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Abstract 

Insect herbivores are amongst the most destructive plant pests, damaging both naturally occurring and domesticated 
plants. As sessile organisms, plants make use of structural and chemical barriers to counteract herbivores. However, 
over 75% of herbivorous insect species are well adapted to their host’s defenses and these specialists are generally 
difficult to ward off. By actively antagonizing the number of insect eggs deposited on plants, future damage by the 
herbivore’s offspring can be limited. Therefore, it is important to understand which plant traits influence attractive-
ness for oviposition, especially for specialist insects that are well adapted to their host plants. In this study, we inves-
tigated the oviposition preference of Pieris butterflies (Lepidoptera: Pieridae) by offering them the choice between 350 
different naturally occurring Arabidopsis accessions. Using a genome-wide association study of the oviposition data 
and subsequent fine mapping with full genome sequences of 164 accessions, we identified WRKY42 and AOC1 as 
candidate genes that are associated with the oviposition preference observed for Pieris butterflies. Host plant choice 
assays with Arabidopsis genotypes impaired in WRKY42 or AOC1 function confirmed a clear role for WRKY42 in ovi-
position preference of female Pieris butterflies, while for AOC1 the effect was mild. In contrast, WRKY42-impaired 
plants, which were preferred for oviposition by butterflies, negatively impacted offspring performance. These findings 
exemplify that plant genotype can have opposite effects on oviposition preference and caterpillar performance. This 
knowledge can be used for breeding trap crops or crops that are unattractive for oviposition by pest insects.

Keywords:  AOC1, Arabidopsis thaliana, butterfly, caterpillar performance, GWAS, HapMap, host-plant selection, oviposition 
preference, Pieris, WKRY42.
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Introduction

Insect herbivores consume considerable amounts of plant bio-
mass, causing major crop losses worldwide. To counteract these 
herbivores, plants have evolved structural and chemical barriers 
(Pieterse and Dicke, 2007; Verhage et al., 2011). Structural bar-
riers (e.g. trichomes) can contain defensive secondary metabo-
lites, such as toxic glycoside breakdown products, which are 
released upon tissue damage to hinder the attacking insect 
(Kliebenstein et al., 2001; Reymond et al., 2004; Frerigmann 
et al., 2012). When these constitutive structural and chemical 
barriers are ineffective, a second line of inducible defense can 
be activated. Plant recognition of insect herbivory triggers the 
production of phytohormones such as jasmonic acid (JA), sali-
cylic acid (SA), ethylene and abscisic acid, which subsequently 
leads to the induction and production of defensive compounds 
to ward off the invading insect (De Vos et al., 2006b; Howe and 
Jander, 2008; Vos et al., 2015; Erb and Reymond, 2019). Besides 
the aforementioned glycoside breakdown products, these in-
duced defenses can include the production of other insecticidal 
toxins, feeding deterrents, and proteinase inhibitors that im-
pair the activity of digestive proteases in the insect gut (Howe 
and Jander, 2008). Insect herbivore-induced defense signal-
ing extends systemically to undamaged plant parts, thereby 
protecting the plant against future herbivore damage (De Vos 
et al., 2006b; Bodenhausen and Reymond, 2007; Howe and 
Jander, 2008; Soler et al., 2013; Vos et al., 2013). However, over 
75% of herbivorous insect species are specialized on their host 
plants and are well adapted to their structural and chemical 
defenses, making it difficult to manage pest insect outbreaks 
(Schoonhoven et al., 2005).

Amongst the most destructive pests on cruciferous plants are 
caterpillars from the small and large cabbage white butterfly, 
Pieris rapae and Pieris brassicae (Lepidoptera: Pieridae; Hopkins 
et al., 2009; Okamura et al., 2019). These herbivores belong 
to the order Lepidoptera and are well adapted to their host’s 
chemical defenses, via either inactivation or evasion of harmful 
compounds. In the host plant family, Brassicaceae, glucosino-
lates (i.e. glycosides) play an important role in the chemical 
defense against pests (Okamura et al., 2019). Pieris caterpillars 
are adapted to glucosinolates by producing a gut enzyme that 
diverts formation of the toxic isothiocyanate hydrolytic break-
down products to less toxic nitriles (Wittstock et al., 2004; 
Okamura et al., 2019). In addition, Pieris butterflies use gluco-
sinolates as specific feeding and oviposition stimulants through 
gustatory recognition (Van Loon et al., 1992; Städler et al., 
1995; De Vos et al., 2008; Mumm et al., 2008; Hopkins et al., 
2009; Ali and Agrawal, 2012).

Before being in direct contact with a host plant, Pieris 
butterflies use visual and volatile cues to detect a poten-
tial host plant during flight (Hern et al., 1996; Smallegange 
et al., 2006; Zheng et al., 2010). It has been suggested that 
Pieris relies on plant color to induce landings, as plant color 
seems connected to the plant’s nutritional status, which may 
be an important prerequisite for oviposition (Myers, 1985; 

Renwick and Radke, 1988; Hwang et al., 2008). Further-
more, Pieris is able to learn which optical traits correspond 
to suitable host plants by contact-chemosensory detection 
of glucosinolates (Traynier and Truscott, 1991; Bukovinszky 
et al., 2005). Insights into preventing insect host selection 
may therefore be one of the cornerstones for the develop-
ment of sustainable crop protection. This concept is known 
as antixenosis or non-preference plant resistance.

After egg deposition by Pieris butterflies, Arabidopsis plants 
were shown to recognize egg-derived elicitors, resulting in the 
subsequent induction of local SA-dependent defenses (Little 
et al., 2007; Bruessow et al., 2010; Verhage et al., 2010; Fatouros 
et al., 2012; Lortzing et al., 2019; Stahl et al., 2020). SA antag-
onizes JA-dependent anti-herbivore defenses, and hence this 
egg-mediated induction of SA–JA crosstalk gives the newly 
born caterpillars a head start by suppressing the JA-dependent 
defenses that are activated when the larvae start to feed (Brues-
sow et al., 2010). In black mustard (Brassica nigra), insect eggs 
were shown to activate a rapid local cell death (i.e. hypersen-
sitive response) underneath the deposited eggs, resulting in ef-
fective removal of the insect eggs (Shapiro and De Vay, 1987; 
Fatouros et al., 2016). Hence, both Pieris and its host plants have 
evolved several mechanisms to counteract each other.

Plant responses to Pieris caterpillar feeding lead to the pro-
duction of lipoxygenases that are involved in the biosynthesis 
of JA and other oxylipins, which activate downstream defenses 
and can also be directly toxic to herbivores (Kessler et al., 2004; 
Howe and Jander, 2008; Dabrowska et al., 2009; Shabab et al., 
2014). To counteract these plant defenses, compounds in the 
oral secretions of Pieris caterpillars can modulate the plant’s 
hormone-regulated defense response to the advantage of the 
insect (Verhage et al., 2011; Broekgaarden et al., 2015).

More recently, it was shown that the preference and perfor-
mance hypothesis, which states that female butterflies prefer 
to oviposit on host plants that are best for their offspring, 
could partially be explained by plant responses to oviposition 
(Griese et al., 2020). Plants that were preferred for oviposition 
resulted in better caterpillar performance (i.e. weight gain). In 
an oviposition assay with predominantly non-domesticated 
 Brassicaceae plant species, P. rapae butterflies clearly preferred 
to oviposit on black mustard (Brassica nigra L.) plants, which 
develop a hypersensitive response to insect eggs, leading to ne-
crosis of plant material underneath deposited eggs. Although 
egg survival was lower, P. rapae caterpillars gained significantly 
more weight on plants expressing an egg-induced hypersen-
sitive response, demonstrating a positive correlation between 
oviposition preference, egg-induced hypersensitive response, 
and caterpillar performance.

Genome wide association studies (GWAS) have extensively 
been used to gain insight into naturally evolved plant adap-
tive responses, revealing genes with important functions in di-
verse processes of plant growth and survival (Atwell et al., 2010; 
Baxter et al., 2010; Kloth et al., 2016; Davila Olivas et al., 2017b; 
Thoen et al., 2017; Proietti et al., 2018; Coolen et al., 2019). 
With the ultimate aim to discover novel plant traits that make 
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a plant (un)favorable for host selection by specialist herbivores 
such as Pieris, we mined the natural genetic variation amongst 
350 naturally occurring Arabidopsis accessions for genomic re-
gions that are related to oviposition discrimination by P. rapae. 
To this end, we offered P. rapae butterflies a choice out of 350 
randomly placed Arabidopsis accessions and scored the number 
of eggs laid per accession. The obtained data were subsequently 
used in a GWAS followed by preference and performance val-
idation experiments with mutants of selected candidate genes.

Materials and methods

Plant material
In this study 350 Arabidopsis accessions of the haplotype map (Hap-
Map) population (http://bergelson.uchicago.edu/wp-content/
uploads/2015/04/Justins-360-lines.xls) were used. The HapMap popu-
lation has been genotyped for 250 000 bi-allelic single nucleotide poly-
morphism (SNPs; Baxter et al., 2010; Platt et al., 2010; Chao et al., 2012) 
and after quality control and imputation this SNP set was reduced to a set 
of 214 051 SNPs (Thoen et al., 2017). An Arabidopsis T-DNA insertion 
line in the Col-0 background for WRKY42 (SALK_121674C; desig-
nated ‘wrky42’) was selected according to fine mapping and subsequent 
amino acid change results (see Figs 2, 3). The insertion line was obtained 
from the Nottingham Arabidopsis Stock Centre (NASC) and subse-
quently genotyped to obtain a homozygous line. MYC-triple mutant 
myc234, AOS mutant aos (dde2-2), and AOC::RNAi (line 16-1; Leon-
Reyes et al., 2010) were kindly provided by Roberto Solano, Beat Keller, 
and Claus Wasternack (Von Malek et al., 2002; Delker, 2005; Fernandez-
Calvo et al., 2011).

DNA isolation and T-DNA genotyping
Plant DNA was obtained by grinding (~5 mg) frozen leaf material using 
a Qiagen TissueLyser and a Sucrose Prep method (Berendzen et al., 2005). 
Homozygous T-DNA insertion mutant plants were identified and gen-
otyped by PCR, using Phire Hot Start II DNA Polymerase (Thermo 
Fisher Scientific), according to manufacturer’s instructions. The T-DNA 
left border primer LBb1.3 (ATTTTGCCGATTTCGGAAC) was used 
in combination with a right border primer for WRKY42 (TTTGTGC-
GTCTGTTACGTACG) to genotype homozygous T-DNA plants. Wild 
type plants were genotyped with the latter right border primer and left 
border primer of WRKY42 (TGCAACGGTAATAAGCTCGAG).

Plant growth conditions
Arabidopsis seeds were sown in cultivation containers filled with auto-
claved river sand supplied with half-strength Hoagland solution contain-
ing chelated iron (i.e. sequestrene) as described by Van Wees et al. (2013), 
to prevent iron deficiency and subsequent chlorosis (i.e. yellowing). Cul-
tivation containers were enclosed in a tray with water and covered with 
a transparent lid to attain a high relative humidity (RH) for germination. 
Seed stratification was performed in the dark for 2 d at 4 °C to ensure a 
homogeneous germination. After stratification, the trays were moved to 
a growth chamber with an 8 h day–16 h night cycle, a temperature of 
21 °C, and a light intensity of 100 µmol m−2 s−1. Tray lids were slightly 
opened after 8 d and gradually removed over a 2-day period to adjust to 
the 70% RH present in the growth chamber, which is commonly used 
for Arabidopsis. Two-week-old seedlings were transplanted to individual 
pots containing an autoclaved mixture of river sand and potting soil (1:1 
(v:v)). Plants were supplied with water from the bottom up three times 
per week, and at an age of 3 weeks the plants were supplied once with 
half-strength Hoagland solution (10 ml/plant).

Rearing of Pieris
Pieris rapae was reared on cabbage plants (Brassica oleracea convar. capitata 
var. alba) under greenhouse conditions (24  °C, with natural daylight). 
Butterflies were supplied with flowering plants such as Lantana camara for 
their (nectar) food and additionally with a solution of 20% honey and 
10% sucrose. Inbreeding of the population was minimized by regularly 
adding wild butterflies and caterpillars collected in the Dutch Flevopol-
der to the existing population. Pieris brassicae was reared in a climate-
controlled room at 22 ± 2 °C, a light–dark regime of 16:8 h, and 50–70% 
relative humidity on Brussels sprout plants (B. oleracea var. gemmifera cv 
Cyrus) as described by Karssemeijer et al. (2022).

Oviposition preference tests (350 accessions)
Oviposition by P. rapae was performed in seven independent experiments, 
each with a single 4-week-old plant of all 350 Arabidopsis accessions. 
The 350 plants were randomized and assigned to 1 of the 30 square 
27.5  ×  27.5  cm plots (A1–F5) in a 2.0  ×  1.6 m (1.2 m high) insect 
cage in the greenhouse (Supplementary Fig. S1). Accessions were evenly 
spaced in the cage. A mixed group of approximately 20–30 male and fe-
male butterflies was released into the cage and females were allowed to 
oviposit freely on the 350 accessions for 2–3 d, depending on the weather 
conditions. Butterfly feeding sites consisted of a solution containing 20% 
(v/v) honey and 10% (w/v) sucrose, which were positioned in the middle 
of cage locations B2, E2, B4, and E4. After 2–3 d the butterflies were 
removed from the cage after which the number of eggs was recorded by 
counting all the eggs on both the plant and the corresponding pot (Sup-
plementary Tables S1, S2).

Oviposition preference tests (mutants and small subsets of 
accessions)
For the experiments in which the preference of P. rapae or P. brassicae but-
terflies was tested on subsets of Arabidopsis accessions or mutants, small 
30 × 30 cm (54 cm high) insect cages (n=5–22 cages) were used with 
one to two female butterflies and feeding solution in the middle. Egg 
numbers were recorded when eggs were deposited on the plant or the 
corresponding pot after a maximum of 2–3 d. For the comparison be-
tween Col-0 (with trichomes) and Col-5 (glabrous), each test contained 
two Col-0 plants and two Col-5 plants. Mutant tests contained one con-
trol plant and one mutant plant per cage. For testing the oviposition 
preference of P. brassicae on a subset of 11 accessions of the HapMap col-
lection, a similar approach was used. Plants were randomized throughout 
the small cage and egg numbers were recorded after 2–3 d. Egg numbers 
were not corrected for position effects in these small cage tests since no 
clear location effects were observed and plants were on opposite or ran-
domized positions in each test.

Caterpillar performance test
Freshly hatched P. brassicae neonate caterpillars were gently picked up 
with a brush and placed on either one 5-week-old Arabidopsis wild-type 
Col-0 plant or a mutant wrky42 plant, from which P. brassicae eggs were 
removed 24–48  h after deposition and prior to caterpillar placement. 
Each plant with one caterpillar was contained in a plastic cup covered 
with mesh to prevent caterpillars from escaping. Plants were replaced 
with fresh new plants well before caterpillars would finish the plant, in 
order to prevent starvation effects. After 13 d caterpillars were weighed.

Plant size categories
Plant sizes were evaluated for four out of the total of seven experiments. 
Plants were categorized in three size classes that correspond to plant ro-
sette diameter respective to the pot size (Ø=5.5 cm): category 1 (rosette 
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fully within the pot boundary, <5.5 cm), category 2 (max. four rosette 
leaves exceeding the pot boundary, ~5.5 cm), and category 3 (more than 
four rosette leaves exceeding the pot boundary, >5.5 cm). To combine 
the average plant size parameters over the four experiments, the three 
categories were assigned the numbers 1, 2, and 3, respectively, after which 
the average plant size category per accession was calculated. For the cor-
relation analysis with egg counts, accessions with an average plant size 
≤1.5 were placed in bin ‘small’, accessions with average plant size >1.5 
and ≤2.5 were placed in bin ‘medium’, and accessions with average plant 
size >2.5 were placed in bin ‘large’ (Supplementary Table S2).

Genome-wide association study
GWAS was performed using data of 346 accessions on the average number 
of deposited eggs per plant that was normalized for the cage position 
effects (raw egg number/average number of eggs per plot position (A1–F5; 
Supplementary Fig. S1), i.e. ‘position correction factor’, resulting in ‘cage 
position corrected data’) and the total number of eggs deposited per exper-
iment (‘cage position corrected data’ × ‘correction factor’ of total number 
of eggs per experiment, resulting in ‘normalized data’), and subsequently 
transformed to a normal distribution, using an arcsine transformation 
(Supplementary Tables S2, S3). The transformed phenotype was defined 
as arcsin(√(average normalized number of eggs per plant/6)). GWAS was 
employed using Fast-LMM software (Lippert et al., 2011) with a minor al-
lele frequency (MAF) of >0.05 together with an arbitrary threshold with 
a logarithm (base 10) of the odds (logarithm of odds (LOD); −log10(p)) 
score of 4 to determine SNP associations of interest. Linkage disequilib-
rium was taken into account by including all SNPs within 25 kb up- and 
downstream of the SNP of interest. Narrow sense heritability was estimated 
using the ‘heritability’ R package (Kruijer et al., 2015).

Fine mapping
Fine mapping was performed using full 50-kb genome sequences avail-
able from the 1001 genomes project (Weigel and Mott, 2009; http://
signal.salk.edu/atg1001/3.0/gebrowser.php). Genome sequences were 
formatted into a nucleotide matrix for all 164 accessions using Jalview 
(http://www.jalview.org/; Waterhouse et al., 2009). Locus specific map-
ping was performed using a MAF of >0.05. A Kruskal–Wallis test was 
used for obtaining significant, false discovery rate (FDR)-corrected, 
SNP–trait associations using R and the ‘p. adjust’ function with the Ben-
jamini–Hochberg method (Benjamini and Hochberg, 1995). For fine 
mapping of nucleotide changes within genes, nucleotide sequences were 
first aligned, making sure that no shifts were present due to insertions 
and deletions.

Results

Pieris rapae oviposition is influenced by edge effects 
and natural sunlight

To study the genetic basis of host selection for oviposition by 
Pieris butterflies, we investigated their oviposition preference 
when offered 350 naturally occurring accessions of the Arabi-
dopsis HapMap collection (Baxter et al., 2010; Platt et al., 2010). 
Pieris rapae butterflies were allowed to oviposit on the total col-
lection of randomly distributed and equally spaced Arabidopsis 
accessions for 2–3 d, in a cage set-up of seven independent 
randomized experiments, resulting in a total number of 622–
1879 eggs deposited per experiment (Fig. 1A; Supplementary 
Fig. S1; Supplementary Tables S1, S2). Since P. rapae is known 
to oviposit predominantly on sunny and warm days during 

the morning and early afternoon and our experimental but-
terfly cage was positioned in a greenhouse with natural day-
light, we anticipated that the position of the plants within the 
cage could influence the choice of host plant by the butterflies 
(Root and Kareiva, 1984). Figure 1A shows that plant position 
influenced host plant choice and in our cage set-up most eggs 
were deposited on the east side of the cage, i.e. the side where 
the sunlight was coming from in the morning. Oviposition 
preference was also influenced by the corners and the edges of 
the cage, as the majority of the eggs were deposited in these 
zones of the cage (Fig. 1A). Natural flight and search behavior 
of P. rapae butterflies was previously described to cause ‘edge 
effects’ under field conditions (Root, 1973; Jones, 1977; Muriel 
and Grez, 2002), which could explain the observed skewed egg 
distribution over the cage.

Pieris rapae oviposition is influenced by morphology 
and other natural genetic variation in Arabidopsis 
accessions

To analyse the effect of plant genotype on the oviposition pref-
erence of P. rapae butterflies, we first normalized the egg counts 
per accession for the average cage-position effects in each exper-
iment and subsequently normalized that data for the total egg 
counts per experiment (Supplementary Table S2). The resulting 
normalized average egg counts per accession are depicted in 
Fig. 1B. To test if the size trait influenced P. rapae oviposition, we 
categorized the accessions of four experiments into three size 
classes that correspond to plant rosette diameter with respect 
to the pot size (Ø=5.5  cm): category 1 (<5.5  cm), category 
2 (~5.5 cm), and category 3 (>5.5 cm). The average plant size 
within each category positively correlated with the normal-
ized average number of eggs per corresponding classes (Pearson 
correlation; R=0.90), with medium and large plants receiving 
significantly more eggs than small plants (Fig. 1C). The Rev-2 
accession received a minimal number of eggs, whereas Old-1 
received the most eggs. Morphologically these plants are very 
different, possibly explaining the difference in P. rapae prefer-
ence. Under the growth conditions used, accession Old-1 is a 
large plant, whereas accession Rev-2 is a small plant (Fig. 1D).

Amongst the 350 accessions, we also observed two gla-
brous (i.e. trichome-less) accessions, Est-0 and Br-0 (Hauser 
et al., 2001; Barth et al., 2002; Bloomer et al., 2012). Previously, 
Reymond et al. (2004) demonstrated that P. rapae caterpillars 
performed better on glabrous plants, and hence we hypoth-
esized that butterflies may anticipate this and prefer to oviposit 
on plants without trichomes. With a normalized egg score of 
1.05 and 1.21, respectively, Br-0 and Est-0 indeed belong to 
the accessions that received above median numbers of eggs 
per plant of tested Arabidopsis accessions. However, additional 
experiments with trichome-containing Col-0 and its natural 
glabrous mutant Col-5 showed that P. rapae butterflies did not 
prefer to oviposit on glabrous plants over plants with trichomes 
in our experimental set-up (Supplementary Fig. S2).
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Fourteen accessions developed spontaneous chlorosis (i.e. 
yellowing) and necrosis under our growth conditions, which 
was previously described by Todesco et al. (2010) as being late-
onset necrosis. Of these accessions, none with moderate or se-
vere late-onset necrosis was found amongst the top 25% of 
most-preferred accessions for oviposition, whereas 6 of the 14 
were amongst the top 25% of least-preferred accessions (Sup-
plementary Table S2). This suggests that spontaneous necrosis 
of the plant is an unfavorable trait for host selection by P. rapae 
butterflies.

Previously, Kliebenstein et al. (2001) measured aliphatic- and 
indole-glucosinolate levels in a range of Arabidopsis acces-
sions, 15 of which were also present amongst the 350 acces-
sions tested in this study (Supplementary Table S2). The class of 
indole-glucosinolates has been associated with enhanced ovi-
position preference by P. rapae (Huang and Renwick, 1994; De 
Vos et al., 2008; Müller et al., 2010). Comparing the normalized 
average number of eggs deposited on these 15 accessions with 
the aliphatic- and the indole-glucosinolate levels reported by 
Kliebenstein et al. (2001) revealed a moderate non-significant 

Fig. 1. Oviposition distribution, natural variation, and the relationship between plant size in oviposition preference by P. rapae butterflies on Arabidopsis 
accessions. (A) Heatmap showing the average number of eggs deposited per plant in the respective plots over seven independent experiments. The 
position of the cage is indicated by the compass. (B) Normalized average number of eggs deposited by P. rapae butterflies on 350 different Arabidopsis 
accessions. Data are the average of seven independent experiments on the total set of 350 accessions, each experiment containing one randomly 
positioned plant per accession. In each experiment, 10–15 female P. rapae butterflies were allowed to freely oviposit for 2–3 d on the offered population 
of 350 plants. Error bars show standard errors (±SE). In the color gradient on the right, specific accessions with distinct normalized average egg counts 
are highlighted. (C) Normalized average number of eggs deposited per plant category (n=4) on small (S), medium (M), and large (L) plants with standard 
error (±SE) bars. Significance was calculated using Student’s t-test (***P≤0.001 and ****P≤0.0001). (D) Examples of 4-week-old Arabidopsis accessions 
in the plant size categories.
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positive correlation (R=0.45) between egg number and indole-
glucosinolate levels, which points in the same direction as pre-
vious findings. Conversely, we found a significant (P<0.05) 
moderate to strong negative correlation (R=−0.61) between 
egg number and aliphatic-glucosinolate levels, which suggests 
that this class of glucosinolates are negative oviposition cues for 
P. rapae butterflies.

Genome-wide association study reveals Arabidopsis 
loci associated with P. rapae oviposition

To unravel the underlying host plant genetics that influences 
P. rapae host plant choice, we mined the natural genetic vari-
ation in egg deposition among the tested Arabidopsis acces-
sions for genetic components that contribute to the observed 
oviposition differences. We performed a GWAS on the nor-
malized and transformed data of seven independent experi-
ments (Supplementary Tables S2, S3). We performed a GWAS 
using the factored spectrally transformed linear mixed models 
(FaST-LMM) algorithm (Lippert et al., 2011) and a set of ~214 
000 SNPs (Baxter et al., 2010; Platt et al., 2010; Chao et al., 
2012; Thoen et al., 2017). SNP–trait associations of interest 
were selected by setting an arbitrary threshold with a LOD 
(−log10(p)) score of 4.0. GWAS results revealed 11 SNP–trait 
associations for a total of 10 unique loci (Fig. 2A; Table 1) and 
56 SNPs in linkage disequilibrium (estimated to be 10–50 kb; 
Nordborg et al., 2005; Kim et al., 2007) accounting for an ad-
ditional 25 loci (Supplementary Table S4). Some of the genes 
within these loci (LOD ≥4) have previously been connected 
with plant traits affecting herbivory, stress signaling, and general 
defensive mechanisms (Supplementary Table S4).

Fine mapping reveals candidate genes associated with 
P. rapae oviposition preference

To tune in on the candidate genes located in the oviposi-
tion preference-associated loci, additional fine mapping was 
performed using full genome sequences of 164 accessions 
(Supplementary Table S5) available via the 1001 genomes 
project (Weigel and Mott, 2009). The fine mapping proce-
dure makes use of all genetic variances within the selected 
genomic regions of the 164 full genome sequences, while the 
GWAS was based on the SNPs within the accessions relative 
to the reference genome of accession Col-0. Because linkage 
disequilibrium in Arabidopsis is estimated to be 10–50  kb 
(Nordborg et al., 2005; Kim et al., 2007), a 50–kb window 
surrounding the SNPs of interest was included for finding 
genes of interest. Fine mapping was based on a Kruskal–
Wallis test for trait associations with a minor allele frequency 
larger than 5% (MAF>0.05) (Zhao et al., 2007). Fine map-
ping results show that there are several significant false dis-
covery rate (FDR)-corrected associations that correspond to 
the loci identified with our GWAS (Fig. 2B; Supplementary 
Fig. S3). On the locus surrounding transposable element gene 

AT3G25725 on chromosome 3, associations were found in 
an upstream cluster containing four genes involved in eth-
ylene signaling and JA biosynthesis (Fig. 2A). Just upstream 
of ETHYLENE RESPONSE DNA BINDING FACTOR 
3 (EDF3, AT3G25730) and downstream of JA biosynthesis 
gene ALLENE OXIDE CYCLASE 2 (AOC2, AT3G25770) 
and AOC3 (AT3G25780), two significant SNP peaks were 
observed with fine mapping (Fig. 2B), pointing to AOC1 
(AT3G25760) and METHIONINE AMINOPEPTIDASE 
1B (MAP1B, AT3G25740). Of these, AOC1 is one of the 
four genes in Arabidopsis that encodes an allene oxide cyclase, 
which catalyses an essential step in JA biosynthesis (Wast-
ernack and Hause, 2013; Zhang et al., 2020). Downstream 
of AOC1, a significant association was found with MAP1B, 
encoding a methionine aminopeptidase that was shown to be 
a potential target of miRn5998, a microRNA responsive to 
JA treatment (Zhang et al., 2012). On chromosome 4 a sig-
nificant association was observed at the interval of transcrip-
tion factor gene WRKY42 (AT4G04450) and PUTATIVE 
ASPARTIC PROTEINASE A3 (PASPA3, AT4G04460). 
WRKY42 encodes a WRKY transcription factor that was 
shown to be involved in plant phosphate (Pi) homeostasis and 
modulation of SA and reactive oxygen species in leaf senes-
cence (Su et al., 2015; Niu et al., 2020).

Amino acid changes support fine mapping results for 
AOC1 and WRKY42

To further substantiate the candidate genes that were identi-
fied through fine mapping (Fig. 2), we analysed AOC1 and 
MAP1B on chromosome 3, and WRKY42 and PASPA3 on 
chromosome 4 for alterations in nucleotide sequences that 
lead to amino acid changes in the translated protein with po-
tential impact on protein function, using the 164 full Ara-
bidopsis genomes (Fig. 3; Supplementary Fig. S4). MAP1B 
on chromosome 3 and PASPA3 on chromosome 4 did not 
contain SNPs that result in non-synonymous amino acid 
changes. However, AOC1 on chromosome 3 and WRKY42 
on chromosome 4 displayed natural genetic variation with 
potential impact on gene regulation or protein function. For 
AOC1, comparison of the 164 genomes resulted in 58 sig-
nificant associations within the intron region that might alter 
AOC1 expression within the different Arabidopsis accessions. 
Furthermore, within the exons we found six significant asso-
ciations of which two result in non-synonymous amino acid 
changes (LSYSKQFH→LSYNQQFH) in the first exon and 
thus can potentially alter protein structure and functioning. For 
WRKY42, comparison of the 164 genomes resulted in one sig-
nificant association in the first intron and two significant asso-
ciations in the exons of which one is a non-synonymous amino 
acid change in the last exon (NGNNNNS→NGNKNNS) 
that can potentially alter protein function. Hence, AOC1 and 
WRKY42 were selected for further validation of their role in 
oviposition preference.
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Fig. 2. GWAS and fine mapping results for oviposition preference of P. rapae on 346 Arabidopsis accessions. (A) Manhattan plot (grey and dark grey) 
showing the –log10(p) values of the SNP–trait associations from the GWAS results on Arabidopsis chromosomes 1–5 (x-axis). Narrow sense heritability 
was estimated to be very low (h2=0.0014 with a 95% confidence interval of 0.0–1.0; Kruijer et al., 2015). The blue line indicates the arbitrary LOD 
threshold of 4.0 (–log10(p)=4.0) for selection of SNPs. Above the Manhattan plot a gene cluster is depicted (http://signal.salk.edu/atg1001/3.0/gebrowser.
php) that was found upstream of the transposable element gene AT3G25725 in which SNPs above the threshold were found by the GWAS. In bold three 
GWAS loci are indicated for which SNP–trait associations (LOD≥4.0) were confirmed via fine mapping. LTR, long terminal repeat. (B) Fine mapping (FM; 
grey dots) of three SNP–trait associations that were identified by the GWAS (green dots), using the 50-kb window around the GWAS SNPs from the 
genome sequences of 164 of the tested Arabidopsis accessions. The graphs show the –log10(p) values of the SNP–trait associations on the y-axis and 
the chromosome position of the SNPs in base pairs (bp) on the x-axis. Significant (FDR-corrected) FM associations are shown in black ATG numbers 
along with the number of significant associations in the FM summary.
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Table 1. GWAS candidate loci associated with P. rapae oviposition preference

Gene LOD score TAIR gene description SNPs 

AT1G62370 4.31/5.04 RING/U-box superfamily protein 2
AT3G20990 4.02 Copia-like retrotransposon family 1
AT3G25725 4.37 Copia-like retrotransposon family 1
AT3G25727 4.06 RNA-directed DNA polymerase (reverse transcriptase) 1
AT3G43460 4.18 Unknown protein 1
AT3G46010 4.02 Actin-depolymerizing factor 1 (ADF1) 1
AT4G04426 4.06 Copia-like retrotransposon family 1
AT4G30080 4.31 Auxin response factor 16 (ARF16) 1
AT4G30110 4.00 Arabidopsis heavy metal ATPase 2 (HMA2) 1
AT5G43130 5.05 TBP-associated factor 4 (TAF4) 1

Fig. 3. Amino-acid changes confirm possible altered gene function of fine mapping candidates. Manhattan plots of fine mapping results (MAF>5%, 
FDR-corrected) for the candidate genes AT3G25760 and AT4G04450, including both introns and exons or only exons. y-Axes show the –log10(p) and the 
x-axes the position in base pairs (bp). For each gene a model of the introns and exons is shown according to the 1001 genomes browser (http://signal.
salk.edu/atg1001/3.0/gebrowser.php). A zigzag indicates missing sequencing data (AT3G25760). Important (significant) nucleotides are indicated with 
colors: A (red), T (ochre/yellow), C (blue), and G (green). Non-synonymous amino acid changes are depicted with red letters.
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AOC and WRKY42 are involved in oviposition 
preference by Pieris butterflies

To validate host plant choice by Pieris butterflies for the selected 
genes, an available AOC::RNAi line (line 16-1; Delker, 2005) 
with diminished AOC protein synthesis (including AOC1 and 
partially redundant AOC2, 3, and 4; Leon-Reyes et al., 2010; 
Stenzel et al., 2012) and a WRKY42 T-DNA insertion line 
(allele knockout, wrky42-1; Niu et al., 2020) were used in ovi-
position assays together with wild-type Col-0 plants. A MYC 
triple-mutant (myc234; Fernandez-Calvo et al., 2011), lacking 
glucosinolates and affected in JA responsiveness, was taken 
along as negative control since selection of a suitable brassi-
caceous host plants by Pieris butterflies occurs via gustatory 
sensing of glucosinolates (De Vos et al., 2008; Mumm et al., 
2008; Hopkins et al., 2009; Ali and Agrawal, 2012; Schweizer 
et al., 2013). As a control for the effect of JA-dependent plant 
defenses upstream of AOC1 in the JA-biosynthesis pathway, 
ALLENE OXIDASE SYNTHASE (AOS) mutant plants (i.e. 
aos or delayed-dehiscence2-2; dde2-2) lacking JA were taken 
along (Von Malek et al., 2002; Koo, 2017).

Due to persistent rearing problems with P. rapae caused by a 
viral infection in the rearing population, butterflies of closely 
related P. brassicae were used for the validation experiments. 
Beforehand, oviposition preference of P. brassicae was assessed 
on a subset of 11 accessions from the HapMap collection for 
comparison with P. rapae oviposition preference (Supplemen-
tary Fig. S5). Although P. brassicae oviposits in clusters of eggs 
in contrast to P. rapae, which oviposits with single eggs, ovi-
position on the subset of the 11 selected accessions showed a 
similar trend with the Rev-2 accession receiving the lowest 
number of eggs and the Old-1 accession receiving the second-
highest number of eggs (Supplementary Fig. S5).

Mutant myc234 plants were highly unattractive for oviposi-
tion, likely due to the lack of glucosinolates that Pieris butter-
flies use to select suitable host plants (Fig. 4). Surprisingly, the 
JA biosynthesis mutant aos showed equal attractiveness for ovi-
position to wild-type Col-0 plants. This may be explained by 
the fact that unlike myc234 plants, aos plants have similar basal 
glucosinolate levels and volatile emissions as Col-0 (Snoeren 
et al., 2009; Pangesti et al., 2016).

In the oxylipin biosynthesis pathway, AOS acts directly up-
stream of AOC and their combined action results in the bi-
osynthesis of cis(+)-12-oxo-phytodienoic acid (OPDA), the 
precursor of JA (Howe and Schilmiller, 2002). Hence, one would 
expect that the AOC::RNAi line, which has reduced levels of 
AOC protein (including AOC1), would behave similarly to aos 
in terms of effects on oviposition preference. However, in con-
trast to aos, the AOC::RNAi line was slightly less attractive to 
butterflies for oviposition than wild-type Col-0 plants. In the 
JA biosynthesis pathway, AOS converts 13-hydroperoxylino-
lenic acid into the unstable intermediate 12,13-epoxy octa-
decatrienoic acid (12,13-EOT), which is then converted by 
AOC into cis(+)-12-OPDA. Chemical in vitro experiments, in 

the absence of AOC, showed that 12,13-EOT non-enzymati-
cally transforms to (i) α- and γ-ketols through hydrolysis and 
(ii) racemic 12-OPDA through cyclization (Brash et al., 1988; 
Song and Brash, 1991). The physiological significance of α- 
and γ-ketols and racemic 12-OPDA is unclear, but both prod-
ucts or their downstream stimulated secondary metabolites are 
expected to accumulate in the AOC::RNAi line used in our 
study, and can possibly explain the difference between aos and 
AOC:: RNAi in terms of oviposition preference. However, 
the effect of oviposition preference in the AOC::RNAi-Col-0 
choice assay was rather mild. Hence, future research with ad-
ditional AOC perturbed genotypes should shed more light on 
this matter.

Mutant wrky42 plants received significantly more eggs 
than wild-type plants (Fig. 4), confirming the involvement 
of WRKY42 in host preference by Pieris butterflies. This ob-
servation might be related to the observation by Niu et al. 
(2020) that WRKY42 overexpression promotes age-dependent 
leaf senescence that is accompanied by leaf yellowing, which 
is an unattractive plant trade for butterflies as we have sug-
gested before (Supplementary Table S2). Furthermore, mutant 
wrky42 plants were also shown to have an increased chloro-
phyll content (Niu et al., 2020), which might be attractive to 
butterflies. Niu et al. (2020) also showed that the SA content 
was significantly lower in mutant wrky42 plants, which could 
potentially alter the volatile composition including methyl sa-
licylate (MeSA). Groux et al. (2014) demonstrated that MeSA 
acts as oviposition repellent for P. brassicae butterflies, possibly 
explaining the significant increase in oviposition attractiveness 
of mutant wrky42 plants.

Fig. 4. Oviposition choice assay on fine-mapping confirmed genes. Six 
mutants, including a MYC-triple mutant (myc234) that lacks glucosinolates 
and a JA lacking mutant (aos) control, a T-DNA insertion line (wrky42) and 
an RNAi line (AOC::RNAi line 16-1) were tested for oviposition preference 
by P. brassicae in a two-plant choice assay. Replicates of each two-plant 
assay are indicated as n (n=15–22). Bars represent the average distribution 
of eggs between wild-type Col-0 plants (dark grey bars) and the mutant 
plants (light grey bars) in a choice test. Significant differences were 
calculated using Student’s t-test (non-significant, ns; *P≤0.05, **P≤0.01, 
***P≤0.001, and ****P≤0.0001).
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Caterpillar performance is affected in mutant wrky42 
plants

According to the mother knows best (i.e. preference perfor-
mance) hypothesis, offspring were expected to perform better 
on mutant wrky42 plants than on wild-type Col-0 plants. To 
test this hypothesis, a performance test was conducted with the 
wrky42 mutant, since this line gave the highest average prefer-
ence for oviposition, with highest significance. Caterpillar per-
formance (i.e. growth rate) on plants of which egg depositions 
were removed previously was significantly decreased by 45% 
on wrky42 compared to caterpillar performance on wild-type 
Col-0 plants (Fig. 5). Thus, the mother knows best hypothesis 
is not supported by our findings, indicating that in this specific 
case butterflies preferred to oviposit on plants that do not sup-
port their offspring.

Discussion

The study system

To study the contribution of plant genes to oviposition prefer-
ences by Pieris butterflies we studied the natural genetic var-
iation in the model plant Arabidopsis. It has been questioned 
whether there has been an evolutionary arms race between 
Arabidopsis and Pieris because of their separation in seasonal 
occurrence (Harvey et al., 2007). However, especially summer 
annuals within the HapMap collection used in this study might 
have experienced selective pressure by herbivores such as P. 
rapae (Pigliucci, 1998; Johanson et al., 2000; Koornneef et al., 
2004; Edger et al., 2015; Davila Olivas et al., 2017a). Notwith-
standing the fact that Arabidopsis–Pieris interactions are found 
infrequently in nature, both species do interact and display 
responses that are typical for diverse plant–insect interactions 
(Bodenhausen and Reymond, 2007; Okamura et al., 2019). We 
therefore set out to study this interaction by mining the nat-
ural genetic variation in the Arabidopsis HapMap collection 
for traits affecting oviposition preference.

Host selection by Pieris butterflies

Host selection is one of the crucial steps in insect–plant inter-
actions in which plant traits can affect both plant and insect 
herbivore survival. For insect herbivores such as Pieris, both 
visual and non-visually perceived plant traits (i.e. gustatory 
and contact-chemosensory detection) can influence host se-
lection as was shown by many studies (Traynier and Truscott, 
1991; Van Loon et al., 1992; Städler et al., 1995; Hern et al., 
1996; Bukovinszky et al., 2005; Smallegange et al., 2006; De 
Vos et al., 2008; Mumm et al., 2008; Hopkins et al., 2009; 
Zheng et al., 2010; Ali and Agrawal, 2012). Plants within the 
HapMap collection of 350 accessions displayed a wide variety 
of plant shapes and sizes, which can influence host selection 
by Pieris butterflies and may or may not have been coupled 

to plant defense-related traits. Depending on the weather 
conditions, being warm and sunny preferably, butterflies 
were allowed to oviposit on the plants for 2–3 d, potentially 
allowing for learning behavior (Traynier and Truscott, 1991; 
Bukovinszky et al., 2005). The relatively long host selection 
period might also have influenced host selection since already 
deposited eggs may have triggered plant defenses that could 
potentially have been communicated to other plants via vola-
tile compounds.

Cage set-up

Results from the host selection experiments show that but-
terflies responded strongly to edges and especially corners in 
our large-scale cage set-up (Fig. 1A; Supplementary Fig. S1; 
Supplementary Table S1). These effects were shown to be even 
stronger on the east side of the set-up where natural daylight 
entered during the mornings when Pieris is most actively ovi-
positing (Root and Kareiva, 1984). Furthermore, the overall 
number of eggs deposited on the 350 plants differed per ex-
periment, ranging by a factor of 3 among experiments (Sup-
plementary Table S2). The latter is most likely dependent on 

Fig. 5. Caterpillar performance on mutant wrky42. Graph showing the 
average caterpillar weight in grams along with standard error (±SE) of 
mean error bars in a no-choice test. Caterpillar weight was measured after 
placing one L1 P. brassicae caterpillar on either a mature wild-type Col-0 
plant (n=13) or a wrky42 mutant plant (n=14), from which deposited eggs 
were removed prior to caterpillar exposure, and allowing them to feed for 
13 d. Plant replacements were added well before food was becoming 
scarce. Significant differences were calculated using Student’s t-test 
(****P≤0.0001).
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presence of morning sun on experimental days. These results 
show how important it is to carefully monitor experimental 
set-ups and insect behavior, and correct the data for confound-
ing effects, before interpreting the data and using it for further 
study.

Plant size matters for Pieris oviposition

Based on a number of general observations in the collection of 
350 Arabidopsis accessions, we explored the dataset by asking a 
number of specific questions related to the effect of plant size, 
the role of trichomes, spontaneous chlorosis, and glucosino-
late profiles on the oviposition preference of Pieris (Fig. 1C, D; 
Supplementary Table S2). We found that small plants received 
significantly fewer eggs than medium and large plants. This can 
be explained by the fact that larger plants have simply more leaf 
surface and so by chance would have a higher probability of 
being chosen by the butterflies. However, it may also be adap-
tive to oviposit on larger plants, because they would provide 
the offspring with more food.

Plant trichomes have no clear role in oviposition by 
Pieris butterflies

We also tested the effect of trichomes on oviposition preference 
(Supplementary Fig. S2). For the specialist herbivore Plutella 
xylostella a negative relationship was found between trichome 
density and egg number on Arabidopsis plants (Handley et al., 
2005). In our study, glabrous accessions Est-0 and Br-0 indeed 
belonged to the accessions that received above median num-
bers of eggs per plant. However, we found no difference in 
oviposition preference between trichomed Col-0 and glabrous 
Col-5 plants, suggesting that trichomes are not an important 
host selection cue for Pieris oviposition in our experimental 
set-up. This might be due to the fact that Pieris butterflies de-
posit their eggs predominantly on the abaxial side of the leaf 
where no trichomes are present. In addition, Pieris butterflies 
are relatively large compared to P. xylostella, possibly explaining 
why they are less affected by plant trichomes. Also for Helicov-
erpa zea moths, which lay their eggs on the trichome-contain-
ing adaxial leaf side, trichome density did not seem to affect 
oviposition preference on tomato plants (Tian et al., 2012).

Leaf yellowing is unattractive to Pieris butterflies

We observed that plants with spontaneous chlorotic (i.e. yel-
lowing) or necrotic lesions were less attractive for Pieris ovipo-
sition (Supplementary Table S2). Lesion-forming plants may 
be visually unattractive or exhibit unfavorable defenses that 
can be sensed by the butterflies. In black mustard, egg-induced 
necrosis can cause detachment of eggs from plant leaves, pre-
venting herbivory after hatching (Shapiro and De Vay, 1987). 
Although we did not observe egg-induced necrosis in the 
350 Arabidopsis accessions, Pieris butterflies apparently dislikes 

depositing eggs on plants displaying visual chlorotic or necrotic 
spots, most likely due to the unfavorable nutritional status of 
these plants.

Variation in plant secondary metabolites

We also found a weak positive correlation between egg counts 
and indole-glucosinolate levels (Supplementary Table S2) as 
determined by Kliebenstein et al. (2001), confirming previous 
findings that Pieris is stimulated by glucosinolates for host se-
lection and feeding (Städler et al., 1995; Müller et al., 2010). 
It also validates our experimental set-up as being capable of 
assessing oviposition preference of Pieris butterflies. While 
the correlation between egg counts and indole-glucosinolate 
levels was non-significantly positive, the correlation with al-
iphatic glucosinolate levels was moderate to strong and sig-
nificantly negative. A possible explanation is that plants that 
predominantly have indole-glucosinolates stimulate oviposi-
tion by Pieris, thereby resulting in less oviposition on plants 
that predominantly have aliphatic glucosinolates (Huang and 
Renwick, 1994; Kliebenstein et al., 2001; De Vos et al., 2008; 
Müller et al., 2010).

Data correction and GWAS results

To limit effects unrelated to plant genotype, we randomized 
the position of all 350 accessions within all seven experiments 
and normalized the egg counts per plant for the overall cage 
position effects and the total number of eggs deposited (Sup-
plementary Table S2). After normalization, we still observed 
differences in the number of eggs that were deposited on the 
accessions, which can be explained by the genetic variation 
among the accessions. Morphological plant traits (e.g. plant 
size) were not taken along as cofactors during our GWAS, 
as there is evidence for genetic connections between plant 
growth and (constitutive) defenses (Bechtold et al., 2010).

The obtained GWAS associations revealed 10 candidate loci 
(with 11 SNP associations) of which several were previously 
linked to plant traits affecting herbivory, stress signaling or ge-
neral defensive mechanisms (Fig. 2A; Table 1; Supplementary 
Table S4). Since a GWAS associates phenotypes to loci instead 
of causal SNPs, additional fine mapping is required to elucidate 
potential gene candidates.

Fine mapping revealed AOC1 as a candidate gene 
affecting oviposition preference

To identify causal SNPs, fine mapping was performed pro-
viding additional evidence for the observed associations with 
our GWAS (Fig. 2B; Supplementary Fig. S3;  Supplementary 
Table S5). Among them, we found a significant SNP–trait 
association with AOC1 and oviposition preference, and we 
obtained supporting evidence for this in AOC-impaired Ara-
bidopsis plants (Fig. 3; Supplementary Fig. S4). AOC1 encodes 
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an allene oxide cyclase that is essential for the biosynthesis of 
JA and its oxylipin derivatives. JA biosynthesis is known to 
be an essential step in induced defense against insect herbi-
vores (De Vos et al., 2006a; Little et al., 2007; Verhage et al., 
2011; Vos et al., 2013; Wasternack and Hause, 2013). Bruinsma 
et al. (2007) showed that P. rapae butterflies lay more eggs on 
control plants over JA-treated plants, suggesting that JA-levels 
influence oviposition preference of P. rapae. Furthermore, the 
developmental time from larval hatching until pupation was 
shown to be delayed on JA-treated plants, which may be an 
incentive for Pieris butterflies to avoid oviposition on plants 
with high JA levels. In our choice assay, oviposition was signif-
icantly reduced on myc234 plants, which lack glucosinolates 
and are impaired in responsiveness to JA, confirming the in-
volvement of JA in oviposition preference by Pieris (Fig. 4; 
Fernandez-Calvo et al., 2011) Perhaps the gene variants of 
AOC1 within the HapMap collection correspond to differ-
ences in the biosynthesis of secondary metabolites (e.g. glu-
cosinolates) and volatiles, which may affect host plant choice 
by Pieris butterflies.

Identification of a role for WRKY42 in oviposition 
preference and caterpillar performance

Fine mapping revealed WRKY42 to have the clearest associa-
tion with oviposition preference (Figs 2B, 3). Mutant wrky42 
plants displayed enhanced oviposition preference over wild-
type Col-0 plants (Fig. 4), confirming its GWAS-predicted role 
in oviposition preference. It was shown previously that the same 
wrky42 mutant had delayed leaf senescence and higher chloro-
phyll content (Niu et al., 2020), possibly explaining attractive-
ness for oviposition. In the same study, Niu et al. (2020) showed 
that WRKY42 directly binds to the promoters of isochorismate 
synthase 1 (ICS1) and respiratory burst oxidase homolog F (RbohF), 
of which the expression is reduced in the wrky42 mutant. Since 
ICS1 is involved in SA biosynthesis and lower SA and H2O2 
(i.e. reactive oxygen species) content was measured in wrky42 
plants (Niu et al., 2020), this might indicate that WRKY42 
interferes with crosstalk between SA- and JA-dependent 
defenses and as such influences oviposition preference of Pieris 
butterflies. A lower SA content in wrky42 may also alter the 
SA-dependent defense response that is normally found under-
neath deposited Pieris eggs and negatively affects JA-dependent 
defenses (Little et al., 2007; Bruessow et al., 2010). A reduction 
in SA-mediated suppression of JA-dependent defenses in egg-
receiving wrky42 plants may explain the reduced caterpillar 
performance (i.e. weight gain) of Pieris larvae on wrky42 plants 
(Fig. 5). The combined findings of enhanced oviposition pref-
erence and reduced caterpillar performance on wrky42 plants 
indicates that the ‘mother knows best’ hypothesis may not fit 
this specific case. However, although caterpillar performance is 
negatively affected in a no-choice laboratory test, survival and 
competition with other herbivores in a natural setting may still 
outweigh the reduced body mass.

Pieris rapae versus P. brassicae

Using P. brassicae for validating genes found for P. rapae preference 
may have influenced the preference and performance tests. Ideally, 
we would confirm our results with P. rapae, which was unfortu-
nately not possible with persistent rearing problems that are expe-
rienced in several laboratories that maintain P. rapae colonies. On 
the other hand, P. rapae and P. brassicae are highly related species, 
both specialized on Brassicaceae and are likely to harbor similar 
adaptations to their host plants. In accordance with that, we also 
found similar oviposition preferences between P. rapae and P. bras-
sicae on a subset of Arabidopsis accessions (Supplementary Fig. S5).

Concluding remarks

Our GWAS study identified the transcription factor WRKY42 
as a player in both the oviposition preference and caterpillar 
performance of Pieris butterflies. Future research will be fo-
cused on understanding the mechanism by which impairment 
of WRKY42 is associated with oviposition preference, while 
negatively impacting caterpillar performance. Is it part of a 
strategy of specialist herbivores to outcompete generalist her-
bivores that are less adapted to specific plant secondary metab-
olites? In addition, more candidate genes may be identified 
through fine mapping when full genome sequences of more 
Arabidopsis accessions will become available. Knowledge on 
plant genetics and Pieris oviposition preference may be used in 
breeding strategies that are aimed at reducing the attractiveness 
of crop plants for these insect herbivores.
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Fig. S1. Experimental set-up.
Fig. S2. Oviposition preference of P. rapae butterflies on tri-
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associations.
Fig. S4. Amino acid changes of fine mapping candidate 

genes.
Fig. S5. Oviposition preference by P. brassicae.
Table S1. Average number of eggs deposited per plant on 

each position within the experimental set-up (Fig. 1).
Table S2. Average number of eggs deposited per plant for 
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Table S3. Input data for GWAS.
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