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ABSTRACT
Essential for understanding the evolution of host plant use by phytophagous insects is the
genetic basis of host preference, acceptance and performance traits. Due to such traits, the flea
beetle Phyllotreta nemorum is polymorphic for its ability to use a chemically defended type of
Barbarea vulgaris as a host plant. Biochemical research has implied that a triterpenoid
saponin is responsible for B. vulgaris’ defense, suggesting that a specific β-glucosidase will
cause resistance against this defence in P. nemorum.
To characterize the gene involved in plant-defense resistance, a candidate gene approach
was used on a backcrossed single segregating family of flea beetles, derived from a
polymorphic line from Kvaerkeby, Denmark. A glycosyl hydrolase family 1 (GHF1) βglucosidase was identified as the main determinant of P. nemorum resistance against B.
vulgaris’ saponin.
The gene encoding this enzyme was isolated and showed a very strong genetic correlation
with the resistance trait. The sequence variants of this gene, determining resistance versus
susceptibility, consistently differed in 39 non-silent SNPs and a 9 nucleotide deletion.
Additionally, protein homology modelling suggests that the resistant and susceptible
homologs of the enzyme differ in functional three-dimensional structure. The identification of
this resistance gene reveals the true genetic basis of a natural adaptation.
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INTRODUCTION
The dietary niche of most phytophagous insects is quite restricted. Even insect species that are
referred to as ‘generalists’ are often found to feed only on hosts that belong to only one or a
few families, i.e. related hosts (Thompson, 1994; Futuyma et al., 1995; Fox et al., 2006;
reviewed in Forister et al., 2007). Insects are found to be capable to include and exclude hosts,
and to shift to different hosts (Jaenike, 1990; Via, 1990; Thompson & Pellmyr, 1991;
reviewed in Thompson, 2005). Such changes in host range are preceded by the presence of
genetic variation in adaptive traits and subsequent selection on these genes. An insects’
adaptation to a certain host is determined by its preference to, and acceptance and
performance on that host (Via, 1990; Thompson & Pellmyr, 1991; Sezer & Butlin, 1998),
more specifically, by the genetic basis of those traits.
Chemical plant defenses, e.g. feeding deterrents or toxic secondary compounds, exert a
strong selection on insect populations and may therefore play an important role in insect-plant
evolutionary pathways (Thompson, 1994). Evolution of a novel defensive chemical in a host
plant, followed by the evolution of an adaptation by the phytophagous insect, is a common
form of coevolution and may result in host specialization (Thompson, 1994; Nielsen & De
Jong, 2005). A fundamental part in the understanding of how such adaptations evolve is
knowledge of the underlying genetic basis. Surprisingly, still little is known about the genetics
of natural adaptations, while such knowledge is vital for understanding evolutionary processes
and the development of insects into pests.
The flea beetle Phyllotreta nemorum (Chrysomelidae) is an oligophagous herbivore,
which uses a limited range of crucifer species (Brassicaceae) as host plants (Nielsen, 1977;
reviewed in Nielsen & De Jong, 2005), including some agricultural vegetables. Interestingly,
among these hosts, the yellow rocket or wintercress (Barbarea vulgaris) has one type that is
defended against the majority of flea beetles (Nielsen, 1997b), while some populations found
in Denmark are able to use this plant species as a host (De Jong & Nielsen, 1999).
Within the B. vulgaris species, one can distinguish two different types: the pubescent, or
so-called ‘P-type’, is always susceptible to P. nemorum, while the glabrous ‘G-type’ contains
chemical defenses, rendering it seasonally resistant to the most common flea beetles (Nielsen,
1997b; Agerbirk et al., 2001). At present, it is not clear whether this chemical defense only
causes an anti-feeding effect, effecting host acceptance and preference, or is also toxic,
effecting host performance.
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P. nemorum is also polymorphic, as both G-type defense-resistant and non-resistant, i.e.
susceptible, phenotypes are found (De Jong & Nielsen, 1999). This interaction between P.
nemorum and B. vulgaris has become a model for the study of coevolution and the
distribution of host-associated adaptive traits (Thompson, 2005).
Studies on the genetic basis of the interaction between P. nemorum and B. vulgaris have
shown that one or more major resistance genes named ‘R-genes’ are involved in the flea
beetles’ ability to use G-type B. vulgaris (Nielsen, 1997a; De Jong et al., 2000). Thus, the Rgenes have a large phenotypic effect, rather than a quantitative influence, and are dominant
over the susceptible trait.
Biochemical research suggests that a triterpenoid saponin may be responsible for the
defense of G-type B. vulgaris to susceptible P. nemorum (Agerbirk et al., 2003). This saponin
is not present in the P-type of the plant. In another cultivar of B. vulgaris, a very closely
related saponin was identified (Shinoda et al., 2002). Both studies found that the investigated
saponin was responsible for resistance of G-type B. vulgaris to the diamondback moth
Plutella xylostella, another insect pest of crucifers. The similarity of seasonal patterns in the
suitability of B. vulgaris as a host plant to P. nemorum and Pl. xylostella (Nielsen, pers.
comm.), further supports the hypothesis that indeed this triterpenoid saponin is responsible for
the chemical defense against susceptible P. nemorum.
The identification of this triterpenoid saponin has led to the prediction that a β-glucosidase
will probably be the cause of the resistance to G-type B. vulgaris in P. nemorum (Agerbirk,
pers. comm.). The finding that detoxification of saponins by fungi involves glycosyl
hydrolytic enzymes, mostly β-glucosidases (Morrissey et al., 2000; Faure, 2002), support this
hypothesis as well. Additionally, if the terminal glucose molecule is removed from the
triterpenoid saponin, e.g. through hydrolysis by β-glucosidase, this greatly reduced antifeeding effects of Pl. xylostella (Shinoda, unpubl. res.).
All findings above suggest that (one of) the R-gene(s) in P. nemorum encodes a βglucosidase capable of detoxifying the triterpenoid saponin. Hence, any β-glucosidase gene
can be seen as a candidate gene for G-type B. vulgaris resistance in flea beetles. However,
direct empirical evidence for this hypothesis does not yet exist. In the present paper, I describe
the molecular identification of an R-gene encoded β-glucosidase in P. nemorum.
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MATERIAL & METHODS
Insects
Adult males and females from a single segregating family of P. nemorum were used for Rgene identification. In total, 5 resistant males, 5 resistant females, 5 susceptible males and 2
susceptible females could be used for analysis. This family derived from a cross between a
heterozygous resistant female (Rr) backcrossed with a susceptible male (rr) from a line that
originated in Kvaerkeby, Denmark. Hence, 50% of the progeny was susceptible (rr) and 50%
was heterozygous resistant (Rr).
All flea beetles were maintained on radish leafs until they reached the adult stage. Rearing
conditions were used as described by Nielsen (1997b). In their adult stage, the beetles were
denied access to food until they were used in bioassays with G-type B. vulgaris leaf discs to
determine resistance. The plants were maintained under 400W HPI/T-lamps at 24±2 °C with a
L18:D6 photoperiod to ensure they were 100% defended against susceptible beetles.
Bioassays were performed under identical light conditions and temperature. In case of feeding
refusal for 72 hours, the individual was scored ‘susceptible’, while the individual was scored
‘resistant’ if normal feeding was observed within 3 days.
cDNA cloning of candidate β-glucosidases
After scoring of resistance, live flea beetles were rapidly frozen in liquid nitrogen and
homogenized in Tri reagent (Molecular Research Center, Inc.). Total RNA was purified from
each of the individuals using the Tri reagent kit and RNA concentration and purity were
checked spectrophotometrically. Subsequently, the full-length cDNA template pool was
synthesized from 1 mg of RNA using Ready-To-Go T-Primed First-Strand Kit (GE
Healthcare) and the synthesized pool was diluted to 100µl in Tris-HCl buffer (10mM; pH 8.0).
Combining degenerate RT-PCR, 5’-RACE, and 3’-RACE techniques, full cDNA
sequences of two β-glucosidases, designated β-glucosidase A and B, had previously been
identified (Kamimura, unpubl. res.). Based on those sequences, full-ORF amplifying forward
primer glA54 (5’-ACTTAGTTATCATCCAAAATGA-3’) and reverse primer glA35 (5’CGATTTATTTATTGAATTTATAC-3’)
CCATTATTATATCATAATTTCA-3’)

and
and

forward
reverse

primer
primer

glB54

(5’-

glB35

(5’-

AGGCTTTATTTTCTCAATTTAT-3’) were designed to amplify β-glucosidase A and B,
respectively.
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The amplification was carried out with an initial denaturation step at 94°C (hot-start) for 1
min, followed by 35 cycles at 94°C for 30 sec, 52°C for 30 sec, and 72°C for 2 min. Each
reaction, with a 10µl reaction volume, contained 1µl cDNA template; 2mM of each primer;
NH4 Buffer (Bioline); 2,5mM MgCl2; 0,2mM dNTPs and 1,0 unit BioTaq (Bioline).
PCR products were subjected to 1.5% agarose gel electrophoresis, stained with ethidium
bromide and visualized under UV light. Amplified fragments were purified using GFX Gel
Band Purification Kit (GE Healthcare) and cloned into pGEM-T Vector (Promega).
DNA sequencing
Recombinant plasmids were purified from transformed DH5α E. coli clones using an
automatic plasmid purifying machine PI200 (Kurabo).
In order to establish the DNA sequence for the resistant and for the susceptible genotype,
clones were first sequenced individually. Once the consensus sequence of both was
determined, all clones from one individual beetle were mixed prior to the sequencing reaction.
In this way, a large number of clones could be analysed in a single reaction and consequently,
genotypes could be analysed fast and with a high throughput.
Sequencing was done using BigDye Terminator Cycle Sequencing Kit ver. 3.1 (Applied
Biosystems) with T7 primer for single clone sequencing. Internal gene specific primers glA35,
glA54,

glA51

(5’-AATGAACGGCTGGCTGAACG-3’)

and

glA32

(5’-

GTAGTCCAAAACGCCGTCGGAGAC-3’) for β-glucosidase A, and glB35, glB54, glB51
(5’-GGTGGTTTTCCCAACGACAG-3’)

and

glB32

(5’-

ACCTTATCTTGGCTATGTGGCTCACC-3’) for β-glucosidase B were used for clone mix
sequencing. The products were purified by ultrafiltration and nucleotide sequences were
determined by an ABI3100 or ABI3700 automated capillary DNA sequencer (Applied
Biosystems).
Sequence analysis
Obtained individual DNA sequences were aligned and consensus sequences were made using
ATGC software (Nippon Genetyx Corporation). DNA sequence files of clone mixes were
analysed using Vector NTI Advance software (Invitrogen). In the obtained clone mixes’
chromatograms, trace values of the peaks were determined at all nucleotide positions of nonsilent SNPs, as found between the resistant and susceptible consensus sequences.
Subsequently, the average ratio of resistant to susceptible sequence type was calculated for
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each of the individual beetles. Since all used susceptible beetles were homozygous and all
used resistant beetles were heterozygous, 0:1 and 1:1 ratios were expected, respectively.
Sequences were checked for sequence similarity with β-glucosidases using the BLAST
program (National Center for Biotechnology Information) and were additionally subjected to
a protein motif (ProSite) and a signal peptide (SignalP: Bendtsen et al., 2004) search.
Protein homology modelling
The translated amino acid sequences were used for protein homology modelling in order to
get a suggestion of the three dimensional position of the SNPs in the protein and/or their
structural effects. The tertiary structure of the protein was predicted using the Center for
Biological Sequence Analysis (CBS) CPHmodels server (Lund et al., 2002). Model stability
was assessed using the PROCHECK analysis (Laskowski et al., 1993), model quality was
further assessed using Ramachandran plot analysis (Ramachandran et al., 1963) and
visualized using the DeepView / Swiss-PdbViewer program (Swiss Institute of
Bioinformatics).
Statistics
The average resistant to susceptible sequence type ratios were evaluated for statistical
significance by a one-sample T test. Fisher’s exact test was used to determine if these ratios
differed statistically from the expected ratios. Both tests were performed with the SPSS
software package and the used level of significance was 0.05.
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RESULTS
cDNA sequencing
Sequences of β-glucosidase A showed no genetic differences between the genotypes Rr and rr.
However, single clone sequencing of β-glucosidase B revealed two sequence variants of the
longest open reading frame (ORF). Additionally, these sequence variants appeared to coincide
with the two genotypes. No genetic differences were found between males and females. The
sequence variants consistently differed in 39 non-silent single nucleotide polymorphisms
(SNPs), causing 33 amino acid substitutions, and a 9 nucleotide gap, deleting 3 residues (see
Fig. 1). Consequently, the longest variant of this ORF encoded 499 amino acids with a
calculated molecular weight of 57,4 kDa, while the gap carrying variant encoded 496 amino
acids with a calculated molecular weight of 57,1 kDa.
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Fig 1 a. Schematic overview of the cDNA and ORF of the P. nemorum PneR-gene. The red lines indicate all
non-silent SNPs positions, while the black box shows the position of the gap. The predicted signal peptide at the
N-terminal site is indicated with a yellow box. In light green, the glycosyl hydrolases family 1 active site motif is
shown with the putative nucleophile Glu400 position indicated in dark green. Position of the putative proton
donor Glu188 is shown in blue. b. The full cDNA sequence and deduced amino acid sequence of the susceptible
PneR-gene homolog. All non-silent SNPs (in bold) and the gap (-) correlated with the resistance trait are
indicated directly above the cDNA sequence and their caused amino acid substitutions (also in bold) are shown
directly below the amino acid sequence. The predicted signal peptide is shown in italics. Also indicated is the
ProSite motif for GHF1 active site (broken underlined). The putative proton donor Glu188 (*) and the putative
nucleophile Glu400 (*) are shown underlined.
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The peak chromatogram trace values of clone mixes showed a clear 0:1 and 1:1
susceptible to resistant sequence type ratio for the rr and Rr genotypes, respectively (see Fig.
2). In all but one (a resistant scored female) of the sampled P. nemorum individuals the nonsilent SNPs were significantly correlated with the resistance trait (level of significance 0.05).
Because bioassays are not fully reliable as a tool to score resistance, this individual may very
well have been miss-assayed. Clone mix chromatograms overlapping the gap showed an
obvious mixture of two chromatograms (i.e. resistant and susceptible allele) starting at the gap
in resistant individuals. Such a mixture was absent in susceptible individuals’ chromatograms.
As the genetic differences in the β-glucosidase B gene showed a very strong and
significant correlation with the resistance trait, it was identified as the gene that determines
resistance and, hence, designated “PneR-gene” (Phyllotreta nemorum Resistance gene).

Fig 2. Two example-stretches of sequence chromatograms of cDNA carrying an SNP in resistant and susceptible
male and female adults of P. nemorum. Consensus sequences of the sequence variants are shown on top.
Positions of the peak (maximum or minimum) trace values are indicated by triangles in green and red for
susceptible and resistant sequence type, respectively. At the position of the SNP, a clear 1:1 susceptible to
resistant sequence type ratio can be seen in resistant individuals, in contrast to the clear 1:0 ratio in susceptible
individuals.
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According to their correlation with the genotypes, the shorter sequence variant was
associated with resistance, hence identified as the resistant allele (R), while the longest variant
was identified as its susceptible homolog (r). Two polyadenylation signals (AATAAA) were
located upstream of the poly(A) tail. At the N-terminus, a number of residues were highly
hydrophobic, suggesting a secretion signal, and the most likely cleavage site was predicted
between

residue

Cys18

and

(http://www.cbs.dtu.dk/services/SignalP/).

Ser19

by

Consequently,

the
the

SignalP

secreted

resistant

server
and

susceptible PneR-protein are expected to consist of 478 and 481 amino acids with a calculated
molecular weight of 55,1 kDa and 55,3 kDa, respectively.
BLAST sequence similarity search results showed that the PneR-gene amino acid
sequences are significantly similar (~50%) to reported glycosyl hydrolase family 1 (GHF1) βglucosidases from other insects. A ProSite motif database search indicated a GHF1 active site
between Ile396 and Ser404.
3D Protein modelling
Both the amino acid sequence for the resistant and for the susceptible PneR protein showed
highest sequence homology with a template named 1wcg, chain A, in the CPHmodels 2.0
server (http://www.cbs.dtu.dk/services/CPHmodels/) and stable protein models were
generated. For the resistant allele, sequence identity with this template was 46.2% (score:
568.0 bits), while this was 46.7% (score: 559.5 bits) for its susceptible homolog. This
template is reported to be an aphid myrosinase, and accordingly, also an insect family
1glycosyl hydrolase (Husebye et al., 2005).
Most SNPs can be found in the exterior of the protein model (see Fig. 3) and thus may not
have a direct influence on the enzyme’s properties. However, some SNPs are found in the
cavity of the enzyme, possibly affecting the enzymatic activity or the substrate range of the
PneR protein. Structural alterations caused by the gap also appear to affect some major
players of the active site, e.g. the putative nucleophile Glu400 (see Fig. 3). Additionally,
SNPs were also found on two loops that partly cover the cavity and may therefore interfere
with the substrate’s accessibility to the active site (Fig. 4).
Note that these results should be interpreted with caution, since they are simply base on
homology modelling and may thus differ from reality. Nonetheless, these results further
support the idea that the PneR-gene and it’s encoded enzyme truly determine resistance to B.
vulgaris’ saponin-defenses in P. nemorum.
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Fig 3. Combination of the three-dimensional protein ribbon models of the susceptible and resistant PneR enzyme.
The white dot indicates the position where the terminal glucose molecule of the triterpenoid saponin would be
cleaved off by hydrolysis. Identical or highly similar regions between the proteis are represented in white, while
SNPs are shown in blue. Structural changes caused by the gap are shown in red for the susceptible protein and
in green for the resistant protein. Two SNPs that may directly affect the active site, Thr249 and Val327 in
resistant PneR and Ser249 and Leu327 in susceptible PneR, are indicated by a yellow asterisk (*). The two SNPs
that may cause interference between susceptible PneR and the sapogenin tail, consequently blocking the
triterpenoid saponin from fitting in the cavity, are indicated with a yellow circle (O). These SNPs are identified
as Val64 and Ile346 in resistant PneR and Phe64 and Met346 in susceptible PneR,

12

Fig 4. Protein models of the susceptible PneR-protein (a.) and the resistant PneR-protein (b.) showing the
complete van-der-Waals surface of all atoms. Atoms belonging to the putative proton donor Glu188 are shown
in blue. Atoms belonging to the putative nucleophile Glu400 position indicated in dark green and the rest of the
atoms belonging to the glycosyl hydrolases family 1 active site motif are coloured light green. All other atoms
are visualized in turquoise. It is clearly visible that the active site of the resistant PneR-potein is much more
accessible than the active site of the susceptible PneR-potein. This may be very important for including or
excluding large substrates like triterpenoid saponin to the substrate range.
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DISCUSSION
In this study, I have identified a GFH1 β-glucosidase gene, PneR, that acts as the main
determinant for Barbarea saponin resistance in the Kvaerkeby line of P. nemorum.
Supposedly, the β-glucosidase encoded by the R-allele of the PneR-gene hydrolyzes the
terminal glucose from the triterpenoid saponin, consequently reducing its feeding deterring
effects and/or detoxifying it. The susceptible homolog of the enzyme will then be unable to
catalyze the hydrolysis of the saponin.
I used a candidate gene approach to isolate and characterize the resistance gene. Since the
used single segregating family resulted from backcrosses with (homozygous) susceptible
individuals from the same line, combined with bioassays on G-type B. vulgaris, genetic
differences found between the genotypes are determinants of the resistance trait. If genes are
independent of selection, no clear genetic differences would have been found between
susceptible and resistant individuals, as was the case for the found β-glucosidase A. In the
PneR-gene however, strong resistance-correlated genetic differences were found.
Differences between the two PneR-gene alleles alter the encoded protein both in sequence
and in length. No direct negative effects of the amino acid substitutions or the gap on the
GHF1 β-glucosidase catalyzed basic reaction could be detected, suggesting that both PneRproteins are functional β-glucosidases. However, protein homology modelling implies that
both the gap and some of the amino acid substitutions may alter the enzyme’s functional
three-dimensional structure. This might influence the enzyme’s capability to hydrolyse the
saponin, hence affecting the flea beetle’s host range by determining its ability to feed on Gtype B. vulgaris.
The results shown in this paper clearly indicate that P. nemorum has genetic variation in
an adaptive host-acceptance and/or -performance trait. Furthermore, this variation, i.e. in the
PneR-gene, is found to be the determinant of the insect’s ability to use a former unsuitable
host: G-type B. vulgaris. Hence, this finding uncovers the true genetic basis of a natural
adaptation.
PneR directly influences P. nemorum’s host range, pointing out the ecological importance
of this polymorphism. Furthermore, the identification of the resistance gene also holds a great
evolutionary importance, as the dispersal of the adaptation through and among populations
can now be followed directly. Population genomics studies using microsatellites and the
PneR-gene are currently in progress.
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Primers have been designed for direct molecular scoring of resistance. Scoring of
resistance is presently done using bioassays, which are very laborious and not fully reliable, in
contrast to a molecular assay. Additionally, molecular scoring can be done in the field, so the
flea beetles can be investigated in their natural setting, rather than in the laboratory.
The discovery of the resistance-gene, PneR, thus further promotes P. nemorum as a
natural adaptation and coevolution study model. More importantly, it will contribute to the
knowledge of the genetic basis of adaptation, which is essential for the insight in evolutionary
pathways.

15

ACKNOWLEDGEMENTS
I especially like to thank Manabu Kamimura for his supportive assistance and advice during
the research, Peter de Jong for introducing me to the subject and his great support, and Kim
Vermeer and Patrick Verbaarschot for their helpful discussions. I would additionally like to
thank Kim Vermeer for supplying the samples. Also, I am grateful to Jens Nielsen, Niels
Agerbirk and Tetsuro Shinoda for providing useful information and showing unpublished data.

REFERENCES
Agerbirk, N., Olsen, C.E. & Nielsen, J.K., 2001. Seasonal variation in glucosinolates and
insect resistance in two types of Barbarea vulgaris ssp. arcuata. Phytochemistry 58: 91-100.
Agerbirk, N., Olsen, C.E., Bibby, B.M., Frandsen, H.O., Brown, L.D., Nielsen, J.K. &
Renwick, A.A., 2003. A saponin correlated with variable resistance of Barbarea vulgaris to
the diamondback moth Plutella xylostella. Journal of Chemical Ecology, 29: 1417-1433.
Bendtsen, J.D., Nielsen, H., von Heijne, G. & Brunak, S., 2004. Improved prediction of signal
peptides: SignalP 3.0. J. Mol. Biol. 340: 783-795.
De Jong, P.W. & Nielsen, J.K., 1999. Polymorphism in a flea beetle for the ability to use an
atypical host plant. Proceedings of the Royal Society of London, Series B, Biological
Sciences 266: 103-111.
De Jong, P.W., Frandsen, H.O., Rasmussen, L. & Nielsen, J.K., 2000. Genetics of resistance
against defenses of the host plant Barbarea vulgaris in a Danish flea beetle population.
Proceedings of the Royal Society of London, Series B, Biological Sciences 267: 1663-1670.
Faure, D., 2002. The Family-3 Glycoside Hydrolases: from Housekeeping Functions to HostMicrobe Interactions. Applied and Environmental Microbiology 68: 1485-1490.
Forister, M.L., Ehmer A.G. & Futuyma, D.J., 2007. The genetic architecture of a niche:
variation and covariation in host use traits in the Colorado potato beetle. The Autors 20:
985-996.
Fox, C.W., Gordon, D.M. & Bojang, P., 2006. Genetic and environmental sources of variation
in survival on nonnative host species in the generalist seed beetle, Stator limbatus.
Southwestern Naturalist 51: 490-501.
Futuyma, D.J., Keese, M.C. & Funk, D.J., 1995. Genetic constraints on macroevolution: the
evolution of host affiliation in the leaf beetle genus Ophraella. Evolution 49: 797-809.
Husebye, H., Arzt, S., Burmeister, W.P., Hartel, F.V., Brandt, A., Rossiter, J.T. & Bones,
A.M., 2005. Crystal structure at 1.1 Angstroms resolution of an insect myrosinase from
Brevicoryne brassicae shows its close relationship to beta-glucosidases. Insect
Biochem.Mol.Biol. 35: 1311-1320.
Jaenike, J., 1990. Host specialization in phytophagous insects. Annual Review of Ecology and
Systematics 21: 243-273.

16

Laskowski, R. A., MacArthur, M. W., Moss, D. S. & Thornton, J. M., 1993. Crystal Structure
of the Dimeric C-terminal Domain of - Tonb Reveals Novel. J. Appl. Crystallogr. 26:
283-291.
Lund, O., Nielsen, M., Lundegaard, C. & Worning, P., 2002. CPHmodels 2.0: X3M a
Computer Program to Extract 3D Models. Abstract at the CASP5 conference A102.
Morrissey, J.P., Wubben, J.P. & Osbourn, A.E., 2000. Stagonospora avenae Secretes
Multiple Enzymes that Hydrolyze Oat Leaf Saponins. Molecular Plant-Microbe
Interactions 13: 1041-1052.
Nielsen, J.K. & De Jong, P.W., 2005. Temporal and host-related variation in frequencies of
genes that enable Phyllotreta nemorum to utilize a novel host plant, Barbarea vulgaris.
Entomologia Experimentalis et Applicata 115: 265-270.
Nielsen, J.K., 1977. Host-plant relationships of Phyllotreta nemorum L. (Coleoptera:
Chrysomelidae). I. Field studies. Z. angew. Ent. 84: 396-407.
Nielsen, J.K., 1997a. Genetics of the ability of Phyllotreta nemorum larvae to survive in an
atypical host plant, Barbarea vulgaris ssp. arcuata. Entomologia Experimentalis et
Applicata 82: 37-44.
Nielsen, J.K., 1997b. Variation in defenses of the plant Barbarea vulgaris and in
counteradaptations by the flea beetle Phyllotreta nemorum. Entomologia Experimentalis et
Applicata 82: 25-35.
Ramachandran, G.N., Ramakrishnan, C. & Sasisekharan, V., 1963. Stereochemistry of
polypeptide chain configurations. J. Mol. Biol. 7: 95-99.
Sezer, M. & Butlin, R.K., 1998. The genetic basis of host plant adaptation in the brown
planthopper (Nilaparvata lugens). Heredity 80: 499-508.
Shinoda, T., Nagao, T., Nakayama, H., Serizawa, H., Koshioka, M., Okabe, H. & Kawai, A.,
2002. Identification of a triterpenoid saponin from a crucifer, Barbarea vulgaris, as a
feeding deterrent to the diamondback moth, Plutella xylostella. Journal of Chemical
Ecology 28: 587-599.
Thompson, J.N. & Pellmyr, O., 1991. Evolution of oviposition behavior and host preference
in Lepidoptera. Ann. Rev. Entomol. 36: 65-89.
Thompson, J.N., 1994. The Coevolutionary process. Chicago & London: The University of
Chicago Press.
Thompson, J.N., 2005. The Geographic Mosaic of Coevolution. The University of Chicago
Press, Chicago.
Via, S., 1990. Ecological genetics and host adaptation in herbivorous insects: the
experimental study of evolution in natural and agricultural systems. Annual Review of
Entomology 35: 421-446.

17

