugn field trials and laboratory experiments (Dos$dald
Kott 2006; Chapter 5). Mechanisms of resistanckide antixenosis and
antibiosis in resistant genotypes, resulting indeeggs deposited and increased
development times @. obstrictudarvae (McCaffrey et al. 1999; Dosdall and
Kott 2006; Chapter 5). Reduced apparency of @sisines has also been
demonstratedC. obstrictusadults are less responsive to visual and olfaatogs
associated with resistant genotypes (Tansey 20al7, 2008; Chapters 2, 3).

Deployment strategies for resistant genotypes regxamination.Because toxic
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cultivars are not evolutionarily sustainable in mmoulture (Bernal et al. 2004),
incorporation of susceptible refugia has been pgeddor these genotypes as a
means of reducing the potential evolution of seafticiency mechanisms and
selective pressures associated with antibiosisg@yaet al. 2008).

Polycultures of plants that vary in resistance pagicular pest have been
employed by traditional and subsistence farmersnitiennia as a means of
stabilizing yields and reducing pest impacts. iRstance, Mediterranean Bronze
Age (ca. 2000 BC) farmers employed polycultureslnfe, grape and wheat to
increase production (Renfrew 1972). Accordingenews by Elton (1958) and
Pimentel (1961), arthropod pest outbreaks are p@wealent in monocultures
than polycultures. Diversified agroecosystems terslipport lower densities of
individual herbivore species than monocultures¢Rist al. 1983). Specialist
herbivores immigrate less and emigrate more frolygottures than
monocultures (Kareiva 1983; ElImstrom et al. 1988though most
agroecosystem diversification has involved useiftér@nt plant species through
intercropping, trap cropping and border croppirayjatal mixtures can also
influence insect pest populations. Varietal mixtigra traditional practice
employed by cassavilanihot esculent&rantz (Euphorbiaceae), farmers in
Latin America and is associated with lowered hest@vpopulations (Lozano et
al. 1980). Although detailed examinations of tise of mixed varieties or
genotypes to control insect populations are redtitivare, those that have been
conducted suggest their potential for reducingniygacts of insect pests. Mixed

populations of glabrous and hirsute cotton genaypeurred less damage by the
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fleahopperPseudatomoscelis seriatBeuter (Hemiptera: Miridae), and yielded
more than either line grown alone (Benedict e1886). Such reductions in
herbivore feeding associated with genetic or takanaliversity are consistent
with associational resistance (Tahvanainen and R@02).

Herbivorous insects use both visual and olfactomlgsdor host location
and can demonstrate great selectivity among visued (Prokopy and Owens
1983). Host location can follow a stepwise prodhas incorporates directed
flight in response to olfactory cues, visual resgamto reflected spectral
properties of potential host plants at relativdtse range and chemical and
tactile cues at intimate ranges (Kennedy 1965yeddd flight in response to
visual cues has also been proposed (Moericke 198&)ability among factors
used byC. obstrictusas host association cues demonstrated for theakax B.
napusgenotypes (Chapters 2, 3, 4) could prove influémigenotypically
heterogeneous landscapes.

Site diversification may have other benefits. Maiming a resistance trait
depends primarily on mediating the selective pnessassociated with the
mechanisms of resistance (Gould 1998). Maintaingfigges of susceptibility can
be an effective means of minimizing selective puess and maintaining the
efficacy of resistance traits in transgenic crdpeyld 1998; Bernal et al. 2004;
Smith et al. 2007). Antibiosis resistanceXoobstrictugorovides strong selective
pressure on herbivorous insects (Bernal et al. ROBUxing resistant and
susceptible lines may have added benefits of disrghost association cues and

providing refugia for insects that are susceptiblantibiosis resistance.
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Here | present results of a small plot field stestgmining the effects of
mixing C. obstrictussusceptible and resistant genotypes in alternatmgs in a
region inhabited by a large, naturalizZédobstrictugpopulation. Monocultures of
susceptible and resistant genotypes and mixeswaiibus proportions of
resistant: susceptible genotypes. These plantiraggements were assessed for
susceptibilities to infestation Y. obstrictusand to test the hypothesis that
mixtures of genotypes deter attack by the weevsusceptible host plant
germplasm (associational resistance). | also dsspatential mechanisms of
associational resistance in light of recent devalepts that indicate differences
among host plant genotypes in visual and olfactbigracteristics, and
antixenosis and antibiosis resistance modes. Resilhis study suggest resistant

genotype deployment strategies that may best éxpkse factors.

Methods and M aterials
Plantsand field setup
Seed was obtained from the germplasm collectidbrot.aima S. Kott,
University of Guelph, Guelph, ON. Host plant gemeats evaluated included the
susceptibléd. napusvar. Q2 (hereafter referred to as Q2) and Gvobstrictus-
resistantS. albax B. napugyenotypes: Accessions 173R and 121R. ‘R’ denotes
resistant genotypes; these will hereafter be refeto as 173R and 121R.

Test plots were seeded near Lethbridge, Alberta44939" N,
112° 4958" W) within a 2.0 hd. napudield in 2007 and an irrigated 10.7 Ba

napusfield in 2008. Plots were surrounded by borderB.afipa. Plots were 4 x
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6 m in 2007 and 4 x 4 m in 2008 and seeded aeaofd.0 kg hd (ca. 0.8 and

0.5 g of seed per row per plot, respectively); spacing of 20 cm was used in
both years. In 2007, planting arrangements indudenocultures dB. napus

Q2 and 121R, and mixes of 25, 50 and 75% Q2 an8(0’rand 25% 121R,
respectively. In 2008, monoculturesEfnapusQ?2, 121R, and 173R, and mixes
of 25 and 75% Q2 interspersed with 173R and 25%n@2?spersed with 121R
were planted. The resistant line 173R was includeét08 due to a shortage of
121R seed in that year. Genotypes were seedetemating rows for 50% mixes
and evenly distributed, genotype-specific rowsZorand 75% Q2 mixes.
Planting arrangements were set in a four-block@amded complete block design

(Figure 6.1).

Exit-hole counts

Entire, mature plants were removed on 25 Augus?20@ 15 August 2008. In
2007, 10 plants per row from three rows in Q2 adtRLmonocultures and six
rows in mixed-genotype plots were sampled. In 200® 10 entire plants per
row from three rows per plot were sampled (2 rohR i 25 and 50% S:R
mixes; 2 rows of S in 75% S:R mixes). The numbétarwal exit-holes from all
pods on these plants were recorded. In 2007, thbars of larval exit-holes from
26,843 pods from 960 plants were assessed. In 260818 pods from 687 plants

were examined.
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Weevil Counts

Four yellow, plastic bowl traps, half-filled withlal solution of water: propylene
glycol antifreeze (Prestone Low Tox, Danbury, CEravset 1 m, 49rom the
outside corners of each plot in both years. Trapedisions were 15 cm in
diameter and 9 cm deep, and were attached by d bnatket to a metal post. The
height of each bracket was adjusted on the podtestyap could be kept just
above the top of the crop canopy throughout theystliraps were sampled
approximately weekly from 30 May to 5 August 20@idd June to 10 August
2008. Weevils were preserved in 70% ethanol. Pred&. obstrictusvere
dissected in the laboratory to determine sex aadigstatus of females. Gravid
status was determined by the presence or absemt®ibnated oocytes in the
ovarioles or lateral oviducts.

All analyses ofC. obstrictusexit-hole and capture counts were conducted
with SAS version 9.1 (SAS Institute 2005). Larealt-hole counts (expressed as
the number of holes per pod by genotype in indiaighlots) were compared
among planting arrangements in both years usinlysiaaf variance of the
randomized complete block design (proc MIXED). Plgenotype and planting
arrangement were considered fixed effects. Paetatests P = 0.05) with a
pooled variance estimate from the ANOVA (PDIFF optin Proc MIXED
Procedure) were used when significant factor edfectinteractions of factors
were apparent. For all comparisons, block wasidensd a random factor and
treatment effects were considered significari® at0.05. Weekly weevil counts

(total weevils, males, total and gravid femalesjrfreach bowl trap were
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analyzed using a repeated measures analysis wibdPogeneralized estimating
equations (proc GENMOD). An exchangeable correfesioucture was used for
these and weekly weevil count analyses to accaurddrrelation of counts from
each trap. Pair-wise comparisons for weekly tGtabbstrictus males, total
females and gravid females in catches were maadg asWald chi-square test
(LSMEANS statement with DIFF option in proc GENMOHAS Institute

2005).

Weevil Spatial Distribution

Spatial distributions of. obstrictusadults collected at each sampling
interval and exit-holes at the end of the seasae walculated using Spatial
Analysis by Distance IndicEs (SADIE) software (Ret£98). Using tests of
randomization, this analysis package performs pttins of observed insect
counts among sampling units and assesses arranggeimspecies count data.
Areas of clustering or gaps are identified by assigan index that quantifies the
contribution of sample counts to population clustgr The total distance that
individuals must be moved between sampling locatiorachieve as close to a
regular distribution as possible are calculatedr(PEI98). Spatial patterns
associated with weevil captures throughout the grgweason and larval exit-
holes at the end of the season were determined tietmmain SADIE indeXg,
the subsidiary indexl, , and the distancé, Values ofl; near 1.0 indicate random
distributions; values greater than 1.0 indicateregated distributions over the

entire sample area (Perry and Klukowski 199yis defined a®/E, whereE, is
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the arithmetic mean distance to regularity forrdmedomized samples, aidis

the minimum total distance that individuals needitwve to achieve an identical
number of individuals in all units (Perry 1998).€Timdex,J,, is used to assess
differences among patterns. Valueslpfireater than 1.0 indicate a single major
cluster; values less than 1.0 indicate two or notwsters. The distance from the
centroid of the count<) to the centroid of the sample uniB {s calculated and
denoted; this quantifies the degree to which individuatsupy the edge or the
centre of the area defined by the sample unitsyRerd Klukowski 1997).
Clustering or non-randomness is estimated by tsiawnice to regularity in
rearrangements of the observed data (Perry 1989&3lyses used the maximum
number of randomizations possible within the SAPHBgram. Spatial
associations among male and female weevils aneéheletdistributions were
calculated using similarities in the clusteringiges of two sets of data (Winder
et al. 2001; Perry and Dixon 2002); individual séenymits are assigned specific
aggregation measures allowing quantification ofdbtribution of a particular
unit toward the distribution. Associations betweapture counts of male, total
female and gravid femal@. obstrictusand mean exit-holes per pod per plot were
evaluated by comparing local cluster indices asdediwith each data set.

The SADIE indexX, represents the correlation coefficient associafi¢l
comparisons of clustering indices of two data s#&t%. O for positive spatial
associationX = 0 when association is random atg 0 are negatively
associated. The formal test of significance inigpassociations among data sets

is according to the randomization method of Peng Bixon (2002).
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Results

2007 Exit-Hole Counts

Of the 26,632 pods examined, 12,622 had at leastaowal emergence hole. No
significant effect of planting arrangement was appaf = 1.07; df = 4, 85P =
0.3785). The effect of plant genotype was sigaificf = 20.50; df = 1, 85P <
0.0001). Although the interaction of planting agament and genotype was not
significant £ = 1.01; df = 2, 85P = 0.3675), differences in the numbers of holes
per pod associated with Q2 and 121R in differeabiphg arrangements were
detected. Similar numbers of holes per pod wereatled for 121R in all planting
arrangementd > 0.05 or all comparisons). Significantly greatergodions of
holes per pod were associated with Q2 than 12HR planting arrangement® (

< 0.01 for all comparisons) except for Q2 in 75% 12i&s; these had similar
numbers of holes per pod as 121R in monocultdred (24; df = 1, 85P =
0.2196), 121R in 75% 121R plotsH1.54; df = 1, 85P = 0.1275), and 121R in
25% 121R plotst(= 1.88; df = 1, 85P = 0.0640). Greater numbers of holes per
pod were associated with Q2 in monocultures thatb 121R plotst(= 2.12; df

=1, 85;P =0.0369) (Figure 6.2).

2008 Exit-hole Counts

Of the 46,818 pods examined, 14,510 had at leastaowal emergence hole. No
effect of planting arrangement was apparént (L.67; df =5, 60.1P = 0.1558),
but a significant effect of plant genotype was obsé QZ =22.12;df = 2, 60.5?

< 0.0001). Although the interaction of plantingeargement and genotype was
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not significant F = 0.20; df = 2, 62.6P = 0.6559), pair-wise comparisons
indicated differences in the numbers of holes er gssociated with Q2, 173R
and 121R in different planting arrangements. Sinmilambers of exit-holes per
pod were detected for 121R and 173R in all plardimgngementd(> 0.05 for
all comparisons). Significantly greater numbergxif-holes per pod were
associated with Q2 than either 121R or 173R in@agting arrangemenP(<
0.01 for all comparisons). Fewer exit-holes per mede associated with Q2 in
75% 121R plots than in monoculturés(2.03; df = 1, 60.52 = 0.0464).
Although differences were not significant, fewetdsoper pod were associated
with Q2 in 75% 173R plots than in monocultures (.69; df = 1, 60.5P =
0.0961). Similar numbers of holes per pod wereaet for Q2 in all other

planting arrangement® (> 0.05 for all comparisons) (Figure 6.2).

2007 Weevil Counts

Total C. obstrictus

A total of 12,849C. obstrictuswere collected in bowl traps in 2007. Of these,
5,873 were male and 6,872 were female. Of the fesn&|,859 were gravid.
Significant differences in the total numberdfobstrictuscaptured by date were
apparentf ? = 6263; df = 8P < 0.0001). The greatest number of weevils were
captured 29 June when significantly m@eobstrictusvere captured than on any
other date® < 0.0001 for all comparisons). A significant effe€tptanting
arrangement was also apparefit 11.02; df = 4P = 0.0264). Significantly

moreC. obstrictuswvere captured in Q2 monocultures than any othentipig
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arrangementH < 0.05 for all comparisons). Although reductiarcapture
occurred with increasing 121R in the planting ageament, significant differences
among these arrangements were not deteBted(.05 for all comparisons)
(Figure 6.3). No significant interaction of samplidate and planting arrangement

was observedy® = 42.16; df = 32P = 0.1080).

Male C. obstrictus

A significant effect of date was detectgd £ 58.07; df = 8 < 0.0001).
Significantly more males were captured on 29 JW@¥ 2han on any other
sampling dateR < 0.0001 for all comparisons), and a second peakale
captures was detected on 10 August. Althoughrafgignt effect of planting
arrangement was not detectgtE(8.34; df= 4;P = 0.0798), pair-wise
comparisons indicated that more males were capinr@2 monocultures than in
121R monocultures or plots seeded with 50% 12£R (L0.15; df = 1P =
0.0014, ang? = 6.99; df = 1;P = 0.0082, respectively) (Figure 6.3). No
significant interaction of sampling date and plagtarrangement was observed

(x2 = 37.20; df = 32P = 0.2419).

Total Female C. obstrictus

The effect of date was significan2(= 64.11; df= 8P < 0.0001). Most females
were captured on 29 June 2007. Although captumaeus were significantly
greater on this sampling date than any otRet 0.0001 for all comparisons), a

second peak in female captures was also detect@didiist. The effect of
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planting arrangement was also significagiit< 43.63; df = 4P = 0.0340). More
females were captured by traps in Q2 monocultiras in 100%, 75%, or 50%
121R plots P < 0.001 for all comparisons) (Figure 6.3). No sigmiht
interaction of sampling date and planting arrangemes observegf = 42.22;

df= 32:P = 0.1068).

Gravid Female C. obstrictus

A significant effect of date was detectgd £ 67.54; df= 8P < 0.0001). More
gravid females were captured on 29 June than drey date P < 0.0001 for all
comparisons). The effect of planting arrangemeas also significanp(f: 20.04;
df=4;P = 0.0005). Significantly more gravid femdle obstrictuswvere captured
in Q2 monocultures than in any other planting ageament P < 0.001 for all
comparisons). Traps in plots with 25% 121R captunere gravid females than
traps in 100% 121R plotgq= 4.18; df= 1;P = 0.0408) (Figure 6.3). No
significant interaction of planting arrangement aadhpling date was detected (

= 38.84; df= 32P = 0.1887).

2008 Weevil Counts

Total C. obstrictus

A total of 10,993C. obstrictuswere collected in bowl traps in 2008. Of these,
4,896 were male and 6,057 were female. Of the fesn&l,684 were gravid.
Significant differences in the numbers of tafalobstrictuscaptured by date were

apparent)* = 93.19; df = 9P < 0.0001). Significantly mor€. obstrictusvere
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captured on 18 June than any other date 0.0001 for all comparisons).
Although a significant effect of planting arrangemheas not apparerptz(:

10.74; df = 5P = 0.0568), pair-wise comparisons indicated differendéoreC.
obstrictuswere captured in Q2 monocultures than in 75% 178k pr 121R or
173R monocultured(< 0.05 for all comparisons). Few@r obstrictusvere
captured in 75% 173R than 75% 121R plgfs<(5.92; df = 1;P = 0.0150)

(Figure 6.3). A significant interaction of samplidgte and planting arrangement
was also apparenti(= 61.69; df= 45 = 0.0497). More weevils were captured
in susceptible monocultures on 18 June, 24 Jund aodly than in resistant

monocultures.

Male C. obstrictus

A significant date effect was appareyft € 88.22; df= 9P < 0.0001).
Significantly more males were captured on 18 Jhae iny other sampling date
(P < 0.0001 for all comparisons). Although a significaffect of planting
arrangement was not observetl£ 10.64; df= 5;P = 0.0591), significantly more
males were captured in Q2 monocultures than in IadRocultures or 75%
173R plots; traps in 75% 121R plots captured moae those in 121R
monocultures, or 75% 173R plo® € 0.05 for all comparisons). A significant
interaction of sampling date and planting arrangemaes also apparent(=
70.26; df=45P = 0.0094) (Figure 6.3). More males were captureslsceptible
monocultures on 18 June, 24 June, 1 July, 8 Juty28 July than in resistant

monocultures.
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Total Female C. obstrictus

A significant date effect on total female captunes appareng{ = 86.16; df= 9;

P <0.0001). Significantly more females were captwed8 June than any other
sampling dateR < 0.0001 for all comparisons). Although no sigrafit effect of
planting arrangement was apparefit 6.39; df= 5;P = 0.2703), pair-wise
comparisons indicated differences. Significantlyrengravid females were
captured in Q2 monocultures than in 75% 173R, 233Rlor 121R
monocultures. A significant interaction of samplotgte and planting
arrangement was also apparefit 63.00; df= 45 = 0.0393) (Figure 6.3).

More females were captured in susceptible mono@dtt8 June, 24 June, and 20
July than in resistant monocultures. More femalesaveaptured 1 July in Q2

monocultures than in any other planting arrangement

Gravid Female C. obstrictus

Gravid females were captured on all sampling d&esgnificant date effect was
apparent = 83.49; df = 9P < 0.0001) as was an effect of planting arrangement
(/* = 16.62; df = 5P = 0.0053). Significantly more gravid females were
captured on 1 July than any other sampling date (0.0001 for all comparisons).
Significantly more females were captured in Q2 nuuftoires than in any other
arrangement < 0.01 for all comparisons). A significant intetian of sampling
date and planting arrangement was also appayfentE(?AZ; df=45P = 0.0168)

(Figure 6.3). More gravid females were capturedusceptible than resistant
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monocultures on 20 July. More gravid females waygwred in susceptible

monocultures than any other planting arrangemeriSodune and 1 July.

Weevil Spatial Distribution: 2007

The indexl; and its associatd@values indicated th&k. obstrictusmales were
significantly aggregated in early Jubefore plants had produced buds or flowers
(1a=1.416;P = 0.022). Males were also aggregated on 15 Julgte flowering

to pod enlargement(=1.416;P = 0.022) and 10 August when pods were mature
and few flowers were presen{£1.509;P = 0.012). Females were aggregated
on 15, 22 and 29 June, in early to mid-flowerihg=(L.601;P = 0.004,,=1.385;

P =0.029, and,=1.503;P = 0.013, respectively), on 15 July during late
flowering to pod enlargemenit,€ 1.361;P = 0.033), and 10 August when pods
were mature and few flowers were presént (.326;P = 0.045). Gravid females
were also aggregated on 15, 22 and 29 Juyrel(331;P = 0.047,1,=1.326;P =
0.047, and,=1.544;P = 0.008, respectively), on 15 July£1.387;P = 0.025)

and 10 Augustl{=1.459;P = 0.014). The indeyd, was not significantly different
from unity (ato. = 0.05) on any date for males or total femalegcaithg that
weevils were distributed in multiple clusters. oavid females), significantly
exceeded unity on 15 July,E 1.089;P = 0.010) indicating that their distribution
was characterised by a single aggregation on #ies @ahd multiple smaller
aggregations on the other dates when distributiare aggregated. The values of
o associated with each date were consistently Onto iRdicating that

aggregations occurred within individual 4 by 4 rotpl Values 0¥, 1, J,and
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associatedP-values for male, total and gravid femé&leobstrictudor all
sampling dates in 2007 are presented in Table 6.1.

Distributions of males and females were signifibaassociated on all
sampling dates examineR & 0.01 for all associations). Male distributions and
the mean values of larval exit-holes per plot wagaificantly associated on 15
June, during early flowering{(= 0.3390;P = 0.0008). Female distributions and
mean values of larval exit-holes per plot were ifiggntly associated on 15 and
29 June and on 15 July 200#<0.025 for all associations). Gravid female
distributions and mean values of larval exit-hgles plot were also significantly
associated 15 and 29 June and 15 July 2BGY@.025 for all associations).
Correlations among male, total and gravid fen@lebstrictusand exit-hole

counts for all sampling dates in 2007 are preseintd@ble 6.2.

Weevil Spatial Distribution: 2008

The indexl; and its associatd@values indicated th&Z. obstrictusmales were
again aggregated in late Mdgfore most plants had germinated on this site (
1.473;P =0.020) and 10, 18 and 24 June and 1 and 8idudarly to late-
flowering. They were also aggregated on 20 Julyndupod enlargement, and 5
August when pods were mature and very few flowensained I;;=1.458;P =
0.018, and,=1.412;P = 0.025, respectively). Females were aggregatetDo
18 and 24 June in early to mid-flowering, and agair29 July and 5 August
when pods were mature and few flowers were presen2.085;P = 0.002, and

1,=1.810;P = 0.001, respectively). Gravid females were alggregated on 18
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and 24 Junel{=1.535;P = 0.013, and,=1.944;P = 0.002, respectively) and
again on 29 July and 4 August. The distributiongralvid females were not
assessed on 30 May and 4 June due to low numbeapiares. The inde¥ was
not significantly different than unity (at= 0.05) on any date for males or total
females indicating distribution of weevils into mple clusters. For gravid
females J, significantly exceeded unity 29 Julys € 1.034;P = 0.044) indicating
that their distribution was characterised by algiraggregation on this date and
multiple smaller aggregations on the other datesnadistributions were found to
be aggregated. The valuessadssociated with each date were consistently on the
order of 0 to 2 m, indicating that small aggregagioccurred within individual
plots. The greatest value dfvas associated with gravid females on 29 July
(2.467 m). Values of, |,, Joand associateB-values for male, total and gravid
femaleC. obstrictudor all sampling dates in 2008 are presented ineTats.
Males and females were significantly associatedlbof the sampling
dates examined(< 0.01 for all associations), except 30 May and 5usig
Male distributions and the mean values of larvédl-kales per plot were
significantly associated 4 and 18 June, 1 andBdluiing early to mid-flowering
(P < 0.05 for all associations). Female distributiond arean values of larval
exit-holes per plot were significantly associat&diine and 1 and 20 July 2008
(P < 0.05 for all associations). Dissociation of mald &&male counts and exit-
holes was apparent 24 Jung € -0.2328;P = 0.9880 anX =-0.3337,P =
0.9990, respectively). Gravid female distributiamsl mean values of larval exit-

holes per plot were also significantly associat@¢dudne and 1 July 2008
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0.025 for both). Associations among male, total gravid femaleC. obstrictus
distributions and exit-hole counts for all samplaeges in 2008 are presented in

Table 6.4.

Discussion

The resistant genotypes 121R and 173R had feweal lamergence holes per pod
than Q2 in all planting arrangements in 2008 analibut 75% 121R plots in
2007; reduced numbers of larvae were found fromn5% 121R mixes. Not
only do these results indicate that resistanchesd novel genotypes is
maintained regardless of planting arrangementthayt also suggest protective
effects of resistant on susceptible genotypes kedhplanting arrangements. This
conclusion is supported by reduced numbers of lawergence holes per pod
from Q2 associated with 75% 121R and reduced (atloeisignificantly) numbers
from Q2 associated with 75% 173R. Chemical oralistaits associated with
individual Q2 plants would not be influenced byeimhixed plantings with
resistant genotypes. This means that the presdmesistant genotypes
intermixed at moderately high densities with susbépQ2 has a disruptive
effect onC. obstrictushost choices and lessens the attractiveness of Q2se
planting arrangements. In another study, a registaiety of cassava planted as
a mixed crop with a susceptible variety redu€edleurodes variabilis
(Quaintance) (Hemiptera: Aleyrodidae) feeding musceptible variety under
outbreak conditions in Columbia (Gold et al. 198%hese and the findings of the

current study are consistent with associationastasce; reductions in herbivore
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feeding on otherwise suitable plants when theyaaseciated with genetically or
taxonomically diverse co-habitants (TahvanainenRadt 1972). However,
associational resistance is not consistently dedeict evaluations of mixes of
susceptible and resistant hosts. For example, Sgnhah (2007) found that
densities of matur8itodiplosis mosellanéGéhin) (Diptera: Cecidomyiidae)
larvae were proportional to refuge size in interspd refugia associated with
resistant germplasm expressing the antibiotic taast® gen&m1l

Mechanisms proposed for reductions in herbivoreigeace and/or
damage with increased plant diversity include iasegl competition among
herbivorous species, increased natural enemy assgesband reduced apparency
of susceptible plants (Root 1973; Risch et al. 1828iddawa 1985; Andow
1990). OtheB. napusherbivores collected in this study were not abuhdathe
time of weevil oviposition (data not shown) so msfgecific competition likely
had little influence on results. Similarly par&sit of C. obstrictudarvae by
Chalcidoidea (Hymenoptera) has remained at relgtlogv levels at this site,
usually less than 15% (data not shown), so incteaatural enemy populations
were also unlikely to have affected weevil densitrethe plots.

Plant apparency addresses host finding efficiencyisrelated to plant
life-history (Feeny 1976). Given that these gepetywere seeded and matured
simultaneously, effects of life history-associatactors can be discounted.
However, differences in responsegofobstrictugo visual cues associated with
resistant and susceptilfe albax B. napudines have recently been demonstrated

(Tansey et al. 2008). Differences in responsessimal cues were attributed
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primarily to the interaction of 580 and 350 nm tigéflected from flowers
(Chapter 3). Wehner (1981) indicated that mangatsrespond to objects based
on conformation to a specific predetermined tenepéattd ignore less accordant
stimuli. Reduced responses®f obstrictugndicate that, in a context of a
relatively finely defined template of stimuli thalicit responses, less attractive
genotypes are less apparent (as per Feeny 1988lucBd weevil captures in
mixes and resistant monocultures suggest thattttaetive effects of light
reflected from susceptible genotype flowers maplx&cured by proximity to
resistant and less attractive genotypes.

Host apparency may also be influenced by genotyjiffierences in
olfactory cues produced by potential host plantsk&py and Owens 1983). It
has been suggested that moveme@.aissimilisrom overwintering sites to
crops is influenced by odour-mediated anemotaxigsponse to host-plant odour
(Evans and Allen-Williams 1993). The effective garof odour-mediated upwind
anemotaxis t®. napudloral and foliar extracts was found to be at led¥in for
C. obstrictugEvans and Allen-Williams 1993). Differences ispenses of€.
obstrictusin linear track and Y-tube olfactometer tests hawen detected,
responses to Q2 were greater than to the resggaotypes 121R and 173R
(Chapter 3). In an examination of naturaliBdleraced.. andBrassica nigra
(L.) populations in England, Moyes and RayboulddPXound greateC.
obstrictusoviposition in individual plants within populatiocbaracterised by
higher levels of 3-butenyl glucosinolat@eutorhynchus obstrictysopulation

densities can vary between sites but generallypatween habitats within sites
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(Moyes et al. 2000). The average glucosinolateilprof populations, rather than
that of individual plants, was suggested to bepttary factor influencing
oviposition (Moyes and Raybould 2001).

Fewer gravid femal€. obstrictuscaptured in all mixes of susceptible and
resistant genotypes and resistant monoculturesithsusceptible monocultures in
both years and reductions in male captures, reldtisusceptible monocultures,
were demonstrated for resistant monocultures dndiaés suggest reduced
attraction ofC. obstrictugo plots with greater proportions of resistantagpes.
Gravid females are apparently more sensitive taged attractiveness associated
with mixes of resistant and susceptible genotypan total females; females are
apparently more sensitive than males. Fer@alebstrictusare more sensitive to
the attractive effects afisual cues associated with host plant flowers thafes
(Tansey et al. 2008), but both responded similarigifactory cues associated
with these genotypes in olfactometer trials (Chiagjeand toB. napusextracts in
trapping tests (Evans and Allen-Williams 1993).

Relative similarities in the patterns of resporisgsales and females to
mixes and monocultures were demonstrated in thdysHowever, greater
selectivity by females than males among mixes aadacultures despite
similarities among responses to olfactory cuescetei that the attractive effects
of olfactory cues are attenuated more stronglyibyal cues in females. Female
Anthonomus pomoruin (Coleoptera: Curculionidae) were more respongive
ultraviolet, green, and blue light; Hausmann e{2004) attributed this difference

to greater affinity of females than males to hdahpassociated visual cues.
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Greater proportions d@. obstrictuamales than females captured in a greater
variety of trap colours were attributed to grealiscrimination among, and
greater affinity of, females for visual cues (Cleayit). Greater selectivity by
gravid females in this study also suggests greatesitivity to visual cues and the
potential role of factors that are influential mtimate ranges.

Females were aggregated in mid to late June dthimmgud to early
flowering stages of crop development in both yead again in mid July 2007
during late flowering. These results suggest &nigf of females to susceptible
genotypes within mixed plots and to susceptible oeaktures. This conclusion is
supported by a correlation of female weevil capued exit-hole counts during
these periods. However, no correlation of exit-B@ed gravid female captures
and a significant and negative correlation of tt¢atale captures and exit-holes
were detected 24 June 2008. More gravid females wagptured in 75% resistant
genotypes than susceptible monocultures in late 2008, in contrast to planting
arrangement-capture associations detected for #perity of the season. No
correlation of total female captures and exit-hokas detected late June 2007.
These results suggest departure from sites wheralés had previously
aggregated and presumably oviposited. Correlatidatal female captures with
exit-holes was apparent again in early July in lyatrs suggesting that their
affinity for attractive host cues returned. Causkthis apparent abandonment of
aggregation sites were not tested but may incladepadeictic substance

produced by female weevils.
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Females brush an epideictic substance onto poelsafiposition that
deters conspecific females from ovipositing (Kozbtwet al. 1983; Ferguson and
Williams 1991). Application of epideictic substasgeduces repeated oviposition
by individuals and conspecifics into limited larnfabd sources (Prokopy et al.
1984). Deterrence by epideictic substances pramatdorm distribution of
progeny and efficient resource partitioning amangde, an adaptive strategy
given the limited carrying capacity of pods in lsiaaceous plants (Mudd et al.
1997). Deposition of this substance may also erfae spatial distribution of
adults. However, the behavioural effects of ovifjas-deterrent pheromone last
only about 2 h (Ferguson and Williams 1991). Otheans for females to detect
developing larvae in pods may exist but have nbbgen examined.

Attraction of both sexes to yellow traps prior to germination, and so
in the absence of attractive volatile cues, suppibe importance of visual cues.
Males were aggregated very early in the seasontimyears before crop
germination, although they demonstrated no preta®ior planting
arrangements. This result is somewhat surprigihgre is no evidence as yet of a
male-produced aggregation pheromon€ imbstrictusthough such compounds
are produced by males of several other weevil sgge.g., Rochat et al. 1991). |
detected random distributions of females at tinietin both years. Weevils have
been observed hovering above yellow objects irati®ence of olfactory cues;
they disperse once physical contact with objectsade (J. Tansey, unpublished
data). Detection of aggregated distributions sttilne may also be a product of

invasion of the site from its periphery. Dosdalak (2006) reported that patterns
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of weevil invasions of spring canola in western &#mwere similar to those
observed in winter canola in Europe, with greatenbers of weevils aggregated
on crop edges and subsequent dispersal to moredamaous distributions as the
season progressed (Risbec 1952; Free and Willi&T8; Ferguson et al. 1999).
Plots in the current study were situated 10 m ftbeneastern boundary of the
crop; the greatest numbers of weevils were capturééps on the eastern and
northern boundary of the plots early in the segdata not shown). Male spring
emergence precedes that of females in Europe (Baaisen 1957, Dmoch 1965)
and in western Canada (Ulmer and Dosdall 2006}, tineater localized numbers
in traps on the eastern and northern edges ottldy srea are consistent with
invasion from crop edges and offer an explanaticaggregated distributions
detected early in the season. Although aggregat@re detected, distributions
of males, and total and gravid females were mor®um than at the first
sampling interval throughout the plots throughréimainder of both growing
seasons.

Apparency theory predicts reduced colonizatiores§lapparent (resistant)
lines (Feeny 1976; Rhoades and Cates 1976; Betrahl2004). Although initial
resistance of novel host plant genotypes may barerdd by being less apparent,
herbivore search efficiency evolves after colonaabf novel hosts regardless of
apparency (Parmesan 1991). Although antibiosisxembsis and reduced
apparency have been demonstrated for resistantygeso all of the lines tested
can support larval development and were colonindtis study. Because toxic

cultivars are not evolutionarily sustainable in mounlture (Bernal et al. 2004),

269



Chapter 6. Deployment of novel germplasm and wepatial dynamic

incorporation of susceptible refugia as a meangddcing the potential evolution
of search efficiency and selective pressures ag®ativith antibiosis has been
proposed for these genotypes (Tansey et al. 2008).

Results of this study indicate that not only igssce maintained by
resistant lines accompanied by susceptible genstyp# that susceptible lines
are somewhat protected by association with regigemotypes. These results are
consistent with associational resistance (Tahvamaamd Root 1972). However,
associational resistance may confound a goal @fpurating susceptible refugia:
slowing evolution of virulence in the pest. Thessults also suggest that
disruptive effects associated with mixes may beesed with relatively low
proportions of resistant genotypes but that reddyivigh proportions are required
for protection of susceptible members of the pfaogulation fromC. obstrictus
These results will contribute to the optimal desifinefuges to maintain

resistance of novel germplasm@oobstrictus.
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Tables

Table 6.1. Mean total (S.E.), male (S.E.), to&E() and gravid female (S.E.)
Ceutorhynchus obstrictdsom weekly samples 4 June to 10 August 2007 near
Lethbridge, AB. One trap was set in each corneeplicated plots seeded to
100%Brassica napusar. Q2, 100%5inapis albax B. napusl21 R and mixes of
Q2 and resistant genotypes planted in genotypeafgpemvs. Spatial distribution

indices calculated with the SADIE procedure ares@néed for each group. Values

of 1> 1 (ata = 0.05) indicate aggregation within the sampleavalues ofl,< 1

indicate multiple clusters whdp> 1.

Date (2007) Sex Mean per trap (S.EJ (m) 1, P JZ P
June 1 male 6.613 (0.596) 0.667 1.41®022 0.091 0.100
female 4.538 (0.415) 0.457 1.225 0.094 0.896 0.999
June 8 male 4.325 (0.537) 0.325 0.952 0.547 0.097510
female 2.950 (0.358) 0.267 0.897 0.710 0.962 0.802
June 15 male 3.400 (0.286) 0.351 1.228 0.086 0.1m851
female 3.875 (0.379) 0.732 1.60D.004 1.002 0.475
gravid female 1.413 (0.284) 1.063 1.330.047 0.962 0.688
June 22 male 9.937 (1.007) 0.500 1.193 0.123 1.0ma92
female 11.313 (1.201) 0.596 1.389.029 1.046 0.111
gravid female 6.213 (0.699) 0.653 1.326.047 1.011 0.396
June 29 male 24.613 (1.516) 0.175 1.115 0.212 0.99830
female 33.675 (1.862) 0.319 1.508.013 0.963 0.968
gravid female 23.46 (1.575) 0.476 1.540.008 1.001 0.459
July 7 male 8.175 (0.629) 0.195 0.902 0.692 1.01800
female 8.675 (0.601) 0.296 1.078 0.261 1.003 0.445
gravid female 7.100 (0.536) 0.306 1.053 0.305 1.00.355
July 15 male 3.763 (0.306) 0.528 1.458.016 0.997 0.527
female 4.463 (0.398) 0.458 1.36D.033 1.063 0.413
gravid female 2.025 (0.399) 0.456 1.380.025 1.089 0.010
July 27 male 3.950 (0.319) 0.111 0.898 0.711 0.966318
female 7.100 (0.518) 0.252 0.963 0.516 0.995 0.511
gravid female 2.162 (0.526) 0.500 1.114 0.208 B®.9D.718
Aug 10 male 8.588 (0.836) 0.726 1.509.012 1.017 0.322
female 9.225 (0.631) 0.477 1.32®.045 0.995 0.556
gravid female 5.825 (0.526) 0.666 1.450.014 0.946 0.947
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Table 6.2. Associations amofigutorhynchus obstrictiand mean exit- holes

per pod per plot near Lethbridge, AB, 2007. The $ABssociation index{ > 0

indicates associatioX = 0 random an& < 0 dissociation. For a two-tail task

0.025 for association and > 0.975 for dissociation.

Date (2007 Associatiol X P
June male-female: 0.9443 < 0.0001
males-exit-holes -0.0791 0. 7499
females-exit-holes -0.0827 0. 7634
June 8 males-females 0.9094 < 0.0001
males-exit-holes -0.1066 0.8035
females-exit-holes -0.0708 0.7056
June 15 males-females 0.3990 0.0008
males-exit-holes 0.3111 0.0136
females-exit-holes 0.3774 0.0029
gravid-exit-holes 0.4533 0.0001
June 22 males-females 0.8207 < 0.0001
males-exit-holes 0.1137 0.1585
females-exit-holes 0.2559 0.0188
gravid-exit-holes 0.4015 0.0028
June 29 males-females 0.6715 < 0.0001
males-exit-holes 0.2135 0.0316
females-exit-holes 0.2297 0.0218
gravid-exit-holes 0.4216 < 0.0001
July 7 males-females 0.5867 < 0.0001
males-exit-holes 0.2507 0.0148
females-exit-holes 0.1886 0.0518
gravid-exit-holes 0.1298 0.1265
July 15 males-females 0.6038 < 0.0001
males-exit-holes 0.1681 0.1137
females-exit-holes 0.3219 0.0037
gravid-exit-holes 0.5040 0.0004
July 27 males-females 0.7223 < 0.0001
males-exit-holes 0.0539 0.3210
females-exit-holes 0.2666 0.0178
gravid-exit-hole 0.1261 0.1534
August 10  males-females 0.7032 < 0.0001
males-exit-holes 0.0610 0.2987
females-exit-holes 0.1032 0.2095
gravid-exit-holes -0.1809 0.9254
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Table 6.3. Mean total (S.E.), male (S.E.), totaE(and gravid female (S.E.)

Ceutorhynchus obstrictdsom weekly samples 30 May to 5 August 2008 near

Lethbridge, AB. One trap was set in each corneregflicated plots seeded to

100%Brassica napusar. Q2, 100%&sinapis albax B. napusl21 R, 100%s.

albax B. napusl73R and mixes of Q2 and resistant genotypes mante

genotype-specific rows. Spatial distribution ireficcalculated with the SADIE

procedure, are presented for each group. Valugs>ot (ata = 0.05) indicate

aggregation within the sample area; valueg ef 1 indicate multiple clusters

whenly> 1.

Date (2008) Sex Mean per trap (S.EJ (m) 1, P X’ P
May 30 male 1.198 (0.167) 1.130 1.4730.020 0.939 0.871
female 0.625 (0.094) 0.327 0.973 0.483 0.999 0.507
June 4 male 3.031 (0.277) 0.420 1.331 0.052 0.875990
female 2.615 (0.242) 0.218 1.097 0.231 0.896 0.999
June 10 male 9.442 (0.503) 0.622 1.68D.004 0.942 0.992
female 8.000 (0.354) 0.528 1.6340.007 0.916 0.999
gravid female 0.063 (0.025) 0.938 0.938 0.983 4.90.509
Junel8 male 16.285 (0.911) 0.181 1.52D.013 0.934 0.999
female 16.363 (1.724) 0.440 1.3910.037 0.968 0.900
gravid female 3.635 (0.969) 0.527 1.53%0.013 0.733 0.999
June 24 male 4.229 (0.296) 0.624 1.579€.008 0.973 0.840
female 6.396 (0.405) 0.473 1.4120.029 0.955 0.967
gravid female 2.573 (0.268) 0.997 1.9440.002 0.907 0.993
July 1 male 6.479 (0.413) 0.399 1.3960.030 0.948 0.985
female 10.484 (0.581) 0.178 1.010 0.391 0.951 4.92
gravid female 9.072 (0.514) 0.219 1.040 0.331 9.98.983
July 8 male 6.094 (0.503) 0.616 1.3880.034 0.922 0.995
female 5.177 (0.354) 0.410 1.179 0.132 0.956 0.945
gravid female 4.469 (0.339) 0.372 1.111 0.212 ©.90.844
July 20 male 0.500 (0.096) 1.451 1.4580.018 1.042 0.301
female 0.750 (0.186) 1.076 1.047 0.316 0.829 0.978
gravid female 0.594 (0.121) 1.118 1.113 0.216 4.90.752
July 29 male 0.448 (0.085) 1.061 1.148 0.162 0.80®67
female 0.646 (0.110) 2.320 2.0850.002 1.097 0.977
gravid female 0.615 (0.106) 2.467 2.1750.001 1.134 0.044
August 5 male 3.302 (0.226) 0.511 1.4120.025 1.027 0.168
female 7.281 (0.457) 0.702 1.816<0.001 0.987 0.699
gravid female 6.854 (0.438) 0.728 1.8360.002 0.988 0.676
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Table 6.4. Associations amofigutorhynchus obstrictiend mean exit- holes

per pod per plot near Lethbridge, AB, 2008. The $ABssociation index{ > 0

indicates associatioX = 0 random an& < 0 dissociation. For a two-tail task

0.025 for association and > 0.975 for dissociation.

Date (200¢ Associatiol X P
May 3( male-female: 0. 170« 0.056:
male«-exit-holes -0.122¢ 0.858¢
female-exit-holes 0.048: 0.322(
June . male-female: 0.590: < 0.0001
male«-exit-holes 0.347: 0.0013
female~exit-holes 0.102¢ 0.157:
June 1 male-female: 0.278( 0.080:
male«-exit-holes -0.176¢ 0.960:
female-exit-holes -0.1311 0.897:
gravic-exit-holes 0.183: 0.043:
June 1 male-female: 0.525¢ < 0.0001
male«-exit-holes 0.507¢ < 0.0001
female~exit-holes 0. 345( 0.0006
gravic-exit-holes 0.482¢ < 0.0001
June 2. male-female: 0.564¢ < 0.0001
male«-exit-holes -0.2:28 0.9880
female-exit-holes -0.333% 0.9990
gravic-exit-holes -0.124« 0.852:
July 1 male-female: 0.602: < 0.0001
male«-exit-holes 0.285: 0.0067
female~exit-holes 0.278( 0.0039
gravic-exit-holes 0.257¢ 0.0070
July € male-female: 0.411¢ < 0.0001
male«-exit-holes 0.257¢ 0.0151
female-exit-holes 0.004: 0.485(
gravic-exit-holes -0.050:" 0.673¢
July 2( male-female: 0.498" < 0.0001
male«-exit-holes 0.133: 0.140:
female~exit-holes 0.262¢ 0.0085
gravic-exit-holes 0.128¢ 0.115¢
July 2¢ male-female: 0.426: < 0.0001
male«-exit-holes 0.022( 0.411¢
female-exit-holes 0.136¢ 0.150:
gravic-exit-holes 0.119° 0.183¢
August ¢ male-female: 0.143¢ 0.090(
male«-exit-holes 0.158¢ 0.084¢
female~exit-holes -0.021¢ 0.571:
gravic-exit-holes -0.049¢ 0.657:
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Figures

2007

Block 1 Block 2 Block 3 Block 4
121R inrows 2, 6, | 100% 121R 121R every second | 100% Q2
10, 14, 18 row

Q2inrows 2, 6, 10
14,18

121R every second
row

100% Q2

121R in rows 2, 6,
10, 14, 18

121R every second
row

100% Q2

100% 121R

Q2 inrows 2, 6, 1(
14, 18

100% 121R

121R in rows 2, 6,

Q2inrows 2, 6, 10,

121R every second

10, 14, 18 14,18 row

100% Q2 Q2inrows 2, 6, 10,121R in rows 2, 6, 100% 121R
14,18 10, 14, 18

2008

Block 1 Block 2 Block 3 Block 4

100% Q2 Q2 in rows 173 R in rows Q2 in rows
2,6,10,14,18 (the | 2,6,10,14,18 2,6,10,14,18 (the
rest are 173R) rest are 121R)

2100% 173R 173R in rows Q2 in rows 100% 173R
2,6,10,14,18 2,6,10,14,18 (the rest]

are 121R)

3100% 121R Q2 in rows Q2 in rows 100% 121R
2,6,10,14,18 (the | 2,6,10,14,18 (the rest
rest are 121R) are 173R)

Q2 in rows
2,6,10,14,18 (the
rest are 173R)

100% Q2

100% 173R

Q2 in rows
2,6,10,14,18 (the
rest are 173R)

173R in rows 100% 121R 100% Q2 173R in rows
2,6,10,14,18 2,6,10,14,18
Q2 in rows 100% 173R 100% 121R 100% Q2

2,6,10,14,18 (the

rest are 121R)

Figure 6.1. Plot plans of mixed genotype deploynassessment. Plots were 4 m

X6 min 2007 and 4 m x 4 m in 2008; 20 rows withcth between each and 2.5

m walkways between plots (in both directions).
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Figure 6.2. Least squares means of numbe@eatorhynchus obstrictdarval
exit-holes per pod associated wahassica napusar. Q2, a susceptible
genotype, and th€. obstrictusresistanSinapis albax B. napusgenotypes 121R
and 173R. In 2007, genotypes were planted in pédts near Lethbridge, AB in
monocultures and mixes of 75% Q2: 25% 121R, 50%50% 121R and 25%
Q2: 75% 121R. In 2008, monocultures of Q2, 121& B8R were planted and
mixes of 75% Q2: 25% 173R, 25% Q2: 75% 173R and @8%75% 121R.
Different letters on bars indicate significant diénces within groups by pair-

wise comparison using Wald’s Chi-square test 0.05).
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Figure 6.3. Mean total, male, total and gravid feEn@eutorhynchus obstrictus
from weekly samples 4 June to 10 August 2007 anll@@to 5 August 2008
near Lethbridge, AB. One trap was set in eacherash replicated plots seeded
to 100%Brassica napusar. Q2, 100%gsinapis albax B. napusl21 R, 100%5.
albax B. napusl73R and mixes of Q2 and resistant genotypes mlante
genotype-specific rows. Different letters abovesbadicate significant
differences within groups by pair-wise compariseing a Wald’'s Chi-square test

(0. = 0.05).
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Visual responses @eutorhynchus obstricty#larsham) indicate that the species
likely employs a visual system with three primaggeptor pigments:

trichromatic vision with response maxima near 260 450 nm and 550 nm
(Chapter 2). Consistency between the modeledtsestitrapping studies
(Chapter 2) and modeled responseSit@pis albal., Brassica napus. and the

S. albax B. napusggenotypes (Chapter 3) indicate that the interadbetween 350
nm and 580 nm reflectance is important to hostrofisnation behaviour of this
insect. Frearson et al. (2006) reported redudadlabyC. obstrictuson
apetaloud3. napussignificant contributions to these results wekelly

associated with the absence of appropriate le¥e&88@nm and 580 nm that
would normally be reflected from flower petals. €Bl results indicate that future
development of resistant germplasm should alsoesddrisual responses of pest

insects.

Plants developed to reflect suboptimal leveldarfaf 350 nm and 580 nm
(for C. obstrictu3 may influence other anthophilous insects sughadighators.
Effects may be particularly apparent in scenanbsre floral material with
suboptimal reflective properties (f@r. obstrictu$ is presented t€. obstrictus
populations in the presence of attractive genotypehoice scenarios such as
trap cropping wittB. rapaor other similar plants. Pollinators such as the
honeybeeApis melliferal. (Hymenoptera: Apidae), may differentiate among
genotypes with different amounts or proportion8%® nm and 580 nm foliar
reflectance. Yoshioka et al. (2005) found diffein visitation rates by
pollinators including honeybees and bumblebBesnbusspp. (Hymenoptera:
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Apidae), and hoverflies (Diptera: Syrphidae) amdiifigrent plant genotypes
with varying UV and visible reflectance properties.

Although pollen transfer iB. napusilseed agroecosystems also occurs
by wind, gravity and collisions among flowers, tasion by pollinators is an
essential component of pollination and so seedymtish in crops grown in
western Canada (Sabbahi et al. 2005). Deliveryobtép by bees is more than one
hundred times more rapid than other pollination esoHayter and Cresswell
2006). Sabbahi et al. (2005) reported a 46 perinerease in seed yield in test
plots with three honeybee hives per hectare redatvhose from which
pollinators were excluded with cageBrassica napusontinues to produce new
flowers until its ‘maximum carrying capacity’ isaehed; flower production
ceases when this threshold is reached thoughiZatidn (Sabbahi et al. 2006).
Unfertilized B. napudlowers live longer (Williams et al. 1987; Mesquietaal.
1988). Williams et al. (1987) also reported moreamtedB. hapuspod growth in
bee-fertilized plots than plots without this tydepollen transfer. The introduction
of mobile hives into commercial fields shortens filogvering period of canola
(Sabbahi et al. 2006), and so likely promotes nsgreehronous maturation of the
crop. An evaluation of the impact of wild bees udihgAndrenaspp. and
Bombusspp. (Hymenoptera: Apidae), ak@lictusspp. (Hymenoptera:
Halictidae) in northern Alberta, Canada on canBlangpusandB. rapg also
found that seed production increased with wild dleendance (Morandin and
Winston 2005). Although the relative contributiafsvild and domesticated

bees to canola seed set are poorly understoodyditial visitation by either
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group due to visual attractiveness could influgoi@euctivity of novelC.
obstrictusresistantS. albax B. napugyenotypes and offset some yield gains

made through resistance.

Near infrared (NIR) reflectance properties of thBsalbax B. napus
genotypes were not examined in my study. Morandth\&inston (2005)
reported reduced wild bee abundance in genetioadigified, glyphosate-resistant
(Roundup-Readl) B. napuscrops; they attributed mechanisms of reduced bee
abundance in part to decreases in weed diverstgéaHaughton et al. 2003).
However, because fibre structures change duringréinsgenic process, visible
and NIR analysis can be used to screen transgeaps €Xu et al. 2009).
Hurburgh et al. (2000) distinguished transgenidgsay,Glycine max.., from a
non-transgenic genotype using NIR reflectance @486 accuracy. Rui et al.
(2005) distinguished transgenic and non-transgeorie, Zea mays.., with 100
% accuracy. Xie et al. (2007) could differentiadmatoesLycopersicon
esculentunMiller, with an inserted antisense ethylene resegene (eETR)
from parental genotypes using visible/NIR refleceproperties. Quantification
of Brassicaceae foliar glucosinolate content iseaad through evaluation of NIR
reflectance properties (Font et al. 2005). NIRea&thnce properties, albeit of
single seeds, can also be used to distingBistapuswith both an inserted
antisense gene for cruciferin and inserted yeagtatyltransferase gene from
parental germplasm (Kohno-Murase 1995; Zou 199igofRus comparisons of
floral and foliar NIR reflectance properties ofrtsgenic and parentBL napus
genotypedave not, to my knowledge, been conducted but megumt for some
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differences in wild bee abundance detected by Mbreand Winston (2005) and
may also influenc€. obstrictugesponses.

Differences were detected in the glucosinolate exastof immature seeds
of C. obstrictusresistant and -susceptilffe albax B. napusgenotypes (Shaw
2008). This compound was proposed to be 2-phenylgthcosinolate (Chapter
4). Immature seeds of genotypes susceptib® wbstrictusexpressed greater
levels of this glucosinolate than nonsusceptibleotypes (Shaw 2008). Greater
responses df. obstrictugo susceptible genotypes in olfactometer tests were
attributed in part to the attractive effects of tofgsis products of this compound
(Chapter 4). However, the effects of hydrolysisquats of 2-phenylethyl
glucosinolate on other prevalent pests of brassmag oilseeds in western
Canada, the flea beetlBsiyllotreta cruciferagGoeze) andPhyllotreta striolata
(Fabricius) (Coleoptera: Chrysomelidae), appedetoegligible although they
are attracted to allyl isothiocyanate (Pivnick letl@83). Because no significant
polymorphisms in the content of allyl glucosinolatere detected among tBe
albax B. napuggenotypes examined by Shaw (2008), olfactory respoofP.
cruciferaeandP. striolatashould not differ among the resistant and suscleptib
germplasm tested in this study. However, olfactegponses of thegthyllotreta
spp. and those of other brassicaceous oilseed tpe$isseS. albax B. napus
genotypes should be assessed.

Shaw (2008) also detected a polymorphism in theaglimolate content of
cauline leaves among resistant and susceibédbax B. napuggenotypes. The

likely identity of this compound was 1-methoxy-3dalylmethyl glucosinolate
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(Chapter 4). Reduced feeding and ovipositioitCbypbstrictusvere attributed to
this compound and its hydrolysis products in anea@ptly dose-dependent
manner (Chapter 5). Several other Brassicaceaepblages are apparently
influenced similarly by 1-methoxy-3-indolylmethylugosinolate content.
Increased levels of this compound were associatddreducedPsylliodes
chrysocephald.. (Coleoptera: Chrysomelidae) feeding (Bartlealett999). An
oviposition-deterrent effect of 1-methoxy-3-indohgdthyl isothiocyanate has also
been found foHellula undalis(Fabricius) (Lepidoptera: Pyralidae) (Mewis et al.
2002). Indolyl glucosinolates are derivatives afale-3-acetaldoxime in
Arabidopsis the phytoalexin camalexin is also a derivativéhid compound
(Glawischnig et al. 2004). Camalexin synthesisiggiced in response to
Brevicoryne brassicak. (Homoptera: Aphididae) feeding Arabidopsis
thalianaL. and reduces aphid fecundity (¢uerczyk et al. 2008). Constitutive
and/or induced 1-methoxy-3-indolylmethyl glucosatel its hydrolysis products
or phytoalexins associated with its synthesis, alag influence other
Brassicaceae herbivores and present an opportfonibyoad resistance to several
insect pests. The inducibility of these weevil-sémnt genotypes and responses of
other herbivores to them require testing.

Antixenosis resistance . cruciferaeandP. striolatahas also been
demonstrated fd®. albax B. napugyenotypes and was attributed to variable
levels of genetic material fro®. alba(Gavloski et al. 2000). This suggests that
hydroxybenzyl glucosinolate production may be coef@ to hybrid lines; this

glucosinolate is produced I8 albabut notB. napuge.g. Bodnaryk 1991), and
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has been suggested to be responsible for demaustaatixenosis resistance ®f
albato P. cruciferag(Bodnaryk and Lamb 1991). However, Nielsen e(2001)
found that incorporation of theYP79Algene fromSorghum bicolout. to A.
thalianaand subsequent productionmhydroxybenzyl glucosinolate by
modified plants did not influende. cruciferaeor Phyllotreta nemorunt.

feeding. Ulmer and Dosdall (2006) found that a fptwdroxybenzyl
glucosinolate variety was not preferred for feedn@viposition byC. obstrictus
over a variety expressing high levels of this comqmbh both demonstrated
antixenosis resistance (Ulmer and Dosdall 2006ly).detectable levels qF
hydroxybenzyl glucosinolate were associated with@frthe genotypes tested in
this study (Shaw 2008)Production op-hydroxybenzyl glucosinolate was not
conferred to resistai@. albax B. napuggermplasm in this study and likely not the

germplasm tested by Gavloski et al. (2000).

Phyllotreta cruciferadeeding induced elevated levels of 1-methoxy-3-
indolylmethyl glucosinolate iB. napugBodnaryk 1992). Production and
inducibility of 1-methoxy-3-indolylmethyl glucositete is also associated wigh
alba (Hopkins et al. 1998; Koritsas et al. 1991). A geeg@ropensity for
production and inducibility of 1-methoxy-3-indolykthyl glucosinolate may have
been conferred t€. obstrictusresistant isolines tested in this study through
introgression of. albax B. napus

However, a more likely explanation for resistartta incorporates an
association of defensive compounds and floral cafle properties may be a
direct influence of genes contributing to flowetaroration on production of
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compounds associated with resistance. Variatigemes affecting floral colour
may have pleiotropic effects on other characteasitifluence fitness (e.g.
Charlesworth 19900ther herbivores have been shown to respond diftsrto
different colour morphs of the same plant specssins and Bucher 1996; Irwin
et al. 2003), and their responses likely have adaptlue. For example,
performance of several herbivores was greatd®Raphanus sativus. that were
anthocyanin-recessive than anthocyanin-dominamucohorphs (Irwin et al.
2003).In Raphanuspp.,two independently assorting loci determine petébwg
each locus is associated with two alleles. Onedaauntrols carotenoid
expression, the other controls anthocyanins (Paséid64). Yellow petals are
associated with the presence of carotenoids; riisis recessive to white petals
that indicate a lack of carotenoids. Anthocyamwodpiction is associated with
pink petals and this trait is dominant to whitegie{lack of anthocyanins).
Bronze colour morphs are associated with expressibdoth anthocyanin and
carotenoids (Panetsos 196Hhheritance of yellow petal colour B. napusandB.
rapais suggested to be under monogenic control (Ségwiartz 1988; Rahman
2001).

Carotenoids are isoprenoifissubclass of terpenoids) that are ubiquitous
among plants and microorganisnisese compounds acemponents of
photosystems arakssociated with floral colours ranging from yelltowwed
(Tanaka et al. 2008 and references therein). Aytnaos (a class of flavonoids)
are ultimately derived from phenylalanine andlaaalized in foliar and floral

epidermal vacuoles; these compounds are assoewitedolours ranging from
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yellow to violet (Tanaka et al. 2008 and referertbesein). Colourless flavonoids
are also associated with floral petal epidermalioées in a great diversity of
plant species (Kay et dl981). These compounds are associated with UV
absorption (Mol et al1998). UV-absorbing flavonoids may be confineditated
areas of the petal, resulting in patterned disptdygV reflection; these are
thought to influence responses of anthophilousciissgr oshioka et al. 2005;
Pfindel et al. 2006). Colourless flavonoids cao alst as co-pigments to

anthocyanins and augment reflected colours (Hagband Williams 2000).

Strauss et al. (2004) detected differences in $eokinduced
glucosinolates among. sativuscolour morphs tested by Irwin et al. (2003);
indolyl glucosinolates made up 71 per cent of ttaltglucosinolates detected in
these plants. Strauss et al. (2004) suggestedlinaisinolate induction was
likely associated witlpleiotropic effects between petal colour and deddoci, or
tight linkage between these loci. Amabidopsismutant with a defectivgene
encodingCYP83Al(acytochrome P450 highly similar ©YP83B1an enzyme
associated with glucosinolate biosynthesis) wasvalo have an altered
glucosinolate profile with reduced foliar aliphagjlticosinolates and increased
indolyl glucosinolates (Hemm et al. 2003). This amitwas also shown to have
an altered profile of products associated withghenylpropanoid pathway.
Although floral constituents were not examineder@t phenylpropanoid pathway
product profiles were detected in leaves, seedstams (Hemm et al. 2003).
Anthocyanin and colourless flavonoid pigments aewd from
phenylpropanoignetabolism $chwinn and Davies 2004; Kitamura 2006)
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Altering this single gene has the potential touafice not only expression of
aliphatic and indolyl glucosinolates, but also egsion of anthocyanin and
colourless flavonoids pigments and thus alter floeflective properties.

A mechanism similar to that illustrated by Hemnala2003) may be
influencing effects detected in the introgresseabtyped tested. If this is the
case, the apparent negative relationship of appgr@md antibiosis is clearer as is
the adaptive significance of differential responseS. obstrictugo variably
resistantS. albax B. napugyenotypes. Furthealteration or deletion of a locus as
part of theS. albax B. napugntrogression process, with function simitarthat
of the ArabidopsisREF2locus (associated with gene encodgP83A) may
explain the relationships between apparency, atdiasis and antixenosis
resistance detected in my studiédany phenotypic variations can result from the
introgression of alien material including deletminsegments, production of novel
segments and gene silencing (Tu et al. 2009).

Although mechanisms for antixenosis and antibiosthese weevil-
resistantS. albax B. napuggenotypes are likely associated with 1-methoxy-3-
indolylmethyl glucosinolate, responses to this coom and its hydrolysis
products are not consistent among Brassicaceagpblages. Althougbelia
floralis (Fallén) (Diptera: Anthomyiidae) attack can resuala 17-fold increase in
1-methoxy-3-indolylmethyl glucosinolate contentykze are not negatively
affected by increased concentrations of this comgd&irch 1992). In facB.
napusvarieties with the highest levels of inducible 1thwxy-3-indolylmethyl

glucosinolate support the most robDstfloralis larvae (Birch 1992). This
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compound also stimulates ovipositionDelia radicumL. (Roessingh et al. 1992)
andPieris rapae(L.) (Lepidoptera: Pieridae) (Renwick et al. 199Resistance of
theseS. alba x B. napugenotypes t&. obstrictusand potential resistance to
several other pests may bené&flia spp. and complicate their deployment.

Possible mechanisms for this interaction may ineluindluced plant
responses associated with microorganisms. Inducfiendolyl glucosinolates is
associated with inoculation of Brassicaceae with@gens (e.g. Li et al. 1999).

Li et al. (1999) reported a correlation of indadylicosinolate induction and
resistance t&clerotinia sclerotiorunfLib.) de Bary inB. napusErwinia
carotovora(Jones) also induces indolyl glucosinolate synshiesA. thaliana
(Brader et al. 2001pelia radicum preferentially oviposits on host plants
attacked by conspecifics (Baur 1996) and a relatignbetween infection by
Erwinia sp. andD. radicumoviposition has been demonstrated (Doane and
Chapman 1964). Ellis et al. (1982) reported fodd-facrease irD. radicum
oviposition aroundRaphanuspp. seedlings grown from control seeds than those
with no or few microorganisms.

Baur et al. (1999) reported increagedradicumoviposition onBrassica
oleraceal. var.botrytisexposed to the crucifer-specific phytoalexins
methoxybrassinin, cyclobrassinin, and brassitireSEhcompounds are induced in
response to bacterial infection in several Brasgiaa (Pedras et al. 2004 and
references therein). Baur et al. (1999) also replattiat brassicanate A, a
metabolic derivative of the Brassicaceae phytoalexassinin (Pedras et al. 2004)

was highly stimulatory t®. radicumoviposition. Methoxybrassinin and brassinin
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are derived from indole-3-acetaldoximeBnnapusssp.rapifera (rutabaga)
(Pedras et al. 2004); this compound is also a psectio indolyl glucosinolates
(Glawischnig et al. 2004). Oviposition responseBelia spp. are apparently
associated with induction of indolyl glucosinol#tat several other Brassicaceae
herbivores find deleterious. Interestingly, sofelbax B. napudines that have
demonstrated antibiosis resistanc®taadicum(Dosdall et al. 2000) are not
resistant td°. cruciferag(Gavloski et al. 2000).

Spodoptera exigugHubner) (Lepidoptera: Noctuidae) feeding and
exogenous application of volicititN¢(17-hydroxylinolenoyl)-L-glutamine)
increased induction of volatile emissionZinmayqSchmelz et al. 2003). Ti&
exiguagut bacteriumMicrobacterium arborescen&rankland and Frankland),
contributes to this interaction (Piel et al. 200)ritsas et al. (1989) reported that
bacterial isolates frorRsylliodes chrysocephala (Coleoptera: Chrysomelidae)
increased indole glucosinolate content associatddastificial wounding. In light
of the contributions of microbial organisms to iciskeerbivory in plants, the
influence of microbial interactions on response€ obbstrictugo its host plants
including theses. albax B. napuggenotypes should be examined.

Perception of attractive kairomones and factorgrdmrting to antixenosis
and antibiosis resistance may also be influenceepiguticular waxes.
Epicuticular wax layers can influence the exudabbpolar compounds like
glucosinolates and their hydrolysis products affidémce both long-distance and
intimate range responsédeifenrathet al. (2005) detected no glucosinolates in

waxy layers removed from the adaxial or abaxialaggs ofB. napuswith gum
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arabic. Feeding preferences of the Brassicacegeptlage®haedon cochleariae
Fabricius (Coleoptera: Chrysomelidae) were infl@ehby wax; these beetles fed
preferentially on leaves from which epicuticulanwead been removed.
Reifenrathet al. (2005) suggested that feeding behaviourimfagenced by the
availability of stimulants, particularly glucosiratés. Wax acted as a barrier
between glucosinolates, which are not normallygmesn the leaf surface, and
the insectSmall quantities of glucosinolate hydrolysis praduesulting from
spontaneous degradation of glucosinolates may $arlaed to wax, allowing wax
to act as a slow release substrate (Renwick 2086). Low levels of attractive
compounds may be detectable®yobstrictusn contact with pods and influence
host feeding and oviposition choices. It is alsegilnle thatC. obstrictus
oviposition behaviour is influenced by compountetated by damage to tissues
and subsequent release of myrosinases. Attracgeelysis products of
glucosinolates released by probing may stimulatiaén probing, feeding and

oviposition.

All of the genotypes tested supported larval dgu@lent in choice
scenarios in the field (Shaw 2008) and in labosatmsessments (Chapter 5).
Antibiosis resistance may reduCe obstrictugpopulations but deployment in
monocultures of thedexic cultivars is not evolutionarily sustainabBefnal et
al. 2004). For example, SAugustinegrassStenotaphrum secundatyivalter)
Kuntze var. Floratam, was developed for resistand¢be southern chinch bug,
Blissus insulariBarber (Hemiptera: Blissidae), and commercialized973
(Horn et al. 1973)The mode or resistance of this variety was detegthio be
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antibiosis(Reinert and Dudeck 1974). Resistance was overtynaelocal
population of chinch bugs within 12 years in Flari@usey and Center 1987) and

by 2001-2002 throughout Florida (Nagata and Ch20Q3).

Partial resistance, as demonstrated for tRestbax B. napugyenotypes
(Chapter 5) is preferable to total resistance dueduced selective pressures
(Palaniswamy 1996Vacher et al. (2003) modeled tobacco budwdtiljothis
virescend.. (Lepidoptera: Noctuidae), mortality and ger@aflin mixed resistant
and susceptible genotype cotton agroecosystemsy rfEported that the currently
adopted ‘high dose refuge’ strategy will delay pestercoming resistance but
will not prevent its emergence.ransgenic corrZ. maysandcotton,Gossypium
hirsutumL., that expresBacillus thuringiensiBerliner Bt) - endotoxins are
sufficiently toxic to achieve complete mortality pést populations (Vacher et al.
2003). Thus, deployment of transgenic plants wath toxicity interspersed with
susceptible refugia occupying approximately 25 @etrof the production area is
suggested for greatest durability of resistandést(®acher et al. 2003).
Resistant genotypes tested in this study are otdoweity and should require
relatively small refugia to preserve resistancidr@s per Vacher et al. 2003).
However, potential issues arising from this lowittty may include rapid
evolution of search efficiency associated with¢baditional suitability of these
resistant genotypes €. obstrictugParmesan 19917 his potential problem may
be offset somewhat by demonstrated differencesdrotfactory responses 6f
obstrictusto susceptible and resistant germplasm and anéifgexhd anti-
oviposition characteristicChapters 4, 6
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Incorporation of susceptible refugia into croppsanemes has dealt
primarily with preservation of novel resistancatgan commercial settings (e.qg.
Gould 1998). However, contributions of susceptieleigia to associational
resistance have also been demonstra@dadgter 6. Differences irC. obstrictus
adult and larval spatial distribution and reduaa¢kls of larval infestation in
small plot tests of mixes @. obstrictusresistant and -susceptible germplasm
were attributed to differences in apparency (FEEW6) and antixenosis (Chapter
5). According to Andow (1991), associational resise refers to a reduction in
herbivore attack when hosts plants are associateédyenetically or
taxonomically diverse cohabitants; a primary medrarof this phenomenon is
reduced apparency of susceptible plants. Resuftsgi€r 6) were consistent with
the concept of associational resistance (as peraranen and Root 1972) and
results of a meta-analysis and review by Barbosh ¢2007). Barbosa et al.
(2007) indicated that associational resistanceisteptible plants is inversely
related to the palatability (antixenosis resistamssociated with neighbours.

Kennedy et al. (1987) indicated that simultaneaesgntation of
moderate levels of antixenosis, antibiosis, aner&mice to pest populations can be
an effective strategy for controlling pest popuas. In addition to selective
pressures associated with antibiosis, antixendsisiatroduces selective
pressures. Thus, coupling antixenosis with antibiosdes can influence the
longevity of resistant lines. These resistance rmpdeesented simultaneously to
pest populations, reduce the likelihood of overaagreither mode individually;

this relationship requires that susceptible hostsaacessible to pests (Gould
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1984). However, antixenosis and antibiosis ardyikesociated with the same
compound(s) in resistaf. albax B. napuggenotypes tested in this study
(Chapter 4); this relationship may mean t@abbstrictusovercomes these
resistance traits at a rate comparable to eithelenade antixenosis or antibiosis
presented alone.

Crop resistance is highly compatible with integdgpest management
(IPM) (Palaniswamy 1996). Reduced apparency atigeanosis (as they
contribute to associational resistance) and ardgibiesistance might best be
exploited in a manner consistent with stimulo-deterr diversion (Miller and
Cowles 1990). Stimulo-deterrent diversion or ‘pymsit that incorporates a trap
cropping scheme may improve successes already cratad inC. obstrictus
control associated with trap cropping alone (Caatal. 2007). The combined
effects of the ‘pull’ of attractiv®. napusor B. rapagenotypes as the trap crop
and the ‘push’ of resista®. albax B. napuggenotypes as the main crop may
concentraté. obstrictugpopulations more effectively than a trap crop aghly
attractiveB. rapaand main crop of attractii®. napudor localized insecticidal
control. The stability of the IPM system would k&hfrom incorporation of
resistant germplasm and reduce pesticide inpua(iBaramy 1996), and as
susceptible and attractive host plants are easdgssible t&. obstrictusreduce
selective pressures associated with antibiosisaatigdenosis resistance.

Céarcamo et al. (2007) suggested that augmentingftivacy of trap crops
in small or narrow fields and/or when populatioeaah outbreak levels is

required. The effectiveness of cropping systemsititegrate ‘push-pull’ with
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susceptible and resistant germplasm under outlm@aditions, as occur in the
Lethbridge, Alberta region and are predicted intsetn Manitoba in the near
future (Dosdall et al. 2002), need to be evaludRehistance associated solely
with theseS. albax B. napuggenotypes may be insufficient to contl
obstrictuspopulations below current nominal thresholds (Ddsetaal. 2001)
under outbreak conditions. However, the nd@&ehlbax B. napugyenotypes may
still benefit from reduced apparency (Chapters)3adtixenosis resistance and
antibiosis resistance (Chapter 5).

Differences in the olfactory responsesfobstrictugo resistant and
susceptible genotypes also indicate differencbencompositions of headspace
volatiles associated with these plants. In additmimfluencing the responses of
C. obstrictusolfactory cues may also influence the behaviofirsatural enemies
of the weevil, recruited from native or naturalizempulations or deliberately
introduced as classical biological control age@ibgon et al. 2005, 2006;
Kuhlman et al. 2006; Dosdall et al. 2007, 2009)araples of parasitoids
responding to host plant olfactory cues are nuneerbar exampleRhradis
interstitialis Thomson and ersilochus heterocerughomson (Hymenoptera:
Ichneumonidae) are parasitoids of pollen beeNedigethesspp.; Coleoptera:
Nitiduliae) in northern Europe (Nilsson and Andisas 1987; Billgvist and
Ekbom 2001; Buchi 2002). J6nsson et al. (2005ndatnatP. interstitialiswere
attracted to odours of oilseed rape in the budestagiT. heterocerupreferred
odours of floweringape; they also detected a synergistic interactfdrost plant

odour and yellow paper for both parasitoid spediée responses of predators
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and parasitoids df. obstrictugo olfactory and visual cues associated tt&se
albax B. napuggenotypes have not yet been evaluated, but regrasemportant
direction for future research.

Antibiosis resistance demonstrated for s@nalbax B. napuggenotypes
may also influence natural enemie<fobstrictus particularly the larval
ectoparasitoid¥richomalus perfectu@Valker) andMesopolobus mory@Valker)
(Hymenoptera: Pteromalidae). Larvae of these fiards occupy inner regions
of canola siliques and so are exposed to the sanditmns a<C. obstrictus
larvae. Consequently populations of these paidsitnay be affected by changes
in host plant biochemistry. For instance, Solealef2007) found that increases
in indole glucosinolates occurred in the root8cdssica nigral. (Brassicaceae)
plants that were subject to foliar feeding®igris brassicad.. (Lepidoptera:
Pieridae). The growth of botb. radicumand its koinobiont parasitoid,
Trybliographa rapagdWestwood) (Hymenoptera: Figitidae), were reducgd b
approximately 50 per cent as a result of this iaseeof root glucosinolate content
(Soler et al. 2007).

A final concern is associated with the distributadiresistan. albax B.
napusgenetic material by pollen vectors. Honeybees apalsle of distributingg.
napuspollen up to 4 km (Ramsay et al. 1999). Wind iess efficient vector3.
napuspollen density decreases by 90 per cent 20 m frenfieéld border
(McCartney and Lacey 1991). Distribution of geaetiaterial from resistant to
susceptible genotypes will occur and may influersggonal durability of

resistance traits. Also, because preservationsigtemce traits will likely require
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its incorporation into appropriate planting arramgats with susceptible refugia,
control over the distribution of resistant germptamay be required. The use or
sale of seed saved from previous years by produaéiskely need to be
restricted to control deployment and thus exposiife. obstrictuso selective
pressures that will allow it to overcome antibicengl antixenosis resistance and

reduced apparency associated with tlesalbax B. napusgenotypes.
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