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Summary

Summary

Oilseed rape is attacked by a wide range of insect pests during its growing season
across Europe. Infestation by rape stem weevil (Ceutorhynchus napi Gyll.) and cabbage stem
weevil (Ceutorhynchus pallidactylus (Marsh.)) can cause major economic damage. At
present, the control of these insect pests is strongly based on synthetic insecticides. Resistant
cultivars are an important element in integrated pest management and an important breeding
trait in oilseed rape. No resistance to infestation by C. napi has been found to date within the
gene pool of Brassica napus L.. Resynthesized lines of oilseed rape can be developed by
crossing the two progenitor species (Brassica oleracea L. X Brassica rapa L.). Because of
their broad genetic variability, resynthesized lines of oilseed rape can provide potential

sources of resistance to diseases and pests.

The major objectives of the present study were to determine the susceptibility of 30
genetically diverse genotypes of B. napus for infestation by the specialist stem weevil C. napi.
In addition, open field experiments were conducted in two years to assess the susceptibility of
all 30 genotypes for infestation by C. napi and C. pallidactylus larvae. In open field and
laboratory experiments, the host plant acceptance of eight selected genotypes was assessed by
evaluating the number of eggs deposited by C. napi into stems. To determine differences in
plant responses to oviposition by C. napi between the selected genotypes, the severity of pith
tissue degeneration per stem was assessed. In the semi-field experiment, the susceptibility of
twelve selected genotypes for infestation by C. napi larvae was evaluated. Differences in the
larval performance of C. napi between selected genotypes were assessed by determining the
instar index and the dry body mass of larvae. To identify plant resistance mechanisms
affecting plant infestation by C. napi, both plant metabolic and morphological plant traits
were evaluated. Stems and leaves of genotypes of oilseed rape were analyzed for
glucosinolates and other plant metabolites such as carbon and nitrogen. Additionally,
morphological plant traits such as the stem base diameters and stem lengths of various
genotypes and sampling dates were evaluated during the natural infestation period of C. napi.
Quantitative differences between genotypes were evaluated by measuring plant stem
biomasses. These morphological and plant metabolic traits were related to the number of eggs

laid, larval infestation and larval performance of C. napi.

The results obtained in open field and laboratory experiments indicated considerable
variation between the number of eggs deposited by C. napi into stems of different
resynthesized lines, cultivars and lines of oilseed rape. The number of eggs in resynthesized

lines, particularly in lines S30 was on a very low level, while the resynthesized line H30 and
1
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the cultivar Sollux (open field) and the cultivar Oase (laboratory) showed a high number of
eggs. The low numbers of eggs indicated antixenosis resistance in S30 to C. napi. In the open
field, the degree of pith tissue degeneration in stems differed significantly between genotypes.
In S30, the severity of pith tissue degeneration was significantly lower than in H30. In open
field and semi-field experiments, S30 contained a significantly lower number of C. napi
larvae compared to other tested genotypes, such as Sollux and the resynthesized line L16. The
low number of larvae in S30 may result from a reduced oviposition, while egg or larval
mortality, reflected by the ratio between the number of eggs and larvae did not significantly
differ between selected genotypes. The larval development time, reflected by the larval instar
index, was significantly prolonged in S30 compared to L16 (semi-field) and H30 (open field),
thereby indicating antibiosis resistance in S30. In the open field, the number of C.
pallidactylus larvae did not significantly differ between test genotypes. However, in S30 the

infestation by C. pallidactylus larvae was on a low level as well.

Glucosinolates and other metabolites have been shown to affect host acceptance and
performance of crucifer-feeding insects. Therefore, in open field and semi-field experiments
the glucosinolate content and profile in the stems of genotypes were analyzed in order to
determine the effect of glucosinolates on plant infestation by C. napi. In the open field, the
number of eggs in stems was positively dependent upon levels of five stem glucosinolates,
glucobrassicanapin, glucoalyssin, glucobrassicin, neoglucobrassicin and gluconasturtiin. In
semi-field and open field experiments, the number of full-grown larvae in stems was not
dependent upon the glucosinolate contents of stems. Additionally, the larval instar index and
the larval dry body mass of 3" larval instar of C. napi were not dependent upon the content of
stem glucosinolates. In the open field, the nitrogen and carbon content in stems of tested
genotypes were not dependent upon the number of eggs, number of larvae and the larval
performance of C. napi. In the open field, the number of eggs deposited by C. napi into stems
at the beginning of the oviposition period of C. napi was significantly positive dependent
upon length of the stems. In contrast, at peak oviposition, the number of eggs was
significantly negative dependent upon length of the stems of genotypes. There was no
relationship between the number of eggs and the plant biomasses of the tested genotypes.

The oviposition preference and larval performance of C. napi on various genotypes
has not been studied in detail before. In this study high antixenosis resistance to C. napi in the
resynthesized line S30 has been indentified for the first time. Improved knowledge has been
gained in resistance mechanisms, which is required for breeding cultivars of oilseed rape with

resistance to insect pests.
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Oilseed rape

Oilseed rape (Brassica napus L.) has originated from spontaneous hybridization of
cabbage (Brassica oleracea L.) and turnip (Brassica rapa L.) (Friedt 2011). Oilseed rape is an
important crop in central and northern Europe, especially in the Czech Republic, Denmark,
France, Germany, Hungary, Poland, the United Kingdom and Ukraine. Due to its higher yield
potential, winter oilseed rape is grown more commonly than spring rape (Kimber and Mc
Gregor 1995). In 2013, oilseed rape and turnip rape covered acreage of 1.46 million hectares
in Germany. Only France has a higher acreage of 1.61 million grown hectares. In 2013,
Germany produced 5.75 million tons of oilseed rape and turnip rape of seed (Eurostat 2014).
The European Union is the largest producer of oilseed rape in the world, followed by Canada,
China, India, and Australia. Worldwide, oilseed rape is the largest oil crop after soybean and
the production of oilseed rape almost doubled during the last 20 years (Mielke 2011). Oil
extracted from crushed seed is commonly used for human nutrition and in the production of
biodiesel (Alford 2003). Due to its high content of protein and essential amino acids, the seed
meal is used in animal nutrition (Bell 1995). Currently, mainly cultivars with very low
contents of erucic acid and low contents of glucosinolates in the seeds are grown, known as
‘canola quality’ or ‘double low quality’ (Bell 1995; Alford 2003). Due to the low
glucosinolate content in the meal, oilseed rape is more suitable for animal fodder (Bell 1995).
Oilseed rape oil is suitable for human nutrition because of its very low erucic acid level (Bell
1995; Uppstroem 1995).

Insect pests of oilseed rape crops

In Europe, oilseed rape is attacked by a wide range of insect pests during its growing
season. Economic damage is most often caused by pollen beetle (Meligethes aeneus (F.)),
cabbage stem flea beetle (Psylliodes chrysocephala (L.)), rape stem weevil (Ceutorhynchus
napi Gyll.), cabbage stem weevil (Ceutorhynchus pallidactylus (Marsh.)), cabbage seed
weevil (Ceutorhynchus obstrictus (Marsh.)), and brassica pod midge (Dasineura brassicae
(Winn.)) (Alford et al. 2003; Williams 2010). Insect pests of oilseed rape of minor importance
are cabbage aphid (Brevicoryne brassicae (L.)), cabbage flea beetles (Phyllotreta spp.),
cabbage root fly (Delia radicum (L.)), peach/potato aphid (Myzus persicae (Sulz.)), rape
winter stem weevil (Ceutorhynchus picitarsis Gyll.), and turnip sawfly (Athalia rosae) (L.)).
In addition, some insect pests, although very occasionally, are reported on oilseed rape crops,
such as diamond-back moth (Plutella xylostella (L.)), butterflies (Pieris spp.), and turnip gall
weevil (Ceutorhynchus pleurostigma (Marsh.)) (Alford et al. 2003).
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Rape stem weevil

Rape stem weevil became an important pest of oilseed rape in the South and
Southwest of Germany and in Switzerland after the Second World War (Dosse 1951;
Schmutterer 1956). Then rape stem weevil gradually spread towards the North of Germany,
and today only the Northwest of Schleswig-Holstein and Lower Saxony is not infested by
rape stem weevil (Schmutterer 1956; Paul 2003). Host plants of rape stem weevil are oilseed
rape, turnip rape, mustard and other brassicaceous plants such as runch and charlock (Paul
2003).

Life cycle: The life cycle of rape stem weevil has been studied by several authors (Fig.
1) (Guenthart 1949; Dosse 1951; Deubert 1952, 1955; Schmutterer 1956; Ballanger 1987a; Le
Pape and Bronner 1987; Lerin 1993). Adult weevils migrate from oilseed rape fields of the
previous year to the new oilseed rape crops in early spring (March/April). Migration starts at
soil temperatures between 5 - 7 °C (temperature in 2 cm depth) and at air temperatures
between 9 - 12 °C (Schmutterer 1956). In addition, sun radiation and wind speed play
important roles during the migration to new oilseed rape crops (Schmutterer 1956). After crop
colonization, the rape stem weevil undergoes a maturity feeding period of approximately two
weeks (Guenthart 1949). Females then begin laying their eggs into the stem pith of oilseed
rape, preferably 2 cm below the buds (Lerin 1993).
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Females of rape stem weevil feed a small channel slantwise upwards into the rape
stem pith into which the egg is introduced (Deubert 1955). A membranous material
(exochorion) coats the egg laid into the pith of the stem (Le Pape and Bronner 1987). This
material forms a close pouch around the egg; it has been suggested this is to protect the egg
from desiccation (Guenthart 1949; Deubert 1955). The larva hatches after 8 - 16 days and
feeds within the stem pith for three to five weeks (Dosse 1951). In May/June, the full-grown
3 instar larva drops to the ground and pupates in an earthen cocoon in soil (Dosse 1951). The
pupal stage lasts around three weeks. Adults overwinter within these earthen cocoons (Dosse
1951). Females pass through an obligate, pre-reproductive diapause before they emerge the
following spring (Fig. 1).

Damage pattern on rape plants: A few days after oviposition by rape stem weevil,
whitish egg-laying punctures are visible on stems of oilseed rape and cabbage species (Dosse
1951; Ballanger 1987b) (Fig. 2).

Fig. 2 Left: Whitish egg-laying punctures on stem of oilseed rape (Photo: H. Brandes); Middle: Split and

twisted oilseed rape stem; Right: Ceutorhynchus napi larvae and larval feeding tunnels within the stem pith

Oviposition by rape stem weevil takes place during stem elongation growth (Lerin
1993). After egg-laying, the growth rate of stems is the main factor causing splitting of stems
(Fig. 2) (Lerin 1993). The extent of splitting is affected by ambient temperatures and is not
dependent upon the number of eggs (Lerin 1993). Oilseed rape stems of > 20 cm length are
less susceptible to splitting (Lerin 1993). Egg deposition by females may also result in
twisting of stems (S-shaped stems), followed by distortion, considerable disruption to growth
and yield losses (Dosse 1951; Buechi 1988; Alford et al. 2003). Disruption to growth is often
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associated with the development of many weak side shoots and delayed flowering (Paul
2003). Larval feeding tunnels occur as a result of larval feeding within the stem pith (Fig. 2)
(Dosse 1951).

Gall formation: Plants are able to respond to egg deposition by herbivorous insects
(Hilker et al. 2002). Already 24 hours after egg deposition by rape stem weevil into stems, the
nuclei of pith tissue cells surrounding the eggs move towards the center of the cells. Cells
increase in volume to form a nodule of small, metabolically active cells around the egg
(Dosse 1951; Deubert 1955). Cells of the pith surrounding this nodule start to degenerate (Fig.
3). This process is referred to as gall formation (Dosse 1951; Deubert 1955; Hilker et al.
2002). According to Deubert (1955) and Le Pape and Bronner (1987), the gall formation is
caused by the egg which induces translocation of water and nutrients from the plant tissue to
the nodule. This redistribution of nutrients and water might cause the degeneration of the
surrounding cells. However, this suggestion contradicts other studies that found a substance,
secreted by females during oviposition, to be responsible for the formation of galls (Guenthart
1949; Deubert 1952).

Fig. 3 Left: Non-infested oilseed rape stem with non-degenerated pith tissue; Right: Infested oilseed rape stem
section with degenerated pith tissue (Photo: A. Reinhardt)

Damage potential: The pest status of rape stem weevil in oilseed rape has been studied
extensively (Guenthart 1949; Schmutterer 1956; Ballanger 1987a; Buechi 1988). Yield losses
are depended on the time and level of infestation (Ballanger 1987a; Buechi 1988). The main
damage is caused by the egg-deposition of female rape stem weevils, whereas damage by
larvae is only of secondary importance (Dosse 1951). The loss of seed yield is affected by the
number of eggs deposited by females (Lerin 1993), plant growth stage and the number of
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larvae feeding within stems (Buechi 1988). Well established damage thresholds, based on
weevil abundance, are still missing. The abundance of adults on the crop is not indicative of
the number of eggs laid by females (Buechi 1988).However, if the threshold of ten adult
weevils caught per yellow trap in three days during the colonization period is exceeded,
farmers are recommended to apply an insecticide to the oilseed rape crop before the beginning
of oviposition (Paul 2003). Plant damage caused by rape stem weevil was found to be lower
in vigorous plants obtained by low sowing densities (Nuss 2004). Further, farmers are advised
to grow early-flowering cultivars instead of medium- and late-flowering cultivars of oilseed
rape (Buechi 1996). Stems of oilseed rape which are longer than 22 cm are less preferred for
oviposition by rape stem weevil (Buechi 1996). Following hibernation, adults migrate to the
nearest oilseed rape crop. Therefore, the greater the distance from the oilseed rape field of the
previous year to the new oilseed rape crop, the less infestation by rape stem weevil can be
expected (Roeder et al. 1980). Tight oilseed rape crop rotations should be avoided (Roeder et
al. 1980). During immigration flights, isothiocyanate baited traps have been considered for
monitoring rape stem weevil and other insect pests of oilseed rape (Finch 1977; Smart et al.
1993; Kelm and Klukowski 2000).

Interaction between the stem-mining weevils Ceutorhynchus napi and C. pallidactylus

In Europe, cabbage stem weevil (C. pallidactylus) often occurs together with rape
stem weevil on oilseed rape crops (Guenthart 1949). Rape stem weevil and cabbage stem
weevil share the same habitat and food resources within the stems of oilseed rape plants.
Female cabbage stem weevils lay their egg batches into the petioles of plants. Neonate larvae
feed within the petioles before 2" instar larvae move into the stems to complete their
development (Guenthart 1949). Females of cabbage stem weevils preferentially lay their eggs
in plants which are already infested by eggs and larvae of rape stem weevil instead of non-
infested plants (Dechert and Ulber 2004). Rape stem weevil and cabbage stem weevil avoid
interspecific competition, because the larvae of cabbage stem weevil feed preferably in the
lower parts of stems (Dechert and Ulber 2004).

Pest management strategies

At present, the management of insect pests on oilseed rape crops is strongly based on
synthetic insecticides (Thieme et al. 2010; Williams 2010). In Germany, most of the

registered insecticides against oilseed rape pests belong to the chemical class of pyrethroids
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(BVL 2014). Extensive application of pyrethroids in a sequence within one season for control
of main insect pests has resulted in high selection pressure (Thieme et al. 2010). In 2007 to
2012, crops of winter oilseed rape were treated with 2.8 insecticide sprays per year in average
in Germany (Freier et al. 2014). Consequently, pollen beetle has developed high levels of
resistance to pyrethroids in various European growing regions (Hansen 2003; Derron et al.
2004; Zimmer and Nauen 2011; Zimmer et al. 2014). Resistant pollen beetle populations are
found throughout Germany (Heimbach and Mueller 2013; Henning 2013). Insecticides may
also have adverse effects on non-target insects (Walters et al. 2003; Thieme et al. 2010; Ulber
et al. 2010). In the past considerable effort has been spent to develop alternative pest
management strategies. A non-chemical approach is the application of volatile essential oils
which may have potential to keep pollen beetles away from their host plants by masking the
host plants’ volatiles (Mauchline et al. 2005, 2013). The ideal glucosinolate profile of oilseed
rape for resistance management against pest infestation was suggested by Bartlet (1999b). The
potential to enhance resistance of oilseed rape plants to insect pests by changing the leaf
glucosinolate profile was discussed by Mithen (1992). Another non-chemical approach is the
enhancement of natural enemies of insect pests (Walters et al. 2003). This can be achieved by
reduced tillage after harvest of oilseed rape (Nilsson 2010), which may avoid destruction of
larval parasitoids due to deep ploughing (Nitzsche and Ulber 1998; Nilsson 2010). Natural
enemies such as parasitoids can also be promoted by the provision of flowering strips (Buechi
2002). Insect pests of oilseed rape can also be controlled by using trap crops (Buechi 1990;
Cook et al. 2002; Nilsson 2004; Barari et al. 2005; Carcamo et al. 2007a; Buechs 2009).

Host plant resistance

Breeding for host plant resistance is a primary approach for pest control (Painter 1951;
Schoonhoven et al. 2005; Singh and Singh 2005). Resistant cultivars can provide an important
element for integrated pest management strategies (Gullan and Cranston 2005) and an
important breeding trait in oilseed rape (Frauen 2011). Plant resistance can be subdivided in
functional (pseudo-resistance) and genetic resistance (Painter 1951). Functional resistance can
be classified into three categories: host evasion (host may pass through the most susceptible
stage quickly), induced resistance (temporarily increase in resistance as a result of
environment) and escape (absence of host plant infestation due to transitory processes like
incomplete infestation) (Painter 1951; Schoonhoven et al. 2005). Host evasion is known for
females of rape stem weevil which prefer oilseed rape plants shorter than 22 cm compared to
taller plants for oviposition (Buechi 1996). Genetic resistance can be based on the number of

9
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genes, the biotype, the population, miscellaneous categories or based on the evolutionary

concept (Schoonhoven et al. 2005).

Host plant resistance to pest insects was subdivided in the mechanisms non-preference
(antixenosis), non-performance (antibiosis) and tolerance (Painter 1951). Antixenosis is the
insects’ avoidance of plant genotypes during their search for food, oviposition sites, shelter, or
for combinations of the three (Painter 1951; Kogan and Ortman 1978; Sarfraz et al. 2006).
Antibiosis affects the performance of herbivorous insects such as reduced fecundity, size,
weight or longevity and increased mortality of the insect (Smith et al. 1994; Sarfraz et al.
2006). A genotype showing tolerance is able to withstand the damage by herbivorous insects
despite a level of infestation that causes damage to a susceptible genotype (Smith et al. 1994).
A combination of different defense mechanisms with regard to insect pests has been found in

various plant species (Schoonhoven et al. 2005).

Plant features contributing to resistance against herbivores can be plant metabolic
compounds and/or morphological plant traits (Sarfraz et al. 2006). Resistance can be
constitutive or induced by herbivory (Schoonhoven et al. 2005). Constitutive plant defenses
can be based on plant morphology (Way and Murdie 1965; Stoner 1990; Schoonhoven et al.
2005) and/or on secondary metabolites like glucosinolates (Giamoustaris and Mithen 1997;
Lambdon et al. 1998). For example, an extensive wound callus tissue formation in petioles of
oilseed rape following oviposition by cabbage stem weevil may lead to an increased mortality
of egg batches (Nuss 2004).

To improve plant breeding with regard to insect pest resistance traits in oilseed rape a
broad genetic variation is required (Snowdon and Friedt 2004; Snowdon 2007; Friedt 2011).
However, the genetic variation in oilseed rape is small and targeted breeding for resistance
started only less than 70 years ago (Olsson 1960; Song and Osborn 1992). The present
breeding material of oilseed rape is derived from a few interspecific hybrid plants (Becker et
al. 1995) and no wild forms of oilseed rape have been found (Friedt 2011). Approaches of
screening for resistant genotypes and cultivar development in cruciferous plants include
resynthesized lines of Brassica species (obtained by interspecific hybridization), identification
of QTLs (quantitative trait loci) as genetic markers, plant model-based breeding
(Arabidopsis), haploid techniques, protein and/or metabolite studies by ‘omics technologies
(Snowdon 2007; Duran et al. 2009; Nicolas et al. 2009; Friedt 2011). Resynthesized lines are
broadening the genetic variation in oilseed rape (Olsson et al. 1980; Girke et al. 2012).

Several studies have been reported the potential of resynthesized lines as sources for the

10
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improvement of disease resistance (Diederichsen and Sacristan 1996; Rygulla et al. 2007) and

pest resistance (Seyis et al. 2001; Eickermann 2011).

Within the Brassicaceae there are some examples of host plant resistance to insects, e.g. to
lepidopteran species such as the small white butterfly (Pieris rapae (L.)) (Dickson and
Eckenrode 1975; Agrawal and Kurashige 2003) and the diamond-back moth (Dickson et al.
1986; Renwick 2002), to coleopteran species such as cabbage flea beetles (Renwick 2002),
mustard leaf beetle (Phaedon cochleariae (F.)) (Uddin et al. 2009), cabbage stem weevil
(Eickermann 2011), and cabbage seed weevil (Carcamo et al. 2007b; Tansey and Dosdall
2011), to hemipteran species such as cabbage aphid (Ellis and Farrell 1995; Messina and
Bloxham 2004) and to dipteran species such as cabbage root fly (Tansey and Dosdall 2011).

A future approach with regard to resistance breeding against insects can be the
recombinant DNA technology (Alford 2003). Today GM (genetically modified) crops like
soybean, cotton, potato, and maize carrying insect resistance traits are grown primarily in
North and South America and China (CERA - GM crop database 2014). Insect resistant GM
crops primarily depend on the expression of Bacillus thuringiensis (Bt) insecticidal proteins
(James 2003). Previous studies demonstrated that a transgenic cabbage genotype expressing
Bt toxins is resistant to diamond-back moth (Jin et al. 2000; Liu et al. 2008) and transgenic
oilseed rape containing a harmful enzyme and a toxic insect gene of a scorpion also showed
resistance to diamond-back moth (Wang et al. 2005). An additional new approach for
managing insect pests is RNA interference (Baum et al. 2007). However, insect-resistant GM
Brassica crops are not yet commercially available (CERA - GM crop database 2014; Ahuja
et al. 2010).

Methods for identification of host plant resistance

Resistance in plant genotypes to herbivores is observed frequently, but the
identification of plant features contributing to the resistance in plants may be difficult (Stoner
1992). Laboratory screening methods have been developed for testing the susceptibility of
different host plants to individual insect pest species (Farrell 1977; Harmon and McCaffrey
1997; Ulmer et al. 2001; Eickermann and Ulber 2010). The basis for identification of host
plant resistance is the screening of a large assortment of genetically diverse genotypes.
Simple, quick and reliable bioassay techniques are required to evaluate insect pest preference
and performance and responses of host plants to pest attack (Ellis and Kift 2003).
Standardization of test plants grown under greenhouse conditions may be equally important as

standardization of test insects in obtaining reliable results (Harmon and McCaffrey 1997). To
11
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test insect responses to host plants two methods can be used: (i) multi-choice tests and (ii) no-
choice tests (Farrell 1977; Ulmer et al. 2001; Eickermann and Ulber 2010). Multi-choice tests
are applied to identify host preference and acceptance for individual plant genotypes (Bartlet
and Williams 1991). No-choice tests are focused on oviposition, feeding and performance on

different plant genotypes (Farrell 1977).

Host selection by herbivorous insects

The majority of herbivorous insect species accept only a limited number of plant
species as hosts (Van Loon et al. 1992) and host plant selection behavior is fundamental to
insect life cycles (Schoonhoven et al. 2005). Host selection by herbivorous insects is often
divided into three steps (Mithen 1992; Finch and Collier 2000; Williams and Cook 2010): (i)
host plant searching (finding) of the adult insects, (ii) acceptance of the plant by adults for

laying eggs and (iii) continuous feeding of larvae or adults (Mithen 1992).

Olfactory cues are commonly important for host finding (Schoonhoven et al. 2005).
From long distances, olfactory cues can lead the way to the host plant (Finch and Collier
2000). Most crucifer-feeding insects are attracted to specific volatile hydrolysis products of
glucosinolates such as isothiocyanates and nitriles as well as to non-specific volatiles which
are released from plants of various plant families (Bartlet et al. 1993; Bartlet et al. 1997; Cook
et al. 2007). Previous studies reported that isothiocyanates mainly attract specialist insects of
oilseed rape (Renwick et al. 1992; Van Loon et al. 1992; Chew and Renwick 1995). They are
important cues for host location by cabbage seed weevil, cabbage stem flea beetle, pollen
beetle, and brassicae pod midge (Bartlet et al. 1999b).

Visual cues such as colour and plant architecture may be important across intermediate
distances (Smart et al. 1997; Williams and Cook 2010). Many specialist insects of oilseed
rape are attracted by the yellow colour (Giamoustaris and Mithen 1996; Smart et al. 1997;
Cook et al. 2013).

At close range orientation, mainly non-volatile plant metabolites are important for host
acceptance (Finch and Collier 2000). For host acceptance of crucifer-feeding insects,
glucosinolates which are not hydrolyzed by myrosinase and spatially separated from this
enzyme play a major role (Renwick et al. 1992; Bartlet et al. 1994; Huang and Renwick 1994;
Renwick 2002) and trigger oviposition by these insects (Renwick et al. 1992; Van Loon et al.
1992; Chew and Renwick 1995). For instance, oviposition by small and large white butterfly

is stimulated by the indolyl glucosinolate glucobrassicin (Renwick et al. 1992; Van Loon et

12
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al. 1992) and oviposition by cabbage root fly is stimulated by the aromatic glucosinolate
gluconasturtiin (Tansey and Dosdall 2011). Glucosinolates can also trigger feeding by
specialist insects (Chew and Renwick 1995). They have been found to stimulate feeding by
cabbage stem flea beetle (Giamoustaris and Mithen 1995; Bartlet et al. 1994), Ceutorhynchus
constrictus (Marsh.) and C. inaffectatus Gyll. (Nielsen 1990). Feeding by larvae of cabbage
stem weevil is stimulated by the indolyl glucosinolates glucobrassicin, 4-
methoxyglucobrassicin and by the aromatic glucosinolate gluconasturtiin (Eickermann 2011).
Larval weight of cabbage stem flea beetle increased with increasing concentration of indolyl
glucosinolate 4-hydoxyglucobrassicin and aromatic glucosinolate progoitrin (Doering 2012b).
Feeding by cabbage flea beetles is stimulated by the indolyl glucosinolate neoglucobrassicin
(Larsen et al. 1985). Feeding by cabbage stem flea beetle on an artificial medium is stimulated
by the aliphatic glucosinolates gluconapin and glucotropaeolin, by the indolyl glucosinolate
glucobrassicin and by the aromatic glucosinolate gluconasturtiin (Bartlet et al. 1994).
However, Bartlet (1999b) revealed that the presence of glucosinolates is not a prerequisite for
feeding by cabbage stem flea beetle.

On the other hand, the presence of glucosinolates in crucifer plants also has been
found to serve as defense compounds against non-specific, generalist herbivores (Feeny
1977). However, even specialist insects are not completely immune to the defense compounds
of brassicaceous host plants (Ali and Agrawal 2012). Glucosinolates can cause repulsion or
deterrence of specialist insect pests in crucifer plants. For instance, high glucosinolate
concentrations in leaves of oilseed rape result in lower numbers of cabbage aphid compared to
leaves with low concentrations (Waligora and Krzymanska 1995). Feeding by cabbage flea
beetle and diamond-back moth is reduced at high concentrations of glucosinolates compared
to intermediate glucosinolate concentrations (Siemens and Mitchelolds 1996). Oviposition by
cabbage root fly is negatively correlated with the indolyl glucosinolate neoglucobrassicin
(Tansey and Dosdall 2011). Feeding by cabbage stem weevil larvae decreased with increasing

indolyl glucosinolate 4-hydroxyglucobrassicin (Eickermann 2011).

Other secondary plant metabolites such as phenolics and alkaloids can affect host
acceptance and preference of herbivorous insects (Mayer 2004; Schoonhoven et al. 2005).
The cabbage root fly responded strongly to a compound (a complex tetracyclic carboxylic
acid) from the surface of cabbage leaves (Roessingh et al. 1997). Phytoalexins such as
methoxybrassicin, cyclobrassinin, and brassitin triggered oviposition by cabbage root fly
(Baur et al. 1998). The natural flavonoid kaempferol has been identified to reduce larval

feeding by cabbage seed weevil (Lee et al. 2014).
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Nutrient quality of the plant can affect adult abundance, oviposition preference and
larval development (Blake et al. 2010). Primary plant metabolites such as sugars and amino
acids can affect feeding of herbivorous insects (Bartlet et al. 1994; Van Loon and van
Eeuwijk 1989). Sugars stimulated feeding by cabbage stem flea beetle on an artificial agar
substrate (Bartlet et al. 1994). Carbohydrates such as sucrose, fructose and glucose stimulated
feeding by herbivorous insects (Schoonhoven et al. 2005) and can affect insect preference and
performance (Berenbaum 1995). For instance, the large white butterfly is stimulated by D-
sucrose and D-glucose (Bernays and Simpson 1982). Nitrogen has a central role in various
metabolic processes of plants e.g. for cellular structure, genetic coding and plant growth
(Mattson 1980). In addition, the nitrogen content of the plant can affect herbivorous insects
(Mattson 1980). Plant attractiveness can be modified by crop nitrogen status (Rusch et al.
2013), thereby affecting pest abundance on the crop (Staley et al. 2010). Foliar nitrogen
content can affect performance and survival (Awmack and Leather 2002; De Bruyn et al.
2002) and limit population growth of herbivorous insects (Mattson 1980; White 1984). For
instance, larval performance of diamond-back moth (Staley et al. 2009) and small white
butterfly (Loader and Damman 1991; Chen et al. 2004) was enhanced when plants were
fertilized with nitrogen. Fertilization rate of nitrogen can affect host acceptance by females of
Pieris spp., which laid more eggs on highly fertilized plants compared to poorly fertilized
plants (Chen et al. 2004). Larvae of the small white butterfly adjusted their feeding rate to

maximize nitrogen accumulation rate (Slansky and Feeny 1977).

A non-biochemical factor affecting host plant selection of insects is plant morphology
such as leaf color, size and position, leaf surface waxes and trichome density (Sarfraz et al.
2006). For instance, canola pods with stiff trichomes showed no damage by cabbage flea
beetle (Phyllotreta cruciferae (Goeze)) (Lamb 1980). A high trichome density had adverse
effects on feeding preference by cabbage flea beetles in canola (Soroka et al. 2011) and by
cabbage stem flea beetle in Brassica spp. (Doering 2012a). Plants of B. oleracea with wax or
non-wax surface layers can determine resistance to cabbage aphid. Non-waxy plants were not
colonized by cabbage aphid (Thompson 1963). Leaf surface waxes can also contain chemical
cues, including glucosinolates (Staedler et al. 1986). The physical structure of plant surface
and lipids can affect attachment and locomotion of insect herbivores. Glossy phenotypes are
commonly less susceptible to insect herbivores than non-glossy phenotypes (Eigenbrode and
Espelie 1995). Infestation by cabbage stem weevil increased accordingly with the increasing

number of plant leaves on oilseed rape (Eickermann and Ulber 2011).
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Secondary metabolites - glucosinolates (s. also pp 12-13): Glucosinolates are present
in the plant order Capparales, which also includes the Brassicaceae (Rodman et al. 1996).
Glucosinolates are the major group of secondary metabolites found in cruciferous crops
(Fahey et al. 2001). Approximately 120 different glucosinolate compounds are known (Fahey
et al. 2001; Bones and Rossiter 2006). All glucosinolates share a chemical structure consisting
of a B-D-glucopyranose linked via a sulfur atom to a (Z)-N-hydroximinosulfate ester, plus a
variable R side chain (Fig. 4) (Halkier and Gershenzon 2006). In Brassica species
glucosinolates can be divided into three major classes, (i) aliphatic, (ii) indolyl and (iii)

aromatic glucosinolates (Table 1) (Giamoustaris and Mithen 1995).

Glucosinolates are catalyzed by the endogenous enzyme myrosinase following
disruption of plant cells (Fenwick and Heaney 1983; Hopkins et al. 2009), while in non-
disrupted plant cells the myrosinase is spatially separated from the glucosinolates (Mithen
1992, 2001). Depending on the glucosinolate side chain, pH-value, presence of ferrous ions
and ascorbic acid several products can be catalyzed (Fenwick and Heaney 1983). Aliphatic
glucosinolates can be hydrolyzed to stable volatile isothiocyanates, nitriles, and thiocyanates.
However, the aliphatic glucosinolate progoitrin cannot be hydrolyzed to stable volatile
isothiocyanates (Mithen 1992, 2001; Bones and Rossiter 2006). Indolyl glucosinolates
hydrolyze to unstable non-volatile isothiocyanates and nitriles, which can be degenerated to
alcohol and thiocyanate ions (Mithen 1992, 2001; Bones and Rossiter 2006).
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Fig. 4 Common glucosinolate structure (Halkier and Gershenzon 2006)

Glucosinolates are found in roots, stems, leaves and seeds of oilseed rape (Fahey et al.
2001) and vary both in quantitative and qualitative levels between individual plant organs
(Velasco et al. 2007). Total glucosinolate content in seeds is higher compared to stems and
leaves of oilseed rape (Cleemput and Becker 2012). Total glucosinolate content in leaves is
positively correlated with total glucosinolate content in stems, but not with the content in
seeds (Cleemput and Becker 2012). Glucosinolate content in leaves and stems of
resynthesized winter oilseed rape lines can range from 0.0 - 5.0 umol/g D.W. and in seeds
from 20.0 - 118.0 umol/g D. W. (Cleemput and Becker 2012). Advanced leave stages have
lower glucosinolate contents compared to early leave stages (Brown 2003). Total
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glucosinolate content can vary with seasonal and environmental conditions, locations
(Renwick 2002) and even over the course of a day (Rosa 1997). In resynthesized lines of
winter oilseed rape the predominant leaf glucosinolates are the aliphatic glucosinolates
(Cleemput and Becker 2012). In Arabidopsis, indolyl glucosinolates are mainly present in

advanced leaf stages and in the roots (Brown 2003).

Table 1 Glucosinolates found in Brassica species according to Giamoustaris and Mithen (1995); Velasco and
Becker (2000); Halkier and Gershenzon (2006); Kuebler (2010); Henning (2013)

Chemical nomenclature of the side chain ~ Trivial name Abbreviation  Group

2-hydroxy-3-butenyl progoitrin PRO aliphatic
2-hydroxy-4-pentenyl napoleiferin GNL aliphatic
5-methylsulphinylpentyl glucoalyssin ALY aliphatic
3-butenyl gluconapin GNA aliphatic
4-pentenyl glucobrassicanapin GBN aliphatic
2-propenyl sinigrin SIN aliphatic
3-methylthiopropyl glucoibervirin IBV aliphatic
3-methylsulphinylpropyl glucoiberin IBE aliphatic
(2S) 2-hydroxy-3-butenyl epiprogoitrin EPI aliphatic
4-methylthiobutyl glucoerucin ERU aliphatic
4-methylsulphinylbutyl glucoraphanin RAA aliphatic
3-methylsulphonylpropyl glucocheirolin CHE aliphatic
4-hydroxy-3-indolylmethyl 4-hydroxyglucobrassicin -~ 40H indolyl

3-indolylmethyl glucobrassicin GBC indolyl

4-methoxy-3-indolylmethyl 4-methoxyglucobrassicin - 4ME indolyl

n-methoxy-3-indolylmethyl neoglucobrassicin NEO indolyl

2-phenylethyl gluconasturtiin NAS aromatic
p-hydroxybenzyl sinalbin SIB aromatic

The glucosinolate content in cruciferous plants, can be induced by mechanical and
herbivore disruption (Bodnaryk 1992; Bartlet et al. 1999a) or by plant chemicals (Bodnaryk
1994; Bodnaryk and Yoshihara 1995; Doughty et al. 1995; Brader et al. 2001). In
Arabidopsis, disruption of the tissue by herbivory induces the biosynthesis of indolyl
glucosinolates (Beekwilder et al. 2008). In oilseed rape, the application of the elicitor
jasmonic acid induces indolyl glucosinolates (Bodnaryk and Yoshihara 1995; Doughty et al.
1995). In B. oleracea, the application of jasmonic acid doubles the content of the indolyl
glucosinolate glucobrassicin and lowers the content of the aliphatic glucosinolate glucoiberin
and the indolyl glucosinolate 4-hydroxyglucobrassicin (Bruinsma et al. 2007). Sugars such as
glucose and sucrose and the amino acid DL-methionine can elicit the increase of glucosinolate

contents in sprouts of Brassicaceae (Baenas et al. 2014). In seedlings of oilseed rape, feeding
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by cabbage flea beetle increases the content of indolyl glucosinolates glucobrassicin and 4-
hydroxyglucobrassicin (Bodnaryk 1992). The glucosinolate content can be also increased by
sulfur application (Booth and Walker 1992). In crucifer leaves, induced changes of
glucosinolate levels by insect feeding can occur within one day and last for several weeks
(Bartlet et al. 1999a). Early-season herbivores can affect food quality for herbivores
colonizing the plant later in the season (Bartlet et al. 1999a). Herbivores feeding on roots can
systemically induce glucosinolate levels in the stems and affect performance of above-ground
specialist herbivores (Van Dam et al. 2005; Soler et al. 2005).

17



Chapter |

Objectives of the study

The major objectives of the present study were:

To determine the susceptibility of a large assortment of genetically diverse oilseed
rape (Brassica napus L.) genotypes for infestation by the specialists rape stem weevil
(Ceutorhynchus napi Gyll.) and cabbage stem weevil (Ceutorhynchus pallidactylus
(Marsh.)). To evaluate differences in host plant acceptance between various
genotypes of oilseed rape, the number of eggs laid by rape stem weevil was assessed.
To determine the host plant quality of various genotypes of oilseed rape the larval

performance of rape stem weevil was assessed.

To evaluate differences in plant responses to egg-deposition by rape stem weevil
between selected genotypes of oilseed rape, the severity of pith tissue degeneration

was assessed.

To assess host plant resistance mechanisms affecting infestation by rape stem weevil,
both plant metabolic and morphological plant traits were evaluated. Stems and leaves
of genotypes of oilseed rape were analyzed for glucosinolates and plant nutrients such
as carbon and nitrogen. Additionally, morphological plant traits such as stem base
diameters and plant lengths of various genotypes and sampling dates were evaluated
during the natural crop infestation period of rape stem weevil. Quantitative
differences of plant resources between genotypes were evaluated by measuring plant
biomasses. These morphological and metabolic plant traits were tried to correlate with
the numbers of eggs laid, larval infestation and larval performance of rape stem

weevil.

The oviposition preference and larval performance of rape stem weevil on various
genotypes of oilseed rape has not been studied in detail before. The overall goal of
this study was to improve knowledge in resistance mechanisms, which is required for

breeding cultivars of oilseed rape with resistance to insect pests.
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Abstract

The susceptibility of twelve genotypes of oilseed rape (Brassica napus L.), showing a
broad genetic variability, was evaluated for infestation by larvae of rape stem weevil
(Ceutorhynchus napi Gyll.). Three cultivars, three lines and six resynthesized lines of oilseed
rape were grown in a semi-field experiment in 2011/2012. To determine differences in the
susceptibility of test genotypes, the number of C. napi larvae was assessed. Differences in the
larval performance between test genotypes were assessed by the larval instar index and the
dry body mass of larvae. While the resynthesized line L16 and L122 and the cultivars
Express617 and Visby were highly susceptible to C. napi, significantly lower larval numbers
indicated antixenosis resistance in the resynthesized line S30. A significantly lower larval
instar index in resynthesized lines S30 and L122, cultivar Campala and the line Goel1991
compared to larval instar index in resynthesized line L16 indicated antibiosis resistance in
these genotypes. To determine resistance mechanisms of the tested genotypes, morphological
and plant metabolic traits were assessed. The number of larvae per main stem was not
dependent upon morphological plant traits such as the length of stems at the beginning of the
oviposition period of C. napi and the basal stem diameter of full-grown stems, as well as plant
densities of genotypes. The number of larvae was dependent upon the stem injury coefficient.
The multivariate Partial Least Squares - Discriminant Analysis and the associated MANOVA
revealed that the glucosinolate profiles of non-infested stems significantly differed between
the tested genotypes. The multivariate Partial Least Squares Regression revealed no
relationship between the number of larvae in stems and the glucosinolate profile of non-

infested stems.

Keywords

Brassicaceae, resynthesized lines, secondary metabolites, glucosinolates, Curculionidae, host

plant resistance, larval instar index

Introduction

The univoltine rape stem weevil, Ceutorhynchus napi Gyll. (Col., Curculionidae), is a
major pest of winter oilseed rape (Brassica napus L.) in Europe (Alford et al. 2003).
Significant yield losses can be caused by egg deposition and larval feeding within stem pith
tissue (Dosse 1951; Buechi 1988). The life cycle of C. napi has been studied by several
authors (Guenthart 1949; Dosse 1951; Deubert 1952; Scherf 1964; Le Pape and Bronner
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1987). Adults migrate to oilseed rape crops in early spring. In March/April, after
approximately two weeks of feeding, females deposit single eggs into elongating stems of
oilseed rape plants. Larvae feed within the stem pith. In May/June, the full-grown larvae leave
the plant to pupate in soil. Adult weevils overwinter within earthen pupal cocoons. Females
pass through an obligate, pre-reproductive diapause before they migrate to new crops in the
following spring.

In integrated pest management systems, resistant cultivars are needed to minimize the
number of insecticide applications (Williams 2004). The susceptibility of different B. napus
genotypes to C. napi infestation and their potential as sources of resistance has not been
studied in detail. Preliminary field observations indicated only minor variation between the
infestation levels by C. napi on different cultivars and lines of oilseed rape (Mrowczynski
1998; Luehs et al. 2003; Dechert and Ulber 2004). Oilseed rape has originated from
hybridization between cabbage (Brassica oleracea L.) and turnip (B. rapa L.) (Olsson 1960).
The currently used breeding material of oilseed rape is derived from only a few interspecific
hybrid plants, which occurred spontaneously some centuries ago (Becker et al. 1995).
Resynthesized lines developed by interspecific crossing of the two progenitor species are
broadening the genetic variation in oilseed rape (Olsson et al. 1980; Girke et al. 2012). The
potential of resynthesized lines as sources for disease resistance has been reported in several
studies (Diederichsen and Sacristan 1996; Rygulla et al. 2007). Therefore it is reasonable to
improve pest resistance by resynthesized lines (Seyis et al. 2001; Eickermann 2011). Both
metabolic plant compounds (e.g. glucosinolates) and morphological plant traits might
contribute to herbivore resistance in Brassica crops (Sarfraz et al. 2006). The stem length was
found to influence the attractiveness of oilseed rape to C. napi (Buechi 1996). Glucosinolates
are the characteristic secondary compounds of Brassica species (Fahey et al. 2001; Bones and
Rossiter 2006). They can play an important role in the acceptability of Brassica species to
several insects (UImer and Dosdall 2006) and can affect host finding, feeding, oviposition and
development of some Brassica pests (Giamoustaris and Mithen 1995; Schoonhoven et al.
2005; Ulmer and Dosdall 2006). Additionally, host acceptance of insects attacking Brassica
crops, can be affected by non-volatile and volatile glucosinolates (Staedler and Reifenrath
2009). The ideal glucosinolate profile of oilseed rape for pest resistance was suggested by
Bartlet at al. (1999b).

The objective of this study was to evaluate the susceptibility of twelve genotypes of
oilseed rape (B. napus) for infestation by C. napi and to identify new sources of resistance,

focusing on resynthesized lines and cultivars of oilseed rape. Plant infestation by C. napi
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larvae was studied in a semi-field experiment to determine the influence of these genotypes
on the oviposition preference of C. napi. Larval development and feeding damage were
evaluated to analyze larval performance of C. napi in response to these genotypes.
Morphological plant traits and glucosinolate contents were analyzed as potential plant cues

affecting oviposition, larval infestation levels and larval development of C. napi in the field.

Material and Methods

The susceptibility of twelve genotypes of B. napus (Table 1) for C. napi was examined
in a semi-field experiment at the experimental station of Georg-August University
(N51°33°53.8 E9°56°48.8) in 2011/2012. These genotypes were selected based on
preliminary results and contrasting glucosinolate contents in seeds and stems (Girke 2002;
Cleemput and Becker 2012). The tested B. napus genotypes were sown in single rows of 2 m
length (20 seeds m™) and 25 cm row spacing on August 18" in 2011. In each of the six
replicated plots, rows of the 12 genotypes were arranged at random. To avoid edge effects,
two rows of winter oilseed rape cultivar Krypton were sown at the margins. Only nine B.
napus genotypes could be evaluated, because of high winter mortality of three genotypes
(Table 1).

Insect-proof gauze cages (SeranPVDC, mesh width 425um) measuring 4.0x2.0x1.8 m
were installed on each plot on February 22" 2012, before the natural crop colonization of C.
napi and other oilseed rape pests. On March 23" at the beginning of the natural crop
colonization of C. napi and simultaneously with stem elongation of tested genotypes, 60
females and 30 males of post-diapause C. napi weevils were released into each cage. Weevils
used for the experiment were collected from oilseed rape crops on March 3", and maintained
in plastic boxes in a climatic chamber at 6 °C (L16:D8). They were supplied with leaves of

the spring oilseed rape cultivar Mozart grown in a glasshouse.

The plant density of the genotypes was evaluated by counting all plants per plot. The
BBCH growth stage (Lancashire et al. 1991) and the length of the stem were assessed from
five randomly selected plants per plot and genotype at the beginning of the oviposition of C.
napi on March 31% . On May 8", the number of C. napi larvae was determined on full-
flowering plants (BBCH growth stage 64-67) by random sampling of ten plants per genotype
and plot. Larvae were dissected from the main stems under a stereo microscope (Zeiss, Stemi
2000-C). At the same time, the basal stem diameter, the length of the main stem and the
length of the feeding tunnels by larvae within the main stem were measured. The stem injury

coefficient was calculated by relating the length of larval feeding tunnel within the stem to the
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length of the full-grown main stem (Ferguson et al. 2003). The larval instars of C. napi were
classified based on the head capsule width (Guenthart 1949). The larval instar index was
calculated by the subtraction of the number of 3" instar larvae by the number of 2" instar
larvae and the summation of the constant K (K = 2, to avoid negative values) according to
Kurtz et al. (2010). The larval dry body mass of ten larvae per larval instar and plot was
determined by drying the larvae at 60 °C for three days, and weighing individual larvae
(Sartorius micro scale, MC5).

Table 1 Origin of twelve genotypes of Brassica napus evaluated in the semi-field experiment in 2011/2012,
according to Girke (2002) and Rudloff (unpubl. MSc thesis, Goettingen 2013). ++ = high content of erucic acid

and glucosinolates in seeds; (00) = no erucic acid and low glucosinolate content in seeds; ® = winter mortality

Genotype Type Species

Campala (00) cultivar B. napus var. biennis

Goel991 (00) line B. napus var. biennis

DH Samourai® (00) DH-line B. napus var. biennis

Olimpiade® (++) cultivar B. napus var. biennis

Express617 (00) cultivar B. napus var. biennis

Visby (00) hybrid cultivar B. napus var. biennis

G53 resynthesized line B. oleracea convar. c_apltata var. c_a_pl_tata X
B. rapa ssp. nipposinica var. perviridis

R53? resynthesized line B. oleracea convar. a(_:ephala var. sabellica X
B. rapa ssp. pekinensis

S3 resynthesized line B.rapa ssp. rapa X .
B. oleracea convar. acephala var. sabellica

1122 resynthesized line B. oleracea convar. capitata var. sabauda X
B. rapa ssp. pekinensis

S30 resynthesized line B. oleracea convar. cgpltata var. capitata X
B. rapa ssp. pekinensis

L16 resynthesized line B. oleracea convar. bptrytls var. alboglabra X
B. rapa ssp. pekinensis

Chemical analysis: Only five non-infested stems of six genotypes (Campala,
Express617, Visby, L16, S3, S30) were sampled for glucosinolate analyses on March 23 just
before the release of C. napi, because of high winter mortality. The stems were frozen on dry
ice and stored at -20 °C. Each sample was freeze-dried for 96 hours and homogenized by
using a mill (Krups KM 75). Stem glucosinolates were separated and individual compounds

identified and quantified (Thies 1977). Desulfoglucosinolates were extracted as detailed in
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Cleemput and Becker (2012). Glucosinolates were analyzed by high-performance liquid
chromatography by using a Shimadzu Prominence LC20AT series instrument (Shimadzu
Deutschland GmbH) equipped with a Nucleodur 100-3 C18 column (Macherey Nagel).
Desulfoglucosinolates were separated using a water-acetonitrile gradient (solvent A water,
solvent B acetonitrile; 0-20 min 1-20% B; 20-25 min 20% B; 25-27 min 20 % B; 27-34 min
1% B) at a flow rate of 0.6 ml / min. Retention times of known standards were used to
identify desulfoglucosinolates. Glucosinolate contents are expressed in umol / g dry weight
(D.W.).

Table 2 Names of individual glucosinolates and chemical groups of glucosinolates detected in stems of
Brassica napus genotypes according to Velasco and Becker (2000), Fahey et al. (2001), Halkier and Gershenzon
(2006) and Feng et al. (2012)

Systematic name Trivial name Abbreviation  Group
2-hydroxy-3-butenyl progoitrin PRO aliphatic
2-hydroxy-4-pentenyl napoleiferin GNL aliphatic
5-methylsulphinylpentyl glucoalyssin ALY aliphatic
3-butenyl gluconapin GNA aliphatic
4-pentenyl glucobrassicanapin GBN aliphatic
4-hydroxy-3-indolylmethyl 4-hydroxyglucobrassicin 40H indolyl
3-indolylmethyl glucobrassicin GBC indolyl
4-methoxy-3-indolylmethyl  4-methoxyglucobrassicin 4AME indolyl
n-methoxy-3-indolylmethyl  neoglucobrassicin NEO indolyl

Data Analysis

Univariate data analysis: Univariate data analysis was performed by using Statistica
10 (StatSoft®, Tulsa, USA) and tested for normal distribution using Shapiro-Wilk W Test.
Factorial one-way analysis of variance (ANOVA) was performed to analyze differences
between plant densities as well as between the length of the full-grown stems (values were
log(x+1) transformed), basal stem diameters and stem injury coefficients of tested genotypes.
Factorial one-way Kruskal-Wallis variance analysis (KW-ANOVA) was used to analyze
genotype effects on the length of stems at the beginning of the oviposition period of C. napi

and on larval feeding tunnels, larval instar indices and dry body masses of larval instars.

The effect of the genotype on the number of larvae was tested by analysis of
covariance (ANCOVA). The number of larvae was treated as the main factor and the length

of full-grown stem and the basal stem diameter were included as covariates. The length of the
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stem at the beginning of the oviposition period and the plant density were not included into

the model, because of multi-collinearity with the covariate length of full-grown stem.

The relationship between the number of larvae and the glucosinolate groups, the
aliphatic/indolyl ratios and the total glucosinolate contents of stems of the non-infested
genotypes was analyzed by using a linear regression. The relationship between the stem injury
coefficients and the glucosinolate groups, the aliphatic/indolyl ratios and the total
glucosinolate contents of stems of the non-infested genotypes was not statistically analysed,
because of multi-collinearity of stem injury coefficients and the number of larvae in main
stems. The relationship between the stem injury coefficients and the larval instar indices of C.
napi was not statistically analysed, because of multi-collinearity of both stem injury

coefficients and larval instar indices with the number of larvae in main stems.

To analyze the relationship between number of larvae and plant densities, length of
stems at the beginning of the oviposition period, basal stem diameters and the stem injury
coefficients a linear regression was performed for each relationship. The same model was
used to analyze the relationship between larval instar indices and basal stem diameters.
Pearson Product Moment Correlation was used to evaluate the correlation between the

number of larvae and the larval instar index.

Multivariate data analysis: Multivariate data analysis was performed with R 3.0.1.
Partial Least Squares - Discriminant Analysis (PLS-DA; Barker and Rayens 2003) was
performed on the normalized concentrations to discriminate genotypes based on their
glucosinolate profiles (function ‘plsda’, package ‘mixOmics’). The significance of the
discrimination was tested by performing a multivariate ANOVA (MANOVA). MANOVA
was also used to compare glucosinolate profiles of genotypes (response variable) with
glucosinolate profiles of genotypes S30, L16 and Campala (references). Glucosinolate
profiles of S30 and Campala were used as a reference, because of a low infestation and L16

because of a high infestation by C. napi larvae.

Partial Least Squares Regression (PLSR; Geladi and Kowalski 1986) was applied to
investigate the relationship between the glucosinolate profile of non-infested stems and the
number of C. napi larvae in the main stems (function ’pls’ regression mode, package
‘mixOmics’). Data was scaled to unit variance and means centered by default in the analysis.
PLSR was not applied to analyze the relationship between the stem injury coefficients and the
glucosinolate profile of stems, because of multi-collinearity of stem injury coefficients and the
number of larvae in main stems. For the same reason no PLSR was performed to analyze the

relationship between the glucosinolate profile of stems and larval instar indices.
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Results

Plant traits and larval infestation of C. napi: At the beginning of the oviposition
period of C. napi most of the tested genotypes were at BBCH growth stage 52, except for
cultivar Express617 and resynthesized line S30, which were at BBCH growth stage 55, and
cultivar Visby and resynthesized line S3, which were at BBCH growth stage 57 (Table 3).
The plant density significantly differed between genotypes (F g 45 = 13.087, P = 0.000). Mean
plant density was lowest in L122 and highest in resynthesized lines S3 and L16 and in cultivar
Visby (Table 3). The length of the stem at the beginning of the oviposition period
significantly differed between genotypes (H (8, N= 50) = 26.362, P = 0.001). The
resynthesized lines G53, L122 and L16 showed a significantly shorter stem length at the
beginning of the oviposition period compared to cultivar Visby (Table 3). The length of the
full-grown stem also significantly differed between genotypes (F g 45 = 8.857, P = 0.000).
The cultivar Visby showed a significantly longer stem compared to cultivar Campala, line
Go0e1991, and resynthesized lines L122, G53 and S30 (Table 3). The basal stem diameter of
full-grown stems significantly differed among genotypes (F g, 45 = 4.567, P = 0.000). Mean
basal stem diameter of Visby was the highest (Table 3). The number of C. napi larvae was not
dependent upon the plant density (R =0.371, F = 1.116, P = 0.326), neither upon length of the
stems at the beginning of the oviposition period (R = 0.018, F = 0.002, P = 0.964) nor upon
the basal stem diameter (R =0.339, F =0.911, P = 0.372).

Table 3 Plant traits of nine Brassica napus genotypes evaluated in the semi-field experiment in 2011/2012.
Mean values (+SE) of five to six replicates. BBCH growth stages on March 31, plant densities on March 23",
basal stem diameters and length of full-grown stems on May 8", Tukey-Test, P < 0.05. Length of stems at the
beginning of the oviposition period on March 31%, Kruskal-Wallis Test, P < 0.05. Different letters within each

column indicate significant differences between genotypes.

Genotype  BBCH Plant density Length of stem at Length of full- Basal diameter of
(plants / m) beginning of oviposition grown stem (cm) full-grown stem
period (cm) (cm)
S30 55 6.25+0423 b 23.74+3.694 ab 63.60 +3.641 bcd  0.95+0.085 bc
G53 52 6.25+0574 b 15.00+3.260 b 58.74 +5.729 cd 0.77 £0.106 bc
S3 57 950+0.658 a  30.42+3.948 ab 89.80 + 7.056 ab 0.96 +0.034 bc
L122 52 333+0.891 ¢ 1350%3.122 b 52.38 +4.845 d 1.05+0.086 abc
L16 52 9.83+0.760 a 16.67+1.787 b 81.55+6.141 abc  1.07 £0.074 abc
Campala 52 6.08+0.396 ab 17.08+1.981 ab 48.82 £ 4.959 d 1.12 £ 0.102 abc
Goel991 52 6.17+0.667 b  16.88+0.884 ab 63.58+7.433 bcd 0.89+0.104 bc
Express617 55 8.25+0.382 ab 19.58 £2.770 ab 77.88+£6.044 abc  1.25+0.089 ab
Visby 57 9.75+0528 a  37.92+1502 a 97.60+3.481 a 1.39+0.087 a
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The mean number of C. napi larvae ranged from 1.49 larvae per main stem (S30) to
7.23 larvae per main stem (L16) (Fig. 1). The number of larvae per main stem significantly
differed between individual genotypes (F g 43 = 7.148, P = 0.000) (Table 4 and Fig. 1). The
resynthesized line S30 and the cultivar Campala contained significantly less larvae compared
to the resynthesized lines L122 and L16 (Fig. 1). The number of larvae was significantly
affected by the length of the full-grown stems and the basal stem diameters (Table 4).

Table 4  Effect of genotype and covariates on the number of Ceutorhynchus napi larvae. Analysis of

covariance, P < 0.05. Nine genotypes, six replicates, sample size (N), degree of freedom (DF), and F-value

N DF F P
Factor: Genotype 54 8 7.148 0.000
Covariates:
Basal diameter of full-grown stem 54 1 12.382 0.001
Length of full-grown stem 54 1 8.377 0.006
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Fig. 1 Number of Ceutorhynchus napi larvae in main stems of nine Brassica napus genotypes on May 8"
Mean values (£SE) of six replicates. Different letters indicate significant differences between the number of

larvae in individual genotypes, Tukey-Test, P <0.05
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Stem glucosinolates: The PLS-DA analysis and the associated MANOVA revealed
that the glucosinolate profiles of non-infested stems significantly differed between individual

genotypes. The factorial map explained 81.71 % of the intergenotypic variance (Fig. 2).
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Fig. 2 Score plot of the Partial Least Squares - Discriminant Analysis. PLS-DA analysis performed on the
glucosinolate profile of non-infested stems of six Brassica napus genotypes on April 17" (score plot explained
81.71 % of the intergenotypic variance; results of the MANOVA testing for the discrimination of genotypes:
pseudo-F s g0 = 3.124, P < 0.05)

Reference glucosinolate profile (S30): The MANOVA showed that the content of
PRO in S30 significantly differed from L16 (P = 0.010) and S3 (P = 0.000). The content of
GBN in S30 significantly differed from L16 (P = 0.000), Express617 (P = 0.002), Campala (P
= 0.003) and S3 (P = 0.040). The content of GBC in S30 significantly differed from Campala
(P = 0.024). The content of NEO in S30 significantly differed from Camapla (P = 0.004),
Express617 (P =0.004), L16 (P = 0.005) and S3 (P = 0.016) (Fig. 2 and Table 5).

Reference glucosinolate profile (Campala): The MANOVA showed that the content of
PRO in Campala significantly differed from L16 (P = 0.011) and S3 (P = 0.001). The content
of GNA in Campala significantly differed from Visby (P = 0.004), S3 (P = 0.000), L16 (P =
0.001) and S30 (P = 0.007). The content of GBN in Campala significantly differed from
Visby (P =0.002), L16 (P =0.000), Express617 (P =0.004) and S30 (P = 0.015). The content
of GBC in Campala significantly differed from Visby (P = 0.001), S3 (P = 0.000),
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Express617 (P = 0.007) and S30 (P = 0.024). The content of NEO in Campala significantly
differed from Visby (P = 0.001), S3 (P = 0.000), L16 (P = 0.000), Express617 (P = 0.000)
and S30 (P = 0.004) (Fig. 2 and Table 5).

Reference glucosinolate profile (L16): The MANOVA showed that the content of
40H in L16 significantly differed from Visby (P = 0.002), S3 (P = 0.005), Express617 (P =
0.008), Campala (P = 0.028) and S30 (P = 0.017). The content of GBC in L16 significantly
differed from S3 (P = 0.000), Visby (P = 0.001) and Express617 (P = 0.017). The content of
NEO in L16 significantly differed from Campala (P = 0.000), S3 (P = 0.004), S30 (P = 0.005)
and from Visby (P = 0.022) (Fig. 2 and Table 5).

In the non-infested stems of Campala the content of GBN, GBC and NEO was higher
than in all other test genotypes (Table 5). L16 showed the highest content of 40H, the lowest
total glucosinolate content, the lowest aliphatic glucosinolate content and the lowest
aliphatic/indolyl ratio (Table 5 and Table 6). S3 showed the highest content of PRO, the
highest total glucosinolate content, the highest aliphatic content, the lowest indolyl content
and the highest aliphatic/indolyl ratio (Table 5 and Table 6).

Table 5 Glucosinolate contents of non-infested stems (umol / g D.W.) on March 23 in six Brassica napus
genotypes grown in the semi-field experiment in 2011/2012. Values are means of four to six replicates. See

Table 2 for abbreviations, systematic and trivial names of individual glucosinolates

Genotype  PRO GNL ALY GNA GBN 40H GBC 4ME NEO
Campala 6.71 0.00 1.38 167 951 002 325 026 4.05
Express6l7 756 0.03  1.68 110 705 0.01 157 024 252

Vishy 545 0.00 1.89 052 323 000 098 010 061
L16 133 000 0.39 029 078 006 282 008 248
S3 2516 035 094 1039 820 001 078 031 036
S30 6.79 0.00 1.33 049 440 001 173 009 132

Table 6 Total contents of glucosinolates (GSL), aliphatic and indolyl glucosinolates (umol / g D.W.) and ratio
between aliphatic and indolyl glucosinolates of non-infested stems on March 23™ in six Brassica napus
genotypes grown in the semi-field experiment in 2011/2012. Values are means of four to six replicates. See

Table 2 for classification of groups of glucosinolates

Genotype  Total GSL  Aliphatic Indolyl  Aliphatic/Indolyl

Campala 26.85 19.27 7.58 2.54
Express617 21.76 17.42 4.34 4,01
Visby 12.78 11.09 1.69 6.56
L16 8.23 2.79 5.44 0.51
S3 46.50 45.04 1.46 30.85
S30 16.16 13.01 3.15 4.13
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The PLSR analysis identified no relationship between the number of C. napi larvae in
main stems and the glucosinolate profile of non-infested stems. The factorial map 1-2 only
explained 18.11 % variance of the number of larvae and the short arrow (< radius) of the

larvae was found to be unrepresentative in the PLSR analysis (Fig. 3).

Larvae

ALY

Fig. 3 Loading Plot of the Partial Least Squares Regression analysis indicating the relationship between the
number of Ceutorhynchus napi larvae in main stems and the glucosinolate profile of non-infested stems of six
Brassica napus genotypes grown in the semi-field experiment in 2011/2012. The factorial map 1-2 explained
18.11 % variance of the number of larvae. See Table 2 for abbreviations, systematic and trivial names of

individual glucosinolates

Concerning individual contents of glucosinolate groups and total glucosinolate content
of non-infested stems of genotypes, no correlation between number of C. napi larvae in main
stems and total glucosinolate content, content of aliphatic group, content of indolyl group and

aliphatic/indolyl ratio was found (Table 7).
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Table 7 Relationship between the number of Ceutorhynchus napi larvae in main stems and contents of total,
aliphatic, indolyl glucosinolates and aliphatic/indolyl ratio of non-infested stems of six Brassica napus
genotypes grown in the semi-field experiment in 2011/2012. Linear regression, P < 0.05. See Table 2 for

classification of groups of glucosinolates

Glucosinolates No. larvae / stem
R F P
Total 0.279 0.339 0.592
Aliphatic 0.244 0.254 0.641
Indolyl 0.126  0.065 0.812
Aliphatic/Indolyl 0.021 0.002 0.968

Larval performance of C. napi: The length of the feeding tunnels caused by C. napi
larvae significantly differed between individual genotypes (H (8, N =54) = 27.058, P =
0.001). The mean length of feeding tunnels was significantly shorter in the resynthesized line
S30 than in resynthesized line L16 and cultivar Visby (Table 8). The stem injury coefficient
significantly differed between individual genotypes (F g 45 = 6.257, P = 0.000). The
resynthesized line S30 showed the lowest stem injury coefficient among all tested genotypes
(Table 8). The dry body mass of 2" and 3" instar larvae of C. napi varied widely, but was not
significantly affected by the genotype (H (8, N = 42) = 8.361, P = 0.399); (H (8, N =51) =
10.243, P = 0.248), respectively (Table 8).

Table 8 Genotypes grown in the semi-field experiment in 2011/2012. Mean values (+SE) of three to six
replicates. Length of the feeding tunnels within main stems of full-grown plants on May 8", Kruskal-Wallis Test,
P <0.05; Stem injury coefficient on May 8", Tukey-Test, P < 0.05. Different letters within each column indicate

significant differences between genotypes

Genotype Length of feeding Stem injury Dry body mass of  Dry body mass of
tunnel (cm) coefficient 2" larval instar 3 larval instar
(mg) (mg)
G53 26.69 £5.25 ab 0.43+0.10 ab 0.17+0.01 1.52+0.50
L122 27.21+2.78 ab 0.52+0.02 a 0.24 £0.03 1.11+0.19
Express617 29.25+2.10 ab 0.38+0.04 ab 0.19+0.04 1.28+0.34
S30 13.09+177 b 0.20+0.03 ¢ 0.21 £0.02 1.31+0.45
L16 3445+ 255 a 0.43+0.03 ab 0.32+0.11 1.87 +0.35
Campala 16.82+2.12 ab 0.34£0.02 bc 0.19+0.02 1.19+0.24
S3 29.73+2.68 ab 0.35+0.05 bc 0.20+0.01 1.79+0.33
Goel991 22.25+3.35 ab 0.34+0.02 bc 0.20 £ 0.03 0.83+0.20
Visby 34.73+4.10 a 0.36+0.04 bc  0.33+0.08 1.53 + 0.26
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The number of C. napi larvae in the main stems was significantly positive dependent
upon stem injury coefficients (Fig. 4).

10

g 4 L16

i L122
Express61

G53

6 Visby

Mean no. larvae / main stem +SE

2 S30 ICampaIa

0 T T T T T T T
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Mean stem injury coefficient

Fig. 4 Relationship between the number of Ceutorhynchus napi larvae in main stems and stem injury
coefficients of nine Brassica napus genotypes on May 8" grown in the semi-field experiment in 2011/2012;
Liner Regression Model: (y = -1.450 + 15.713x, R = 0.763, F = 9.747, P = 0.017)

The mean larval instar index of C. napi ranged from 1.85 (S30) to 6.67 (L16). The
larval instar index significantly differed between genotypes (H (8, N = 52) = 29.861, P =
0.000). The larval development in the resynthesized lines S30 and L122, in the cultivar
Campala and in the line Goel991 was significantly delayed compared to the resynthesized
line L16 (Fig. 5). The number of larvae was significantly positive correlated with the instar
index (R = 0.731, N = 52, P = 0.025). The larval instar index was not dependent upon the
basal stem diameter (R =0.190, F = 0.263, P = 0.624).
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Fig. 5 Larval instar indices of Ceutorhynchus napi developed in main stems of nine Brassica napus genotypes
until May 8". Genotypes were grown in the semi-field experiment in 2011/2012. Values are means (+ SE) of
five to six replicates. Different letters indicate significant differences between larval instar indices, Kruskal-
Wallis Test, P <0.05

Discussion

The results of the present semi-field experiment showed considerable variation in
infestation levels by C. napi between different lines, cultivars and resynthesized lines of
oilseed rape. In the resynthesized line S30, the number of larvae per main stem was
significantly lower than in the resynthesized lines L16 and L122 and cultivars Visby and
Express617. Similar studies obtained in the open field also indicated a low number of larvae
in S30 (chapter Il and 1V). In the present study, the line Goe1991 and the cultivar Campala
also contained a low number of C. napi larvae, but in a similar study obtained in the open
field (chapter 1V and appendix ), Goel1991 and Campala did not contain a low number of C.

napi larvae.

Resynthesized lines of oilseed rape might provide valuable sources of resistance to
insect pests of oilseed rape (Seyis et al. 2001; Eickermann 2011). The low number of C. napi
larvae in S30 may result from a low oviposition by C. napi or by an increased egg and larval
mortality. Low numbers of eggs deposited by C. napi indicated antixenosis resistance, while
increased egg and larval mortality indicated antibiosis resistance. Abundance of eggs could
not be assessed in this study. Additionally, the results presented in chapter Il indicated no
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differences in egg and larval mortality between individual genotypes. Antixenosis is the
insects’ avoidance or non-preference of plants during the search for oviposition sites, while
antibiosis affects the performance of herbivores such as reduced weight or increased mortality
(Sarfraz et al. 2006).

Different host plant densities might affect insect pests in oilseed rape (Nuss 2004). In
this study the resynthesized line L16, which had the highest number of C. napi larvae in the
main stems, also had the highest plant density. The resynthesized line L122, which also had a
high number of C. napi larvae, had the lowest plant density among all tested genotypes. But
no relationship between the number of C. napi larvae and the plant density was found in the
present study. Nuss (2004) found that the number of eggs deposited by C. napi and C.
pallidactylus into the plant tissue was negatively correlated with the plant density of oilseed
rape. Nuss (2004) also found that the abundance of cabbage stem flea beetle larvae
(Psylliodes chrysocephala (L.)) was inversely correlated with the plant density of oilseed
rape. Experiments on canola revealed that an increased plant density can reduce infestation by

maggots of Delia spp. (Dosdall et al. 1996).

A non-metabolic factor affecting the host plant selection of insects is plant
morphology (Sarfraz et al. 2006). Growth stages of the genotypes at the beginning of the
oviposition period of C. napi did not appear to affect C. napi infestation. Even though S30, as
well as Express617, Visby and S3 had an enhanced growth stage at the beginning of the

oviposition period of C. napi, S30 did not contain a high number of C. napi larvae.

A further morphological plant trait which might affected host acceptance of C. napi is
the length of the oilseed rape plant. Buechi (1996) found that plants longer than 22 cm were
less preferred for egg-laying by females of C. napi than shorter plants. In this study, the
number of larvae was not dependent upon length of the stems at the beginning of the
oviposition period of C. napi.

Oviposition by C. napi takes place during stem elongation growth (Lerin 1993). The
process of egg deposition may result in considerable disruption to stem growth (Alford et al.
2003). Additionally, the C. napi larvae feed within the pith tissue of the stem (Paul 2003). The
length of the full-grown stem of the genotypes has been evaluated to determine effects of
oviposition and larval infestation of C. napi on the plant growth rate. Visby, which showed a
high number of C. napi larvae, also showed the longest full-grown stem, while L122, which
also showed a high number of C. napi larvae, showed the shortest full-grown stem. The
resynthesized line S30 and the cultivar Campala, which contained a low number of C. napi
larvae, also showed shorter full-grown stems than Visby. We presume that Visby can better
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compensate for high levels of C. napi infestation by a high stem elongation growth compared
to S30 and Campala. However, the length of full-grown stems was not assessed from non-
infested control plants. Additionally, plant growth rate can be also affected by environmental
factors (McNaughton 1983).

Metabolic plant compounds such as glucosinolates can affect host acceptance and
performance of herbivorous insects (Mayer 2004; Schoonhoven et al. 2005). Glucosinolates
are the major group of secondary metabolites in the Brassicaceae (Rodman et al. 1996) and
might trigger oviposition by crucifer-feeding insects (Renwick et al. 1992; Van Loon et al.
1992; Chew and Renwick 1995). They are catalyzed by the endogenous enzyme myrosinase
following disruption (Fenwick and Heaney 1983; Hopkins et al. 2009), while myrosinase is

spatially separated from glucosinolates in non-disrupted cells (Mithen 1992, 2001).

Glucosinolates can also cause repulsion or deterrence of specialist insect pests in
crucifer plants (Waligora and Krzymanska 1995). Therefore, we have analyzed glucosinolate
contents of non-infested stems of genotypes to determine the effect of glucosinolates on
oviposition and larval infestation by C. napi. The PLS-DA and the associated MANOVA
revealed that the glucosinolate profiles of non-infested stems differed between the genotypes.
By comparing individual glucosinolate contents of the highly infested resynthesized line L16
with the lowly infested resynthesized line S30 and cultivar Campala, it was observed that the
content of 40H was highest in L16 and the content of GBN lowest in L16. However, in the
present study the PLSR indicated no relationship between the number of C. napi larvae and
the glucosinolate profile of non-infested stems. Another study found that the level of
infestation by adult pollen beetle (Meligethes aeneus (F.)) correlated positively with the 40H
content of the buds of different B. napus genotypes (Meier, unpubl. MSc thesis, Goettingen
2013). Hennies (unpubl. MSc thesis, Goettingen 2012) also found a positive correlation
between larval infestation by P. chrysocephala and the 40H content of petioles of different B.
napus genotypes. In contrast, Eickermann (2011) found that the amount of feeding by C.
pallidactylus larvae was negatively correlated with 40H content in leaves of different

genotypes of oilseed rape.

The results of the present glucosinolate analysis of stems were not consistent with
similar studies obtained in the open field, where the number of eggs deposited by C. napi into
main stems was positively dependent upon five glucosinolates (chapter I111). However, the
results obtained in open fields (chapter 11l and V) identified no relationships between the
number of C. napi larvae in the main stems and the glucosinolate contents of stems. These
contrasting results might be due to induced changes of glucosinolate contents, which could
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have affected larval performance of C. napi. Glucosinolate contents of cruciferous plants can
be induced by herbivore disruption, such as oviposition or feeding (Bodnaryk 1992; Bartlet et
al. 1999a) and these induced changes might have affected food quality for C. napi larvae.

Abundance of eggs could not be assessed in this study.

The number of C. napi larvae in the main stems was dependent upon the stem injury
coefficient. Therefore, the stem injury coefficient can provide a parameter for rapid screening
of a large assortment of B. napus genotypes for infestation by C. napi larvae. Eickermann
(2011) also found a positive correlation between the stem injury coefficient and the number of
C. pallidactylus larvae and Ferguson et al. (2003) reported a positive relationship between the
stem injury coefficient and the number of P. chrysocephala larvae in B. napus. The larval

instar index was not dependent upon basal stem diameters.

The larval development time of C. napi was reflected by the larval instar index. In the
resynthesized line S30, which contained the lowest number of C. napi larvae, the larval
development was delayed with higher proportion of L2 than L3, while in the resynthesized
line L16, which contained the highest number of C. napi larvae, the larval development was
not delayed. The larval instar index correlated positively with the number of C. napi larvae.
Therefore, it did not seem that there was an intraspecific competition between the number of

C. napi larvae present in the main stems.

Glucosinolates can adversely affect performance of specialist insects (Agrawal and
Kurashige 2003). In Arabidopsis thaliana L. different glucosinolate contents affected
performance of larvae of the mustard leaf beetle (Phaedon cochlearia (F.)) (Uddin et al.
2009). To determine antibiosis effects of genotypes on larval performance, the influence of
the contents of glucosinolates in non-infested stems on the larval instar indices should be
analyzed. However, this was not tested, because of multi-collinearity of the larval instar index
with the number of C. napi larvae. No relationship between the number of C. napi larvae and
the glucosinolate profile of stems was found, therefore no relationship between the larval

instar index and the glucosinolate profile can be presumed.

Systematic changes of the glucosinolate profile of B. napus can be induced by feeding
damage of P. chrysocephala (Bartlet et al. 1999a). Oviposition and larval feeding of C. napi
might have changed glucosinolate contents. That is why most probably no relationship
between the larval instar index and non-infested stem glucosinolates could be found and
glucosinolates were not assessed from infested stems in the present study. The larval dry body

mass of 2" and 3" larval instars of C. napi varied widely, but did not significantly differ

50



Chapter Il

between genotypes. However, larval weight of P. chrysocephala can be affected by the

indolyl glucosinolate content 40H of petioles of oilseed rape and turnip rape (Doering 2012).

In this semi-field multi-choice experiment, significant differences between individual
genotypes were found. The resynthesized line S30 showed a low infestation by C. napi and
larval performance was delayed. No clear relationship between the abundance of C. napi
larvae in main stems and the length of stems of B. napus genotypes at the beginning of the
oviposition period by C. napi could be revealed. No relationships between the larval
abundance and performance of C. napi and the glucosinolate profiles of non-infested stems of
B. napus genotypes were found. Therefore, further studies are needed to identify resistance

mechanisms for infestation and performance of C. napi.
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Abstract

The rape stem weevil, Ceutorhynchus napi Gyll. (Col., Curculionidae), is a serious
pest in European winter oilseed rape crops. In spring, C. napi females deposit single eggs into
the tips of elongating stems. The egg deposition may result in considerable disruption to
growth and yield losses. Additionally, larvae feed within the stem pith tissue. In integrated
pest management systems, resistant cultivars are needed to minimize the number of
insecticide applications. Resynthesized lines of oilseed rape might have potential for

increasing the level of resistance to this pest.

The susceptibility of five resynthesized lines, showing a broad genetic variability, and
three cultivars of oilseed rape to C. napi was evaluated in a multi-choice field plot and in a
no-choice laboratory experiment. In the field experiment, the number of eggs and larvae of C.
napi were assessed from plant samples collected at weekly intervals from the beginning of the
oviposition period in April 2013 to the occurrence of mature larvae in May 2013. To assess
differences in the susceptibility of genotypes, the number of eggs and larvae of C. napi were
determined. The number of eggs and larvae differed significantly between genotypes at
several sampling dates. The resynthesized line S30 showed a significantly lower number of
eggs and larvae than the resynthesized line H30 and cultivar Sollux. The low number of eggs
in stems of S30 indicated antixenosis resistance. To determine differences of plant responses
to oviposition, the degree of pith tissue degeneration in stems was assessed. In S30, pith tissue
degeneration was significantly weaker than in H30. Further, morphological plant traits,
glucosinolates and plant nutrients were assessed as potential mechanisms of resistance. The
number of eggs was negatively dependent upon the stem length and positively upon levels of
five glucosinolates, glucobrassicanapin, glucoalyssin, glucobrassicin, neoglucobrassicin and
gluconasturtiin. A significantly delayed larval development in S30, compared to H30
indicated antibiosis resistance in S30. Additionally, S30 contained the lowest number of eggs
in the no-choice laboratory experiment. Our data revealed that preference and performance of
C. napi adults and larvae were both negatively influenced by S30, suggesting that specific
parameters could be selected for a breed program enhancing the resistance against this
herbivorous pest species.

Keywords

Resynthesized lines, glucosinolates, glucobrassicanapin, glucoalyssin, glucobrassicin,

neoglucobrassicin, gluconasturtiin, host plant resistance, larval instar index
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Introduction

The univoltine rape stem weevil, Ceutorhynchus napi Gyll. (Col., Curculionidae), is
one of the major pests in European winter oilseed rape crops (Brassica napus L.) (Alford et
al. 2003). The process of egg deposition by females of C. napi may result in the twisting of
stems (S-shaped stem), followed by distortion, considerable disruption to growth and yield
losses (Dosse 1951; Buechi 1988; Alford et al. 2003). Additionally, larvae feed within the
stem pith tissue (Dosse 1951). The life cycle has been studied by several authors (Guenthart
1949; Dosse 1951; Deubert 1952; Scherf 1964; Le Pape and Bronner 1987). Adult weevils
migrate to oilseed rape crops in early spring. In March/April, after approximately two weeks
of feeding, females deposit eggs into tips of elongating stems of oilseed rape plants. Larvae
feed within the stem pith. In May/June, full-grown larvae leave the plant to pupate in soil.
Adult weevils overwinter within earthen pupal cocoons. Females pass through an obligate,

pre-reproductive diapause before they migrate to new crops the following spring.

Today, management of insect pests of oilseed rape is strongly based on synthetic
insecticides (Williams 2010; Thieme et al. 2010). Because pyrethroids are primarily used for
the control of the main insect pests, selection pressure for resistance is high (Thieme et al.
2010). In integrated pest management systems, resistant cultivars are needed to minimize the
number of insecticide applications (Friedt et al. 2003). There are only few examples of
screening brassicaceous genotypes for insect resistance traits, for instance to cabbage flea
beetle (Phyllotreta nemorum (L.)) (Renwick 2002), cabbage stem weevil (Ceutorhynchus
pallidactylus (Marsh.)) (Eickermann 2011) and cabbage seed weevil (Ceutorhynchus
obstrictus (Marsh.)) (Carcamo et al. 2007; Tansey and Dosdall 2011). Two studies aiming to
screen for potential resistant cultivars did only find minor variation between the tested
cultivars and lines with regard to infestation levels by C. napi (Mrowczynski 1998; Dechert
and Ulber 2004). Resynthesized lines developed by interspecific crossing of the two
progenitor species (Brassica oleracea L. X Brassica rapa L.) are broadening the genetic
variation in oilseed rape (Olsson et al. 1980; Girke et al. 2012). Several studies have reported
the potential of resynthesized lines as sources for the improvement of disease resistance
(Diederichsen and Sacristan 1996; Rygulla et al. 2007) and pest resistance (Seyis et al. 2001;
Eickermann 2011).

Resynthesized lines of oilseed rape are important genetic resources to modify the
glucosinolate profiles of oilseed rape (Cleemput and Becker 2012). These glucosinolates can
play an important role in the host acceptability of Brassica species to specialist crucifer pests
(Giamoustaris and Mithen 1995; Schoonhoven et al. 2005; Ulmer and Dosdall 2006). They
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can influence feeding and oviposition behavior and may also affect the development of insect
larvae (Renwick et al. 1992; Van Loon et al. 1992; Chew and Renwick 1995). Moreover, the
presence of glucosinolates in crucifer plants has also been found to serve as defense
compounds against non-specific insects (Feeny 1977; Giamoustaris and Mithen 1995).
However, even specialist insects are not completely immune to the defense compounds of
brassicaceous host plants (Ali and Agrawal 2012) and may be negatively affected by specific
glucosinolates, e.g. the cabbage aphid (Brevicoryne brassicae (L.)) (Waligora and
Krzymanska 1995), cabbage flea beetles (Phyllotreta spp.) (Siemens and Mitchelolds 1996),
cabbage root fly (Delia radicum (L.)) (Tansey and Dosdall 2011) and cabbage stem weevil
(C. pallidactylus (Marsh.)) (Eickermann 2011).

Plant nutrients can also affect oviposition preference and larval performance of
herbivorous insects (Blake et al. 2010). Foliar nitrogen content as well as C:N ratio in plant
tissue can have an influence on oviposition (Chen et al. 2004) and performance of

herbivorous insects (Awmack and Leather 2002).

Beside plant metabolic compounds morphological plant traits do also contribute to
herbivore resistance in oilseed rape (Sarfraz et al. 2006). Buechi (1996) revealed a clear
preference of C. napi for a distinct oilseed rape development stage. Elongated stems which
are longer than 22 cm are less preferred by C. napi females for oviposition (Buechi 1996).

Plants are able to respond to egg deposition by herbivorous insects. Deposited eggs
can trigger various metabolic plant responses which in turn may affect egg hatching and
development of larvae (Hilker et al. 2002; Hilker and Fatouros 2014). Already 24 hours after
oviposition by C. napi, the stem pith tissue surrounding the deposited eggs begins to
degenerate (Dosse 1951; Deubert 1955). Tissue changes in plants induced by egg deposition
of herbivorous insects can affect egg development or hatching larvae (Hilker et al. 2002).
However, there are no detailed studies about plant responses of different oilseed rape
genotypes towards C. napi egg deposition. The egg deposition by C. pallidactylus can lead to
an extensive wound callus tissue formation in petioles of oilseed rape and an increased

mortality of egg batches (Nuss 2004).

The objective of this study was to evaluate the susceptibility of eight B. napus
genotypes to oviposition preference and larval performance of C. napi and to identify
potential sources of resistance, focusing on resynthesized lines and cultivars of oilseed rape.
Plant infestations by eggs and larvae of C. napi were studied in a multi-choice field plot
experiment. To determine larval performance of C. napi in response to these genotypes, the
development was assessed by calculating the larval instar index. The length of the stem, stem
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biomass, glucosinolates and plant nutrients, were analyzed as potential plant cues affecting
oviposition and larval performance of C. napi in the field. Additionally, oviposition by C.

napi of these selected genotypes was assessed in a no-choice laboratory experiment.

Material and Methods
Field experiment

Susceptibility to oviposition and performance of C. napi: The susceptibility of eight
genotypes of B. napus (Table 1) to oviposition and larval infestation of C. napi was studied in
a multi-choice field plot experiment at the experimental station of Georg-August University in
2012/2013 (N51°33°56.3 E9°56°49.9). These genotypes were selected because of their broad
genetic background according to Girke (2002) (Table 1). They were sown in a complete
randomized block design with four replicates and plot size of 1.5 m x 7.5 m on August 22",
2012. To avoid border effects, a mixture of the oilseed rape cultivars Trabant, Dimension and
Electra were sown in the surrounding plots. Sowing density was 33 seeds / m® Natural crop
colonization of C. napi was monitored by using four yellow traps (33.0 cm x 25.0 cm x 7.3

cm), which were located around the experiment (one trap on each margin).

On April 15", before oviposition of females into stems, six randomly selected plants
of each plot were collected to assess the BBCH growth stage (Lancashire et al. 1991),
biomass and dry weight of main stems. Stem dry weight was determined by drying the stems
at 60 °C for three days and 120°C for one day. The dry weight of stems was assessed by using
a scale (Sartorius TE 1502S). Five randomly selected plants of each plot were collected at
weekly intervals from April 15" to May 22" to determine the number of eggs and larvae of C.
napi and to evaluate the length of the stems. Eggs and larvae were dissected from the main
stems under a stereo microscope (Zeiss, Stemi 2000-C). Additionally, the stem samples of
April 29" were dissected to assess the pith tissue degeneration under the same stereo
microscope. The degeneration of the pith tissue was classified into three categories (weak,

moderate and strong).

The ratio between the number of larvae and the number of eggs deposited by C. napi
into stems was calculated by dividing the number of larvae at peak larval infestation on May
13™ with the number of eggs at peak abundance of eggs on April 29™. Larval instars of C.
napi were classified based on the head capsule width (Guenthart 1949). Larval instar index
was calculated by subtracting the number of 3" larval instars by the number of 2" larval

instars on May 22" and the summation of the constant K (K = 8, to avoid negative values)
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(Kurtz et al. 2010). The larval dry body mass of ten larvae per larval instar and plot was
determined by drying the larvae at 60 °C for three days. The weights of individual larvae were

assessed using a scale (Sartorius micro scale, MC5).

Chemical analysis of plants: Five randomly selected non-infested stems per plot were
sampled for glucosinolate analysis on April 17". The stems were frozen on dry ice and stored
at -20 °C. Each sample was freeze-dried for 96 hours and homogenized using a mill (Krups
KM 75). Stem glucosinolates were separated and individual compounds were identified and
quantified (Thies 1977). Desulfoglucosinolates were extracted as detailed in Cleemput and
Becker (2012). Glucosinolates were analyzed using Shimadzu Prominence LC20AT series
HPLC (Shimadzu Deutschland GmbH) equipped with a Nucleodur 100-3 C18 column
(Macherey Nagel). Desulfoglucosinoltes were separated using a water-acetonitrile gradient
(solvent A water, solvent B acetonitrile; 0-20 min 1-20% B; 20-25 min 20% B; 25-27 min 20
% B; 27-34 min 1% B) at a flow rate of 0.6 ml / min. Retention times of known standards
were used to identify desulfoglucosinolates. Glucosinolate contents were expressed in pmol /
g dry weight (D.W.).

To analyze glucosinolate contents of infested stems, five randomly selected infested
stems per plot were sampled for glucosinolate analysis on May 24™. The stem glucosinolates

were analyzed as described above.

The Nmin (36.0 kg N / ha) in the soil was assessed once on Mach 5" 2013. All plots
were supplied with 177 kg N / ha (54 kg N / ha on March 4™, 42 kg N / ha on March 26" and
81 kg N / ha on April 23). Six randomly selected non-infested stems per plot were sampled
for nitrogen and carbon content on April 15". The stems were dried at 60 °C for three days,
milled by using a centrifugal mill and analyzed by a CN element analyzer (Vario EL, Fa.

Elementar Analysensysteme GmbH, Hanau).

Laboratory experiment

No-choice oviposition tests were conducted to evaluate the susceptibility of the eight
selected genotypes of B. napus (Table 1) to C. napi. Adult weevils used for screening were
collected from the last year’s oilseed rape crop in March 2013. They were kept in plastic
boxes in the climatic chamber at 6 °C (L16:D8) on leaves of the spring rape cultivar Mozart.
These adults were maintained up to three months with negligible mortality for use in the test.
Plants were grown in a standard soil substrate (Fruhstorfer Substrat T25) to the 2-true-leaf
stage in the greenhouse, transferred to a climatic chamber for vernalization for ten weeks at 2
°C (L8:D16) and returned to the greenhouse for plant elongation growth. Plants with BBCH

62



Chapter 111

growth stage 34-38 were transferred in a climatic chamber at 18 °C (L16:D8) for three days
before being used for the experiment. Three post-diapause C. napi females were caged on
each plant stem by using perforated plastic bags. Sex of the weevils was determined under a
stereo microscope (Zeiss, Stemi 2000-C) using characteristics according to Guenthart (1949).
After three days weevils were removed from the plants. Eggs deposited by C. napi into stems
of the test genotypes were dissected after four days by using a stereo microscope (Zeiss,
Stemi 2000-C).

Table 1  Genotypes of Brassica napus selected for evaluation of susceptibility to Ceutothynchus napi in
laboratory and field experiment in 2012/2013, according to Grike (2002)

Genotype Type Mother Father
S3 resynthesized line B. rapa ssp. rapa B. oleracea convar. acephala var.
sabellica

S30 resynthesized line B. oleracea convar. capitata var. B. rapa ssp. pekinensis
capitata

G53 resynthesized line B. oleracea convar. capitata var. B. rapa ssp. nipposinica var.
capitata perviridis

H113 resynthesized line B. oleraceae convar. capitatavar.  B. rapa ssp. pekinensis
sabauda

H30 resynthesized line B. rapa ssp. chinensis B. napus var. pabularia

Sollux winter rape, OP cultivar B. napus var. biennis

Oase winter rape, OP cultivar B. napus var. biennis

Mendel  winter rape, hybrid cultivar B. napus var. biennis

Data Analysis

Univariate data analysis was done using Statistica 10 (StatSoft®, Tulsa, USA), while
multivariate data analysis was done with R 3.0.1. All data was tested for normal distribution
with Shapiro-Wilks W Test.

Univariate data analysis: The effects of plant genotype on stem biomass and on stem
length on April 15" and 29" were analyzed by factorial one-way analysis of variance
(ANOVA); the differences among means were evaluated by the Bonferroni Test. The effects
of genotype on stem dry biomass, stem length on April 22" and on stem nitrogen content,
carbon content and C:N ratio on April 15" were each assessed using factorial one-way
Kruskal-Wallis variance analyses (KW-ANOVA); the differences among ranks were
evaluated by Kruskal-Wallis Test. The stem length on April 22" was analyzed differently
from April 15" and 29" because of non-normal distribution of residuals on April 22", The
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stem length was analyzed only on three of the six measuring dates, because oviposition had
peaked by April 29" and so this early period was of most importance to the relationship with
C. napi.

The effects of the genotype on the number of eggs deposited by C. napi on sampling
dates April 22", April 29" and May 6™ were each assessed using ANOVA. Counts of eggs on
May 6™ were log x+1 transformed to normalize the residuals. ANOVA was also performed to
evaluate the genotype effect on the number of larvae on May 13". Numbers of eggs on May
13™ and numbers of larvae on April 22" and 29", and May 6™ and 22" were too small and
non-normally distributed for analysis by ANOVA and so the non-parametric test KW-
ANOVA was used to analyse the effect of plant genotype on these data.

Effects of plant genotype on the larval instar index, dry body mass of larval instars,
larvae:egg ratio and of genotype on stem pith degeneration in response to oviposition / egg

presence were analyzed by KW-ANOVA.

To analyze the influence of physical plant traits on infestation by C. napi, linear
regression was used to test the effect of stem biomass on the number of eggs in samples
during the period of peak oviposition (April 22" and 29", May 6™) and to test the effect of
stem length on egg number on April 29™. The egg number was analyzed only on one of the
six sampling dates, because oviposition had peaked by April 29", Pearson Product-Moment
Correlation was used to test the relationship between the number of larvae on May 22" and
the larval instar index on the same date.

The Mann-Whitney Test was conducted to compare the total glucosinolate content of
non-infested stems with the total glucosinolate content of infested stems.

Multivariate data analysis: To test both non-infested and infested stems for between-
genotype differences in glucosinolate profiles, Partial Least Squares - Discriminant Analysis
(PLS-DA; function ‘plsda’, package ‘mixOmics’; Barker and Rayens 2003) was used, and
significance of discrimination was tested by multivariate analysis of variance (MANOVA). A
Partial Least Squares Regression (PLSR; Geladi and Kowalski 1986) was applied to
investigate the relationship between the glucosinolate profile of non-infested stems and the
number of eggs on April 22", April 29™ and May 6" (function “pls’ regression mode, package
‘mixOmics’). Data were scaled to unit variance, and were mean centered by default in the
analyses. PLSR was also applied to investigate the relationship between the glucosinolate

profile of infested stems and the number of larvae on May 13" and May 22" and larval instar
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index. Samples of April 29" and May 6™ were excluded from the analysis due to non-
significant differences in the number of larvae between genotypes.

Results
Field experiment

Susceptibility to oviposition by C. napi and morphological plant traits and plant
nutrients: The main immigration of C. napi into the oilseed rape field occurred on April 7%
2013. On April 15" before the beginning of the oviposition period of C. napi (Fig. 1 and
Table 3), the resynthesized line S30 and the cultivar Oase were at BBCH growth stage 51,
while the other test genotypes were at BBCH growth stage 50 (Table 2). On sampling dates
April 15", April 22" and April 29" the length of the plant stem differed significantly between
genotypes (F 7, 24 = 4.538, P = 0.002), (H (7, N = 32) = 22.778, P = 0.002), (F 7, 24 = 21.439,
P = 0.000), respectively (Table 2). On sampling dates April 15" and April 22", the cultivar
Sollux showed the shortest stem length, while on April 29™ the resynthesized line H30 had the
shortest stem length (Table 2).

Table 2 Plant traits of eight B. napus genotypes grown in the field experiment 2012/2013. BBCH growth stages
according to Lancashire (1991). Mean values (+ SE) of four replicates. Different letters within each column
indicate significant differences between genotypes, P < 0.05. Length of main stems on April 15" and 29",

Bonferroni Test; Length of main stems on April 22™, Kruskal-Wallis Test

Genotype BBCH Length of stem Length of stem  Length of stem
April 15" April 15" (cm) April 22™(cm)  April 29" (cm)
S3 50 8.65+0.93abc  23.30+1.60ab 56.48+4.97 ab
S30 51 9.94+1.10ab 2525+2.74ab 61.05+3.10a
G53 50 7.77+0.38abc 22.05+0.75ab 64.15+2.14a
H113 50 6.61+0.29 bc 19.48+1.19ab 4553+2.49hc
H30 50 7.18+0.88abc  15.40+0.29ab 32.28+2.07d
Sollux 50 563+0.79¢c 14.03+0.31b 37.18+2.79 cd
Oase 51 10.54£0.59 a 25.40+0.78 a 56.05 + 1.20 ab
Mendel 50 8.57+0.89abc  23.97+0.73ab 66.73+1.32a

On sampling date April 22", the number of eggs in main stems differed significantly between
genotypes (F 7, 24 = 4.578, P = 0.002). The resynthesized line S30 contained significantly less
eggs in main stems compared to cultivars Oase and Mendel (Fig. 1 and Table 3). On April
29" an average peak abundance of eggs was reached (Table 3). On this sampling date, the
number of eggs in main stems differed significantly between genotypes (F 7, 24 = 8.363, P =
0.000). S30 showed a significantly lower number of eggs in main stems compared to cultivar
Sollux and resynthesized lines H30 and H113 (Fig. 1 and Table 3). On sampling date May 6™,
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the number of eggs differed significantly between genotypes (F 7, 24 = 5.159, P = 0.001). S30
contained a significantly lower number of eggs compared to Sollux and H30 (Fig. 1 and Table
3). On May 13™, the genotype did not affect the number of eggs laid by C. napi (H (7, N = 32)
=9.679, P =0.208) (Fig. 1 and Table 3).
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April 15th  April 22nd  April 29th May 6th May 13th May 22nd
Sampling date
Fig. 1  Number of eggs laid by Ceutorhynchus napi into stems of eight Brassica napus genotypes on six

sampling dates. Genotypes were grown in the field experiment in 2012/2013 in four replicates

Table 3 Number of eggs deposited by C. napi into main stems of eight Brassica napus genotypes on six
sampling dates. Genotypes were grown in the field experiment in 2012/2013. Mean values (xSE) of four
replicates. Different letters within each column indicate significant differences between genotypes, P < 0.05.
Number of eggs on April 22" and 29" and May 6", Bonferroni Test

Mean no. eggs / main stem £SE

Genotype April 15"  April 22™ April 29" May 6" May 13" May 22" Mean
S3 0.0 440+056ab 4.65+038bc 3.70+1.78abc 0.20+0.14 0.0 2.16
S30 0.0 1.15+0.63b 0.80+0.29c 043+0.10 ¢ 0.05x0.05 0.0 0.41
G53 0.0 245+040ab 240+£022bc 240x141bc 0.10£0.10 0.0 1.23
H113 0.0 260+08lab 6.60+£0.80ab 255+x0.86bc 0.10£0.06 0.0 1.98
H30 0.0 470+£101ab 6.60x152ab 580+1.38ab 0.00+0.00 0.0 2.85
Sollux 0.0 220+£034ab 11.25+182a 1220+x299a 155x0.71 0.0 4.53
Oase 0.0 5.35+0.68a 550+1.40abc 4.30x1.14abc 0.70£057 0.0 2.64
Mendel 0.0 530+1.19a 530+0.88bc 4.20+1.08abc 0.15+0.15 0.0 2.49
Mean 0.0 3.52 5.39 4.45 0.36 0.0 2.29

66



Chapter 111

The number of eggs laid by C. napi in samples of April 29" was significantly negative
dependent upon length of the plant stems on April 22™ (Fig. 2).
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Fig. 2 Relationship between the number of eggs laid by Ceutorhynchus napi into stems of samples on April 29"
and the length of stems of eight Brassica napus genotypes on April 22"™. Genotypes were grown in the field
experiment in 2012/2013. Regression model: y = 16.912 - 0.546x; R = 0.770, F = 8.724, P = 0.025

The stem biomass differed significantly between genotypes (F 7, 24 = 2.704, P =
0.024). The resynthesized line H113 accumulated a significantly lower stem biomass
compared to the cultivar Oase (Table 4). The mean number of eggs laid by C. napi in samples
of April 22" and 29" or May 6™ were not dependent upon the stem biomass on 15 April (R =
0.420, F =1.283, P = 0.301), (R =0.330, F = 0.735, P = 0.424), (R =0.191, F = 0.228, P =
0.650), respectively. Overall, the genotype had no effect on the stem dry biomass (H (7, N =
32) = 8.665, P = 0.278) (Table 4). The nitrogen content of stems did not significantly differ
between genotypes (H (7, N = 32) = 13.994, P = 0.051) (Table 4). Overall, the genotype had
also no effect on the carbon content (H (7, N = 32) = 12.119, P = 0.097) and C:N ratio of
stems (H (7, N = 32) = 12.784, P = 0.078) (Table 4).
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Table 4 Above ground main stem biomass and contents of nutrients in main stems of eight Brassica napus
genotypes on April 15". Genotypes were grown in the field experiment in 2012/2013. Mean values (+SE) of four
replicates. Different letters within each column indicate significant differences between genotypes; Stem
biomass; Bonferroni Test, P < 0.05

Genotype  Stem biomasse (g) Stemdry N content (%) C content (%) C:N ratio
biomass (g)

S3 7.13+1.86 ab 2.82+0.66 5.77+0.08 42.13+0.16 7.30+0.07
S30 9.93+2.46 ab 3.83+1.01 5.29+0.09 40.99 + 0.32 7.75+0.12
G53 8.25+0.63 ab 2.30+0.22 6.02+0.23 41.47 +0.45 6.89+0.21
H113 521+0.75b 2.34+0.37 5.69 + 0.25 41.39+0.18 7.27+0.32
H30 7.32x214ab 2.27+0.62 5.96 + 0.32 40.87 £ 0.13 6.86 + 0.40
Sollux 7.06 £0.92 ab 2.27+0.30 5.94+0.23 41.02 + 0.42 6.91+0.27
Oase 13.12+1.38a 3.72+0.26 5.04+0.14 40.76 £ 0.43 8.09 +0.29
Mendel 10.95+1.19ab 2.92+0.24 5.36+0.19 40.91+0.25 7.78+0.27

Pith tissue changes in plants induced by egg deposition of C. napi: The extend of
degeneration of the pith tissue surrounding the deposited eggs significantly differed between
the genotypes (H (7, N = 32) = 19.013, P = 0.008) (Table 5). The degeneration of stem pith
tissue in resynthesized line S30 was significantly lower than in resynthesized line H30. The
pith tissue degeneration related on one deposited egg was not affected by the genotype (H (7,
32) =9.614, P =0.212) (Table 5).

Table 5 Severity of pith tissue degeneration in main stem and pith tissue degeneration in main stem related on
one egg of eight Brassica napus genotypes of samples on April 29™. Genotypes were grown in field experiment
in 2012/2013. Mean values (xSE) of four replicates. Different letters within each column indicate significant
differences between genotypes. Pith tissue degeneration in stem, Kruskal-Wallis Test, P < 0.05. Degrees of stem

pith tissue degeneration (1 = weak, 2 = moderate, 3 = strong)

Genotype Pith tissue degeneration  Pith tissue degeneration
in stem in stem / deposited egg

S3 20+04ab 04+0.1

S30 1.0£0.0b 0701

G53 21+0.1ab 0500

H113 25+0.0ab 04+0.1

H30 29+0.1a 05+0.1

Sollux 27x0.2ab 02+0.1

Oase 1.9+0.3ab 03+01

Mendel 23+0.3ab 04+0.1

Susceptibility to oviposition by C. napi and glucosinolates of non-infested stems: The
multivariate PLS-DA analysis and the associated MANOVA revealed that the glucosinolate
profiles of non-infested stems differed significantly between genotypes (Fig. 3). The score

plot explained 69.79 % of the intergenotypic variance. The glucosinolate profiles of H30,
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S30, Mendel and Oase were more close to each other compared to the profiles of Sollux,
H113, G53 and S3, respectively (Fig. 3). The non-infested stems of Sollux exhibited the

highest mean total glucosinolate content, while S30 contained the lowest content (Table 8).

Axis 1: 38.23 %

/.
4

Axis 2: 31.56 %

Fig. 3 Score plot of the Partial Least Squares - Discriminant Analysis. PLS-DA analysis performed on the
glucosinolate profiles of non-infested stems of samples on April 17" (score plot explained 69.79 % of the
intergenotypic variance; results of the MANOVA testing for the discrimination of genotypes: pseudo-F ;7 133 =
4.149, P < 0.001)

The multivariate PLSR analysis identified that there was a close relationship between
the number of eggs in samples of April 29" and the glucosinolate profile of non-infested
stems. The factorial map 1-2 explained 51.17 % variance of the number of eggs (Fig.4). The
number of eggs was positively dependent upon the glucosinolates glucoalyssin (ALY),
gluconasturtiin -~ (NAS), glucobrassicanapin  (GBN), glucobrassicin  (GBC) and
neoglucobrassicin (NEO). The smaller the angle between the egg arrow and the glucosinolate
arrow the tighter were the two variables correlated and vice versa. Glucosinolates with short
arrows (< radius) were found to be unrepresentative in the PLSR analysis (Fig. 4). The second
and third PLSR analysis revealed no relationship between the number of eggs in samples of
April 22" and May 6" and the glucosinolate profile of non-infested stems (eggs in samples of
April 22" 24.07 % variance of number of eggs, eggs in samples of May 6™: 29.31 %

variance of number of eggs).
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Fig. 4 Loading Plot of the Partial Least Squares Regression analysis indicating the relationship between the
number of eggs laid by Ceutorhynchus napi in main stems of samples on April 29" and the glucosinolate profile
of non-infested stems of eight Brassica napus genotypes of samples on April 17". The factorial map 1-2
explained 51.17 % variance of the number of eggs. Aliphatic glucosinolates: PRO = progoitrin, GNL =
napoleiferin, ALY = glucoalyssin, GNA = gluconapin, GBN = glucobrassicanapin, RAA = glucoraphanin;

GBC = glucobrassicin, 4ME = 4-

Indolyl glucosinolates: 40H = 4-hydroxyglucobrassicin,

methoxyglucobrassicin, NEO = neoglucobrassicin; Aromatic glucosinolate: NAS = gluconasturtiin

Additionally, univariate data analysis revealed that the number of eggs laid by C. napi
in samples of April 29" were positively dependent on the indolyl glucosinolate glucobrassicin

(GBC) (Fig. 5).
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Fig. 5 Relationship between the number of eggs laid by Ceutorhynchus napi into stems of samples on April 29"
and glucobrassicin content of non-infested stems of eight Brassica napus genotypes of samples on April 17"
Genotypes were grown in the field experiment in 2012/2013. Regression model: y = -1.331 + 2.215x; R = 0.721,
F =6.486, P = 0.044)

Performance of C. napi larvae: In plant samples of April 22" and 29™ and May 6™, the
genotype did not significantly affect the number of C. napi larvae (H (7, N = 32) = 6.202, P =
0.516); (H (7, N = 32) = 12.997, P = 0.072); (H (7, N = 32) = 11.412, P = 0.122), respectively
(Fig. 6 and Table 6). On May 13", the number of larvae differed significantly between
genotypes (F 7, 24 = 4.350, P = 0.003). The resynthesized line S30 showed a significantly
lower number of C. napi larvae compared to the cultivar Sollux and resynthesized line H30
(Fig. 6 and Table 6). On May 13" an average peak of larval infestation of C. napi was
reached (Table 6). On this sampling date, C. napi larvae began to leave the plant for pupation
in soil (Fig. 6). On May 22", the number of larvae significantly differed between genotypes
(F 7, 24 = 23.404, P = 0.001). S30 showed a significantly lower number of larvae compared to
the cultivars Sollux and Mendel and H30 (Fig. 6 and Table 6).
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Fig. 6 Number of Ceutorhynchus napi larvae in stems of eight Brassica napus genotypes on six sampling dates.

Genotypes were grown in the field experiment in 2012/2013 in four replicates

Table 6 Number of Ceutorhynchus napi larvae in stems of eight Brassica napus genotypes on six sampling

dates. Genotypes were grown in the field experiment in 2012/2013. Mean values (xSE) of four replicates.

Different letters within each column indicate significant differences between genotypes, P < 0.05. Number of

larvae on May 13", Bonferroni Test; Number of larvae on May 22", Kruskal-Wallis Test

Mean no. larvae / main stem +SE

Genotype April 15" April 22"  April 29"  May 6" May 13" May 22" Mean
S3 0.0 0.00£0.00 0.45+0.26 355+1.22 7.80+1.09ab 2.38+0.50ab 2.36
S30 0.0 0.00+0.00 0.00+0.00 0.85+0.66 0.40+0.27b 0.18+0.06b 0.24
G53 0.0 0.00£0.00 0.05+0.05 1.70£0.77 2.80+1.11ab 2.68+0.43ab 1.21
H113 0.0 0.10+0.10 0.30+0.17 410+1.25 580%+1.30ab 2.80+0.50ab 2.18
H30 0.0 0.00+0.00 0.30+£0.19 515+0.89 10.25+3.07a 6.00£097a 3.62
Sollux 0.0 0.00+£0.00 0.10+£0.10 295+0.39 9.70x1.75a 6.58+058a 3.22
Oase 0.0 0.00£0.00 0.20£0.12 2.10+0.62 5.15+1.39ab 2.48+0.66ab 1.66
Mendel 0.0 0.05+0.05 0.80+0.35 350+1.17 650+1.35ab 5.63+099a 2.75
Mean 0.0 0.02 0.28 2.99 6.05 3.59 2.16

The egg or larval mortality was reflected by the larvae:egg ratio. Overall, the genotype

had no effect on the ratio between the number of larvae and eggs of C. napi (H (7, N = 32) =
6.980, P = 0.431) (Table 7).
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Table 7 Ratio between the number of Ceutorhynchus napi larvae in main stems of samples on May 13" and
number of eggs deposited by C. napi into main stems of samples on April 29" of eight Brassica napus

genotypes. Mean values (£SE) of four replicates. Genotypes were grown in the field experiment in 2012/2013

Genotype Larvae : egg ratio

S3 1.73+0.30
S30 0.78 £ 0.46
G53 1.15+0.45
H113 0.87+0.15
H30 1.60+0.30

Sollux 0.88 +0.10
Oase 1.16 +0.41
Mendel 1.47 £0.51

The larval development time of C. napi was reflected by the larval instar index. The
mean larval instar index significantly differed between the genotypes (H (7, N = 32) = 19.197,
P = 0.008), ranging from 4.75 (S30) to 36.75 (H30) (Fig. 7). The resynthesized line S30
showed a significantly lower larval instar index compared to the resynthesized line H30 (Fig.
7).
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Fig. 7 Instar index of Ceutorhynchus napi larvae developed in main stems of eight Brassica napus genotypes
until May 22". Mean values (+ SE) of four replicates. Genotypes were grown in the field experiment in
2012/2013. Different letters indicate significant differences between larval instar indices, Kruskal-Wallis Test, P

<0.05
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Over all genotypes, the number of larvae on May 22" was significantly positively
correlated with the larval instar index (R = 0.886, N = 32, P = 0.003).

The mean dry body mass of 2" larval instars ranged from 0.42 mg (S3) to 0.92 mg
(H113). The genotype did not significantly affect the larval dry body mass of the 2" larval
instars (H (7, N = 29) = 5.171, P = 0.639) (Fig. 8). The mean dry body mass of 3" larval
instars ranged from 0.57 mg (Oase) to 2.84 mg (H113). Overall, the genotype did
significantly affect on the larval dry body mass of 3" larval instars (H (7, N = 29) = 18.012, P
= 0.012), but no significant differences between individual genotypes were found (Kruskal-
Wallis Test, P < 0.05).

T I 3rd larval instar
1 2nd larval instar

Mean larval dry body mass (mg) +SE

H113 G53 S3 Mendel H30 Sollux S30 Oase

Genotype

Fig. 8 Dry body mass of 2" and 3" instar of Ceutorhynchus napi larvae developed in main stems of eight
Brassica napus genotypes until May 22". Mean values (+SE) of three to four replicates. Genotypes were grown
in the field experiment in 2012/2013

Performance of C. napi larvae and glucosinolates of infested stems: The multivariate
PLS-DA and the associated MANOVA revealed that the glucosinolate profile of infested
stems differed between the genotypes (Fig. 9). The score plot explained 72.37 % of the
intergenotypic variance. The glucosinolate profiles of H113, H30, S30, G53, Mendel, Oase
and Sollux were more close to each other compared to the glucosinolate profile of S3 (Fig. 9).
The infested stems of S3 contained the highest mean total glucosinolate content, while H30
contained the lowest mean total glucosinolate content (Table 8). Generally, the mean total
glucosinolate contents of infested stems were lower compared to non-infested stems (N = 31,
df = 60, P = 0.000) (Table 8). In all genotypes, contents of individual glucosinolates
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decreased more (approximately 5- to 21-fold decrease) than the content of 40H
(approximately 0.02- to 0.12-fold decrease) (Table 8). The PLSR analysis revealed no
relationship between the number of larvae in samples of May 13" and 22" and the
glucosinolate profile of infested stems (May 13™: 20.07 % variance of number of larvae; May
22" 29.17 % variance of number of larvae). The PSLR also revealed no relationship between
the larval instar index and the larval dry body mass of 3" larval instars and the glucosinolate
profile of infested stems (12.01 % variance of larval instar index, 16.02 % variance of larval

dry body mass of 3" larval instars), respectively.

Axis 1: 39.70% v

H113

Axis 2: 32.67 %

Fig. 9 Score plot of the Partial Least Squares - Discriminant Analysis. PLS-DA analysis performed on the
glucosinolate profiles of infested stems of samples on May 24" (score plot explained 72.37 % of the
intergenotypic variance; results of the MANOVA testing for the discrimination of genotypes: pseudo-F 43 133 =
2.472, P <0.001)
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Table 8 Glucosinolate (GSL) contents (umol / g D.W.) of stems of eight Brassica napus genotypes. Genotypes were grown in the field experiment in 2012/2013. Values are

means of four replicates. 1 = non-infested stems (April 17™), 2 = infested stems (May 24™); Aliphatic glucosinolates: PRO = progoitrin, RAA = glucoraphanin, GNL =

napoleiferin, ALY = glucoalyssin, GNA = gluconapin, GBN = glucobrassicanapin; Indolyl glucosinolates: GBC = glucobrassicin, 4ME = 4-methoxyglucobrassicin, NEO =

neoglucobrassicin, 40H = 4-hydroxyglucobrassicin; Aromatic glucosinolate: NAS = gluconasturtiin

GSLs H30 S3 S30 Mendel G53 H113 Oase Sollux
1 2 1 2 2 1 2 1 2 1 2 1 2 1 2

PRO 6.51 0.09 30.57 8.04 6.65 0.79 6.45 0.98 13.62 0.92 17.44 251 6.34 0.25 18.84 1.80
RAA 0.04 0.00 0.64 0.00 0.13 0.00 0.02 0.00 0.54 0.00 0.30 0.00 0.09 0.00 0.29 0.00
GNL 0.26 0.00 0.35 0.00 0.15 0.00 0.15 0.00 0.36 0.00 0.25 0.00 0.17 0.00 0.29 0.00
ALY 6.70 0.39 2.23 0.82 4.21 1.05 2.03 0.80 3.78 0.33 769 211 3.46 0.36 9.11 1.66
GNA 0.35 0.00 6.23 0.30 0.83 0.00 2.13 0.00 3.58 0.06 0.74 0.00 1.43 0.00 2.85 0.02
GBN 4.67 0.00 5.64 0.52 7.16 0.14 8.15 0.43 13.84 0.20 7.48 0.13 7.92 0.06 21.02 0.92
GBC 3.43 0.23 1.95 0.29 1.96 0.22 3.81 0.39 2.32 0.16 444 0.31 229 0.28 4.06 0.38
4ME 0.50 0.10 0.27 0.12 0.33 0.10 0.35 0.08 0.27 0.08 0.24 0.11 0.29 0.06 051 0.21
NEO 228 0.27 0.68 0.20 1.24 0.30 2.00 0.39 1.89 0.09 262 0.74 0.97 0.27 2.66 0.47
40H 0.13 0.11 0.13 0.13 0.17 0.14 0.15 0.10 0.07 0.08 0.31 0.34 023 0.11 0.19 0.12
NAS 0.59 0.00 1.43 0.50 0.24 0.10 0.72 0.30 1.20 0.02 2.88 0.88 0.69 0.00 2.03 0.23
Total 25.46 1.19 50.12 10.92 23.07 2.84 25.96 3.47 41.47 1.94 4439 7.13 23.88 1.39 61.85 5.81
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Laboratory experiment

Susceptibility to oviposition by C. napi: The mean number of eggs deposited into main
stem in no-choice experiment ranged from 0.56 eggs per main stem (S30) to 10.20 eggs per
main stem (H30) (Fig. 10). The number of eggs differed significantly between genotypes (H
(7, N =75) =25.924, P = 0.001) (Fig. 10). The number of eggs in the resynthesized line S30

was significantly lower compared to the cultivar Oase.
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Fig. 10 Number of eggs deposited by Ceutorhynchus napi into stems of eight Brassica napus genotypes grown
in the laboratory experiment. The boxes encode the median and the interquartile range (25"-75" percentiles) of
eight to ten replicated plants. Different letters indicate significant differences between genotypes, Kruskal-Wallis
Test, P <0.05

Discussion
Field experiment

Susceptibility to oviposition by C. napi and morphological plant traits and plant
nutrients: The results of our study revealed considerable variation in infestation levels of C.
napi between the tested genotypes. In the resynthesized line S30, the number of eggs and
larvae was on a very low level during the entire infestation period of C. napi. At all sampling
dates S30 contained the lowest number of eggs. The low number of eggs deposited by C. napi
into main stems of S30 indicated antixenosis resistance in this genotype. Similar results
obtained in semi-field and open field experiments confirmed the low level of infestation of

S30 (chapter Il and chapter 1V).
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Plant growth stages and the length of plant stems are known to have an influence on
the oviposition preference of C. napi (Lerin 1993; Buechi 1996). Buechi (1996) found that
plants with stem length exceeding 22 cm were less preferred for egg-laying by females. The
BBCH growth stage of the tested genotypes, which was assessed at the beginning of the
oviposition period, had no effect on the number of eggs in samples of April 29™ and May 6™.
Even though the growth stage of S30 and Oase was advanced (BBCH stage 51), only S30
showed a significantly lower number of eggs than Sollux, while the number of eggs in Oase
did not differ from Sollux. On April 29", the number of eggs was significantly negative
dependent upon the length of the stems on April 22™. On April 22", the stem length of the
resynthesized lines S30, G53 and S3 and the cultivars Oase and Mendel was longer than 22
cm and the number of eggs on April 29™ was lower than in the resynthesized lines H113 and
H30 and the cultivar Sollux. This means, the longer the main stems approximately two weeks
after main crop colonization (April 7"), the less eggs were deposited by C. napi into stems.
However, length can vary depending on agroclimatic conditions (Ballanger 1987).
Additionally, oilseed rape plants with a stem length longer than 20 cm are less susceptible to
stem splitting (Lerin 1993).

No relationships between the number of eggs in samples of April and May and the
stem biomass on April 15" were found. However, in this study the stem biomass was not
assessed from plants sampled later during the vegetation period. Plant nutrients such as
nitrogen, phosphorus and sulphur have been found to affect plant morphology and
biochemical composition, which could affect host suitability for herbivores (Malhi et al.
2005). Blake et al. (2010) reported that an increased content of nitrogen in plants decreased
the oviposition by females of C. obstrictus in oilseed rape. However, in the present study the
nitrogen content of stems at the beginning of the oviposition period of C. napi did not
significantly differ between the genotypes.

Pith tissue changes in plants induced by egg deposition of C. napi: Plant responses to
egg deposition by herbivorous insect into stems can result in changes in the plant tissue and
affect egg development or hatching of larvae (Hilker et al. 2002). According to Deubert
(1955) and to Le Pape and Bronner (1987), pith tissue degeneration (gall formation) is caused
by the egg of C. napi which induces translocation of water and nutrients from the plant tissue
towards the egg. The pith tissue degeneration in stems significantly differed between the
tested genotypes. However, when the degree of stem pith degeneration was related to the
number of deposited eggs, the plant genotype did not affect the degree of degeneration. In

contrast, an extensive neoplasma formation in petioles of oilseed rape following oviposition
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by C. pallidactylus may lead to increased mortality of egg batches (Nuss 2004), a plant
response to herbivores caused by an increasing cell division in non-meristemic areas (Hilker
et al. 2002). A further category of plant response to egg deposition is a hypersensitive reaction

(Hilker et al. 2002). However, this was not observed in our study.

Susceptibility to oviposition by C. napi and stem glucosinolates of non-infested stems:
In the present study the PLS-DA analysis and the associated MANOVA revealed significant
differences between the glucosinolate profiles in non-infested stems of the tested genotypes.
Resynthesized lines of oilseed rape can provide important genetic resources for the
modification of glucosinolate profiles in leaves and stems (Cleemput and Becker 2012).
Glucosinolates have been shown to trigger oviposition of crucifer-feeding insects (Renwick et
al. 1992; Van Loon et al. 1992; Chew and Renwick 1995). They are hydrolyzed by the
endogenous enzyme myrosinase following cell disruption (Hopkins et al. 2009), while
myrosinase is spatially separated from glucosinolates in non-disrupted cells (Mithen 1992,
2001).

In order to determine the effect of glucosinolates on oviposition by C. napi the
glucosinolate content of non-infested stems was analyzed at the beginning of the oviposition
period. PLSR analysis revealed that the number of C. napi eggs in samples of April 29" was
positively dependent upon the content of the glucosinolates ALY, GBN and NAS, GBC and
NEO. Additionally, univariate data analysis revealed a significantly positive relationship
between the number of eggs on April 29" and the content of the stem glucosinolate GBC.
Similar results were reported by Giamoustaris and Mithen (1995): reduced levels of leave
glucosinolates resulted in lower feeding damage by adult cabbage stem flea beetle (Psylliodes
chrysocephala (L.)). Bartlet et al. (1994) reported that feeding by P. chrysocephala was
stimulated by GBC and NAS on artificial medium. In other studies, oviposition by Delia
radicum correlated positively with NAS (Tansey and Dosdall 2011) and GBC (Roessingh et
al. 1992). Oviposition by D. radicum (Roessingh et al. 1992) and chemosensory responses of
turnip root fly (Delia floralis (Fall.)) were also stimulated by GBN (Simmonds et al. 1994). In
a laboratory experiment, Meier (unpubl. MSc thesis, Goettingen 2013) found a positive
correlation between the number of eggs laid by the pollen beetle (Meligethes aeneus (F.)) into
buds of different B. napus genotypes and the content of NEO. There is little information in the
literature about the effect of the aliphatic ALY on behavioral responses of crucifer-feeding
insects. Huang and Renwick (1994) reported that oviposition by the green-veined white
butterfly (Pieris napi (L.)) was strongly stimulated by aliphatic glucosinolates. In our study,

PLSR analysis studying the relationship between the number of C. napi eggs and the
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glucosinolate profile of non-infested stems revealed a positive relationship only in plant

samples of April 29",

Performance of C. napi and stem glucosinolates of infested stems: In the present study
the PLS-DA analysis and the associated MANOVA showed significant differences between
the glucosinolate profiles of infested stems of the tested genotypes. The glucosinolate content
of infested stems was significantly lower compared to non-infested stems. In brassicaceous
plants the glucosinolate content was found to be altered by herbivory (Bodnaryk 1992; Bartlet
et al. 1999). Therefore, glucosinolates of infested stems were analyzed to estimate their effect
on larval infestation and performance of C. napi. However, no relationship between larval
performance and the glucosinolate profiles of infested stems was found. In contrast, Ulmer
and Dosdall (2006) found that high levels of specific glucosinolates are associated with a

reduced larval weight of C. obstrictus.

Performance of C. napi larvae: The low number of C. napi larvae in the resynthesized
line S30 may result from reduced egg-deposition by females. In studies by Eickermann
(2011), the number of C. pallidactylus larvae in S30 was not significantly different to larval
numbers in other oilseed rape genotypes. The duration of larval development in the tested
genotypes was reflected by the larval instar index. In S30, which showed the lowest number
of eggs and larvae during the entire infestation period, as shown by the low proportion of L3
larvae the larval development was delayed, while in H30, at high levels of larval infestation,
the proportion of L3 larvae and larval instar index were significantly higher. The delayed
larval development in S30 indicated antibiosis resistance in this line. Antibiosis affects
herbivore performance and may result in prolonged development, reduced weight or increased
mortality (Sarfraz et al. 2006). The number of larvae per plant was significantly positive
correlated with the larval instar index. Therefore, there was no indication of intraspecific
competition between the larvae at moderate levels of infestation.

The plant content of primary nutrients has been found to affect larval performance of
herbivores on oilseed rape (Dosdall and Moisey 2004; Sarfraz et al. 2010). Overall, the
nitrogen and carbon content and the C:N ratio of stems did not significantly differ between the
genotypes. The nitrogen content of plants can change with increasing growth and season
(Mattson 1980). High nitrogen contents occur in young and actively growing plant tissues

while nitrogen content is lower in older tissues (Mattson 1980).
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Laboratory experiment

To validate the low number of eggs deposited by C. napi females into stems of the
resynthesized line S30 in the open field, a no-choice laboratory experiment was conducted. As
under open field conditions, the resynthesized line S30 contained a very low number of eggs
in the laboratory, while the resynthesized line H30 contained the highest number of eggs in
the laboratory, but intermediate egg numbers in the open field. The cultivar Sollux which
showed the highest number of eggs in the open field contained a comparatively low number
of eggs in the laboratory. The results of the laboratory experiment confirmed further evidence
that the length of the stem was not a key plant trait affecting host plant acceptance, because all
females used in the laboratory oviposition experiment were supplied with the same length of
stems of the tested genotypes.

Overall, the results of this study showed that the oilseed rape genotype had a
significant influence on oviposition and larval performance of C. napi. The resynthesized line
S30 which showed a very low infestation might provide a potential source for breeding of
oilseed rape cultivars with resistance to C. napi. Specific glucosinolates can play a major role
in host acceptance and oviposition by females, while these secondary metabolites were not
closely associated with larval infestation and larval performance. Also, further investigations
are needed to determine the potential effect of chemical traits such as volatile isothiocyanates
on host location of C. napi.
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Abstract

In a 2-year field study (2012 and 2013), we evaluated a large assortment of 30
genotypes of oilseed rape (Brassica napus L.), showing a broad genetic variability, for the
susceptibility to the stem-boring weevils, rape stem weevil (Ceutorhynchus napi Gyll.) and
cabbage stem weevil (Ceutorhynchus pallidactylus (Marsh.)). The number of eggs deposited
by C. napi was assessed from plants collected at the beginning of the oviposition period in
March 2012. The number of eggs per main stem differed significantly between genotypes.
The resynthesized line H113 and the cultivars Sollux and Grizzly contained significantly less
eggs compared to the resynthesized line S3. The number of mature larvae of C. napi and C.
pallidactylus was assessed in May 2012 and 2013. In 2012 and 2013, the resynthesized line
S30 contained a significantly lower number of C. napi larvae compared to the cultivars
Mendel (2012), Sollux and Grizzly (2013) and the resynthesized line H10 (2013). The low
number of C. napi larvae indicated antixenosis and/or antibiosis resistance in S30. The
number of C. pallidactylus larvae did not significantly differ between genotypes in both years.
The larval feeding damage by C. napi and C. pallidactylus within stems was assessed by the
stem injury coefficient. In 2013, the resynthesized line S30 showed the lowest stem injury
coefficient, while in 2012 the stem injury coefficient did not significantly differ between the
genotypes. In 2013, the number of C. napi larvae was significantly positive dependent upon

stem injury coefficient.

Morphological stem traits, and stem and leave levels of glucosinolates, carbon and
nitrogen were assessed as potential mediators of resistance. The number of eggs deposited by
C. napi into the main stems was significantly positive dependent upon the length of stems at
the beginning of stem elongating. No relationship between the number of C. napi larvae in
main stems and the length of full-grown stems was found. The carbon content, nitrogen
content and C:N ratio of stems differed significantly between the genotypes. However, the
number of eggs and larvae of C. napi were not dependent upon carbon content, nitrogen
content and C:N ratio. The stem and leave glucosinolates differed significantly between the
tested genotypes. At the beginning of the oviposition period, the number of eggs deposited by
C. napi into main stems was significantly positive dependent upon the content of napoleiferin
and significantly negative dependent upon the content of glucoalyssin and neoglucobrassicin.
In 2012 and 2013, the number of C. napi larvae was not dependent upon the glucosinolate

contents of stems.
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Introduction

Rape stem weevil, Ceutorhynchus napi Gyll. (Col., Curculionidae) and cabbage stem
weevil, Ceutorhynchus pallidactylus (Marsh.) (Col., Curculionidae) commonly cause
economic damage in oilseed rape crops (Brassica napus L.) in Europe (Alford et al. 2003).
The life cycle of C. napi has been studied by several authors (Guenthart 1949; Dosse 1951;
Deubert 1952, 1955; Schmutterer 1956; Ballanger 1987; Le Pape and Bronner 1987; Lerin
1993). Adult weevils migrate to oilseed rape crops in early spring. In March/April, after two
weeks of feeding, females deposit single eggs into elongating stems of oilseed rape plants.
Larvae feed within the stem pith tissue. In May/June, the full-grown larvae leave the plant to
pupate in soil. Adult weevils overwinter within earthen pupal cocoons. Females pass through

an obligate, pre-reproductive diapause before they migrate to new crops the following spring.

In Central European oilseed rape crops, C. pallidactylus often occurs sympatrically
with C. napi (Dechert and Ulber 2004). In March/April, adults of C. pallidactylus lay their
egg batches into petioles. Neonate larvae feed within the petioles before 2™ instar larvae
move into stems to complete their development (Guenthart 1949). Both stem-boring species
(C. napi and C. pallidactylus) share the stem pith tissue and avoid interspecific competition.
Dechert and Ulber (2004) showed that larvae of C. pallidactylus preferably fed in the lower
parts of the stem.

Currently, management of insect pests of oilseed rape is strongly based on synthetic
insecticides (Williams 2010; Thieme et al. 2010). Because pyrethroids are primarily used for
the control of the main insect pests, selection pressure for resistance is high (Thieme et al.
2010). Between 2007 and 2012, winter oilseed rape in Germany was on average treated with
insecticides 2.8 times (Freier et al. 2014). In integrated pest management systems, resistant
cultivars are needed to minimize the number of insecticide applications. Preliminary field
observations indicated only minor variation in infestation and damage by C. napi between
different cultivars and lines of oilseed rape (Mrowczynski 1998; Dechert and Ulber 2004). No
resistance to infestation by C. napi has been found to date within the gene pool of oilseed
rape. Therefore, breeding for host plant resistance is a major tool in integrated pest
management (Gullan and Cranston 2005) and an important breeding trait in oilseed rape
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(Frauen 2011). A wide genetic variation is required to improve plant breeding with regard to
insect pest resistance traits (Snowdon and Friedt 2004; Snowdon 2007; Friedt 2011).
Interspecific crossing of the two progenitor species (Brassica oleracea L. and Brassica rapa
L) of oilseed rape might have potential for broadening the genetic variation (Olsson et al.
1980; Girke et al. 2012). By developing and testing these resynthesized lines, sources for
disease resistance (Diedrichsen and Sacristan 1991; Rygulla et al. 2007) and pest resistance
might be detected (Seyis et al. 2001; Eickermann 2011). There are some examples in
literature indicating host plant resistance in Brassicaceae to coleopteran species, such as
cabbage flea beetle (Phyllotreta nemorum (L.)) (Renwick 2002), mustard leaf beetle
(Phaedon cochleariae (F.)) (Uddin et al. 2009), cabbage stem weevil (Eickermann 2011), and
cabbage seed weevil (Ceutorhynchus obstrictus (Marsh.)) (Carcamo et al. 2007; Tansey and
Dosdall 2011).

Host plant selection of insects is affected by morphological and metabolic plant traits
(Sarfraz et al. 2006). Females of C. napi prefer oilseed rape stems shorter than 22 cm
compared to longer stems for oviposition (Buechi 1996). Larval infestation by C.
pallidactylus increases with increasing number of side shoots and leaves on oilseed rape
(Eickermann and Ulber 2011). Cabbage root fly (Delia radicum (L.)) preferentially attacks
larger cruciferous plants with higher biomass (Mustata and Mustata 2009). Similarly, larval
density of cabbage stem flea beetle (Psylliodes chrysocephala (L.)) increases with increasing

plant biomass of oilseed rape (Nuss 2004).

Plant metabolics such as glucosinolates play a major role for host acceptance of
crucifer-feeding insects (Renwick et al. 1992; Bartlet et al. 1994; Huang and Renwick 1994;
Renwick 2002) and trigger oviposition by these insects (Renwick et al. 1992; Van Loon et al.
1992; Chew and Renwick 1995). Glucosinolates are a major group of secondary metabolites
in Brassicaceae (Rodman et al. 1996). They are catalyzed by the endogenous enzyme
myrosinase following cell disruption (Fenwick and Heaney 1983; Hopkins et al. 2009), while
myrosinase is spatially separated from glucosinolates in non-disrupted cells (Mithen 1992,
2001). The presence of glucosinolates in cruciferous plants has also been found to serve as
defense compounds against non-specific insects (Feeny 1977). However, even specialist
insects are not completely immune to these defense compounds (Ali and Agrawal 2012).
Glucosinolates can cause repulsion or deterrence of specialist insect pests in crucifer plants
(Waligora and Krzymanska 1995). For instance, high glucosinolate concentrations in leaves
of oilseed rape resulted in lower numbers of cabbage aphid (Brevicoryne brassicae (L.)),

compared to leaves with lower concentrations (Waligora and Krzymanska 1995).
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Plant nutrients such as nitrogen can affect preference and performance of herbivorous
insects (Blake et al. 2010). The plant attractiveness can be modified by the crop nitrogen
status (Rusch et al. 2013), thereby affecting pest abundance in the crop (Staley et al. 2010).
Fertilization rates of nitrogen can affect host acceptance by females of Pieris spp., which laid
more eggs on highly fertilized plants compared to poorly fertilized plants (Chen et al. 2004).
The ratio of carbon and nitrogen content of plants has been hypothesized to affect plant
susceptibility to leaf-eating insects (Lincoln 1993). It has also been considered as a parameter
to explain the performance of herbivorous insects on different host plants (Moeser and Vidal
2004).

To analyze the susceptibility of 30 genotypes of oilseed rape for oviposition and larval
infestation by C. napi and for larval infestation by C. pallidactylus, a large assortment of
genetically variable B. napus genotypes was assessed. Potential morphological and metabolic
plant traits as well as nitrogen and carbon contents of plants were assessed to determine plant

resistance mechanisms to both stem-boring species.

Material and Methods
Year 2011/2012

Field experiment: The first multi-choice field experiment was conducted at the
experimental station of Georg-August University (N 51°33°58.8 E 9°56°55.5). 30 genotypes
were sown on August 22" 2011 and grown in a complete randomized block design with four
replicated plots (1.5 m x 7.5 m) of each genotype. These genotypes were selected, because of
their broad genetic background according to Girke (2002) and Cleemput and Becker (2012).
To avoid border effects, the oilseed rape cultivar Titan was sown in the surrounding plots.
Sowing density was 27 seeds / m?. Natural crop colonization of C. napi and C. pallidactylus
was monitored by using four yellow traps (33.0 cm x 25.0 cm x 7.3 cm), which were located
around the experiment (one trap on each margin). To analyze the susceptibility of B. napus
genotypes to oviposition by C. napi females, five randomly selected plants of each plot were
sampled on March 26™ 2012. Additionally, the BBCH growth stage (Lancashire et al. 1991)
and the length of above ground main stems was assessed from these plants. Because of a poor
crop establishment in the plots of 11 genotypes only 19 out of 30 B. napus genotypes could be
analyzed for oviposition. To analyze resistance of B. napus genotypes to larval infestation by
both stem-boring species, ten randomly selected plants of each plot were sampled on May 8"

2012 when 2" instar larvae of C. pallidactylus had migrated from petioles into main stems.
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Because of the poor crop establishment in the plots of 7 genotypes only 23 out of 30 B. napus
genotypes could be analyzed for larval infestation. Larvae of both stem-boring species were
dissected from the main stems under a stereo microscope (Zeiss, Stemi 2000-C). Additionally,
the length of full-grown stems and the length of larval feeding tunnels within the stem pith
were assessed from these plants. The stem injury coefficient was calculated by the ratio
between the length of larval feeding tunnels to the length of the full-grown plant stems
(Ferguson et al. 2003).

Year 2012/213

Field experiment: The second multi-choice field experiment was conducted at the
experimental station of Georg-August University (N51°33’56.3 E9°56°49.9). On August 22"
2012, the same 30 genotypes were sown in the same experimental design as in the first year.
To avoid border effects, a mixture of the oilseed rape cultivars Trabant, Dimension and
Elektra were sown in surrounding plots. Sowing density was 33 seeds / m” Natural crop
colonization of C. napi and C. pallidactylus was monitored as described above. To analyze
the effects of BBCH growth stages, biomass and dry biomass of stems on the level of
infestation by both stem-boring species, six randomly selected plants of each plot were
sampled on April 15"2013 before oviposition by stem-boring species. Stem dry biomass was
determined by drying the stems at 60 °C for three days and 120 °C for one day. The dry
weights of the stems were assessed using a scale (Sartorius TE1502S). To analyze the larval
infestation by both weevil species, ten randomly selected plants of each plot were sampled on
May 22" 2013. Only 26 out of 30 B. napus genotypes could be evaluated for larval
infestation, because of a low number of plants in the plots of 4 genotypes. The main stems
were dissected to assess the number of larvae of both species as described before.
Additionally, the length of full-grown main stems and of larval feeding tunnels were

evaluated to determine the stem injury coefficient.
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Table 1  Resynthesized lines, cultivars and breeding lines of Brassica napus selected for evaluation of the susceptibility to Ceutorhynchus napi and Ceutorhynchus
pallidactylus in field experiments in 2011/2012 and 2012/2013, according to (Girke 2002), Cleemput and Becker (2012) and Rudloff (MSc thesis unpubl., Goettingen 2012).

++ = high contents of erucic acid and glucosinolates in seeds; 00 = no erucic acid and low glucosinolate content in seeds; OP = open-pollinated

Genotype Type Mother Father

G53 resynthesized line B. oleracea convar. capitata var. capitata B. rapa ssp. nipposinica var. perviridis
H10 resynthesized line B. oleracea convar. capitata var. capitata B. rapa ssp. pekinensis
H30 resynthesized line B. rapa ssp. chinensis B. napus var. pabularia
H65 resynthesized line B. oleracea convar. capitata var. sabauda B. rapa ssp. pekinensis
H113 resynthesized line B. oleracea convar. capitata var. sabauda B. rapa ssp. pekinensis
H149 resynthesized line B. oleracea convar. acephala var medullosa B. rapa ssp. chinensis
H231 resynthesized line B. oleracea convar. capitata var. capitata B. rapa ssp. pekinensis
H327 resynthesized line B. oleracea convar. capitata var. capitata B. rapa ssp. nipposinica var. perviridis
L16 resynthesized line B. oleracea convar. botrytis var. alboglabra B. rapa ssp. pekinensis
L122 resynthesized line B. oleracea convar. capitata var. sabauda B. rapa ssp. pekinensis
R53 resynthesized line B. oleracea convar. acephala var. sabellica B. rapa ssp. pekinensis
R140 resynthesized line B. oleracea convar. capitata var. capitata B. rapa ssp. oleifera

S3 resynthesized line B. rapa ssp. rapa B. oleracea convar. acephala var. sabellica
S14 resynthesized line B. napus pabularia X B. oleracea convar. acephala var. sabellica  B. rapa ssp. oleifera
S30 resynthesized line B. oleracea convar. capitata var capitata B. rapa ssp. pekinensis
Abukuma natane (++) OP cultivar B. napus var. biennis, Japan

Gaoyou (++) native breed B. napus var. biennis, China

Olimpiade (++) OP cultivar B. napus var. biennis, Italy

Sollux (++) OP cultivar B. napus var. biennis, Germany

DH Mansholt (++) DH-line B. napus var. biennis, Netherlands

Campala (00) OP cultivar B. napus var. biennis, United Kingdom

Express617 (00) OP cultivar B. napus var. biennis, Germany

Grizzly (00) OP cultivar B. napus var. biennis, France

Liropa (00) OP cultivar B. napus var. biennis, Germany

Mendel (00) hybrid cultivar B. napus var. biennis, clubroot resistance, Germany

Oase (00) OP cultivar B. napus var. biennis, Germany

Santana (00) OP cultivar B. napus var. biennis, France

Visby (00) hybrid cultivar B. napus var. biennis, Germany

DH Samourai (00) DH-line B. napus var. biennis, France

Goel991 (00) line B. napus var. biennis, Goettingen, Germany
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Year 2011/2012 and 2012/2013

Chemical analysis of plants: Five randomly selected stems and leaves (five leaves
from top of plants) per plot were sampled for glucosinolate analyses on March 27" 2012 and
on April 17" 2013, respectively. Glucosinolates could be evaluated only from 23 (2012) and
26 (2013) out of 30 B. napus genotypes, because of the low number of plants in the plots of 7
and 4 genotypes, respectively. The stems and leaves were frozen on dry ice and stored at -20
°C. Each sample was freeze-dried for 96 hours and homogenized using a mill (Krups KM 75).
Stem and leave glucosinolates were separated and individual compounds were identified and
quantified (Thies 1977). Desulfoglucosinolates were extracted as detailed by Cleemput and
Becker (2012) and analyzed using Shimadzu Prominence LC20AT series HPLC (Shimadzu
Deutschland GmbH) equipped with a Nucleodur 100-3 C18 column (Macherey Nagel).
Desulfoglucosinoltes were separated using a water-acetonitrile gradient (solvent A water,
solvent B acetonitrile; 0-20 min 1-20% B; 20-25 min 20% B; 25-27 min 20 % B; 27-34 min
1% B) at a flow rate of 0.6 ml / min. Retention times of known standards were used to
identify desulfoglucosinolates. Concentrations of glucosinolates are expressed in pumol / g dry
weigth (D.W.).

Six randomly selected stems per plot were sampled for analyses of the nitrogen and
carbon content on April 15 2013. Only 26 out of 30 B. napus genotypes could be evaluated
for the nitrogen and carbon content. The stems were dried at 60 °C for three days, milled
using a centrifugal mill and analyzed by a CN element analyzer (Vario EL, Fa. Elementar
Analysensysteme GmbH, Hanau).

Table 2 Denomination of individual glucosinolates and chemical groups of glucosinolates detected in stems
and leaves of the tested Brassica napus genotypes according to Velasco and Becker (2000), Fahey et al. (2001),
Halkier and Gershenzon (2006) and Feng et al. (2012)

Systematic name Trivial name Abbreviation  Group
2-hydroxy-3-butenyl progoitrin PRO aliphatic
2-hydroxy-4-pentenyl napoleiferin GNL aliphatic
5-methylsulphinylpentyl glucoalyssin ALY aliphatic
3-butenyl gluconapin GNA aliphatic
4-pentenyl glucobrassicanapin GBN aliphatic
4-methylsulphinylbutyl glucoraphanin RAA aliphatic
4-hydroxy-3-indolylmethyl 4-hydroxyglucobrassicin 40H indolyl
3-indolylmethyl glucobrassicin GBC indolyl
4-methoxy-3-indolylmethyl  4-methoxyglucobrassicin 4AME indolyl
n-methoxy-3-indolmethyl neoglucobrassicin NEO indolyl
2-phenylethyl gluconasturtiin NAS Aromatic
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Data analysis

Univariate data analysis was done using Statistica 10 (StatSoft®, Tusla, USA), while
multivariate data analysis was conducted using R 3.0.1. All data was tested for normal
distribution with Shapiro-Wilks W Test.

Univariate data analysis: The effects of the plant genotype on the number of eggs
deposited by C. napi and on the length of stems at the early stage of the oviposition period
were analyzed by factorial one-way Kruskal-Wallis variance analysis (KW-ANOVA); the
differences among ranks were evaluated by Kruskal-Wallis Test. To analyze the influence of
the length of the stem on the oviposition by C. napi, linear regression was used. The same
model was used to evaluate the influence of the length of the full-grown stem on the
oviposition by C. napi. Linear regression was also used to evaluate the relationship between
the number of eggs deposited by C. napi and the carbon content, nitrogen content and C:N
ratio in stems of genotypes. To analyze the influence of plant metabolic traits on infestation
by C. napi larvae, linear regression was used to test the effect of individual contents of stem
glucosinolates, content of glucosinolate groups, ratios and total glucosinolate content on the
number of C. napi larvae in samples of 2012 and 2013. Samples of C. pallidactylus larvae
were excluded from the analysis due to non-significant differences in the number of C.

pallidactylus larvae between genotypes in both years.

Analysis of covariance (ANCOVA) was performed to detect genotype effects on the
number of C. napi larvae in 2012. Number of C. napi larvae was treated as the main factor
and the length of the full-grown stem was included as a covariate. To analyze genotype
effects on the number of C. napi larvae in 2013 and on the number of C. pallidactylus larvae
in 2012 and 2013, KW-ANOVA was performed. The number of C. napi larvae in 2013 and
the number of C. pallidactylus larvae in 2012 and 2013 were analyzed differently from the
number of C. napi larvae in 2012, because of non-normal distribution of residuals of C. napi
larvae in 2013 and C. pallidactylus larvae in 2012 and 2013.

KW-ANOVA was also performed to analyze the genotype effects on the length of the
full-grown stems, length of larval feeding tunnels and on the stem injury coefficients in both
years. To analyze the influence of the number of C. napi larvae in 2013 on the length of full-
grown stems, on the length of larval feeding tunnels and on the stem injury coefficients in
2013, linear regressions were performed. The relationships between the number of C. napi
larvae in 2012 and the length of full-grown stems, the length of larval feeding tunnels and the
stem injury coefficients were not statistically analyzed, because of non-significant differences
in the number of C. napi larvae between genotypes in 2012. The relationships between the
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number of C. pallidactylus larvae and the length of full-grown stems, the length of larval
feeding tunnels, the stem injury coefficients and plant nutrients were not statistically
analyzed, because of non-significant differences in the number of C. pallidactylus larvae

between genotypes in both years.

To analyze genotype effects on the biomass, the dry biomass and the content of plant
nutrients (carbon content, nitrogen content and C:N ratio) of stems, KW-ANOVA was
performed. Percentage values of carbon and nitrogen content were arcsin v transformed. The
relationships between the number of both stem-boring species and the biomass and dry
biomass of stems were not statistically analyzed, because of non-significant differences of the
biomass and dry biomass between genotypes. The relationships between the stem injury
coefficients and the carbon contents, nitrogen contents and C:N ratio were not statistically
analyzed, because of multi-collinearity of the stem injury coefficient and the number of C.

napi larvae.

Multivariate data analysis: To test both stems and leaves for between-genotype
differences in glucosinolate profiles, Partial Least Squares-Discriminant Analysis (PLS-DA;
function ‘plsda’, package ‘mixOmics’; Barker and Rayens (2003)) was used, and significance

of discrimination was tested by multivariate analysis of variance (MANOVA).

Partial Least Squares Regression (PLSR; Geladi and Kowalski (1986)) was applied to
investigate the relationship between the glucosinolate profile of stems and the number of C.
napi eggs and larvae (function “pls’ regression mode, package ‘mixOmics’). All data was
scaled to unit variance and was mean centered by default in the analysis. When the
glucosinolate profiles of stems were related to the number of eggs of C. napi only 19
genotypes were included into the PLS-DA and PLSR analyses, because only 19 genotypes
were analyzed for oviposition by C. napi in the field experiment (cf. Material and Methods).
When the glucosinolate profiles of stems were related to the number of C. napi larvae, 23
(2012) and 26 (2013) genotypes were included into the PLS-DA and PLSR analyses, because
only 23 (2012) and 26 (2013) genotypes were analyzed for infestation by C. napi larvae in the

field experiments, respectively.

PLSR analyses were not applied to analyze the relationships between the glucosinolate
profiles of leaves (2012 and 2013) and number of C. pallidactylus larvae (2012 and 2013),
because no significant differences in the number of C. pallidactylus larvae in main stems were
found between the genotypes. PLSR analysis was also not applied to analyze the relationship
between the glucosinolate profile of stems (2012) and the stem injury coefficients (2012)

because no significant differences in the stem injury coefficients (2012) were found. It was
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also abstained from analyzing the relationship between the glucosinolate profile of stems
(2013) and the stem injury coefficient (2013) with PLSR, because of multi-collinearity of the

stem injury coefficient and the number of C. napi in 2013.

Results

The main crop immigration period of both weevil species into the oilseed rape fields
occurred on March 14" - 16™ in 2012 and on April 4" - 7" in 2013. In 2012, the mean
percentage of main stems of all tested genotypes infested by C. napi larvae was at 96.92 %
and in 2013 at 87.81 %. In 2012, the mean percentage of main stems of all tested genotypes
infested by C. pallidactylus larvae was at 41.98 % and in 2013 at 60.91 %.

Susceptibility to oviposition by C. napi: On March 26" 2012, at the early stage of the
oviposition period, the number of eggs deposited by C. napi into the main stem differed
significantly between individual genotypes (H (18, N = 76) = 53.072, P = 0.000) (Fig.1). The
cultivars Sollux and Grizzly and the resynthesized line H113 contained significantly less eggs
compared to the resynthesized line S3 (Fig. 1). Over all tested genotypes 12.2 eggs per main

stem were deposited on average by C. napi.
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Fig. 1 Number of eggs deposited by Ceutorhynchus napi into stems of 19 Brassica napus genotypes. Samples
collected on March 26" 2012. Field experiment 2011/2012. Mean values (+SE) of four replicates. Different

letters indicate significant differences between genotypes, Kruskal-Wallis Test, P < 0.05
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On March 26" the resynthesized line L16 and the cultivar Santana were at BBCH
growth stage 52, while the other test genotypes were at BBCH growth stage 51 (Table 3). At
the same sampling date, the length of the stems differed significantly between individual
genotypes (H (18, N = 76) = 56.835, P = 0.000). The stem length of the cultivar Sollux was
significantly shorter compared to the stem length of the cultivar Visby (Table 3).

Table 3 BBCH growth stage and length of stem of 19 Brassica napus genotypes on March 26™ 2012. Field
experiment 2011/2012. Mean values (xSE) of three to four replicates. Different letters indicate significant

differences between genotypes, Kruskal-Wallis Test, P < 0.05

Genotype BBCH growth stage  Length of stem (cm) + SE

S3 51 1473+ 0.84 ab
L16 52 19.35+ 287 ab
L122 51 10.20 £ 0.39 ab
G53 51 11.28+0.95ab
S30 51 11.28+0.84 ab
H113 51 9.40+0.85ab
H30 51 9.45+0.53 ab
S14 51 17.45 £ 0.69 ab
Sollux 51 8.38+0.53b

Campala 51 10.25+0.72 ab
Express617 51 12,53 +0.64 ab
Oase 51 18.00+1.53 ab
Mendel 51 12,50 £ 1.38 ab
Vishy 51 19.70£1.30 a

Santana 52 16.95+ 1.48 ab
Grizzly 51 9.13+1.28ab
DH Mansholt 51 10.83 £0.99 ab
Goel991 51 1533+ 1.43ab
Liropa 51 12.83 +0.99 ab

The mean number of eggs deposited by C. napi into main stems was positively
dependent upon stem length on March 26" (Fig. 2), but not significantly dependent upon
length of full-grown stems on May 8" (R = 0.384, F = 2.944, P = 0.104) (Table 7).

The multivariate PLS-DA analysis and the associated MANOVA revealed that the
glucosinolate profiles of stems of the B. napus genotypes significantly differed between
genotypes (61.44 % explained by intergenotypic variance; pseudo-F 11 108 = 4.820, P <
0.001). However, multivariate PLSR analysis identified that there was no relationship
between the number of eggs deposited by C. napi into main stems and the glucosinolate
profile of stems (40.36 % variance of number of eggs). Consequently, the glucosinolate

profile of stems did not explain the number of eggs in the main stems.

When single contents of stem glucosinolates were related with the number of eggs
deposited by C. napi, the mean number of eggs at the beginning of the oviposition period was

negatively dependent upon stem contents of the aliphatic glucosinolate glucoalyssin (ALY) (y
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= 16.623 - 1.124x) and the indolyl glucosinolate neoglucobrassicin (NEO) (y = 17.343 -
1.242x) and positively dependent upon stem contents of the aliphatic glucosinolate
napoleiferin (GNL) (y = 1.553 + 30.257x) (Table 4).
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Fig. 2 Relationship between the number of eggs deposited by Ceutorhynchus napi into stems and the length of
stems of 19 Brassica napus genotypes. Plant samples of March 26™. Field experiment 2011/2012. Regression
model: y = 2,178 + 0.719x; R = 0.552, F = 7.433, P = 0.014; 1 = Sollux, 2 = Grizzly, 3 = H113,4 = L122,5 =
Campala, 6 = DH Mansholt, 7 = G53, 8 = S30, 9 = H30, 10 = Express617, 11 = Liropa, 12 = Mendel, 13 =
Goel991, 14 = S14, 15 = S3, 16 = Santana, 17 = Oase, 18 = L16, 19 = Vishy

Table 4 Relationships between the number of eggs deposited by Ceutorhynchus napi into main stems in
samples of March 26" and the contents of glucosinolates in the main stems of 19 Brassica napus genotypes on
March 27", Field experiment in 2011/2012. Linear Regression, P < 0.05. See Table 2 for denominations of

glucosinolates

Glucosinolates R F P

Total 0.346 2.313 0.147
Aliphatic 0.271 1.348 0.262
Indolyl 0.440 4.090 0.059
Aliphatic/Indolyl 0.225 0.904 0.355
PRO 0.099 0.167 0.684
RAA 0.345 2.300 0.148
GNL 0.525 6.481 0.021
ALY 0.640 11.781 0.003
GNA 0.261 1.246 0.280
GBN 0.359 2.521 0.131
40H 0.026 0.011 0.917
GBC 0.126 0.274 0.608
4ME 0.195 0.671 0.424
NEO 0.528 6.572 0.020
NAS 0.361 2.547 0.129
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The number of eggs in the main stems was not significantly dependent upon carbon
content (R = 0.045, F = 0.035, P = 0.855), nitrogen content (R = 0.342, F = 2.253, P = 0.152)
and C:N ratio (R = 0.356, F = 2.461, P = 0.135) of main stems of genotypes. Results on

carbon contents, nitrogen contents and C:N ratios of main stems are shown in Table 8.

Larval infestation by C. napi in 2011/2012 and 2012/2013: In 2012, the number of C.
napi larvae in the main stem differed significantly between genotypes (F 22, 67 = 2.518, P =
0.002) (Table 5 and Fig. 3, top). The length of the full-grown stem used as a covariate
significantly affected the number of larvae in the main stems (Table 5). The resynthesized line
S30 contained significantly less larvae compared to the cultivar Mendel (Fig. 3, top). Over all
tested genotypes, 10.02 larvae per main stem were found on average in stems of genotypes in
2012.

In 2013, the number of C. napi larvae in the main stem differed significantly between
genotypes (H (25, N = 102) = 64.284, P = 0.000) (Fig. 3, bottom). S30 contained significantly
less larvae compared to the resynthesized line H10 and the cultivars Sollux and Grizzly (Fig.
3, bottom).

Table 5 Effect of the genotype and the covariate on the number of Ceutorhynchus napi larvae in the main stem
in samples of May 8" 2012. 23 Brassica napus genotypes in the field experiment in 2011/2012. Mean values of

four replicates; Sample size (N), degree of freedom (DF), F-value and P-value

2011/2012 N DF F P
Factor: Genotype 92 22 2.518 0.002
Covariate:

Length of full-grown stem 92 1 5.254 0.025

Larval infestation by C. pallidactylus in 2011/2012 and 2012/2013: In 2012, the
number of C. pallidactylus larvae in the main stem differed significantly between genotypes
(H (22, N =92) = 32.260, P = 0.073) (Fig. 4, top). In 2013, the mean number of larvae ranged
from 0.63 larvae (S3) to 4.4 larvae per main stem (Liropa). The genotype did not significantly
affected the number of larvae (H (25, N = 102) = 42.847, P = 0.055) (Fig. 4, bottom).
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Fig. 3 Stem infestation of 23 and 26 Brassica napus genotypes by Ceutorhynchus napi larvae. Plant samples of

May 8" 2012 (top) and May 22" 2013 (bottom). Mean values (+SE) of four replicates in 2012 and three to four

P <0.05

replicates in 2013. Different letters indicate significant differences between genotypes, Bonferroni Test,

(top) and Kruskal-Wallis Test, P < 0.05 (bottom)
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Susceptibility to larval infestation by C. napi and glucosinolates: In 2012 and 2013,
there was a broad variability of the glucosinolate contents of stems between the tested
genotypes (Table 9 and Table 10). In both years, the resynthesized line L16 and the cultivar
Liropa showed the lowest total glucosinolate content and the lowest aliphatic/indolyl ratio in
stems. In all tested genotypes, the aliphatic glucosinolate contents in stems were higher
compared to the indolyl contents, except for the resynthesized line L16 and the cultivars
Liropa and Santana. In those three genotypes the indolyl contents in stems were higher than

the aliphatic contents.

In 2012, the multivariate PLS-DA analysis and the associated MANOVA revealed that
the glucosinolate profiles of stems of the B. napus genotypes significantly differed between
genotypes (57.56 % explained by intergenotypic variance; pseudo-F 11 242 = 5.270, P <
0.001). However, the multivariate PLSR analysis identified that there was no relationship
between the number of C. napi larvae in main stems and the glucosinolate profile of stems
(11.01 % variance of the number of larvae). Consequently, the glucosinolate profile of stems
did not explain the number of C. napi larvae in main stems. When single contents of stem
glucosinolates were related with the number of C. napi larvae in main stems also no
relationships between the number of larvae and the stem contents of glucosinolates were
found (Table 6).

In 2013, the multivariate PLS-DA and the associated MANOVA revealed that the
glucosinolate profiles of stems of the B. napus genotypes significantly differed between
genotypes (58.62 % explained by intergenotypic variance; pseudo-F 11 75 = 5.140, P <
0.001). However, the multivariate PLSR analysis identified that there was no relationship
between the number of C. napi larvae in main stems and the glucosinolate profile of stems
(10.83 % variance of the number of larvae). Consequently, the glucosinolate profile of stems

did not explain the number of C. napi larvae in main stems.

Additionally, when single contents of stem glucosinolates were related with the
number of C. napi larvae in main stems also no relationships between the number of larvae

and the stem contents of glucosinolates were found (Table 6).
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Table 6 Relationships between the number of Ceutorhynchus napi larvae in main stems in samples of May 8"
2012 and May 22" 2013 and the content of glucosinolates in main stems on March 27" 2012 and April 17"
2013, respectively. 23 Brassica napus and 26 B. napus genotypes grown in field experiments in 2011/2012 and

2012/2013, respectively. Linear Regression, P < 0.05. See Table 2 for denominations of glucosinolates

Glucosinolates 2012 2013
R F P R F P

Total 0.189 0.774 0.389 0.045 0.050 0.826
Aliphatic 0.161 0.559 0.463 0.034 0.027 0.871
Indolyl 0.174 0.658 0.426 0.041 0.040 0.843
Aliphatic/Indolyl  0.129 0.356 0.557 0.148 0.541 0.469
PRO 0.207 0.944 0.342 0.100 0.243 0.627
RAA 0.295 2.001 0.172 0.049 0.058 0.812
GNL 0.057 0.068 0.797 0.004 0.000 0.984
ALY 0.067 0.095 0.761 0.180 0.802 0.379
GNA 0.208 0.950 0.341 0.058 0.080 0.780
GBN 0.033 0.023 0.880 0.131 0.422 0.522
40H 0.341 2.755 0.112 0.172 0.729 0.402
GBC 0.341 2.755 0.112 0.107 0.278 0.603
4ME 0.088 0.162 0.691 0.174 0.748 0.396
NEO 0.016 0.006 0.941 0.277 1.989 0.171
NAS 0.227 1.137 0.298 0.167 0.688 0.415

Susceptibility to larval infestation by C. pallidactylus and glucosinolates: In 2012 and
2013, there was a broad variability of the glucosinolate contents of leaves between the tested
genotypes (Table 11 and Table 12). In both years, the resynthesized line L16 and the cultivars
Liropa and Santana showed the lowest total glucosinolate content and the lowest
aliphatic/indolyl ratio in leaves. In all tested genotypes, the aliphatic glucosinolate contents in
leaves were higher compared to the indolyl contents, except for the resynthesized line L16

and the cultivars Liropa and Santana.

In 2012, the multivariate PLS-DA analysis and the associated MANOVA revealed that
the glucosinolate profiles of leaves of the B. napus genotypes significantly differed between
genotypes (64.90 % explained by intergenotypic variance; pseudo-F 11 242 = 4.040, P <
0.001).

In 2013, the multivariate PLS-DA and the associated MANOVA revealed that the
glucosinolate profiles of stems of the B. napus genotypes significantly differed between

genotypes (61.15 % explained by intergenotypic variance; pseudo-Fi; 275 = 4.650, P < 0.001).

Performance of C. napi and C. pallidactylus larvae, morphological plant traits and
plant nutrients: In 2012, the genotype did not significantly affect the length of full-grown
stems (H (22, N = 91) = 48.630, P = 0.051), ranging from 36.31 cm (Grizzly) to 59.81 cm
(S14) (Table 7). In 2013, the length of the full grown-stem significantly differed between
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genotypes (H (25, N = 102) = 79.422, P = 0.000). The resynthesized line S14 showed a
significantly longer full-grown stem compared to the resynthesized lines H30, H149, R140
and R53 (Table 7). In 2013, the number of C. napi larvae in main stems was not significantly
dependent upon length of full-grown stems (R = 0.133, F = 0.435, P = 0.516).

In 2012, the genotype did not significantly affect the length of the larval feeding
tunnels (H (22, N = 91) = 46.004, P = 0.062), ranging from 17.59 cm (S30) to 33.54 cm (H65)
(Table 7). In 2013, the length of the larval feeding tunnels significantly differed between
individual genotypes (H (25, N = 102) = 65.953, P = 0.000). The resynthesized line S30
showed significantly shorter larval feeding tunnels compared to the resynthesized line H10
and the cultivars Visby and Liropa (Table 7). In 2013, the number of C. napi larvae in main
stems was significantly positive dependent upon length of larval feeding tunnels (y = 0.591 +
0.175x; R=0.772, F = 35.315, P < 0.001).

In 2012, the amount of larval feeding as reflected by the stem injury coefficient did not
significantly differ between genotypes (H (22, N = 91) = 40.857, P = 0.009), ranging from
0.40 (S30) to 0.65 (Mendel) (Table 7). In 2013, the stem injury coefficient significantly
differed between genotypes (H (25, N = 102) = 65.969, P = 0.000). The resynthesized line
S30 showed a significantly lower stem injury coefficient compared to the resynthesized lines
L122, H30 and H10 (Table 7). In 2013, the number of C. napi larvae was significantly
positive dependent upon stem injury coefficients (y = -0.568 + 17.039x; R = 0.758, F =
32.354, P < 0.001).

In 2013, the biomass and the dry biomass of stems did not significantly differ between
genotypes (H (25, N = 103) = 3.384, P = 0.100) and (H (25, N = 104) = 32.147, P = 0.154),
respectively (Table 8). The carbon content of the stem differed significantly among genotypes
(H (25, N = 104) = 48.417, P = 0.003). The resynthesized line S3 showed a significantly
higher carbon content in main stems compared to the resynthesized line H149 (Table 8). The
nitrogen content of the stems differed significantly between genotypes (H (25, N = 104) =
63.148, P = 0.000). The resynthesized line S14 showed a significantly higher nitrogen content
compared to resynthesized lines R140 and H10 (Table 8). Similarly, the C:N ratio of stems
differed significantly between individual genotypes (H (25, N = 104) = 63.678, P = 0.000).
The resynthesized lines R140 and H10 showed a significantly higher ratio compared to the
resynthesized line S14 (Table 8).
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Table 7 Length of full-grown stem, length of feeding tunnels of Ceutorhynchus napi and Ceutorhynchus pallidactylus larvae and stem injury coefficient in samples of May
8" 2012 and May 22", 2013. Mean values (+SE) of three to four replicates; Different letters within each column indicate significant differences, Kruskal-Wallis Test, P <
0.05

Genotype Length of full-grown stem (cm) Length of feeding tunnels (cm) Stem injury coefficient

2012 2013 2012 2013 2012 2013
S30 43.21+5.27 92.36 + 8.18 abc 17.59 +2.90 420+045a 0.40+£0.03 0.05+0.00c
S14 59.81+3.21 130.54+5.19a 26.26 + 1.90 23.83+3.32abc 0.44 +0.02 0.18 + 0.02 abc
H113 36.35+2.05 92.48 + 3.75 abc 23.19+554 21.68 +2.96 abc 0.63+0.13 0.23+0.02 abc
G53 40.46 + 5.60 105.94 + 3.94 abc 23.16+2.79 22.75+3.17 abc 0.58+0.01 0.22 +0.03 abc
H327 4483 + 3.54 93.95 +5.66 abc 22.88+2.03 26.95 + 3.56 abc 0.51+0.01 0.29 +0.03 abc
L122 46.24 + 3.50 105.95 +2.07 abc 22.09 + 1.86 41.48 + 3.16 abc 0.48 +0.02 0.39+0.03 ab
L16 54.34 + 1.68 113.69 = 1.71 abc 28.16 +3.21 27.21 +4.89 abc 0.51+0.04 0.24 +0.04 abc
H65 56.31+1.95 - 33.54 +1.47 - 0.59+0.01 -
S3 55.28 + 2.46 102.60 + 1.54 abc 33.27+2.59 14.23 +2.29 abc 0.60 +0.03 0.14 +0.02 bc
H30 37.56+5.72 68.74+1.89c 19.20 +3.15 24.48 + 1.81 abc 0.53+0.08 0.36+0.03 ab
H149 52.23+5.11 73.03+7.11c 31.38 + 3.67 24.10 + 3.65 abc 0.60 +0.03 0.33+0.02 abc
R140 - 69.69 +3.71c - 16.23 £ 1.74 abc - 0.23+0.02 abc
R53 - 71.34+842c - 12.75+2.22 ab - 0.18 +0.02 abc
H10 - 86.79 + 9.45 abc - 46.83+5.11c - 0.54+0.02a
DH Samourai 4290 + 2.61 110.01 £ 3.43 abc 25.30 + 3.06 26.28 + 1.66 abc 0.59 +0.06 0.24 +0.01 abc
DH Mansholt 38.49+2.86 95.34 + 3.55 abc 21.14+1.80 26.20 + 2.82 abc 0.55+0.02 0.28 + 0.04 abc
Mendel 46.30 £ 3.11 116.15 +5.39 abc 29.54+0.98 36.50 + 5.63 abc 0.65+0.05 0.32+0.05 abc
Campala 45.59 + 0.96 97.90 + 8.11 abc 19.21 +1.27 23.33+4.70 abc 0.42 +0.03 0.24 +0.03 abc
Grizzly 36.31+3.95 97.48 + 2.48 abc 19.99 +1.15 25.18 + 2.23 abc 0.56 + 0.04 0.26 + 0.03 abc
Vishy 61.85+6.96 123.16 +4.50 a 30.93+3.10 37.35+4.05 bc 0.50+0.01 0.31+0.04 abc
Express617 55.15+6.18 120.63 £3.09 ab 25.88+2.99 19.11 £ 2.49 abc 0.47 £ 0.03 0.16 £ 0.02 bc
Goel991 4479292 94.13 + 6.58 abc 23.18+1.88 17.85 + 4.53 abc 0.53+0.07 0.18 + 0.04 abc
Liropa 49.00 + 1.56 108.90 = 3.57 abc 28.20 +4.42 37.23+5.32hc 0.58+0.10 0.34 +0.04 abc
Santana 48.44 + 3.15 90.40 + 3.64 abc 28.25+ 2.68 21.93+7.57 abc 0.58+0.02 0.25+0.09 abc
Oase 45.44 + 3.15 95.63 + 4.24 abc 22.11+2.26 15.73 £ 2.41 abc 0.48 +0.02 0.17 £ 0.03 abc
Gaoyou - 111.86 + 2.50 abc - 28.35+5.98 abc - 0.25+0.05 abc
Sollux 50.66 + 2.80 106.30 + 0.55 abc 28.43+4.43 29.84 +2.98 abc 0.55+0.06 0.28 + 0.03 abc
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Table 8 Biomass and carbon and nitrogen content of 26 Brassica napus genotypes. Plant samples of April 15"

2013. Mean values (£SE) of four replicates. Different letters within each column indicate significant differences

between genotypes, Kruskal-Wallis Test, P < 0.05

Genotype Biomass (g) Dry biomass (g)  C-content (%) N-content (%) Stem C:N ratio
S30 9.93+2.46 3.83+1.01 40.99+0.32ab 5.29 +0.09 ab 7.75+0.12ab
S14 8.05+2.01 3.15+0.68 41.68+0.26 ab 6.25+0.14a 6.68+0.13 b

H113 5.21+0.75 2.34+0.37 41.39+0.18 ab 5.69+0.25ab 7.27+0.32ab
G53 8.25+0.63 2.30+0.22 41.47+0.45ab 6.02+0.23 ab 6.89+0.21 ab
H327 8.71+1.01 2.75+0.17 41.18+0.14 ab 6.11 +0.08 ab 6.74+0.10 ab
L122 7.08+1.51 3.08+0.50 40.96 + 0.66 ab 5.38+0.23ab 7.65+0.26 ab
L16 7.46 +1.98 2.26+0.39 40.28+0.28 ab 5.80+0.21ab 6.98 £ 0.29 ab
S3 7.13+1.86 2.82+0.66 42.13+0.16 a 5.77 £ 0.08 ab 7.30£0.07 ab
H30 7.45+2.25 2.27+0.62 40.87+0.13 ab 5.96 +0.32 ab 6.86 + 0.40 ab
H149 9.20+0.79 3.69+0.61 40.01+£0.26 b 5.88+0.11ab 6.81 +£0.09 ab
R140 10.62 + 1.86 3.33+0.63 40.55+0.30 ab 479+0.13b 8.50+0.23a

R53 6.85+0.97 2.99+048 40.74£0.30 ab 552+0.25ab 7.42+0.28 ab
H10 6.39+1.01 3.11+048 40.51 £ 0.06 ab 449+0.27h 892+052a

DH Samourai 8.75+1.20 2.18+0.42 40.95+0.34 ab 5.64+0.12 ab 7.27+£0.10 ab
DH Mansholt  7.56 £ 1.52 2.70+0.40 40.69 £ 0.29 ab 537+0.15ab 7.60+0.21ab
Mendel 10.95+1.19 2.92+0.24 40.91+£0.25ab 526 +0.19ab 7.78 £0.27 ab
Campala 8.41+1.04 3.14 +0.67 40.63+0.23ab 574+0.12 ab 7.09+0.14 ab
Grizzly 8.12+1.83 2.25+0.29 41.17+0.15ab 576 £0.16 ab 7.17+£0.18 ab
Visby 12.05 + 0.47 3.62+0.33 40.74£0.22 ab 5.15+0.05ab 7.91+0.09 ab
Express617 10.70 £0.31 3.30+0.33 40.80+0.18 ab 544 +0.21ab 7.28+0.22 ab
Go0el991 8.01+219 3.29+0.86 41.91+£0.29 ab 5.89+0.16 ab 7.13+0.15ab
Liropa 952+1.41 3.05+0.20 41.10+0.11ab 5.49+0.18 ab 7.51+0.23ab
Santana 9.16 +1.79 2.82+0.26 41.51+0.16 ab 5.43+0.23ab 7.68+0.30 ab
Oase 13.12+1.38 3.72+0.26 40.76 £ 0.43 ab 5.04+0.14 ab 8.09 +0.29 ab
Gaoyou 15.18 +1.25 4.18+0.22 40.56 £ 0.53 ab 498+0.12ab 8.16 +0.14 ab
Sollux 7.06+0.92 2.27+0.30 41.02+0.42 ab 5.94+0.23 ab 6.91+0.27 ab

The number of C. napi larvae in the sample of 2013 was not significantly dependent
upon carbon and nitrogen content in stems and C:N ratio of stems in samples of 2013 (R =
0.093, F = 0.210, P = 0.651; R = 0.081, F = 0.160, P = 0.693; R = 0.116, F = 0.325, P =
0.574), respectively.
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Table 9 Glucosinolate contents (umol / g D.W.) of stems of 23 Brassica napus genotypes on March 27" 2012. Mean values of three to four replicates. See Table 2 for

denominations of glucosinolates

Genotype Total Aliphatic  Indolyl  AJI PRO RAA  GNL ALY GNA GBN GBC 40H 4ME NEO NAS
Goel1991 12.37 8.27 3.46 2.38 410 0.10 0.42 3.20 0.00 0.45 0.92 0.00 0.17 2.36 0.64
Santana 12.31 4.94 7.25 0.68 2.81 0.00 0.39 1.16 0.00 0.57 3.20 0.03 0.33 3.7 0.12
H30 18.54 13.29 4.58 2.98 6.15 0.00 0.46 5.43 0.00 1.24 1.17 0.00 0.17 3.24 0.67
S3 48.64 43.49 3.71 11.84 298 0.00 0.45 2.23 5.70 5.32 241 0.00 0.15 1.14 1.44
DH Mansholt 40.05 26.78 11.21 2.44 13.03 0.11 0.27 7.10 0.62 5.66 7.55 0.00 0.38 3.28 2.05
H327 21.88 13.31 7.94 1.99 6.92 0.19 0.49 3.66 0.26 1.78 2.30 0.02 0.26 5.35 0.63
H149 22.19 17.97 3.94 4.96 11.76  0.00 0.3 2.55 0.41 2.95 2.39 0.00 0.12 1.43 0.27
Liropa 10.52 2.90 7.28 0.53 149  0.00 0.36 0.46 0.05 0.53 2.44 0.04 0.35 4.45 0.34
S30 13.68 9.23 4.03 2.34 4.22 0.24 0.4 1.94 0.31 2.21 1.80 0.01 0.21 2.01 0.43
Campala 26.35 14.35 11.63 1.24 6.53  0.00 0.44 241 0.37 4.60 3.71 0.00 0.23 7.69 0.37
Grizzly 26.41 16.33 9.04 2.14 10.37 0.00 0.40 3.86 1.71 0.00 3.43 0.00 0.27 5.34 1.04
Mendel 21.78 12.55 8.49 1.48 6.25 0.00 0.37 1.81 0.61 3.52 3.96 0.00 0.22 4.3 0.74
DH Samourai 18.18 13.00 5.00 2.6 6.64 0.00 0.36 2.67 0.37 2.96 2.43 0.09 0.26 2.23 0.18
G53 26.86 21.09 5.30 4.63 11.21 0.42 0.25 2.06 1.23 5.92 2.53 0.01 0.11 2.65 0.47
H113 42.8 32.08 8.27 4.09 18.83  0.10 0.14 7.91 0.19 491 2.43 0.08 0.18 5.58 2.45
Vishy 19.38 15.21 3.86 4.08 7.27 0.00 0.36 4.06 0.31 3.21 2.36 0.04 0.10 1.35 0.31
Express617 29.81 17.72 11.09 1.65 8.57 0.00 0.4 3.55 0.53 4.67 3.95 0.00 0.29 6.86 0.99
Oase 20.66 15.26 4.82 3.66 7.07 0.00 0.39 2.66 0.60 4.54 2.50 0.02 0.15 2.15 0.58
L16 9.57 3.33 6.1 0.54 1.71 0.00 0.34 0.69 0.00 0.60 2.84 0.06 0.12 3.08 0.14
S14 40.55 32.10 7.98 4.06 12.72 0.10 0.28 7.80 0.89 10.31 1.64 0.00 0.19 6.14 0.47
Sollux 59.78 46.25 11.62 4.04 19.37 0.03 0.24 9.88 2.03 14.7 3.83 0.00 0.28 7.50 1.92
L122 37.29 25.86 10.21 2.55 1450  0.00 0.34 6.18 0.44 4.39 4.50 0.00 0.22 5.49 1.22
H65 10.86 6.27 3.59 1.54 2.81 0.00 0.38 1.26 0.26 1.56 2.00 0.07 0.23 1.30 0.99
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Table 10 Glucosinolate contents (umol / g D.W.) of stems of 26 Brassica napus genotypes on April 17" 2013. Mean values of three to four replicates. See Table 2 for

denominations of glucosinolates

Genotype Total Aliphatic Indolyl A/l PRO RAA GNL ALY GNA  GBN GBC 40H 4ME NEO NAS
Goel1991 11.10 7.05 3.73 1.96 248  0.03 0.16 2.86 0.05 147 159 0.09 0.32 1.74 0.31
Gaoyou 31.45 25.92 3.97 7.56 956 0.17 0.23 5.13 1.04 9.80 237 0.35 0.36 0.90 1.56
Santana 12.00 4.86 6.96 0.73 171  0.00 0.13 1.41 0.11 150 3.77 0.26 0.54 241 0.17
H30 25.46 18.53 6.34 3.34 6.51 0.04 0.26 6.70 0.35 467 343 0.13 0.50 2.28 0.59
S3 50.13 45.67 3.03 16.76  30.57 0.64 0.35 2.23 6.23 564 195 0.13 0.27 0.68 1.43
R53 29.76 19.09 9.99 191 6.41 0.16 0.15 2.90 2.03 744  6.92 0.16 0.50 241 0.68
DH Mansholt 53.62 43.00 7.73 572 1497 0.52 0.19 9.59 1.68 16.06  5.66 0.12 0.61 1.33 2.89
H327 26.64 19.46 6.04 3.78 743  0.35 0.18 5.62 1.07 481 272 0.16 0.42 2.73 1.14
H149 40.89 34.64 4.92 720 1733 042 0.24 4.92 1.94 9.79 268 0.07 0.47 1.70 1.33
Liropa 9.67 3.30 6.31 0.57 1.08  0.02 0.15 0.67 0.32 1.07 272 0.12 0.35 3.11 0.07
S30 23.06 19.13 3.70 5.47 6.65 0.13 0.15 4.21 0.83 716 196 0.17 0.33 1.24 0.24
Campala 24.76 15.29 9.47 1.66 506 0.00 0.19 2.14 0.78 7.13 550 0.06 0.32 3.59 0.00
Grizzly 34.74 27.59 6.44 4.26 8.10 0.04 0.24 3.60 2.31 13.30 3.90 0.14 0.37 2.03 0.71
Mendel 25.96 19.83 6.31 3.32 6.45  0.02 0.15 2.03 2.13 815 381 0.15 0.35 2.00 0.72
DH Samourai 29.85 24.23 4.61 5.40 7.20  0.05 0.19 4.96 1.32 1051 243 0.17 0.31 1.70 1.01
G53 41.47 35.72 4.55 8.15 1362 0.54 0.36 3.78 3.58 13.84 232 0.07 0.27 1.89 1.20
H113 44.62 34.36 7.57 458 1770 0.30 0.26 7.62 0.78 7.70 455 0.29 0.24 2.49 2.70
Vishy 17.95 14.25 3.47 4.32 3.57 0.04 0.16 3.37 1.01 6.09 199 0.21 0.32 0.95 0.23
Express617 32.74 24.45 7.02 3.60 8.06 0.03 0.21 3.42 1.69 11.05 3.88 0.13 0.43 2.58 1.27
Oase 23.74 19.27 3.78 571 6.34  0.09 0.17 3.46 1.43 777 229 0.23 0.29 0.97 0.69
L16 10.75 3.65 7.10 0.53 1.34 0.00 0.21 0.72 0.12 125 422 0.23 0.23 242 0.00
S14 47.73 41.48 5.49 7.67 1281 0.22 0.23 9.61 1.42 1720 2.02 0.15 0.31 3.00 0.76
Sollux 58.87 49.41 7.43 6.64 15.84 0.29 0.29 9.11 2.85 21.02 4.06 0.19 0.51 2.66 2.03
L122 52.50 43.16 6.61 6.93 1762 0.35 0.24 9.88 1.22 13.85 3.44 0.15 0.54 2.48 2.74
R140 29.90 21.18 6.22 3.65 923 0.65 0.17 4.15 0.71 6.27 472 0.09 0.36 1.04 2.51
H10 18.71 12.01 4.76 2.58 462 051 0.13 3.77 0.44 255 157 0.10 0.39 2.70 1.94
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Table 11 Glucosinolate contents (umol / g D.W.) of leaves of 23 Brassica napus genotypes on March 27" 2012. Mean values of three to four replicates. See Table 2 for

denominations of glucosinolates

Genotype Total Aliphatic  Indolyl Al PRO RAA GNL ALY GNA GBN GBC 40H 4ME  NEO NAS
Goel1991 14.04 8.08 2.92 296 278 0.00 0.33 2.49 0.08 241 1.85 0.00 0.07 1.00 0.29
Santana 7.75 3.33 2.87 117 135 000 0.25 0.72 0.00 1.02 2.06 0.00 0.07 0.75 0.00
H30 21.82 13.09 4.24 311 446 000 0.30 5.97 0.00 2.35 1.78 0.00 005 241 0.16
S3 48.25 36.36 1.71 2523 2189 039 018 1.52 6.38 6.00 1.42 0.00 0.05 0.25 0.67
DH Mansholt 35.98 22.72 5.45 427 1001 0.05 0.18 4.23 0.71 7.55 4.46 0.00 0.11  0.89 0.76
H327 30.45 13.33 10.44 143 7.01 000 0.39 3.31 0.47 2.14 6.22 0.02 0.18 4.02 0.74
H149 26.80 17.99 3.27 6.08 852 005 024 2.62 0.75 5.80 2.72 0.00 0.09 0.46 0.23
Liropa 9.80 3.01 4.65 069 123 000 0.26 0.31 0.14 1.08 2.87 0.00 0.10 1.68 0.22
S30 14.84 8.45 3.22 258 3.01 000 0.23 1.29 0.52 3.40 2.24 0.00 0.09 0.89 0.25
Campala 25.68 13.97 6.29 224 626 0.00 0.28 2.68 0.39 4.38 421 0.00 0.06  2.02 0.35
Grizzly 31.97 21.37 3.96 541 806 000 0.29 2.49 1.86 8.68 2.67 0.00 0.11 1.18 0.31
Mendel 18.56 10.37 4.27 249 461 0.00 0.25 1.28 0.61 3.62 3.21 0.00 0.09 0.98 0.25
DH Samourai 17.69 9.93 3.31 3.00 352 000 0.16 1.97 0.47 3.81 2.55 0.02 0.11 0.64 0.03
G53 28.33 17.25 5.24 340 7.14 042 020 1.62 1.46 6.41 3.97 0.00 006 121 0.22
H113 36.57 21.76 6.72 3.60 11.87 0.00 0.11 5.33 0.40 4.05 5.53 0.02 001 1.16 0.97
Vishy 21.24 13.80 3.11 468 555 000 0.23 3.11 0.57 4.33 2.54 0.00 0.07  0.50 0.11
Express617 24.65 14.82 4.63 332 644 000 0.30 2.32 0.87 4.89 2.69 0.00 0.10 157 0.34
Oase 18.74 11.91 2.84 430 444 000 033 1.58 0.73 4.82 2.32 0.00 0.08 0.44 0.30
L16 5.68 1.82 2.70 071 064 0.00 0.32 0.35 0.00 0.51 1.98 0.00 0.05 0.67 0.02
S14 47.60 33.52 4.32 8.23 1039 253 0.24 5.30 131 1374 1.97 0.00 0.08 227 0.30
Sollux 64.32 43.06 7.67 597 1556 0.16 0.22 7.45 194  17.73 4.21 0.00 020 3.26 0.91
L122 34.84 20.37 7.05 318 972 0.09 017 4.60 0.43 5.36 5.74 0.00 0.08 1.23 0.58
H65 12.22 6.71 2.61 290 2.04 0.00 0.34 0.89 0.88 2.55 2.14 0.01 0.08 0.38 0.56
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Table 12 Glucosinolate contents (umol / g D.W.) of leaves of 26 Brassica napus genotypes on April 17" 2013. Mean values of three to four replicates. See Table 2 for

denominations of glucosinolates

Genotype Total Aliphatic Indolyl A/l PRO RAA GNL ALY GNA  GBN GBC 40H 4ME NEO NAS
Goel1991 11.36 7.28 4.02 1.81 2.84  0.00 0.26 3.01 0.12 1.05 288 0.05 0.24 0.84 0.07
Gaoyou 2715 2278 3.88 5.87 795 0.03 0.23 2.64 1.14 10.79 3.5 0.08 0.21 0.43 0.49
Santana 6.93 2.97 3.96 0.75 1.09 0.00 0.19 0.61 0.07 1.02 286 0.03 0.19 0.87 0.00
H30 1732  14.03 3.28 4.28 5.08 0.00 0.22 5.00 0.08 365 196 0.05 0.13 1.14 0.00
S3 36.35  34.98 1.22 28.67 2207 0.28 0.37 1.36 5.78 512 099 0.00 0.11 0.12 0.15
R53 20.78  16.12 4.40 3.66 559 019 0.11 221 1.42 6.69 355 0.09 0.22 0.54 0.26
DH Mansholt 3494  30.56 3.82 8.00 11.39 0.10 0.18 4.48 1.46 1295 321 0.03 0.18 0.40 0.56
H327 29.67  25.59 3.65 701 1063 0.11 0.22 544 1.64 755 274 0.09 0.19 0.63 0.43
H149 3435 3054 3.53 8.65 14.8 0.19 0.11 3.57 1.85 10.02 2.73 0.00 0.21 0.59 0.27
Liropa 8.42 3.95 4.48 0.88 1.39  0.00 0.13 0.41 0.32 1.7 3.27 0.03 0.20 0.97 0.00
S30 17.83  15.90 1.93 8.24 531 0.00 0.18 2.50 0.93 6.98 141 0.03 0.19 0.30 0.00
Campala 1467 1154 3.12 3.70 3.86  0.00 0.18 1.56 0.52 542 223 0.02 0.12 0.76 0.00
Grizzly 2558  23.45 2.04 11.50 6.72  0.00 0.22 2.07 2.10 12.37  1.40 0.04 0.16 0.44 0.06
Mendel 20.68  18.02 2.56 7.04 6.35 0.00 0.22 1.38 1.89 8.18 197 0.05 0.16 0.38 0.10
DH Samourai 20.76  18.95 1.71 11.08 583  0.00 0.12 2.59 1.22 919 123 0.06 0.12 0.30 0.10
G53 36.19 32.68 3.35 9.76 1241 0.55 0.39 2.77 3.40 13.15 2.63 0.01 0.11 0.60 0.16
H113 34.97  29.33 4.61 6.36 14.10 0.12 0.22 5.53 0.98 838 3.72 0.08 0.11 0.70 1.02
Vishy 17.02 15.01 2.00 7.51 501 0.00 0.20 2.25 1.01 6.54 157 0.03 0.11 0.29 0.00
Express 24.68  22.46 2.15 10.45 7.62  0.03 0.18 2.00 1.79 1084 161 0.03 0.14 0.37 0.07
Oase 17.09 15.46 1.47 10.52 517  0.02 0.21 1.93 1.25 6.89 111 0.06 0.13 0.16 0.16
L16 6.93 3.11 3.69 0.84 1.18 0.00 0.20 0.42 0.05 127 272 0.07 0.13 0.77 0.13
S14 34.00 31.67 2.25 1408 1081 0.04 0.26 5.34 1.60 13.63  1.37 0.04 0.13 0.71 0.08
Sollux 4533  39.65 4.87 814 1259 0.17 0.09 5.60 2.13 19.06  3.29 0.04 0.31 1.22 0.82
L122 39.68 35.14 3.91 899 1543 021 0.20 5.48 0.89 1294 292 0.03 0.27 0.68 0.63
R140 31.86  25.62 5.38 476 1159 0.99 0.20 4.13 0.71 8.00 5.05 0.10 0.09 0.15 0.86
H10 1991 1450 4.73 3.07 6.74  0.23 0.16 341 0.50 3.46  3.47 0.04 0.13 1.10 0.68
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Discussion

The results of both field experiments showed considerable variability between the
tested genotypes in the level of stem infestation by C. napi, while there was only little
variability in the level of infestation by C. pallidactylus. This study has successfully
demonstrated the potential of resynthesized lines of B. napus as potential sources of resistance
against the stem mining pest C. napi and identified the resynthesized line S30 to be the least
infested of the genotypes tested, including commercial cultivars.

Susceptibility to oviposition by C. napi: There was a considerable variability between
genotypes in the number of eggs deposited by C. napi at the early stage of the oviposition
period. Significantly lower numbers of eggs were laid on the resynthesized line H113 and the
cultivars Sollux and Grizzly compared to the resynthesized line S3. At this stage of
oviposition, the number of C. napi eggs in S30 did not significantly differ from the other
tested genotypes. Although numbers of eggs laid on H113, Sollux and Grizzly was relatively
low, the level of infestation by C. napi larvae was on an intermediate or high level. The
number of eggs was assessed at only one early sampling date when the infestation period of
C. napi was not was finished yet. The course of egg-deposition into selected B. napus
genotypes over the entire infestation period of C. napi has been specified in chapter Ill. In
chapter 111, the cultivar Sollux was also less preferred for oviposition by C. napi at the early
period of oviposition, while at a later sampling date it contained a high number of eggs in

stems.

Plant growth stages and the length of stems are known to have an influence on the host
plant selection of herbivorous insects (Sarfraz et al. 2006). In this study there was no evidence
that growth stage was in itself associated with the resistance. Resynthesized line L16 and
cultivar Santana were both one point on the BBCH growth stage scale more advanced than the
other genotypes, but they did not significantly differ in the number of deposited C. napi eggs.
However, plants with a stem length exceeding 22 cm are less preferred by females of C. napi
for egg-laying (Buechi 1996). The present study indicated that at the early stage of the
oviposition period, when the stem length of all genotypes was shorter than 22 cm, the number
of eggs was positively dependent upon the length of stems, while at peak abundance of eggs,
the number of eggs was negatively dependent upon stem length of genotypes (chapter I11). In
chapter 11, at peak abundance of eggs, stems of several genotypes were already longer than
22 cm, therefore growers preferably should plant cultivars showing a delayed elongation
growth at the beginning of the growing season (short stems), but subsequently high elongation

growth rates. However, cultivars with high growth rates of stems have been found to increase
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the risk of stem splitting (Lerin 1993). Additionally, the stem length can vary with annual
climatic condition (Ballanger 1987), so it may be unwise to rely solely on this trait for

resistance.

Biochemical plant traits such as secondary metabolites and volatiles are important for
host acceptance of herbivorous insects (Mayer 2004; Schoonhoven et al. 2005).
Glucosinolates have been shown to trigger oviposition of crucifer-feeding insects (Renwick et
al. 1992; Van Loon et al. 1992; Chew and Renwick 1995). They can repel or deter a wide
range of generalist herbivores from brassicaceous plants (Chew 1988; Giamoustaris and
Mithen 1995). Even specialist insects are not completely immune to the defense compounds
of brassicaceous host plants (Ali and Agrawal 2012). Individual glucosinolates can cause
repulsion or deterrence of specialist insect pests in crucifer plants (Waligora and Krzymanska
1995; Siemens and Mitchelolds 1996; Eickermann 2011). In the present study, although the
glucosinolate profiles of the stems differed significantly between genotypes, the number of C.

napi eggs was not associated with the stem glucosinolate profile.

However, the number of C. napi eggs was significantly dependent upon contents of
individual stem glucosinolates. The number of C. napi eggs was significantly negative
dependent upon the aliphatic glucosinolate ALY and the aromatic glucosinolate NAS and
significantly positive dependent upon the aliphatic glucosinolate GNL. Tansey and Dosdall
(2011) reported that oviposition by cabbage root fly (D. radicum) was negatively dependent
upon the indolyl glucosinolate NEO. In a field experiment, Meier (unpubl. MSc thesis,
Goettingen 2013) found a negative relationship between the infestation by pollen beetle
(Meligethes aeneus (F.)) and the content of NEO in buds of different B. napus genotypes.
Similarly, a negative relationship was observed between the infestation by cabbage stem flea
beetle (P. chrysocephala) and cabbage flea beetles (Phyllotreta spp.) and the indolyl content
in oilseed rape seeds (Plachka et al. 2006). Huang and Renwick (1994) reported that the
behavioral response of small white butterfly (Pieris rapae L.) to indolyl and aromatic
glucosinolates was more marked than to aliphatic glucosinolates. There is little information in
the literature about the behavioral effects of the aliphatic glucosinolate ALY. Huang and
Renwick (1994) reported that oviposition by the green-veined white butterfly (Pieris napi
(L.)) was strongly influenced by the aliphatic glucosinolates. In the field experiment presented
in chapter 111, the number of C. napi eggs at peak oviposition was positively dependent upon
the content of ALY and NEO. These contrasting results might be explained by the number of
eggs, which was assessed at peak oviposition and not at the early stage of the oviposition

period.
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It might be also possible that glucosinolate contents have altered in response to the
oviposition by C. napi, because glucosinolate biosynthesis in brassicaceous plants can be
induced by herbivory (Bodnaryk 1992; Bartlet et al. 1999).

The content of primary plant nutrients has been found to affect oviposition of
herbivores in canola (Blake et al. 2010). In this study, the number of eggs deposited by C.
napi into main stems at the early stage of the oviposition period in 2012 was not significantly
dependent upon carbon content, nitrogen content and C:N ratio of stems in 2013. Carbon

contents and nitrogen contents were not assessed from plant samples in 2012.

Larval infestation by C. napi and C. pallidactylus and glucosinolates: In the field
experiments of 2012 and 2013, the resynthesized line S30 contained the lowest number of C.
napi larvae. The low number of C. napi larvae in S30 may have resulted from lower egg-
deposition or from increased egg and larval mortality, indicating antixenosis or antibiosis
resistance in this line. Similar results have been obtained in the semi-field and in the open
field experiment presented in chapter Il and chapter Il1. In 2012 and 2013, the number of C.
pallidactylus larvae did not differ significantly between the genotypes. In contrast,
Eickermann (2011) found lower numbers of C. pallidactylus larvae in the resynthesized lines
L122 and L16 compared to other B. napus genotypes. In our study, the number of C.
pallidactylus larvae in L122 was on a low level in 2012, while it was higher in 2013. The
level of infestation in L16 was not reduced in both years. These inconsistencies might be due
to varying numbers of side shoots of B. napus plants. Eickermann and Ulber (2011) found,
that the number of C. pallidactylus larvae increases with increasing number of side shoots per
main stem of oilseed rape. In our study, the number of C. pallidactylus larvae in side shoots

was not assessed.

Secondary metabolites might affect the host plant preference of herbivorous insects
(Mayer 2004; Schoonhoven et al. 2005). Even though the glucosinolate profiles of stems
differed significantly between the tested genotypes, the number of C. napi larvae was not
associated with the stem glucosinolate profile. Additionally, no relationship was found
between the number of larvae and individual groups and single compounds of glucosinolates
in stems. Herbivore damage to B. napus by P. chrysocephala can systemically induce changes
in the glucosinolate profile (Bartlet et al. 1999). Thus, larval feeding by both stem-boring
species might have altered the glucosinolate contents of stems. This might explain why the
glucosinolates were not associated with the number of C. napi larvae. However, results
obtained in chapter Il indicated that the number of larvae and larval performance of C. napi
were not affected by glucosinolate contents of infested stems later in the growing season.
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Performance of C. napi and C. pallidactylus larvae, morphological plant traits and
plant nutrients: Egg deposition by C. napi and larval feeding within the stem pith tissue may
result in considerable disruption to stem growth (Alford et al. 2003). Phenotypic differences
between tested genotypes were in length of full-grown stem in 2013, while in 2012 no
differences were found. The resynthesized line H30, which had the shortest stem showed a
high number of C. napi larvae, while the resynthesized line S14 and the cultivar Visby, which
showed the longest full-grown stem also displayed an intermediate number of C. napi larvae.
In 2013, the length of full-grown stems was not associated with the number of C. napi larvae.
However, the length of the full-grown stems was not assessed from non-infested control
plants. The variability found in stem length was probably related to the variability in plant
development rate. Additionally, plant development rates may have been affected by
environmental factors (McNaughton 1983). In 2012, the full-grown stems of genotypes tested
were shorter compared to full-grown stems in 2013. This might be due to the high infestation

pressure of C. napi in 2012.

Some crucifer feeding insects preferentially attack cruciferous plants with larger
amounts of biomass (Mustata and Mustata 2008). The biomass and dry biomass of above
ground main stems showed no phenotypic differences between the genotypes tested,
suggesting that stem biomass is unlikely to have an influence on infestation and performance

of C. napi larvae.

The stem injury coefficient has been evaluated to determine the amount of larval
feeding within the stems of the genotypes tested. In 2012, the stem injury coefficient showed
no significant phenotypic differences, while in 2013, it showed significant differences.
However, in 2013, the amount of feeding by C. napi larvae was significantly positive
dependent upon the number of C. napi larvae. The lack of association between the number of
larvae and the amount of larval feeding in 2012 may be due to the very high level of
infestation by C. napi in 2012. In other studies, a positive relationship between the stem injury
coefficient and the number of C. pallidactylus larvae (Eickermann 2011) and the number of P.
chrysocephala larvae (Ferguson et al. 2003) has been found. In our study, the level of
infestation by C. pallidactylus larvae did not significantly differ between the tested genotypes,
indicating that genotypic differences were unlikely to have an influence on the amount of

larval feeding by C. pallidactylus.

To determine resistance mechanism, the carbon and nitrogen content and the ratio
between carbon and nitrogen in stems of tested genotypes were assessed. The content of

nitrogen in plants has been reported to affect the oviposition preference of Ceutorhynchus
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obstrictus (Marsh.) (Blake et al. 2010). Further, the ratio of carbon and nitrogen in the leaves
has been hypothesized to affect plant susceptibility to leaf-eating insects (Lincoln 1993). It
has been also considered as a parameter to explain the performance of herbivorous insects on
different host plants (Moeser and Vidal 2004). The carbon content, nitrogen content and C:N
ratio of stems significantly differed between genotypes. However, the number of C. napi
larvae in main stems was not significantly dependent upon carbon and nitrogen content and
C:N ratio of main stems. Therefore, in this study the difference in tissue concentrations of
protein and carbohydrates between genotypes is unlikely to have a significant influence on
infestation by C. napi. Additionally, the contents of plant nutrients can change during the
growing season (Mattson 1980), but the contents of carbon and nitrogen of full-grown stems

were not assessed in this study.

The multi-choice experiments of the present study have demonstrated that B. napus
genotypes can have a significant influence on oviposition by C. napi and on the infestation
and performance of C. napi larvae. The resynthesized line S30 was subject to a very low
infestation rate by C. napi, while the infestation rate by C. pallidactylus was not as distinct as
from C. napi. Thus, S30 is a potential source for breeding oilseed rape cultivars with
resistance to C. napi. The glucosinolates within stems were not closely associated with
antixenosis and antibiosis effects. Further studies should focus on determining the potential
effect of further chemical traits, including volatile isothiocyanates, on host location and host

acceptance by C. napi and C. pallidactylus.
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Chapter V

During its long growing season oilseed rape is attacked by a wide range of insect
pests. Infestation by rape stem weevil (Ceutorhynchus napi Gyll.) and cabbage stem weevil
(Ceutorhynchus pallidactylus (Marsh.)) can cause major economic damage (Alford et al.
2003). At present, the control of these insect pests strongly relies on synthetic insecticides
(Thieme et al. 2010; Williams 2010). There is an urgent need for oilseed rape cultivars that
are genetically resistant to C. napi, C. pallidactylus and other insect pests as part of integrated
pest management systems to minimize the number of insecticide applications. In Europe,
over-reliance on insecticide use has led to increasing incidence of insecticide resistance in
oilseed rape pests (Hansen 2003; Derron et al. 2004; Zimmer and Nauen 2011; Zimmer et al.
2014). Today pollen beetle (Meligethes aeneus (F.)) is resistant to pyrethroid insecticides
throughout Germany (Heimbach and Mueller 2013; Henning 2013).

Resistant cultivars could provide an important element in integrated pest management
systems (Gullan and Cranston 2005) and are important targets in oilseed rape breeding (Friedt
2011). In the past, only few studies have been conducted to screen brassicaceous genotypes
for insect resistance traits (Renwick 2002; Eickermann 2011; Tansey and Dosdall 2011). In
two such studies, only minor variation in weevil infestation was found amongst the cultivars
and lines tested (Mrowczynski 1998; Dechert and Ulber 2004). The use of resynthesized lines
of oilseed rape presents a potential opportunity to break this impasse. Resynthesized lines are
developed by interspecific crossing of the two progenitor species of B. napus, Brassica
oleracea L. and Brassica rapa L.. They are being produced to broaden the genetic variation
available to breeders of oilseed rape (Olsson et al. 1980; Girke et al. 2012). Several studies
have reported the potential of resynthesized lines as sources of traits to improve resistance to
disease (Diederichsen and Sacristan 1991; Rygulla et al. 2007) and resistance to insect pests
(Seyis et al. 2001; Eickermann 2011).

In this study, the susceptibility of 30 B. napus genotypes showing a broad genetic
variability to infestation by the specialist stem weevils C. napi and C. pallidactylus was
determined for the first time. Our investigations have successfully demonstrated the potential
of resynthesized lines of B. napus as potential sources of resistance against the stem mining
pest C. napi. To identify plant factors determining host location, host acceptance and larval
performance of C. napi and C. pallidactylus, metabolic compounds and morphological plant

traits were assessed.
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Responses of C. napi and C. pallidactylus to plant genotypes

Oviposition by C. napi: The results obtained in open field and laboratory experiments
indicated considerable variability in acceptance of accessions tested for oviposition. The study
identified the resynthesized line S30 to be the least infested among the genotypes tested,
including lines and cultivars. There was considerable variability both within and between
genotypes in the number of C. napi eggs found in main stems. The fewest eggs were
consistently recorded in the resynthesized line S30 (open field and laboratory, chapter I11).
The low level of oviposition indicated antixenosis resistance in S30 to C. napi and suggests

that S30 is likely to be a useful source of resistance traits for oilseed rape.

Effect of glucosinolates on oviposition by C. napi: Glucosinolates have been shown to
affect host acceptance of crucifer-feeding insects (Mayer 2004; Schoonhoven et al. 2005).
Several studies revealed that the content and composition of glucosinolates can trigger
oviposition of insects (Renwick et al. 1992; Van Loon et al. 1992; Chew and Renwick 1995).
On the other hand, the presence of glucosinolates in brassicaceous plants has been found to
serve as defense compounds against non-specialist insects (Feeny 1977; Giamoustaris and
Mithen 1995). However, even specialist insects are not completely immune to the defense

compounds of brassicaceous host plants (Ali and Agrawal 2012).

Resynthesized lines of oilseed rape provide genetic resources for modifying the profile
of glucosinolates (Cleemput and Becker 2012). The results obtained in an open field
experiment indicated considerable variability in the glucosinolate profiles of non-infested
stems among the material tested, including resynthesized lines and cultivars (open field,

chapter IlI).

Glucosinolates are catalyzed by the endogenous enzyme myrosinase following cell
disruption (Fenwick and Heaney 1983; Hopkins et al. 2009), while myrosinase is spatially
separated from glucosinolates in non-disrupted cells (Mithen 1992, 2001). Our results showed
that the number of C. napi eggs per stem at peak oviposition was positively dependent on the
content of the glucosinolates glucoalyssin (ALY), gluconasturtiin  (NAS) and
glucobrassicanapin (GBN) and less distinct on glucobrassicin (GBC) and neoglucobrassicin
(NEO), as assessed in non-infested stems (open field, chapter I1l). The genotype with the
lowest number of C. napi eggs, the resynthesized line S30, showed the lowest level of total
glucosinolates in non-infested stems. The low concentration of glucosinolates is likely to play
an important role in the antixenosis resistance of S30 against oviposition by C. napi, by

causing this genotype not to be recognized as a favored host. Reduced herbivory by the
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specialist cabbage flea beetle (Phyllotreta cruciferae Goeze) at low glucosinolate
concentrations in Brassica rapa L. was also observed by Siemens and Mitchelolds (1996).
Similar results were reported by Giamoustaris and Mithen (1995): reduced levels of leave
glucosinolates resulted in lower feeding damage by adult cabbage stem flea beetle (Psylliodes
chrysocephala (L.)). In other studies, oviposition by cabbage root fly (Delia radicum (L.))
correlated positively with the content of gluconasturtiin in B. napus (Tansey and Dosdall
2011) and glucobrassicin in B. oleracea (Roessingh et al. 1992). Bartlet et al. (1994) reported
that feeding by P. chrysocephala on artificial medium was stimulated by glucobrassicin and
gluconasturtiin. There is little information in literature about the effect of the aliphatic
glucosinolate glucoalyssin on host acceptance of crucifer-feeding insects. Huang and Renwick
(1994) reported that the oviposition by the green-veined white butterfly (Pieris napi (L.)) was

strongly stimulated by aliphatic glucosinolates.

Number and performance of C. napi and C. pallidactylus larvae: The results obtained
from open field and semi-field experiments indicated considerable variability in the number
of C. napi larvae per plant among the oilseed rape genotypes tested. The resynthesized line
S30 showed fewer C. napi larvae in the main stems than the other tested genotypes. Further, it
was consistently the last genotype in which any C. napi larvae were found (semi-field, chapter
I1; open field, chapter Il & IV). This low number of larvae may have resulted from reduced
oviposition in S30, thereby providing further evidence of antixenosis resistance in this line.
Antibiosis resistance affects herbivore performance and may result in delayed development,
reduced weight or increased mortality (Sarfraz et al. 2006). There is no evidence for an
increased mortality of eggs or larvae of C. napi, because larval mortality as reflected by the
ratio between the number of eggs and larvae in stems did not significantly differ between the
genotypes tested. On the contrary, the larval development time as reflected by the larval instar
index was significantly prolonged in S30 compared to L16 (semi-field, chapter 11) and H30
(open field, chapter I11), thereby indicating antibiosis resistance to C. napi in S30.

The results obtained from open field and semi-field experiments indicated only limited
variability in the number of C. pallidactylus larvae in main stems among the oilseed rape
genotypes tested. However, similar to C. napi the larval abundance of C. pallidactylus in S30
was on a low level as well (open field, chapter 1V; appendix Table 4). This finding was
confirmed by Eickermann (2011) who found that the infestation by C. pallidactylus larvae in

S30 was not significantly reduced to other tested resynthesized lines of oilseed rape.

Effect of glucosinolates on infestation by C. napi and C. pallidactylus larvae: In the

present study, there was no evidence that the number of C. napi larvae in main stems was
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associated with the glucosinolate profile of non-infested stems (semi-field, chapter 1I). Our
study also found that the number of larvae in main stems was not dependent upon stem
glucosinolate profiles, as assessed at the early stage of oviposition (open field, chapter 1V).

The relationships between the number of C. pallidactylus larvae and the glucosinolate
profiles of leaves was not subjected to statistical analyses, because the number of larvae in
main stems of the tested genotypes was not significantly different. Therefore, there is no
evidence that the number of C. pallidactylus larvae was associated with the glucosinolate

profiles of leaves (open field, chapter 1V).

Effect of plant nutrients on oviposition by C. napi and infestation by C. napi and C.
pallidactylus larvae: Plant nutrients such as nitrogen have been reported to affect host
acceptance and performance of crucifer-feeding insects (Blake et al. 2010). The nitrogen and
carbon content and the C:N ratio of stems did significantly differ between the oilseed rape
genotypes tested. However, the number of eggs deposited by C. napi at the early stage of
oviposition was not significantly dependent upon the nitrogen and carbon content and C:N
ratio of stems (open field, chapter 1V). Similarly, the number of C. napi larvae was not
significantly dependent upon the carbon and nitrogen content and C:N ratio of stems (open
field, chapter 1V). Consequently, tissue concentrations of protein and carbohydrates are
unlikely to have a significant influence on oviposition and larval infestation by C. napi. By
contrast, oviposition by females of cabbage seed weevil (Ceutorhynchus obstrictus (Marsh.))
decreased with increasing nitrogen content in canola plants (Blake et al. 2010). Chen et al.
(2004) reported that the nitrogen fertilization rate affected host acceptance by females of
Pieris spp., which laid more eggs on highly fertilized plants compared to poorly fertilized

plants of cabbage.

The relationships between the number of C. pallidactylus larvae and the carbon and
nitrogen content of stems and C:N ratio of stems were not statistically analyzed because the
number of C. pallidactylus larvae in main stems was not significantly different between
genotypes. Therefore, there is no evidence that the number of C. pallidactylus larvae was
associated with the concentrations of protein and carbohydrates in plant tissue (open field,
chapter 1V).

Effect of morphological plant traits on oviposition by C. napi and infestation by C.
napi and C. pallidactylus larvae: Plant growth stage and the length of stems are known to
have an influence on the oviposition preference of C. napi (Lerin 1993; Buechi 1996). In this

study there was no evidence that plant growth stage was in itself associated with the
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resistance. The BBCH growth stage of the resynthesized line L16 and the cultivar Santana
was more advanced than the other genotypes, but the number of eggs deposited by C. napi
into these genotypes did not significantly differ from the other tested genotypes (open field,
chapter 1V). Similarly, the cultivar Oase and resynthesized line S30 were also more advanced
by one point on the BBCH growth stage scale than the other genotypes tested, but more eggs
were laid on Oase than on S30, which contained the fewest number of eggs (open field,
chapter I11). Buechi (1996) reported that stems which are longer than 22 cm are less preferred
for oviposition by C. napi. The stem length is linked with growth stage, the main stem rapidly
extending during the bud stage (BBCH 50 - 59) as can be seen in Table 2 in chapter Ill. Our
data confirm the effect of stem length on oviposition by C. napi: at peak oviposition, the
number of eggs deposited by females was significantly negative dependent upon the stem
length. In addition, oilseed rape stems longer than 20 cm are less susceptible to stem splitting
(Lerin 1993) and so the long stemmed trait may be valuable for tolerance to C. napi
infestation as well as resistance to it. However, stem length can vary with annual weather

conditions (Ballenger 1987), so it may be thoughtless to rely solely on this trait for resistance.

Differences in the stem biomass did not appear to have an influence on the infestation
by C. napi (open field, chapter I11).

The relationships between the number of C. pallidactylus larvae and morphological
plant traits were not statistically analyzed because of non-significant differences between the
numbers of C. pallidactylus larvae in main stems. Therefore, there is no evidence that the
number of C. pallidactylus larvae was associated with the morphological plant traits assessed

in this study (open field, chapter 1V).

Plant responses to C. napi infestation

Pith tissue degeneration in the presence of C. napi eggs: To date, there are no detailed
studies on plant responses of different oilseed rape genotypes towards egg deposition by C.
napi. In stems of the resynthesized line S30, following egg-deposition the severity of pith
tissue degeneration was significantly reduced compared to the resynthesized line H30. On the
contrary, in the cultivar Sollux which contained the highest number of eggs the severity of
pith degeneration did not significantly differ from the other tested genotypes. Since the
number of eggs varied widely between genotypes, the pith degeneration was related to one
deposited egg. When correlated for this number no significant differences between the
genotypes were found. There was no evidence for the type of response mounted by oilseed

rape in defense against infestation by C. pallidactylus, where neoplasma formation in petioles
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following oviposition by C. pallidactylus may lead to increased mortality of egg batches
(Nuss 2004), nor of a hypersensitive reaction, another defense response to egg deposition
(Hilker et al. 2002). In addition, plant responses to egg deposition can affect the volatile
bouquet emitted by the plants, thereby indirectly attracting egg parasitoids (Hilker et al.
2002).

Glucosinolates in C. napi infested stems: Glucosinolates have been shown to affect
performance of crucifer-feeding insects (Mayer 2004; Schoonhoven et al. 2005). The
glucosinolate content of brassicaceous plants may change in response to herbivory (Bodnaryk
1992; Bartlet et al. 1999). In stems infested by C. napi larvae, the glucosinolate profiles had
changed considerably from their pre-infestation level, including marked falls in concentration.
There were significant differences between genotypes, the profile of the resynthesized line S3
being distinct from the other tested genotypes. Bodnaryk (1992) and Bartlet et al. (1999)
found, that changes due to both plant development and herbivory might be expected when
comparing pre- and post-infestation glucosinolate levels of oilseed rape. In the present study,
however, there was no evidence that the changes observed were associated with the
infestation or performance of larvae as measured by the larval instar index and larval dry body
masses of the 3" larval instar (open field, chapter I11). In contrast, Ulmer and Dosdall (2006)
detected that high levels of specific glucosinolates were associated with a reduced larval
weight of C. obstrictus. This suggests that the prolonged development of C. napi larvae in the

resynthesized line S30 is not related to the glucosinolates studied here.

Conclusion

This study has successfully demonstrated the potential of resynthesized lines of B.
napus as potential sources of resistance against the stem-mining pest C. napi. High
antixenosis resistance to C. napi in the resynthesized line S30 has been identified for the first
time. In addition, in S30 a low level of C. pallidactylus infestation was found. The larval
development of C. napi in S30 was delayed, thereby indicating antibiosis resistance to C. napi
in this genotype.

The resistance of S30 to C. napi appears to be largely antixenotic. S30 being less
acceptable to ovipositing females due to the combination of a long stem and a paucity of five
specific glucosinolates, while the glucosinolates were not closely associated with the
infestation level and performance of C. napi larvae. The resynthesized line S30 can provide a
potential genetic source for breeding oilseed rape cultivars with resistance to C. napi.
Resistant cultivars could provide an important element in integrated pest management systems
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(Gullan and Cranston 2005) in order to reduce insecticide applications. By reducing
insecticide applications, beneficial organisms such as parasitoids can be enhanced. These
parasitoids can help to reduce the pest population density on long term by parasitizing the pest
larvae (Ulber et al. 2010).

Future work should focus on the identification of the factors determining the host
location and acceptance by C. napi. To identify these factors the selected genotypes with
contrasting levels of infestation by C. napi, need to by analyzed on further plant traits such as
sugars, phenolics, volatile isothiocyanates or mechanical strength of the stem tissue. Further,
DH-populations based on crosses of S30 with present cultivars might be used for further
screenings on resistance to C. napi, resulting in the development of new cultivars with

resistance to C. napi.
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Laboratory feeding experiment:
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Fig. 1 Standardized leaf area (cm®) consumed by one male and female of Ceutorhynchus napi during 48 hours
on 5" oldest true leaf. No-choice laboratory experiment. The boxes encode the median and the interquartile
range (25" - 75™ percentiles) of ten replicated plants. Genotypes with different letters differ significantly from

each other according to Kruskal-Wallis Test, P <0.05

There were no relationships between the consumed leaf areas by C. napi weevils and contents
of individual glucosinolates, glucosinolate groups and the ratio between aliphatic and indolyl
glucosinolates of control leaves (no feeding) and infested leaves (with feeding) (Linear
Regression, P > 0.05) (Fig. 1, Table 1 and Table 2).
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Table 1

Mean glucosinolate contents (umol/g D.W.) of 5" oldest true leaf of control plants in no-choice laboratory experiment. PRO = progoitrin, GNL = napoleiferin, ALY =

glucoalyssin, GNA = gluconapin, GBN = glucobrassicanapin, RAA = glucoraphanin; 40H = 4-hydroxyglucobrassicin, GBC = glucobrassicin, 4ME = 4-methoxyglucobrassicin, NEO =

neoglucobrassicin, NAS = gluconasturtiin

Genotype PRO RAA GNL ALY GNA 40H GBN GBC NAS 4ME NEO Aliphatic  Indolyl A/l Total
G53 239 048 0.00 051 208 0.00 305 050 000 0.07 0.00 8.51 0.58 14.72 9.09
Mendel 1.85 0.00 0.16 056 1.10 000 2.07 0.29 024 0.08 0.03 5.73 0.40 14.18 6.38
Goel991 241 000 0.11 128 034 000 137 0.66 000 0.12 0.00 5.52 0.78 7.09 6.30
Liropa 0.37 0.00 0.12 0.00 0.00 0.00 0.18 0.34 0.00 0.07 0.10 0.66 0.51 1.29 1.18
S14 365 000 0.00 193 057 000 520 0.75 0.00 0.06 0.10 11.35 0.90 12.58 12.26
Visby 150 0.00 0.00 042 0.63 0.13 079 0.19 0.00 0.00 0.00 3.34 0.32 10.38 3.66
H113 12.85 0.00 0.00 3.71 549 000 655 0.33 125 0.00 0.00 28.60 0.33 86.85 30.18
Campala 0.87 0.00 0.00 040 063 0.00 063 0.00 0.00 0.00 0.00 2.52 0.00 0.00 2.52
H149 0.81 000 0.00 0.26 215 0.00 098 0.21 0.00 0.00 0.00 4.19 0.21 19.84 4.41
S30 163 0.00 000 096 0.66 011 242 0.22 019 0.08 0.07 5.68 0.48 11.85 6.34
DH Samourai 0.23 0.00 0.07 0.08 0.10 0.09 000 0.26 0.00 0.06 0.00 0.47 0.41 1.15 0.88
Grizzly 169 0.00 0.00 078 122 004 226 0.27 016 0.04 0.04 5.93 0.39 15.25 6.48
H65 1.81 0.17 0.13 1.18 1.18 0.18 160 0.76 072 0.10 0.05 6.07 1.10 5.52 7.90
DH Mansholt 528 0.12 0.00 134 108 0.08 191 0.26 024 0.00 0.06 9.72 0.39 24.62 10.36
H 327 9.32 0.00 0.00 302 324 0.06 511 0.38 0.27 020 0.12 20.69 0.77 26.97 21.74
L 122 953 025 0.00 354 3.09 0.17 7.22 0.22 025 0.07 0.05 23.62 0.51 46.74 24.38
H 10 6.47 055 0.00 175 295 0.09 157 020 049 0.02 0.05 13.30 0.36 37.43 14.14
Olimpiade 895 031 0.00 274 576 010 283 040 034 0.05 0.00 20.58 0.55 37.55 21.48
Abukuma natane 10.35 0.00 0.00 291 370 006 4.82 025 070 0.10 0.16 21.78 0.56 38.71 23.04
H231 941 162 0.00 388 137 0.10 496 155 0.26 0.07 0.25 21.24 1.96 10.82 23.46
H30 290 083 0.14 348 0.12 0.04 048 031 017 0.02 0.06 7.94 0.43 18.51 8.55
R140 169 040 0.00 073 020 003 125 170 0.21 0.04 0.00 4.28 1.77 2.42 6.27
Santana 0.18 0.00 0.00 0.10 0.00 0.00 0.09 096 0.00 0.05 0.07 0.37 1.08 0.35 1.45
S3 482 017 016 0.23 452 0.05 125 021 0.00 0.14 0.00 11.15 0.40 27.88 11.55
Gaoyou 0.54 0.17 0.00 0.00 0.13 0.04 004 0.05 0.00 0.03 0.00 0.88 0.12 7.33 1.00
Sollux 408 014 013 055 273 0.07 075 0.07 0.00 0.10 0.00 8.38 0.24 34.92 8.62
R53 0.24 025 0.00 0.00 097 010 037 0.12 0.00 0.03 0.00 1.83 0.25 7.32 2.08
L16 035 021 0.00 0.16 0.13 0.05 026 0.06 0.00 0.00 0.00 1.11 0.11 10.09 1.22

138



Appendix

Table 2

Mean glucosinolate contents (umol/g D.W.) of 5" oldest true leaf of infested plants in no-choice laboratory experiment. PRO = progoitrin, GNL = napoleiferin, ALY =

glucoalyssin, GNA = gluconapin, GBN = glucobrassicanapin, RAA = glucoraphanin; 40H = 4-hydroxyglucobrassicin, GBC = glucobrassicin, 4ME = 4-methoxyglucobrassicin, NEO =

neoglucobrassicin, NAS = gluconasturtiin

Genotype PRO RAA GNL ALY GNA 40H GBN GBC NAS 4ME NEO Aliphatic Indolyl  A/I Total
G53 3.73 0.96 0.00 0.58 397 0.00 424 131 0.06 0.03 0.01 13.48 1.36 9.93 14.89
Mendel 1.96 0.00 0.00 0.39 138 0.00 1.89 0.83 0.00 0.02 0.30 5.61 1.14 491 6.75
Goel991 2.75 0.00 0.00 158 0.38 0.00 1.02 152 0.00 0.05 0.73 5.72 2.31 2.48 8.03
Liropa 0.47 0.00 0.03 0.08 0.00 0.00 0.29 0.60 0.00 0.03 0.46 0.88 1.09 0.81 1.97
S14 9.52 0.10 0.00 5.14 2.16 0.00 993 138 0.28 0.07 0.75 26.85 2.20 12.19 29.34
Visby 1.56 0.00 0.00 0.48 120 0.06 0.63 0.23 0.00 0.00 0.00 3.88 0.29 13.26 4.17
Oase 0.85 0.00 0.00 0.43 0.11 0.00 036 1.01 0.00 0.00 0.03 1.75 1.04 1.68 2.80
H113 2.82 0.00 0.00 096 181 005 214 0.70 0.00 0.00 0.21 7.73 0.96 8.05 8.69
Campala 2.82 0.00 0.00 096 181 005 214 0.70 0.00 0.00 0.21 7.73 0.96 8.05 8.69
H149 421 0.00 0.00 0.80 354 0.00 3.08 0.62 0.00 0.00 0.08 11.63 0.70 16.65 12.33
S30 0.71 0.00 0.00 0.39 0.36 0.00 0.78 0.13 0.00 0.02 0.04 2.24 0.20 11.51 2.44
DH Samourai 0.16 0.00 0.00 0.00 0.00 0.02 0.00 0.36 0.00 0.06 0.03 0.16 0.46 0.34 0.62
Grizzly 2.11 0.00 0.05 141 218 0.03 3.89 057 027 0.05 0.05 9.63 0.71 13.63 10.61
H65 0.97 0.00 0.00 0.66 0.67 0.08 0.72 044 035 0.08 0.05 3.02 0.65 4.66 4.02
DH Mansholt 498 0.00 0.00 0.52 103 005 146 0.20 0.26 0.00 0.05 7.99 0.29 27.10 8.55
H327 6.56 0.00 0.00 1.82 295 0.00 356 0.15 031 0.11 0.07 14.90 0.33 45.66 15.53
L122 8.82 0.32 0.00 433 218 013 478 0.34 0.28 0.09 0.15 20.44 0.72 28.40 21.43
H10 4.06 0.29 0.00 1.19 217 014 1.02 063 0.34 0.05 0.56 8.73 1.38 6.33 10.46
Olimpiade 3.29 0.00 0.00 056 274 0.03 094 0.28 0.19 0.04 0.09 7.52 0.43 17.51 8.14
Abukuma natane 2.27 0.00 0.00 0.28 1.00 0.00 0.68 0.07 0.16 0.11 0.12 4.23 0.30 14.32 4.68
H231 2.95 0.46 0.00 169 0.16 004 129 117 0.03 0.01 0.18 6.55 1.40 4.69 7.98
H30 1.90 0.13 0.07 199 0.04 003 088 114 011 0.04 0.14 5.02 1.35 3.73 6.48
R140 2.80 0.54 0.00 136 044 000 264 109 0.19 0.03 0.00 7.77 1.13 6.90 9.08
Santana 0.50 0.00 0.00 0.29 0.17 0.04 058 182 0.03 0.05 0.12 1.54 2.03 0.76 3.60
S3 22.14 0.14 0.57 211 12.70 0.09 5.08 0.37 0.00 0.17 0.00 42.74 0.63 67.84 43.37
Gaoyou 9.83 0.00 000 434 316 041 714 068 0.00 0.21 0.00 24.47 1.30 18.82 25.77
Sollux 2230 0.12 120 1223 533 033 435 040 0.00 0.16 0.00 45.53 0.89 51.16 46.42
R53 2.66 0.17 0.00 091 259 031 243 101 0.00 0.05 0.00 8.76 1.37 6.39 10.13
L16 2.32 0.18 0.00 0.68 049 022 219 049 0.00 0.00 0.00 5.86 0.71 8.25 6.57
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Table 3 Field experiments in 2010/2011, 2011/2012 and 2012/2013 at different locations. Larval infestation by Ceutorhynchus napi per main stem of 30 Brassica napus genotypes. Mean
values (+SE) of ten plants and two replicates. KW-ANOVA, P < 0.05; Marienstein May 5" 2011 (H (27, N = 56) = 28.240, P = 0.398), Einbeck May 5" 2011 (H (29, N = 60) = 20.209, P =
0.886), Gottingen-Reinshof May 3 2012 (H (11, N = 24) = 18.755, P = 0.066), Einbeck May 9" 2012 (H (21 (N = 44) = 30.131, P = 0.089), Peine May 10™ 2012 (H (14, N = 30) = 17.032, P
= 0.255), Géttingen-Reinshof May 21% 2013 (H (25, N = 52) =30.342, P = 0.471), Peine May 23" 2013 (H (21, N = 44) = 30.315, P = 0.086), Semi-field experiment Gottingen May 16" 2013

(H (11, N = 60) = 16.756, P = 0.115)

Genotype Marienstein  Reinshof Einbeck Peine  Reinshof Einbeck Peine Reinshof Einbeck Peine Semi-field Mean
2011 2011 2011 2011 2012 2012 2012 2013 2013 2013 2013 value

H231 0.13+0.13 - 093+0.73 - - - - - - - - 0.53
Grizzly 0.13+0.13 - 087+0.80 - 555+025 0.20+010 225+125 050+ 0.10 - 055+0.05 - 1.44
S14 0.70+030 - 0.73+0.60 - 215+055 010+010 245+0.15 045+ 035 - 095+0.05 1.02+0.33 |1.07
Express617 0.00+0.00 - 060+040 - 510+£050 0.35+015 205+045 0.15+ 0.05 - 285+245 014+0.09 |141
Liropa 0.80+0.60 - 1.13+1.00 - - 1.00 0.70 135+0.75 110+ 030 - 1.25+005 1.28+0.60 |1.13
Olimpiade 0.83+057 - 043+0.10 - - - - - - - - 0.63
H327 0.38+0.15 - 0.85+047 - - - - 0.00+ 0.00 - 055+0.25 - 0.45
R140 0.83+0.83 - 0.13+0.13 - - - - 030+ 020 - - 0.40+0.20 |[0.42
H65 053+033 - 0.23+0.10 - - - - - - 0.65+0.15 - 0.47
H10 0.00 £0.00 - 0.40+0.00 - - - - 130+ 0.80 - - - 0.57
G53 050+0.17 - 060+0.60 - - 0.35+0.35 - 045+ 035 - 3.20£1.10 - 1.02
L122 0.63+0.03 - 023+0.23 - - 0.20£0.10 - 095+ 035 - 092+0.65 - 0.59
H113 0.00+0.00 - 0.40+0.00 - - 0.20£0.20 - 1.00+ 0.60 - 1.85+0.15 - 0.69
R53 0.17+017 - 0.80+0.60 - - - - 145+125 - 025+0.25 - 0.67
L16 077077 - 037+030 - 335+195 0.00+0.00 030+0.30 050+010 - 1.90+050 - 1.03
Visby 0.07+0.07 - 0.40+0.07 - 1.60+0.30 155+005 0.65+025 1.00+0.10 - - 0.82+0.49 |0.87
H30 0.37 £0.37 - 040+013 - 0.40+0.85 0.00+0.00 1.00+020 125+ 025 - - 0.86+0.19 |0.61
Mendel 020+020 - 043+030 - 5.00 £ 0.90 1.00+£0.20 155+105 085+ 025 - 1.47+004 0.86+0.38 |1.42
S3 0.53+0.13 - 017+010 - 510+£0.10 0.05+0.05 1.00+040 055+055 - 1.05+065 - 1.21
S30 0571043 - 0.40+040 - 0.75+0.25 0.15+0.15 175+135 0.00+£0.00 - 0.00£0.00 0.20+0.15 |0.48
Gaoyou 0.00+0.00 - 067+013 - - 0.00£0.00 - 220+£040 - 1.75+065 0.68+0.29 |0.88
Sollux 0.47+040 - 0.73+0.67 - 2.45 £ 0.85 110+050 2.65+055 0.75+0.75 - 1.80+040 1.26+0.65 |1.40
H149 0.07+0.07 - 0.93+0.00 - - 0.10+0.10 - 035+0.15 - - - 0.36
Abukuma natane  0.80 £ 0.47 - 040+0.07 - - - - - - - - 0.60
Campala 0.17 £0.17 - 0.13+0.07 - 2.80+0.20 0.05+0.05 1.20+050 0.30+0.00 - 090+£050 - 0.79
Goel991 0.00+0.00 - 0.00+0.00 - - 0.00£0.00 030+0.10 150+040 - 040+£0.20 - 0.37
Santana 0.40+040 - 0.23+0.10 - - 0.10+0.10 - 045+0.25 - 143+033 - 0.52
DH Mansholt 0.24 +0.17 - 097+0.63 - 270060 0.15+015 245+005 0.60+0.20 - 220+£0.30 - 1.33
Oase - - 0.27+0.07 - - 0.25 £ 0.05 185+035 030+0.30 - 0.70£0.60 0.68+0.28 |0.68
DH Samourai - - - - - 0.00£0.00 - 1.15+055 - 230+140 0.12+0.08 |0.89
Mean value 0.36 - 0.51 - 3.08 2.23 - 0.74 - 1.31 0.69
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Table 4 Field experiments in 2010/2011, 2011/2012 and 2012/2013 at different locations. Larval infestation by Ceutorhynchus pallidactylus per main stem of 30 Brassica napus genotypes.
Mean values (+SE) of ten plants and two replicates. KW-ANOVA, P < 0.05; Marienstein May 5™ 2011 (H (27, N = 56) = 23.772, P = 0.643), Einbeck May 5" 2011 (H (29, N = 60) = 35.752,
P = 0.181), Géttingen-Reinshof May 3™ 2012 (H (11, N = 24) = 14.126, P = 0.226), Einbeck May 9" 2012 (H (21 (N = 44) =22.512, P = 0.371), Peine May 10" 2012 (H (14, N = 30) = 20.101,

P = 0.127), Géttingen-Reinshof May 21% 2013 (H (25, N = 52) = 24.852, P = 0.471), Peine May 23 2013 (H (21, N = 44) = 21.861, P = 0.408)

Genotype Marienstein ~ Reinshof  Einbeck Peine  Reinshof Einbeck Peine Reinshof Einbeck  Peine Mean
2011 2011 2011 2011 2012 2012 2012 2013 2013 2013 value

H231 0.44+037 - 0.60+0.27 - - - - - - - 0.52
Grizzly 0.40+0.07 - 147+133 - 0.30£0.00 050+040 095+005 6.05+255 - - 1.60
S14 0.70+0.07 - 090+0.23 - 250+060 035+035 060+030 0.60+060 - 1150+ 0.60 |2.27
Express617 0.74+0.74 - 097+0.63 - 295+035 040+040 095+055 3.70+130 - 12.70+£3.70 |3.20
Liropa 017+017 - 207+087 - - 0.20£0.20 020+0.20 510+4.10 - 16.10+£6.10 |3.97
Olimpiade 1.87£1.40 - 1.47+0.93 - - - - - - - 1.67
H327 0.07+0.07 - 0.23+0.16 - - - - 3.20£060 - 7.35+0.95 |2.71
R140 0.10+0.10 - 027+0.13 - - - - 225+195 - - 0.87
H65 027+0.27 - 0.10£0.10 - - - - - - - 0.19
H10 0.07+0.07 - 0.20+0.07 - - - - 1.20+090 - - 0.49
G53 0.80+0.73 - 0.07+0.07 - - 0.00£0.00 - 155+055 - 19.60+£9.00 |4.40
L122 050+050 - 1.30+110 - - 1.00+0.10 - 470+130 - 7.85+0.95 |3.07
H113 037+0.24 - 0.27+0.00 - - 0.1+£0.05 - 255+055 - 9.90+ 250 |2.64
R53 0.40+0.13 - 0.27+0.13 - - - - 090+050 - 6.60+£3.20 |2.04
L16 0.04+0.04 - 0.17+010 - 230+170 045+045 050+010 3.65+315 - 1510+ 4.80 |3.17
Visby 0.10+0.10 - 027+020 - 235+145 0.05+0.05 055+005 3.85+225 - 9.60+1.40 |240
H30 0.04+0.04 - 0.00+0.00 - 0.50+£0.20 0.00+0.00 100+£020 290+200 - - 0.74
Mendel 0.64+0.64 - 053+053 - 145+005 0.15+0.15 2.00+010 505+435 - 1150+ 0.50 |3.05
S3 1.67+027 - 0.07+£0.00 - 265+165 0.00+0.00 100+£0.70 3.10+040 - 14.30 +3.50 |3.26
S30 0.44+0.04 - 037037 - 155+105 0.20+020 090+040 1.00+040 - 7.95+215 |1.77
Gaoyou 0.33+0.20 - 0.03+0.30 - - 0.95+055 - 1.85+0.15 - 1155+ 3.05 |2.94
Sollux 0.10+0.10 - 0.10+010 - 195+005 0751045 420+100 385+365 - 13.25 +0.25 |3.46
H149 0.04+0.04 - 0.93+0.00 - - 0.35+035 - 1.85+005 - - 0.79
Abukuma natane  0.34+0.34 - 0.00+0.00 - - - - - - - 0.17
Campala 030+030 - 0.07+0.07 - 050+0.20 010+010 005+005 525+015 - 14,95+ 12.25 | 3.03
Goel991 0.00+0.00 - 0.17+0.17 - - 0.25+0.15 0.00+0.00 270+0.70 - 11.30+£0.80 |2.40
Santana 0.00+0.00 - 0.13+0.00 - - 0.15+0.15 - 035+0.05 - 12.43+5.18 |2.61
DH Mansholt 0471047 - 037+0.17 - 0.80+0.30 0.00+0.00 055+035 160+040 - 20.55+3.75 |[3.48
Oase - 020+0.13 - - 0.15+0.15 145+115 170+040 - 10.45+1.25 |2.79
DH Samourai - 046+046 - - 0.00£0.00 - 590+1.60 - 18.95+4.05 |6.33
Mean value 0.38 - 0.47 - 1.65 0.28 0.99 2.94 - 12.55
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Appendix

Semi-field field experiment:

Fig. 2 Semi-field experiment at Einbeck 2012/2012. Four females of Ceutorhynchus napi were caged with a
perforated plastic bag on the main stem of five Brassica napus genotypes
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Fig. 3 Number of eggs deposited by four females of Ceutorhynchus napi into main stems of five Brassica
napus genotypes during three days in the semi-field experiment 2012/2013 at Einbeck. Mean values (£SE) of
twenty replicates, (H (4, N = 100) = 17.502, P = 0.002), Kruskal-Wallis Test, P < 0.05
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Appendix

Table 5 Infestation of pods of 30 Brassica napus genotypes by brassica pod midge (Dasineura
brassicae Winn.). Percentage of split pods related to the total number of pods of three upper side shoots of 30
plants. Genotypes were grown in field experiments at different locations in 2010/2011, 2011/2012 and
2012/2013. Values are means five plants and two to four replicates. KW-ANOVA, P < 0.05; Marienstein June
6" 2011 (H (20, N = 42) = 29.200, P = 0.084), Gottingen-Weende May 28" 2012 (H (29, N = 60) = 35.752, P =
0.181), Peine June 21* 2013 (H (6, N = 14) = 2.286, P = 0.892)

%

Genotype Marienstein 2011 Weende 2012  Peine 2013 Mean

value
H327 25 57 - 41
S3 90 48 11 50
L16 76 57 - 67
L122 69 - - 69
G53 73 40 - 57
S30 65 47 - 56
Sollux 71 37 - 54
Campala 39 39 - 39
H10 38 - 11 25
Express617 47 33 - 40
H30 53 - - 53
Mendel 62 49 - 56
Vishy 70 54 - 62
H65 71 - - 71
H149 68 - - 68
Grizzly 64 37 - 51
DH Mansholt 30 36 10 25
Olimpiade 91 - 11 51
Goel991 77 52 - 65
Liropa 80 38 - 59
S14 60 44 - 52
Oase - 39 - 39
H113 - - 8 8
R140 - - 10 10
R53 - - 9 9
Abukuma natane - - - -
DH Samourai - - - -
Santana - - - -
Gaoyou - - - -
H231 - - - -
Mean value 63 44 10
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