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Abstract

The rape stem weevil, Ceutorhynchus napi Gyll., is a serious pest of winter oilseed rape

(Brassica napus L.) crops in Europe causing severe yield loss. In currently used oilseed

rape cultivars no resistance to C. napi has been identified. Resynthesized lines of B. napus

have potential to broaden the genetic variability and may improve resistance to insect pests.

In this study, the susceptibility to C. napi of three cultivars, one breeding line and five resyn-

thesized lines of oilseed rape was compared in a semi-field plot experiment under multi-

choice conditions. Plant acceptance for oviposition was estimated by counting the number of

C. napi larvae in stems. The larval instar index and the dry body mass were assessed as indi-

cators of larval performance. The extent of larval feeding within stems was determined by the

stem injury coefficient. Morphological stem traits and stem contents of glucosinolates were

assessed as potential mediators of resistance. The resynthesized line S30 had significantly

fewer larvae than the cultivars Express617 and Visby and the resynthesized lines L122 and

L16. The low level of larval infestation in S30 was associated with a low larval instar and stem

injury index. Low numbers of larvae were not correlated with the length or diameter of stems,

and the level of stem glucosinolates. As indicated by the low larval infestation and slow larval

development the resistance of S30 to C. napi is based on both antixenotic and antibiotic prop-

erties of the genotypes. The resynthesized line S30 should therefore be introduced into B.

napus breeding programs to enhance resistance against C. napi.

Introduction

The rape stem weevil, Ceutorhynchus napi Gyll. (Coleoptera, Curculionidae), is a serious pest

in European crops of winter oilseed rape (OSR, Brassica napus L.) [1]. Egg deposition by C.
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napi into elongating stems and larval feeding within the stem pith may cause significant yield

losses [2]. OSR cultivars resistant to C. napi and other insect pests can comprise an important

component of integrated pest management and are urgently needed to minimize the number

of insecticide applications in Europe, where over-reliance on insecticide use has led to increas-

ing incidences of insecticide resistance in OSR pests [3, 4]. Further, climate change might

increase the risk of missing the proper insecticide application time, due to shifting the natural

spring migration of C. napi towards an earlier onset of the invasion into the crop [5]. Interspe-

cific interactions between insects with the same ecological niche can lead to the displacement

of a species from a habitat by another. In those interactions insecticide applications can some-

times play an important role [6].

Brassicaceous genotypes have been screened for resistance traits against C. napi in only one

study [7]. Several studies have emphasized the potential of resynthesized lines as sources of

traits to enhance resistance to diseases [8, 9] and insect pests [7, 10]. Resynthesized lines have

been developed by interspecific crossing of the two progenitor species of B. napus, Brassica
oleracea L. and Brassica rapa L., and are used to broaden the genetic variability in OSR [11,

12]. For instance, resynthesized lines of B. napus are genetic sources for modifying profiles of

glucosinolates [13], important plant defense compounds in Brassicaceae [7, 14, 15]. Therefore,

the utilisation of resynthesized lines offers a promising opportunity to screen for sources of

resistance to C. napi and other pests of OSR. Reduced performance and increased mortality

(antibiosis) or reduced host location and acceptance (antixenosis) may result in plant resis-

tance to pest insects [16, 17]. Further important means to control insect pests of OSR might be

trap crops [18, 19] and/or the enhancement of natural enemies of these pests [20–22]. Also

RNA interference is an important approach for managing coleopteran pests [23].

The life cycle of C. napi provides opportunities to assess potential resistance traits that act

either on adult or on larval stages of the pest (or both). In early spring, adults of C. napi migrate

from previous years fields of OSR to new OSR crops [24, 25]. In March-April, after approxi-

mately two weeks of feeding, females deposit single eggs into elongating stems. The three larval

instars feed within the pith of stems for three to five weeks [24–26].

In stems of OSR, C. napi shares the same habitat and food resource with other stem-boring

pests, such as cabbage stem weevil (C. pallidactylus (Marsh.)) and cabbage stem flea beetle (Psy-
lliodes chrysocephala L.) [27, 28]. Many studies, investigating plant-herbivore interactions at

multiple infestation situations, found that host plants damaged or pre-infested by one herbi-

vore species were more or less attractive for another species [28–32]. To avoid inter-specific

interactions between C. napi and other crucifer pests, in the present field study the tested OSR

genotypes were therefore protected from natural infestation by insect proof cages.

Herbivores that specialise in crucifers make use of host plant volatiles to locate [33] and

accept their hosts [34, 35]. Host location and acceptance of insect herbivores on brassicaceous

crops can be affected by herbivory induced host plant volatile changes [33, 36] and altered glu-

cosinolate contents [37, 38]. These volatiles are often the breakdown products of glucosinolates

following cell disruption by herbivory [36].

Additionally, as obligate stem feeders the larvae of C. napi are also vulnerable to defence

compounds in the host plant chosen by their mother. Chief among these are also the glucosi-

nolates. In brassicaceous plants, glucosinolates may provide an effective defence against non-

specific insect herbivores [15] but even Brassica specialists can be negatively affected by spe-

cific glucosinolates [14], e.g. C. pallidactylus [39], cabbage root fly (Delia radicum (L.)) [40]

and cabbage flea beetles (Phyllotreta spp.) [41].

Beside secondary plant metabolites (e.g. glucosinolates) morphological plant traits can

affect host plant acceptance and might be manipulated to achieve herbivore resistance in B.

napus [17]. Females of C. napi preferably deposit their eggs into plant stems up to 22 cm long,

Oilseed rape and larval infestation by rape stem weevil (Ceutorhynchus napi Gyll.)

PLOS ONE | https://doi.org/10.1371/journal.pone.0180807 July 7, 2017 2 / 18

collection and analysis, decision to publish, or

preparation of the manuscript.

Competing interests: The authors have declared

that no competing interests exist.

https://doi.org/10.1371/journal.pone.0180807


whereas longer stems are frequently rejected [42]. Additionally, infestation by C. napi was

reported to be significantly higher in sturdy compared to thin plant stems [43].

The objective of this study was to explore susceptibility of resynthesized lines of B. napus as

sources of genetic resistance to C. napi in B. napus breeding. The infestation and performance

of C. napi larvae were compared among nine B. napus genotypes, comprising three cultivars,

one breeding line, and five resynthesized lines of B. napus. In order to avoid disturbing effects

by multiple pest infestation of the tested genotypes on preference and performance of C. napi,
e.g. changes of glucosinolate profiles, the experiment was conducted under protected semi-

field conditions. The length and basal diameter of plant stems and glucosinolate profiles were

measured.

Materials and methods

Plant genotypes in semi-field experiment

The semi-field experiment was conducted at the experimental station of Georg-August Uni-

versity, Goettingen, Germany (N51˚33’53.8 E9˚56’48.8) in 2011–2012. Nine genotypes, com-

prising five resynthesized lines, three cultivars and one breeding line of OSR, were selected

based on their broad genetic background and variability of the glucosinolate content according

[13, 44] (Table 1). Three additionally sown genotypes (R53, DH Samourai, Olimpiade) were

severely affected by overwintering mortality and could not be included into further analyses.

Single rows (length 2 m, 20 seeds m-1, 25 cm row spacing) of each genotype were sown on

August 18th 2011. In each of the six replicated plots, one row of each genotype was arranged at

random. To reduce border effects, two rows of the winter OSR cultivar Krypton were sown at

the margins of the plots. In order to avoid natural infestations of plants by other insect pests,

each plot was enclosed by an insect-proof gauze cage (Seran PVDC, mesh width 425 μm) mea-

suring 4.0 m × 2.0 m × 1.8 m, which was installed before natural crop colonisation by C. napi
on February 22nd 2012.

Larval infestation and performance

Adult rape stem weevils used for targeted release into cages were collected from non-sprayed

previous year’s OSR fields on March 3rd, and maintained in plastic boxes in a climatic chamber

at 6˚C (L16:D8). Adults were supplied with leaves of the OSR cultivar Mozart grown in a glass-

house. In order to adjust the start of the experiment, the natural spring migration of C. napi
was monitored with yellow traps containing water and some droplets of a detergent. The traps

were installed in OSR crops adjacent to the semi-field experiment. On March 23rd, at the

beginning of natural spring migration of C. napi into the new OSR crops and simultaneously

with stem elongation of the genotypes, 60 females and 30 males of post-diapause C. napi adults

were released into each cage.

On May 8th, at full-flowering (BBCH growth stage 64–67), ten randomly selected plants

were collected from each plot and genotype. The main stems were dissected under a stereo

microscope (Zeiss, Stemi 2000-C) to count the number of C. napi larvae. The number of larvae

was assessed only in the main stems, because the high number of plant samples had to be ana-

lysed before the plants started wilting or moulding. Therefore the number of larvae in side

shoots could not be assessed in this study. The larval dry body mass and the larval instar index

were evaluated as indicators of the rate of larval development in the different plant genotypes.

The dry body mass of ten randomly selected larvae (killed with 70% EtOH) per larval instar,

genotype and plot was assessed by drying at 60˚C for three days and weighing individual larvae

(Sartorius micro scale, MC5). Discrimination between the three larval instars of C. napi was

based on the head capsule width [25]. The progress of the larval development in the stems of
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different plant genotypes was assessed by the larval instar index, which was calculated by sub-

tracting the number of 2nd instar larvae from the number of 3rd instar larvae and adding a con-

stant (K = 2), to avoid negative values [45]. The value of the index increases as the proportion of

3rd larval instars increases. To estimate the relative extend of larval feeding in the stems of tested

plant genotypes the stem injury coefficient was calculated from plants sampled on May 8th, by

subtracting the length of the larval feeding tunnel from length of the full-grown stem [46].

Morphological traits of plants

On March 23rd, just before release of adult stem weevils into the cages, plant density of the

genotypes was assessed by counting all plants per plot. On March 31st, five randomly selected

plants were collected from each plot to assess the BBCH growth stage [47] and the length of

main stems above ground. The interaction between the length and basal diameter of stems, the

number of larvae per stem and the larval performance were determined from plants sampled

on May 8th.

Analysis of glucosinolate profiles of plants

In order to determine the effect of the glucosinolate content on the infestation of plant geno-

types by C. napi five randomly selected non-infested main stems per genotype were collected

per plot just before release of adult weevils on March 23rd for glucosinolate analyses. The glu-

cosinolate content was analysed on six of nine genotypes (Campala, Express617, Visby, L16,

S3, S30) because plant material of three genotypes was not sufficient for the analyses. The

stems were immediately frozen on dry ice and stored at -20˚C. After freeze-drying for 96

hours, the stems were homogenised using a mill (Krups KM 75). Stem glucosinolates were sep-

arated and individual compounds were identified and quantified [48] using a Shimadzu Prom-

inence LC20AT series HPLC (Shimadzu Deutschland GmbH) equipped with a Nucleodur

100–3 C18 column (Macherey Nagel). Desulfoglucosinolates were extracted as detailed in [13]

and 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. The

concentration of glucosinolates is expressed in μmol / g dry weight (DW).

Data analysis

Univariate data analysis was done using Statistica 10 (StatSoft1, Tulsa, USA) and tested for

normal distribution with the Shapiro-Wilk W test. Multivariate data analyses were done with

R 3.0.1.

Table 1. Genotypes of Brassica napus selected for evaluation of susceptibility to Ceutorhynchus napi in 2011–2012.

Genotype / cultivar Type Species

Campala Winter rape, cultivar B. napus var. biennis

Goe1991 Line B. napus var. biennis

Express617 Winter rape, cultivar B. napus var. biennis

Visby Winter rape, hybrid cultivar B. napus var. biennis

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

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

L122 Resynthesized line B. oleracea convar. capitata var. sabauda X B. rapa ssp. pekinensis

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

L16 Resynthesized line B. oleracea convar. botrytis var. alboglabra X B. rapa ssp. pekinensis

https://doi.org/10.1371/journal.pone.0180807.t001
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Relationships between genotype and C. napi infestation and performance. To remove

the effect of plant stem length and basal diameter of stems of genotypes on the number of C.

napi larvae present in stems on May 8th, analysis of co-variance (ANCOVA) was conducted.

The number of larvae was treated as main factor and the length and the basal diameter of full-

flowering stems were included into the model as co-variates. The plant density of genotypes

and length of stems at the beginning of the infestation period were not included into the

model, because of multi-collinearity with the covariate length of full-grown stems. The geno-

type effect on the stem injury coefficient was analysed by factorial one-way analysis of variance

(ANOVA); the differences among means were evaluated by the Tukey-test. The effects of plant

genotype on the length of larval feeding tunnels, the dry body mass of 2nd & 3rd larval instars,

and on the larval instar index, respectively, were analysed by Kruskal-Wallis-test (KW-test).

A linear regression was used to test the effect of plant density, stem length (stem samples of

May 8th) and basal diameter of stem on the number of larvae. The relationship between the

length of stem of genotypes on March 31st and number of larvae was not analysed because of

multi-collinearity of length of stems of samples of March 31st and May 8th with the number of

C. napi larvae. Pearson Product-Moment Correlation was used to test the relationship between

the number of larvae and the larval instar index, the number of larvae and the stem injury coef-

ficient and between length of stems sampled on March 31st and May 8th. The correlation

between the larval instar index and the stem injury coefficient was not analysed because of

multi-collinearity of both, larval instar index and stem injury coefficient with the number of C.

napi larvae. Linear regression was used to analyse the association between the basal diameters

of full-flowering stems on the larval instar index.

To investigate the influence of non-infested stem glucosinolate profiles on the number of C.

napi larvae in stems, partial least squares regression (PLSR) [49] was used. Data were scaled to

unit variance, and were mean centred by default in the analyses. Again, the regression between

the glucosinolate profiles and the stem injury coefficient was not analysed because of multi-

collinearity of the stem injury coefficient with the number of larvae. For the same reason no

regression was performed on data of the larval instar index.

Effect of genotype on plant traits. The effects of plant genotype on plant density, length of

full-flowering stems and on basal diameter of full-flowering stems (stem samples of May 8th)

were analysed by ANOVA; the differences among means were evaluated by the Tukey-test.

Lengths of full-flowering stems were log x+1 transformed to normalise the residuals. The length

of stems at the beginning of the infestation period (stem samples of March 31st) was analysed dif-

ferently from plant density, length of full-flowering stems and basal diameters because of non-

normal distribution of residuals. The genotype effect on the length of stems at the beginning of

the infestation period was analysed by KW-test. To test non-infested stems for between-genotype

differences in glucosinolate profiles, partial least squares—discriminant analysis (PLS-DA) [50]

was used, and significance of discrimination was tested by multivariate analysis of variance

(MANOVA). To investigate differences among the content of individual glucosinolates of geno-

types, glucosinolate profiles of all genotypes (responsible variables) were compared with a refer-

ence glucosinolate profile (reference). Glucosinolate profiles of genotypes S30, Campala and L16

were chosen in the analyses as reference as S30 and Campala being notable for a very low larval

infestation and L16 for the highest C. napi larvae infestation (Fig 1).

Results

Responses of C. napi to plant genotypes

Number and performance of C. napi larvae. The number of C. napi larvae per stem was

lowest in the resynthesized line S30 (Fig 1). Significant differences between genotypes were

Oilseed rape and larval infestation by rape stem weevil (Ceutorhynchus napi Gyll.)

PLOS ONE | https://doi.org/10.1371/journal.pone.0180807 July 7, 2017 5 / 18

https://doi.org/10.1371/journal.pone.0180807


found (Table 2 and Fig 1), with S30 having significantly fewer larvae than the resynthesized

lines L16 and L122 and the cultivars Visby and Express617 (Fig 1).

In accordance with the low number of larvae in S30, the length of the feeding tunnels per

stem caused by C. napi larvae were very short in this line. S30 having significantly shorter feeding

tunnels than L16 and Visby (Table 3). The relative amount of pith tissue consumed by C. napi
larvae, as reflected by the stem injury coefficient, significantly differed between the genotypes

(Table 3). The stem injury coefficient was lowest in the resynthesized line S30, the genotype with

the smallest number of larvae, and was significantly lower compared to the resynthesized lines

L122, L16 and G53, and cultivar Express617, respectively, the plant genotypes with a large num-

ber of larvae (Fig 1). The mean number of larvae per stem was significantly positively correlated

with the stem injury coefficient (Fig 2). The accumulation of biomass of the 2nd and 3rd larval

instar of C. napi was similar in each genotype, and the dry biomass of both 2nd and 3rd instar lar-

vae did not differ significantly (Table 3). The rate of C. napi larval development, as reflected by

the larval instar index, significantly differed between the genotypes (Fig 3). Larval development

was most retarded in the resynthesized lines S30 and L122, cultivar Campala and breeding line

Goe1991, with larval instar indices significantly smaller than in resynthesized line L16 in which

larval development was fastest (Fig 3). The resynthesized lines S30 and L16, respectively, had the

Fig 1. Number of Ceutorhynchus napi larvae counted in main stems of nine Brassica napus genotypes /

cultivars. Mean values of six replicates, error bars are ±SE. Analysis of covariance (ANCOVA), F 8, 43 = 7.148,

P = 0.000; genotypes not followed by the same letter significantly differ, P� 0.05, ANCOVA followed by Tukey-test.

https://doi.org/10.1371/journal.pone.0180807.g001
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smallest and the largest number of larvae per stem (Fig 1). Over all genotypes, the number of

larvae was significantly positively correlated with the larval instar index (R = 0.731, N = 54,

P = 0.025).

Phenotypic differences between plant genotypes

Physical plant traits. On March 23rd, when C. napi adults were released into the cages,

plant density significantly differed between the tested genotypes. The resynthesized line L122

showed significantly lower numbers of plants / m then all other plant genotypes (Table 4).

Though plant density differed between genotypes, the mean number of C. napi larvae in stems

was not significantly dependent upon plant density (R = 0.371, F = 1.116, P = 0.326).

There was little variation between the BBCH growth stages of plant genotypes on March

31st, at the beginning of the oviposition period of C. napi (Table 4). All plants were at early bud

stage, with the resynthesized line S30 and cultivar Express617 (BBCH growth stage 55) and

resynthesized line S3 and cultivar Visby (BBCH growth stage 57) slightly more advanced than

the other genotypes (BBCH growth stage 52) (Table 4). Plant samples of March 31st and May

8th were chosen for analysis of differences between physical traits as these dates encompassed

the infestation period of C. napi females. On each of these dates there was considerable vari-

ability in stem length and there were significant differences between the genotypes (Table 4).

Table 2. 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 / cultivar 54 8 7.148 0.000

Covariate: Basal diameter of full-grown stem 54 1 12.382 0.001

Covariate: Length of full-grown stem 54 1 8.377 0.006

https://doi.org/10.1371/journal.pone.0180807.t002

Table 3. Length of feeding tunnels and stem injury coefficient of nine Brassica napus genotypes / cultivars infested by Ceutorhynchus napi lar-

vae. Dry body mass of 2nd and 3rd larval instars developed in stems of these genotypes. Mean values (±SE).

Genotype / cultivar Length of feeding tunnels

(cm)

Stem injury

coefficient

Dry body mass of 2nd larval instar

(mg)

Dry body mass of 3rd larval instar

(mg)

Campala 16.82 ± 2.12 ab 0.34 ± 0.02 bc 0.19 ± 0.02 1.19 ± 0.24

Goe1991 22.25 ± 3.35 ab 0.34 ± 0.02 bc 0.20 ± 0.03 0.83 ± 0.20

Express617 29.25 ± 2.10 ab 0.38 ± 0.04 ab 0.19 ± 0.04 1.28 ± 0.34

Visby 34.73 ± 4.10 a 0.36 ± 0.04 bc 0.33 ± 0.08 1.53 ± 0.26

G53 26.69 ± 5.25 ab 0.43 ± 0.10 ab 0.17 ± 0.01 1.52 ± 0.50

S3 29.73 ± 2.68 ab 0.35 ± 0.05 bc 0.20 ± 0.01 1.79 ± 0.33

L122 27.21 ± 2.78 ab 0.52 ± 0.02 a 0.24 ± 0.03 1.11 ± 0.19

S30 13.09 ± 1.77 b 0.20 ± 0.03 c 0.21 ± 0.02 1.31 ± 0.45

L16 34.45 ± 2.55 a 0.43 ± 0.03 ab 0.32 ± 0.11 1.87 ± 0.35

Analysis of

variance

ANOVA (F 8, 45) - 6.257 - -

KW-test (H (8,

N = 54))

27.058 - 8.361 10.243

P = 0.001 P = 0.000 P = 0.399 P = 0.248

Within each column, genotypes not followed by the same letter significantly differ, P� 0.05 (Length of feeding tunnels, Kruskal-Wallis test; stem injury

coefficient, ANOVA followed by Tukey-test).

https://doi.org/10.1371/journal.pone.0180807.t003
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On March 31st, at the beginning of the infestation period, the resynthesized lines L122, G53

and L16 being notable for shortness and the cultivar Visby, at a slightly more advanced growth

stage, having the longest stem (Table 4). Towards the end of the larval development of C. napi,
when plant genotypes were full-flowering (stem samples of May 8th), the cultivar Visby being

also notable for length and the cultivar Campala, the resynthesized lines L122, G53 and S30

and the breeding line Goe1991 having the shortest stem (Table 4). The ANCOVA revealed a

significant interaction between the length of full-flowering stem (stem samples of May 8th) and

the number of larvae in stems of genotypes (Table 2). However, the mean number of C. napi
larvae in stems of May 8th was not significantly dependent upon length of stem samples of

May 8th (R = 0.456, F = 0.021, P = 0.885). Additionally, differences in the length of stems at the

beginning of the infestation of C. napi (stem samples of Mach 31st) had no influence on the

number of larvae in stems of May 8th, since the length of stems of genotypes on March 31st cor-

related significantly positively with the length of stems of samples on May 8th (R = 0.828,

N = 54, P = 0.000).

On May 8th, the basal diameters of stems were more variable within the genotypes. The cul-

tivar Visby had a significantly more vigorous basal stem diameter than Goe1991, G53, S3 and

S30 (Table 4). However, the mean number of C. napi larvae in stems of May 8th was not signifi-

cantly dependent upon basal stem diameter (R = 0.339, F = 0.911, P = 0.372). The mean larval

instar index per genotype did also not significantly depend upon basal stem diameter

(R = 0.190, F = 0.263, P = 0.624).

Fig 2. Correlation between the stem injury coefficients and the number of Ceutorhynchus napi larvae found

in main stems of nine Brassica napus genotypes / cultivars. Pearson Product Moment Correlation: R = 0.763;

N = 54, P = 0.017.

https://doi.org/10.1371/journal.pone.0180807.g002
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Fig 3. Comparisons of the larval instar indices for Ceutorhynchus napi larvae in the main stems of nine Brassica

napus genotypes / cultivars. Mean values of six replicates, error bars are ± SE. Lower index values reflect a delayed larval

development rate. Kruskal-Wallis test, H (8, N = 54) = 29.861, P = 0.000; genotypes not followed by the same letter significantly

differ, P� 0.05. Larval instar index = (L3—L2) + K; K = 2.

https://doi.org/10.1371/journal.pone.0180807.g003

Table 4. Plant density, BBCH growth stage, stem lengths and basal diameter of stems of nine Brassica napus genotypes / cultivars encompassing

the infestation period of Ceutorhynchus napi. Mean values ± SE.

Genotype / cultivar BBCH March 31st Plant density

(plants / m) March 23rd
Length of stem (cm)

March 31st
Length of stem (cm)

May 8th
Basal diameter of stem (cm) May 8th

Campala 52 6.08 ± 0.40 ab 17.08 ± 1.98 ab 48.82 ± 4.96 d 1.12 ± 0.10 abc

Goe1991 52 6.17 ± 0.67 b 16.88 ± 0.88 ab 63.58 ± 7.43 bcd 0.89 ± 0.10 bc

Express617 55 8.25 ± 0.38 ab 19.58 ± 2.77 ab 77.88 ± 6.04 abc 1.25 ± 0.09 ab

Visby 57 9.75 ± 0.53 a 37.92 ± 1.50 a 97.60 ± 3.48 a 1.39 ± 0.09 a

G53 52 6.25 ± 0.57 b 15.00 ± 3.26 b 58.74 ± 5.73 cd 0.77 ± 0.11 bc

S3 57 9.50 ± 0.66 a 30.42 ± 3.95 ab 89.80 ± 7.06 ab 0.96 ± 0.03 bc

L122 52 3.33 ± 0.89 c 13.50 ± 3.12 b 52.38 ± 4.85 d 1.05 ± 0.09 abc

S30 55 6.25 ± 0.42 b 23.74 ± 3.69 ab 63.60 ± 3.64 bcd 0.95 ± 0.09 bc

L16 52 9.83 ± 0.76 a 16.67 ± 1.79 b 81.55 ± 6.14 abc 1.07 ± 0.07 abc

Analysis of variance

ANOVA (F 8, 45) 13.087 - 8.857 4.567

KW-test

H ((8, N = 54))

- 26.364

P = 0.000 P = 0.001 P = 0.000 P = 0.000

Within each column, genotypes not followed by the same letter significantly differ, P� 0.05 (Stem length March 31st, Kruskal-Wallis test; Plant density, stem

length May 8th and basal stem diameter, ANOVA followed by Tukey-test).

https://doi.org/10.1371/journal.pone.0180807.t004
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Glucosinolate profiles and their effects on C. napi. The glucosinolate content in non-

infested stems showed a high variability between plant genotypes, with the genotype exhibiting

the highest total glucosinolate content, S3, having more than five times as much as the lowest,

L16 (Table 5). Glucosinolate profiles were also highly variable (Table 5) and the PLS-DA analy-

sis showed that the profiles significantly differed between genotypes; the score plot explained

81.71% of intergenotypic variance. The cluster pattern in the PLS-DA score plot indicated that

the glucosinolate profile of S3 was clearly distinct, falling outside a broad cluster containing

the five other genotypes (Fig 4). By comparing the glucosinolate profiles of all genotypes with a

reference glucosinolate profile, significant differences between the content of individual gluco-

sinolates of genotypes were found. Glucosinolate profiles of S30, Campala and L16 were cho-

sen in the analysis as references as S30 and Campala showed a very low larval infestation and

L16 the highest larval infestation by C. napi (Fig 1).

The PRO glucosinolate content of non-infested stems of S30 significantly differed from L16

and S3. The content of GBN in S30 significantly differed from L16, Express617, Campala, and

S3. The content of GBC in S30 significantly differed from Campala. The content of NEO in

S30 significantly differed from Camapla, Express617, L16 and S3 (Table 5 and Fig 4).

The PRO glucosinolate content of non-infested stems of Campala differed significantly

from L16 and S3. The content of GNA in Campala significantly differed from S30 and also

from Visby, S3 and L16. The content of GBN in Campala significantly differed from S30 and

also from Visby, Express617 and L16. The content of GBC in Campala significantly differed

from S30 and also from Visby, Express617 and S3. The content of NEO in Campala signifi-

cantly differed from S30 and also from Visby, Express617, S3 and L16 (Table 5 and Fig 4).

The 4OH glucosinolate content of non-infested stems of L16 significantly differed from S30

and Campala, but also from Visby, Express617 and S3. The content of GBC in L16 significantly

differed from Visby, Express617 and S3. The content of NEO in L16 significantly differed

from S30 and Campala and also from Visby and S3 (Table 5 and Fig 4).

The content of both 4OH and NEO in L16 differed from those of S30 and Campala. Due to

this great variation between the glucosinolate profiles of genotypes and between levels of indi-

vidual glucosinolates in non-infested stems, PLSR was chosen for analysis to investigate the

influence of stem glucosinolate profiles on the number of C. napi larvae. The PLSR analysis

(Fig 5) revealed a low larval count variance (� 50%) and a short larval arrow (� radius),

thereby indicating no close relationship between the glucosinolate profile of non-infested

stems and the number of larvae in stem samples (Fig 5). The arrows of the factorial map

(� radius) were not found to be representative in the PLSR analysis.

Table 5. Glucosinolate contents of non-infested stems (μmol / g DW) on March 23rd, just before releasing Ceutorhynchus napi adults, of six Bras-

sica napus genotypes / cultivars grown in the semi-field experiment in 2011–2012. Mean values of four to six replicates.

Genotype / cultivar PRO GNL ALY GNA GBN 4OH GBC 4ME NEO Total

Campala 6.71 0.00 1.38 1.67 9.51 0.02 3.25 0.26 4.05 26.85

Express617 7.56 0.03 1.68 1.10 7.05 0.01 1.57 0.24 2.52 21.76

Visby 5.45 0.00 1.89 0.52 3.23 0.00 0.98 0.10 0.61 12.78

S3 25.16 0.35 0.94 10.39 8.20 0.01 0.78 0.31 0.36 46.50

S30 6.79 0.00 1.33 0.49 4.40 0.01 1.73 0.09 1.32 16.16

L16 1.33 0.00 0.39 0.29 0.78 0.06 2.82 0.08 2.48 8.23

Aliphatic glucosinolates: PRO = progoitrin = 2-hydroxy-3-butenyl, GNL = gluconapoleiferin = 2-hydroxy-4-pentenyl, ALY = glucoalyssin = 5-methylsulphinylpentyl,

GNA = gluconapin = 3-butenyl, GBN = glucobrassicanapin = 4-pentenyl; Indolyl glucosinolates: 4OH = 4-hydroxyglucobrassicin = 4-hydroxy-3-indolylmethyl,

GBC = glucobrassicin = 3-indolylmethyl, 4ME = 4-methoxyglucobrassicin = 4-methoxy-3-indolylmethyl, NEO = neoglucobrassicin = 1-methoxy-3-indolylmethyl.

https://doi.org/10.1371/journal.pone.0180807.t005
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Fig 4. Partial least squares-discriminant (PLS-DA) analysis score plot for the glucosinolate profile of non-infested stems of six Brassica napus

genotypes / cultivars sampled on April 17th, 81.71% of the intergenotypic variance explained. MANOVA test for the discrimination of genotypes:

pseudo-F 45, 80 = 3.124, P� 0.05.

https://doi.org/10.1371/journal.pone.0180807.g004
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Fig 5. Partial least squares-regression (PLSR) analysis loading plot showing relationships between the glucosinolate profile of non-infested

stems of six Brassica napus genotypes / cultivars on March 23rd and the number of Ceutorhynchus napi larvae counted per main stems on May

8th. The factorial map 1–2 explained 18.11% of larval count variance. Low variances (� 50%) are unrepresentative in the PLSR analysis. See legend of

Table 5 for key to abbreviations for glucosinolates.

https://doi.org/10.1371/journal.pone.0180807.g005
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Discussion

This semi-field study demonstrated the potential of resynthesized lines of B. napus as potential

sources of resistance against the winter OSR pest C. napi. We found a remarkable variation in

larval infestations in the plant material tested and identified the resynthesized line S30 to be

one of the very low infested genotypes, comprising five resynthesized lines, one breeding line

and three commercial cultivars of OSR. S30 showed resistance against C. napi not only under

protected semi-field conditions when effects by multiple pest infestation have been avoided,

but also under field conditions when potential resistance-related plant traits were affected by

various other pest species [7].

Responses of C. napi to plant genotypes

Number and performance of C. napi larvae. Despite considerable variation in the num-

ber of C. napi larvae found in main stems both within and between genotypes, plant infestation

by larvae was very low in the resynthesized line S30 (Fig 1). As described in detail previously

[7], S30 is likely to be a useful resource of resistance traits for breeding of B. napus. Addition-

ally, Eickermann and Ulber [10] found a low level of infestation by C. pallidactylus, another

stem-boring pest of OSR, in the line S30. The low number of larvae in S30 may have resulted

from decreased oviposition by C. napi females or from increased egg and / or larval mortality.

Low numbers of C. napi eggs deposited in stems of S30 would indicate an antixenosis resis-

tance mechanism, while a high egg and / or larval mortality would indicate antibiosis resis-

tance. The main period of oviposition by C. napi encompasses approximately three weeks [7].

Therefore, a reliable assessment of the number of eggs of genotypes would have required a

repeated sampling design of the plant stems in this semi-field experiment. However, plant den-

sity was too low to allow several samplings. Due to this constraint, counts of C. napi larvae

were used to estimate host plant acceptance of the genotypes. Another open field experiment

comparing the number of eggs deposited by C. napi into nine genotypes of B. napus through-

out the oviposition period provided evidence that females laid significantly fewer eggs into S30

[7].

The stem injury coefficient, reflecting the extent of larval feeding within stems varied con-

siderably between the tested genotypes and was smallest in the resynthesized line S30, the line

least infested by C. napi larvae (Table 3). However, the stem injury coefficient of S30 did not

statistically differ from Campala, Goe1991, Visby and S3. The number of larvae per stem was

positively correlated with the stem injury coefficient (Fig 2). Therefore, the stem injury coeffi-

cient can provide a useful parameter for rapid screening of a large assortment of B. napus
genotypes / cultivars for infestation by C. napi larvae. Eickermann et al. [39] found that the

number of the larvae of C. pallidactylus is positively correlated with the stem injury coefficient.

The stem injury coefficient caused by the larvae of P. chrysocephala was associated with yield

loss of OSR [46].

The dry body mass of larval instars did not significantly differ between genotypes (Table 3).

This indicates that different concentrations of primary metabolites, such as proteins and car-

bohydrates, in stem tissue are unlikely to have an effect on infestation by C. napi larvae in this

study. Comparisons of larval instars within stems suggested that line S30 might also exhibit

antibiosis resistance against C. napi larvae. As described in detail previously [7], this line had

the lowest value of the instar index among all genotypes tested, with only a small proportion of

larvae having reached L3 by May 8th (Fig 3). Antibiosis is known to affect herbivore perfor-

mance and can result in prolonged development [17]. However, a low larval instar index

might also have resulted from delayed egg-deposition or embryonic development of C. napi
eggs. Delayed larval development may have contributed to the low larval instar index in S30,
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L122 Campala and Goe1991. Additionally, numbers of larvae in stems of the tested genotypes

/ cultivars were positively correlated with the larval instar index. This suggests that ovipositing

females of C. napi are well adapted to select most suitable host plants for their larvae.

Phenotypic differences between plant genotypes

Physical plant traits and their effects on C. napi larvae. Plant growth stages and the

length of plant stems have been found to affect the host plant acceptance of C. napi [7, 42, 51].

Schaefer-Koesterke et al. [7] and Buechi [42] reported that stems exceeding 20 cm in length

were less preferred by C. napi females for oviposition compared to short stemmed plants. In

the present study, there was no evidence that growth stage was associated with low levels of

infestation by C. napi. In samples collected on March 31st, the growth of cultivars Express617

and Visby and line S30 was further developed compared to the other genotypes, but

Express617 and Visby both contained significantly more larvae than S30. Stem length is not

regarded likely to be the plant trait responsible for resistance in S30as stem length of line S30

did not significantly differ from other genotypes on March 31st, but contained the least num-

ber of C. napi larvae on May 8th (Fig 1 and Table 4). Additionally, the basal stem diameter, a

further physical plant trait, did not appear to have any influence on relative resistance to C.

napi infestation and performance.

Glucosinolate profiles. Stems were analysed in order to determine the influence of their

glucosinolate content on host plant acceptance by females of C. napi. As low plant densities

did not allow the assessment of the number of deposited eggs in this experiment, the number

of larvae per stem was used to estimate resistance to ovipositing females. The dispersion of C.

napi larvae between plant genotypes and cultivars was not closely associated with the content

of glucosinolates of non-infested stems (Fig 5). As described in the open-field study previously

by Schaefer-Koesterke et al. [7], the number of C. napi eggs at peak egg abundance was associ-

ated with the levels of the glucosinolates glucoalyssin, gluconasturtiin, glucobrassicanapin,

glucobrassicin and neoglucobrassicin of non-infested stems. However, in the present study

there was no evidence that glucosinolate profiles were associated with the abundance of C.

napi larvae. Wounding of the plant by other insect pests may alter the glucosinolate content

of brassicaceous plants [37, 38], therefore insect-proof gauze cages were used to avoid these

infestations. In the open-field study plants might have displayed different glucosinolate pro-

files compared to the present study as a reaction to wounding by other brassicaceous pests,

such as P. chrysocephala or C. pallidactylus. Hervé et al. [52] reported that the glucosinolate

profile in buds of OSR was also not associated with feeding or oviposition in pollen beetle

(Meligethes aeneus F.). Additionally, there was no evidence that the content of glucosino-

lates in non-infested stems was linked to larval performance of C. napi as measured by the

larval instar index. Eickermann et al. [39] found that the glucosinolate 4OH in leaves was

negatively correlated with larval feeding of C. pallidactylus, a sympatric species of C. napi.
Ulmer and Dosdall [53] reported that high contents of specific glucosinolates, such as GNA

were associated with an increased development time of the cabbage seedpod weevil larvae

(Ceutorhynchus obstrictus (Mrsh.)). Additionally, Gols et al. [54] suggested that NEO might

play a role in reducing the performance of herbivores of brassicaceous plants. However,

some Brassica specialist herbivores are able to detoxicate glucosinolates [55]. This feature

might explain why glucosinolate profiles of non-infested stems were not associated with the

performance of C. napi larvae.

Furthermore, the flavonoid kaempferol has been recognised to reduce infestation by cab-

bage seed weevil (Ceutorhynchus obstrictus (Marsh.)) [56] and crucifer-specific phytoalexins

are discussed for their importance for infestation by D. radicum [57].
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This study has shown that different cultivars and lines of OSR have significant effects on

infestation and performance of C. napi larvae. The resynthesized line S30 showed a very low

larval infestation and the most delayed larval development rate. The line S30 is a promising

candidate as a potential source for breeding cultivars of OSR with resistance to C. napi. The

resistance of S30 seems to be antixenotic and antibiotic, due to very low larval counts and

lower larval performance in this line. The glucosinolates were not linked to larval infestation

and larval performance. Therefore, other host plant factors as yet underdetermined appear to

affect larval infestation and depress larval development in S30. Future work should centre

upon the identification of these host plant parameters and should analyse potential effects of

further chemical traits, such as flavonoids (e.g. kaempferol) and phytoalexins, or the mechani-

cal strength of the stem pith tissue.
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