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Abstract
Plants interact with a diversity of phytophagous insects above- and belowground. By inducing plant defence, one insect her-
bivore species can antagonize or facilitate other herbivore species feeding on the same plant, even when they are separated 
in space and time. Through systemic plant-mediated interactions, leaf-chewing herbivores may affect the preference and 
performance of root-feeding herbivores. We studied how six different leaf-chewing herbivore species of Brassica oleracea 
plants affected oviposition preference and larval performance of the root-feeding specialist Delia radicum. We expected that 
female D. radicum flies would oviposit where larval performance was highest, in accordance with the preference–perfor-
mance hypothesis. We also assessed how the different leaf-chewing herbivore species affected defence-related gene expres-
sion in leaves and primary roots of B. oleracea, both before and after infestation with the root herbivore. Our results show 
that leaf-chewing herbivores can negatively affect the performance of root-feeding D. radicum larvae, although the effects 
were relatively weak. Surprisingly, we found that adult D. radicum females show a strong preference to oviposit on plants 
infested with a leaf-chewing herbivore. Defence-related genes in primary roots of B. oleracea plants were affected by the 
leaf-chewing herbivores, but these changes were largely overridden upon local induction by D. radicum. Infestation by leaf 
herbivores makes plants more attractive for oviposition by D. radicum females, while decreasing larval performance. There-
fore, our findings challenge the preference–performance hypothesis in situations where other herbivore species are present.

Keywords  Plant-mediated interactions · Root herbivory · Delia radicum · Plant defence · Oviposition · Preference–
performance
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By testing the preference–performance hypothesis in the context 
of plant-mediated interactions, we present a novel perspective on 
interactions between above- and belowground herbivores.
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Introduction

Plants are members of complex and diverse ecological com-
munities, and in natural and agricultural settings alike, they 
are under attack by insect herbivores above- and below-
ground. In nature, pest outbreaks are rare, and herbivory may 
even safeguard biodiversity by decimating dominant plant 
species (Carson and Root 2000; Koerner et al. 2018). In 
agriculture, however, farmers suffer significant crop losses 

from insect herbivory (Deutsch et al. 2018; Oerke 2006). 
Understanding how plants defend themselves may provide 
new information for plant breeders to select crop varieties 
that are better able to resist herbivory.

Upon recognition of attack by an insect herbivore, 
induced defences are activated. These induced responses 
are regulated by a network of phytohormones, in which jas-
monic acid (JA) is a central player (Erb and Reymond 2019; 
Pieterse et al. 2009). Cues that trigger plant defence can be 
general, such as mechanical wounding of a leaf or root, or 
more specific, such as the recognition of insect saliva at the 
wounding site (Acevedo et al. 2015). Through recognition, 
plants are able to fine-tune their response to a variety of 
phytophagous insects. There is great diversity in insect her-
bivores, and one distinguishing feature between them is diet 
breadth. Specialist insect herbivores feed on a single plant 
species or family, whereas generalists feed on plants from 
many phytochemically unrelated families. While special-
ists often evolved strategies to detoxify plant toxins or even 
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use them for their own benefit, generalists rely on broad-
spectrum detoxification enzymes or behavioural adapta-
tions such as feeding on older leaves to cope with host plant 
defences (Abdalsamee and Müller 2012; Müller et al. 2001; 
Ratzka et al. 2002). Because generalist and specialist insect 
herbivore species differ in their strategies for overcoming 
host defence, it has been suggested that induction of plant 
defence may also be different, although evidence for this is 
limited (reviewed in Ali and Agrawal (2012)).

In natural settings, plants are often attacked by multiple 
species of insect herbivores (Stam et al. 2014). By defend-
ing against one herbivore species, defence against a sec-
ond species may be altered. Hence, insect herbivores can 
interact with each other via induced plant defence, even 
when they are separated in time and space. Indeed, insect 
herbivory early in the season can affect the community of 
insects surrounding that plant even after the initial attacker 
is gone (Poelman et al. 2008). Factors such as feeding site 
and feeding mode of the inducing herbivore are important in 
determining whether facilitation or antagonism between her-
bivores occurs (Stam et al. 2014). Plant defence is not only 
triggered locally, but systemically throughout the plant. For 
instance, leaf herbivory in maize triggers defence signalling 
in roots of maize plants (Ankala et al. 2013). Since defence 
induction occurs systemically, plant-mediated interactions 
can also cross the shoot–root barrier. Indeed, leaf herbivores 
can affect the performance of root herbivores (Johnson et al. 
2012; Kutyniok and Müller 2012).

A long-standing hypothesis in the field of entomology 
states that the oviposition preference of insects should be 
linked with the performance of their offspring: the so-called 
“mother knows best” or preference–performance hypothesis 
(Jaenike 1978; Johnson et al. 2006). To maximize fitness, 
female insects are expected to lay their eggs on the most suit-
able host plant for their larvae. A meta-analysis confirmed the 
hypothesis in situations without natural enemies or potential 
competitors (Gripenberg et al. 2010). However, most studies 
on the preference–performance hypothesis focus on insects 
with an aboveground life cycle, and whether this hypothesis 
also holds for root herbivores has received much less atten-
tion (Clark et al. 2011; Johnson et al. 2006; Menacer et al. 
2021). Furthermore, oviposition preference may be altered by 
the presence of another insect, either directly or via induced 
plant defence. For example, Pieris brassicae butterflies prefer 
to lay eggs on uninfested leaves rather than leaves already 
infested with other caterpillars (Blaakmeer et al. 1994).

In this study, we test whether preference and performance 
of cabbage root fly Delia radicum are affected by leaf-chew-
ing herbivores. Oviposition selection behaviour has been 
studied in great detail for D. radicum: a specialist root her-
bivore of brassicaceous plants (Schoonhoven et al. 2005). 
Brassicaceous plants produce glucosinolates (GSLs), which, 
upon attack, are hydrolysed by separately stored myrosinases 

to form breakdown products such as isothiocyanates or 
nitriles (Hopkins et al. 2009). Female D. radicum flies are 
attracted to cues from cabbage plants, such as volatile iso-
thiocyanates derived from aliphatic GSLs (Hawkes and 
Coaker 1979). After landing on a leaf, the female inspects 
the chemical profile with taste receptors on her tarsi (Roess-
ingh et al. 1992, 1997). If a host plant is accepted, the fly 
lays her eggs in the soil next to the plant stem (Schoonhoven 
et al. 2005). The cues used in this behaviour can be altered 
by prior herbivory, allowing female flies to integrate infor-
mation about other herbivores to make oviposition choices.

In our experiments, we induced Brassica oleracea (Brus-
sels sprouts) plants using six species of leaf-chewing herbi-
vores, including both specialist and generalist species from 
several insect orders. For two of the species of leaf herbi-
vores tested, Plutella xylostella and P. brassicae, plant-medi-
ated antagonism towards root-feeding D. radicum larvae was 
previously described (Karssemeijer et al. 2020; Soler et al. 
2007). To assess potential mechanisms underlying these 
interactions, we studied the expression of defence-related 
genes. Based on earlier experiments, we selected three genes 
that are strongly affected by D. radicum herbivory: AOS as a 
marker for JA biosynthesis, CYP81F4 as a marker for indole 
GSL biosynthesis and MYB28 as a marker for aliphatic 
GSL biosynthesis. Indole and aliphatic GSLs form different 
breakdown products upon hydrolysis and those formed from 
aliphatic GSLs are considered to be more toxic to chewing 
insect herbivores (Hopkins et al. 2009; Jeschke et al. 2015, 
2016). We previously discovered that D. radicum larvae 
induce JA and indole GSL biosynthesis while suppressing 
aliphatic GSL biosynthesis (Karssemeijer et al., unpublished 
results). We assessed shoot dry mass to see whether leaf 
herbivore treatments had a major impact on plant health.

Based on previous studies (Karssemeijer et al. 2020; 
Soler et al. 2007), we hypothesize that leaf herbivores have 
a negative effect on the performance of D. radicum. We 
expect female D. radicum flies to lay more eggs on unin-
fested control plants than on plants infested with leaf her-
bivores, because we expect larval performance to be higher 
on uninfested plants. We expect that leaf herbivores differ 
in plant defence induction and plant-mediated effects on D. 
radicum preference and performance, and that these differ-
ences can be at least partly explained by the diet breadth of 
the inducing herbivore species.

Materials and methods

Study system

Three-week-old Brussels sprouts plants (Brassica olera-
cea L. var. gemmifera cv. Cyrus) were used in all experi-
ments. Seeds were sown in trays and transplanted after seven 
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days into 8 × 8 cm pots. Experiments were performed in a 
greenhouse compartment (L16:D8 photoperiod, 22 ± 2 °C, 
50–70% relative humidity).

We used six species of leaf-chewing herbivores in the 
experiments. Two species of generalist herbivores, the 
cabbage moth [Mamestra brassicae L. (Lepidoptera: Noc-
tuidae)] and silver Y [Autographa gamma L. (Lepidoptera: 
Noctuidae)], and two species of specialist herbivores, the 
large cabbage white [Pieris brassicae L. (Lepidoptera: 
Pieridae)] and diamondback moth [Plutella xylostella L. 
(Lepidoptera: Plutellidae)], were reared on Brussels sprouts 
plants. Two more species of specialist herbivores, the tur-
nip sawfly [Athalia rosae L. (Hymenoptera: Tenthredini-
dae)] and mustard beetle Phaedon cochleariae Fabricius 
(Coleoptera: Chrysomelidae)], were reared on radish plants 
(Raphanus sativus). The species we defined as specialist 
feed on various brassicaceous plant species. The general-
ist species M. brassicae and A. gamma have been recorded 
to feed on at least 22 and 51 plant families, respectively 
(Maceljski and Balarin 1972; Rojas et al. 2000). Notably, 
M. brassicae is mostly a pest on brassicaceous plants. In the 
experiments, we used neonate larvae of M. brassicae and P. 
brassicae, and L1–L2 larvae of the other four species.

The cabbage root fly [Delia radicum L. (Diptera: Antho-
myiidae)], a specialist herbivore, whose larvae feed on pri-
mary roots of brassicaceous plants, was reared on rutabaga 
(B. napus L. var. napobrassica). Flies were kept in cages 
(65 × 65 × 65 cm, Bugdorm, Taiwan), where they were pro-
vided with water, honey, and a 1:1:1 mixture of nutritional 
yeast, sugar, and milk powder. Eggs were collected by plac-
ing a slice of rutabaga in a Petri dish in the cage for sev-
eral hours before taking it out and sealing it with Parafilm. 
After four days, neonate larvae hatched to be used for the 
experiments.

Plant treatments

We performed three experiments, in which plants were 
induced in a similar manner, to test effects of leaf-chew-
ing herbivores on root herbivore performance, preference, 
and the induction of plant defence (Fig. 1). In each of the 
experiments, 3-week-old plants were treated by placing leaf-
chewing herbivore larvae on the youngest fully expanded 
leaf. The petiole of this leaf was wrapped in cotton wool to 
prevent larvae from immediately moving to other leaves. We 
used ten larvae of A. gamma, M. brassicae, P. cochleariae, 
and P. xylostella, four A. rosae larvae or five P. brassicae 
larvae, to obtain roughly similar amounts of feeding dam-
age (Fig. 2a). Control plants were not treated with any leaf 
herbivores, but did receive a piece of cotton wool around 
the petiole. During the experiments, plants were placed on 

saucers and watered from the bottom as needed, and pro-
vided 50 mL of Hyponex (Unifarm, Wageningen) fertilizer 
twice weekly.

Delia radicum performance

To test the effect of feeding by different leaf herbivore spe-
cies on root herbivore performance, 24 plants per treatment 
were prepared as explained above. In addition to the cotton 
wool, small mesh bags were secured around the induced 
leaf to prevent larvae from escaping. As this experiment 
lasted more than a month, the soil was covered with a layer 
of sand to reduce attractiveness to fungus gnats (Diptera: 
Sciaridae). Two days after leaf infestation, ten neonate D. 
radicum larvae were placed directly on the hypocotyl of all 
plants, including control plants. Three days post-infestation 
(dpi) with D. radicum larvae, the mesh bags and leaf her-
bivores were removed. At 20 dpi, mesh bags were placed 
around each plant and sealed with a rubber band around the 
top of the pot. Bags were held up by two wooden sticks in 
the soil to give plants space to grow.

The first flies were observed at 24 dpi, but some may have 
emerged 1 or 2 days earlier in the weekend. After the first 
flies had emerged, every plant was checked daily for emer-
gence. Flies were collected using an aspirator and stored 
in a freezer (− 18 °C) after recording their sex and day of 
emergence. The experiment was terminated at 38 dpi. As 
an estimation of body size, the hind tibia length was meas-
ured using a digital microscope (Dino Lite Edge, Taiwan) 
(Soler et al. 2007). After the experiment, we harvested the 
aboveground plant parts, dried them in an oven for 7 days at 
70 °C, and assessed the shoot dry weight (Sartorius CPC2 
balance, Germany).

During this experiment, an infestation with thrips 
occurred in the greenhouse. To minimize the effects of thrips 
on our experiment, we excluded badly thrips-damaged plants 
from the analyses. Further, in some cases, plants were dam-
aged by chewers that were missed during removal, these 
plants were also discarded, resulting in 13–17 plants per 
treatment.

Delia radicum preference

To study whether D. radicum oviposition preference is 
affected by leaf herbivory, we performed a two-choice exper-
iment. Due to greenhouse space limitations, this experiment 
was performed in three rounds in subsequent weeks. For A. 
gamma and M. brassicae, data were collected in two rounds 
due to difficulties in synchronizing the rearing. In each 
round, we repeated each treatment five to six times, result-
ing in 11–16 replicates per treatment in total. Six weeks 
prior to each round, a separate D. radicum rearing cage was 
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Fig. 1   Experimental setup of the three experiments performed for this study to investigate the effects of leaf-chewing herbivores on the root her-
bivore Delia radicum. GSL glucosinolate, JA jasmonic acid, hpi hours post-infestation by D. radicum. Insect illustrations by Dr. Yidong Wang
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started. In short, eggs were collected as above and placed 
on halved rutabagas at a density of one egg per gram of root 
(Dr. Anne-Marie Cortesero, pers. Com.), which were placed 
on a layer of sand in a plastic tray. Four weeks later, pupae 
were collected from the sand by sieving and placed in cages 
(65 × 65 × 65 cm, Bugdorm, Taiwan) in a separate climate 
cabinet to minimize rutabaga scent exposure of emerging 
flies. Female flies used in the experiment were 1–2 weeks 
old, giving them enough time since pupation to mate and 
develop eggs.

Three-week-old Brussels sprouts plants were treated as 
above. As an oviposition substrate from which the eggs 
could later be extracted, we covered the top layer of soil 
with roughly 3 cm of white sand. Two days after leaf treat-
ment, we prepared two-choice arenas in foldable cages 
(60 × 40 × 40 cm). In each tent, an untreated control plant 
was placed on one side, and an infested plant on the other, 
roughly 40 cm apart. Control cages had only untreated 
plants. In each cage, food (1:1:1 mixture nutritional yeast, 
sugar, and milk powder) and water were provided. We ran-
domized positions of cages in the greenhouse compartment 
and positions of control and infested plants within each cage. 
To start the oviposition trial, five gravid D. radicum female 
flies were collected using an aspirator in a 50 mL tube, which 
was placed in the centre of each cage and opened. After 24 h, 
plants were removed from the cages, and the layer of white 
sand with the eggs was collected in plastic boxes by holding 
the pot sideways and gently tapping. Eggs stuck to the stems 
of plants were collected using a brush. Boxes were stored 
at 7 °C until further processing. Eggs were separated from 
sand by flotation using a Fenwick can and a 500 µm sieve 
and immediately counted (Fenwick 1940).

Gene expression

We tested how leaf and root herbivores affected transcript 
levels of genes related to plant defence. To this end, we 
treated plants as above with six species of leaf herbivores 
that were prevented from moving to other leaves by securing 
small mesh bags around the petioles. Plants were divided 
into two subsets. The first subset was harvested 2 days after 
induction by leaf herbivores; this time point corresponds 
with the time of infestation by D. radicum in the perfor-
mance experiment (0 hpi) and the time that plants were pre-
sented to female D. radicum flies for the preference experi-
ment (Fig. 1). The second subset of plants was infested with 
ten D. radicum larvae after 2 days of leaf feeding and har-
vested 24 h later. At this time point, preliminary experi-
ments had shown strong induction of the tested genes by the 
root herbivore. An additional control treatment that did not 
receive root herbivores was included in this subset.

At the time of harvesting, plants were uprooted and the 
primary root was cut off using clean scissors. Samples were 

immediately wrapped in aluminium foil and frozen in liquid 
nitrogen. At the same time, systemic leaf tissue (one leaf 
higher than the infested leaf) was collected from one leaf 
higher than the induced leaf using a 10 mm cork borer. Three 
leaf disks were harvested from the same leaf, placed in an 
Eppendorf tube, and frozen in liquid nitrogen. Tissue from 
three plants was pooled for each replicate, and four replicates 
were taken per treatment and time point. Harvesting took 
less than 1 min per sample.

Root and shoot tissue was ground using mortar and pestle 
or plastic Eppendorf pestles, respectively, whilst keeping 
the sample cold in liquid nitrogen. From this ground tissue, 
RNA was extracted using the Isolate II Plant RNA kit (Bio-
line) and converted to cDNA using the SensiFAST cDNA 
synthesis kit (Bioline). We then performed qPCR using 
SensiFAST SYBR (Bioline), targeting defence-related tran-
scripts AOS, CYP81F4, and MYB28 (Table S1). We selected 
AOS as a marker for JA biosynthesis, CYP81F4 as a marker 
for indole GSL biosynthesis, and MYB28 as a marker for 
aliphatic GSL biosynthesis. The latter two genes were previ-
ously found to be among the most strongly affected genes in 
the primary root response to D. radicum (Karssemeijer et al., 
unpublished results). Optimal reference genes were selected 
based on GeNorm analysis, in which a random subset of 
16 root or leaf samples were tested for six reference genes 
(Vandesompele et al. 2002). For root tissue, Act-2 and PER4 
were used as reference genes, and for leaf tissue Act-2 and 
SAR1a were used. Three mixes of samples were included on 
each qPCR plate as interrun calibrators. Relative expression 
was calculated in qBase + (Biogazelle, Belgium), taking into 
account primer efficiency and interrun calibration.

Statistics

Data was analysed using R version 3.6.3 (R Core Development 
Team 2017) with packages lme4 (Bates et al. 2015), emmeans 
(Lenth et  al. 2018), lmtest (Zeileis and Hothorn 2002), 
RVAideMemoire (Hervé 2020), and multcomp (Hothorn et al. 
2008). Depending on the type of data (i.e. counts or continu-
ous values) and normality, (generalized) linear (mixed) mod-
els ((G)L(M)Ms) were used for data analysis with normal, 
gamma, poisson, negative binomial or binomial distributions. 
We selected the best model that included all factors of interest 
based on Akaike information criteria (AIC) values.

In the analysis of D. radicum emergence (GLMM with 
binomial distribution), tibia length (LMM) and development 
time (GLMM with Poisson distribution), each fly was con-
sidered a replicate and plant ID was included as a random 
factor to avoid pseudoreplication. For oviposition choice 
(GLMM with binomial distribution), experimental round 
and cage ID were included as random factors. To deter-
mine whether treatments significantly affected D. radicum 
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oviposition choice, we tested whether the fraction of eggs 
laid on control versus infested plants differed between cages 
with and without an infested plant. For the sake of this analy-
sis, one of the two uninfested control plants in each control 
cage received the arbitrary label “infested”. For the number 
of eggs per cage (GLMM with negative binomial distribu-
tion), experimental round was included as a random factor. 

Relative gene expression was analysed using GLM with a 
gamma distribution or LM depending on normality.

For each model, we performed pairwise comparisons 
with two methods. First, we compared each leaf herbivore 
treatment to the control treatment. Secondly, we ran a pair-
wise comparison between control, generalist leaf herbivores 
and specialist leaf herbivores using the user.cont() function.

Fig. 2   a Exemplary photographs of leaf damage by six species of 
leaf-chewing herbivores after 5  days of feeding on Brussels sprouts 
plants (Brassica oleracea). b Delia radicum adult emergence; c Delia 
radicum adult tibia length; d Delia radicum development time from 
egg until adult when feeding on plants previously subjected to leaf 
herbivory by one of six different leaf-chewing herbivore species. e 
Shoot dry weight at the end of the experiment. Leaf herbivores were 
placed on plants 2 days prior to D. radicum infestation and removed 
after they fed for 5 days. Magenta colours indicate generalist herbi-

vores, whereas blue colours indicate specialist leaf herbivores of 
Brassicaceae. Stars (P < 0.05) and dots (P < 0.10) indicate differ-
ences between individual treatments and control, corrected for multi-
ple testing using the false discovery rate method. Results of pairwise 
comparisons between herbivore specialization groups are indicated 
with letters; groups having no letters in common differ significantly 
(P < 0.05). Bars represent mean and error bars represent the standard 
error of the mean. Number of replicates are indicated in the bars. Leaf 
pictures by Laura Winzen, and larvae pictures by Peter Karssemeijer
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Results

Leaf herbivory affects D. radicum emergence

We assessed D. radicum adult emergence as a proxy for 
survival on plants induced by different leaf-chewing her-
bivores (Fig. 2b). While the effect of individual treat-
ments on the emergence of D. radicum was weak (GLMM; 
χ2 = 10.54, P = 0.10), comparison of the different herbi-
vore treatments to the control treatment revealed that feed-
ing by M. brassicae reduced D. radicum emergence, and 
there was a trend that P. brassicae (Z = 2.36, P = 0.055), 
P. cochleariae (Z = 2.17, P = 0.055), and P. xylostella 
(Z = 2.09, P = 0.055) slightly reduced root fly emergence. 
Pairwise comparisons of herbivores grouped by their 
dietary breadth showed that both generalist and specialist 
leaf-chewing herbivores negatively affected D. radicum 
emergence compared to the control treatment. Hind tibia 
length of emerged flies was not affected by leaf herbivore 
treatments (Fig. 2c, LMM; χ2 = 14.18, P = 0.028). Males 
had longer hind tibia than females (LMM; χ2 = 315.58, 
P < 0.001). Development time of cabbage root flies was 
not affected by leaf herbivores (Fig. 2d, GLMM; χ2 = 2.57, 
P = 0.86). Males emerged earlier than females (GLMM; 
χ2 = 5.04, P = 0.025). Shoot dry weight of the plants on 
which flies developed was not affected by leaf herbivory 
(Fig. 2e, LMM; χ2 = 7.97, P = 0.24).

Female D. radicum flies prefer to lay eggs on plants 
damaged by leaf herbivores

We studied the effects of leaf herbivory on oviposition pref-
erence of D. radicum using two-choice assays. Female D. 
radicum flies strongly preferred to lay eggs at the base of 
plants infested by leaf herbivores, both specialists and gen-
eralists (Fig. 3a, GLMM; χ2 = 19.09, P = 0.0040). There was 
an effect of leaf herbivore treatments on D. radicum oviposi-
tion, and indeed, except for M. brassicae, feeding by each of 
the leaf herbivore species led to more D. radicum eggs com-
pared to the control. The effect was less strong for M. bras-
sicae (Z = 1.77, P = 0.077), which may be due to a smaller 
sample size for this treatment. We also analysed the sum of 
eggs per cage (control and induced plants combined) and 
found that many more eggs were laid in cages that contained 
a plant infested with leaf herbivores compared to control 
cages (Fig. 3b, GLMM; χ2 = 43.52, P < 0.001).

Effects of leaf herbivores on the expression of plant 
defence genes in systemic leaves and in roots 
in the absence of D. radicum

In systemic leaves, transcript levels of AOS, CYP81F4 and 
MYB28 were affected by leaf herbivory at 0 hpi (Fig. 4a–c, 
AOS: GLM; χ2 = 59.53, P < 0.001, CYP81F4: GLM; 
χ2 = 32.65, P < 0.001, MYB28: GLM; χ2 = 53.56, P < 0.001). 
All species of leaf herbivores induced expression of AOS, 

Fig. 3   a Delia radicum oviposition choice when choosing between 
a plant previously subjected to leaf herbivory by six different leaf-
chewing herbivore species or an uninfested control plant and b the 
average total number of eggs per cage. Leaf herbivores were placed 
on plants 2 days prior to the start of the two-choice assay. Five D. 
radicum females were released in each cage and taken out 24 h later. 
Magenta colours indicate generalist herbivores, whereas blue colours 
indicate specialist leaf herbivores of Brassicaceae. Stars (P < 0.05) 

and dots (P < 0.10) indicate differences between individual treatments 
and control, corrected for multiple testing using the false discovery 
rate method. Results of pairwise comparisons between herbivore spe-
cialization groups are indicated with letters; groups having no letters 
in common differ significantly (P < 0.05). Bars represent mean and 
error bars represent the standard error of the mean. Number of repli-
cates are indicated in the bars
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leading to a 4- to 8.5-fold increase. Generalists had a 
stronger effect on AOS transcript levels than specialists. On 
the other hand, specialist herbivores caused stronger induc-
tion of CYP81F4 compared to generalist herbivores. Expres-
sion of CYP81F4 was induced by M. brassicae, P. brassicae, 

Fig. 4   Defence gene expression in systemic leaves (left panel, a–c) 
and primary roots (right panel, d–f) of Brassica oleracea plants 
infested with six species of leaf-chewing herbivores either alone 
or in combination with the root herbivore Delia radicum. Systemic 
leaves were one leaf higher than the leaf infested with leaf herbivores. 
Leaf herbivores were placed on plants 2 days prior to D. radicum 
infestation. Magenta colours indicate generalist herbivores, whereas 
blue colours indicate specialists of the Brassicaceae family. Stars 
(P < 0.05) and dots (P < 0.1) indicate differences between individual 

treatments and control plants (0 hpi) or plants only infested with D. 
radicum (24 hpi), corrected for multiple testing using the false dis-
covery rate method. Note that symbols above uninfested control 
plants at 24 hpi indicate a difference compared to D. radicum-infested 
plants. Results of pairwise comparisons between herbivore speciali-
zation groups are indicated with letters; groups having no letters in 
common differ significantly (P < 0.05). Hpi: hours post-infestation by 
D. radicum. Bars represent mean and error bars represent the stand-
ard error of the mean. N = 4 replicates each consisting of three plants

P. cochleariae, and P. xylostella, but not by A. gamma and A. 
rosae. Transcript levels of MYB28 were higher in systemic 
leaves of plants induced by specialists compared to general-
ists. When analysing at the species level, this effect is mainly 
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caused by a strong induction of the gene by P. xylostella 
and a slight downregulation by M. brassicae compared to 
uninfested control plants.

In primary roots at 0 hpi, expression of all three genes 
(AOS, CYP81F4 and MYB28) was affected by leaf herbivory 
(Fig.  4d–f, AOS: LM; χ2 = 24.96, P < 0.001, CYP81F4: 
LM; χ2 = 18.74, P = 0.0046, MYB28: GLM; χ2 = 71.40, 
P < 0.001). Both generalist and specialist herbivores upreg-
ulated the expression of AOS as well as CYP81F4. Except 
for P. xylostella, each of the leaf herbivore species upregu-
lated AOS expression relative to control. CYP81F4 mRNA 
levels were induced in the roots by all six leaf herbivore 
species. Expression of MYB28 in the primary roots at 0 hpi 
was induced by specialists but suppressed by generalist her-
bivores, compared to control roots. At the species level, the 
generalist chewers A. gamma and M. brassicae downregu-
lated MYB28 expression, whereas specialists P. brassicae, 
P. cochleariae and P. xylostella caused upregulation of this 
gene.

Effects of leaf herbivores on plant defence genes 
after infestation with D. radicum

The three measured defence-related genes were affected by 
herbvore treatments in systemic leaves at 24 hpi (Fig. 4a–c, 
AOS: LM; χ2 = 18.27, P = 0.011, CYP81F4: LM; χ2 = 27.29, 
P < 0.001, MYB28: GLM; χ2 = 56.42, P < 0.001). Expression 
of AOS was induced by D. radicum infestation of the pri-
mary roots, and this effect was not altered when plants were 
infested with D. radicum in combination with generalist 
or specialist leaf herbivores. Expression of CYP81F4 was 
induced by root herbivory. Specialist herbivores in combina-
tion with D. radicum led to a lower expression of CYP81F4 
compared to plants infested only with D. radicum. Further, 
we measured lower CYP81F4 expression levels in systemic 
leaves induced by P. cochleariae and P. xylostella in com-
bination with D. radicum compared to plants infested with 
D. radicum alone. Delia radicum reduced the expression 
of MYB28 in systemic leaves. Plants co-infested with M. 
brassicae and D. radicum had higher expression levels of 
MYB28 compared to systemic leaves of plants infested with 
D. radicum alone.

In primary roots, 24 h after D. radicum infestation, a 
clear effect of herbivore treatment was measured for all 
three genes (Fig. 4d–f, AOS: GLM; χ2 = 60.33, P < 0.001, 
CYP81F4: LM; χ2 = 39.12, P < 0.001, MYB28: GLM; 
χ2 = 25.40, P < 0.001). Primary root expression of AOS at 24 
hpi was induced sixfold by D. radicum compared to control, 
but did not differ between plants infested with D. radicum 
alone or in combination with leaf herbivores. Expression 
of CYP81F4 was strongly induced by 24 h of feeding by 
D. radicum. Furthermore, both specialist and generalist 
leaf herbivores had a synergistic effect with root herbivore 

induction, leading to higher expression of CYP81F4 when 
compared to plants only infested with D. radicum. On the 
species level, higher levels of CYP81F4 were measured in 
primary roots of plants infested with both D. radicum and 
A. gamma, M. brassicae or P. xylostella compared to plants 
only infested with the root herbivore. Primary roots that were 
infested with D. radicum for 24 h contained lower levels of 
MYB28 mRNA compared to uninfested control. Expression 
of MYB28 was not different between plants infested with D. 
radicum alone or in combination with leaf herbivores.

Discussion

We studied plant-mediated effects of leaf herbivores on pref-
erence and performance of the root herbivore D. radicum 
in the context of two hypotheses in the field of insect–plant 
interactions, i.e. that oviposition preference is linked to 
higher larval performance and that generalists and specialists 
induce distinct plant responses. Both generalist and special-
ist leaf-chewing herbivores negatively affected D. radicum, 
in line with earlier findings that leaf chewers generally nega-
tively affect root chewers (Johnson et al. 2012). We discov-
ered that female D. radicum flies strongly preferred to lay 
eggs on plants exposed to leaf herbivory, even though larval 
performance was reduced on those plants.

Leaf‑chewing herbivores affect systemic plant 
defence and Delia radicum performance

Our results show that chewing folivores can affect D. radi-
cum performance. While both specialist and generalist her-
bivores negatively affected D. radicum emergence when 
analysed as a group, these effects were only marginally sta-
tistically significant when analysing the effects of the indi-
vidual species of inducing herbivores, showing that effects 
were relatively weak. Previously, negative plant-mediated 
effects of P. brassicae and P. xylostella on cabbage root fly 
emergence have been reported (Karssemeijer et al. 2020; 
Soler et al. 2007). Shoot dry weight was not affected by the 
leaf herbivores, suggesting that lower performance was not 
caused by reduced plant growth but rather by differences 
in induced plant defence. We found that leaf herbivores 
induced JA biosynthesis marker gene AOS in both systemic 
leaves and primary roots. Treatment with JA can be suffi-
cient to reduce D. radicum performance, although contrast-
ing results have been reported (Pierre et al. 2012). Induction 
of JA biosynthesis was also found in the primary roots of 
plants induced by A. gamma, while performance was not 
affected by this treatment. In primary roots, leaf herbivores 
caused an increase in expression of indole GSL biosynthesis 
gene CYP81F4, which was strengthened further 24 h after 
D. radicum started feeding. Transcription related to aliphatic 
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GSL biosynthesis was found to be both up- and downregu-
lated depending on the species of leaf-chewing inducer prior 
to onset of root herbivory. Aliphatic GSLs are suggested 
to be more effective against insect herbivores than indole 
GSLs due to differences in hydrolysis products (Jeschke 
et al. 2016). Delia radicum performs better on transgenic 
cabbage plants in which aliphatic GSL biosynthesis has been 
knocked down compared to wild-type plants (Karssemeijer 
et al., unpublished results), making this a potential mecha-
nism for slightly reduced performance on plants induced 
by P. brassicae, P. cochleariae, and P. xylostella, in which 
MYB28 expression was upregulated. However, after D. radi-
cum started feeding, this upregulation was reversed, and all 
plants showed a decrease in MYB28 transcription similar to 
roots only treated with D. radicum. Root herbivore-induced 
expression of indole GSL biosynthesis gene CYP81F4 was 
synergistically increased by several leaf herbivores. The 
toxicity of indole GSLs to D. radicum larvae has not been 
studied, however, most likely it is low. In addition to the 
three genes we measured, other plant defence mechanisms 
may have been altered by leaf herbivores, such as myrosi-
nase activity, mechanical resistance of the roots, or other 
defensive chemical compounds.

Our results show no clear evidence of distinct differ-
ences between generalist and specialist leaf herbivores in 
the induction of systemic plant defence or plant-mediated 
interaction with D. radicum. In terms of D. radicum prefer-
ence and performance, effects of leaf herbivores were uni-
directional, and differences appeared between individual 
species. For instance, M. brassicae and A. gamma, the two 
generalist species we used and also the closest genetic rela-
tives in our study, caused the strongest and weakest effect on 
D. radicum emergence, respectively. Similar species-specific 
rather than specialization-driven plant-mediated interactions 
were reported between four species of leaf herbivores in wild 
radish (Agrawal 2000).

In terms of plant defence induction, generalist and spe-
cialist herbivores may induce distinct defence responses (Ali 
and Agrawal 2012; Rowen and Kaplan 2016). In systemic 
leaf gene expression, we indeed observe stronger induc-
tion of AOS by generalist herbivores compared to special-
ists, and the reverse for CYP81F4. On the other hand, our 
gene expression analyses point much more towards species-
specific responses; for instance, in systemic leaves, MYB28 
expression was strongly induced only by P. xylostella, and 
CYP81F4 expression was induced by all herbivore species 
except for A. rosae and A. gamma. This corresponds with 
earlier studies that failed to find distinct patterns of induction 
by generalists and specialists (Ali and Agrawal 2012; Bidart-
Bouzat and Kliebenstein 2011; Reymond et al. 2004). For 
instance, microarray analysis of the Arabidopsis thaliana 
response to four chewing herbivores, two generalists and two 
specialists, revealed no effect of specialization, whereas the 

specialists P. rapae and P. xylostella elicited a very different 
response (Bidart-Bouzat and Kliebenstein 2011). Upon feed-
ing, chewing herbivores release saliva and regurgitant that 
may include effector proteins to interact with plant defence 
(Acevedo et al. 2015), which could potentially explain spe-
cies-specific responses. Further, some differences in effects 
of generalist versus specialist herbivores may be caused by 
the leaf age preferred for feeding. For instance, the special-
ist P. xylostella prefers to feed on the youngest developing 
leaves, whereas the generalist M. brassicae is found more 
often on older leaves. We excluded this effect from our study 
by constraining each herbivore to a single leaf, which may 
have masked differences between generalists and specialists.

Leaf herbivory affects oviposition of Delia radicum

Female D. radicum flies strongly preferred to lay eggs on 
plants induced by leaf herbivores. The oviposition behav-
iour of D. radicum has been recorded in much detail 
(Schoonhoven et al. 2005; Zohren 1968). Delia radicum 
aggregates in the field (Mukerji and Harcourt 1970), and 
oviposition is stimulated on plants damaged by conspecif-
ics, even when stems were cut and shoots were removed 
prior to testing (Baur et al. 1996). Plants infested with 
Brevicoryne brassicae or Myzus persicae aphids received 
fewer eggs by D. radicum females, possibly due to physi-
cal contact between searching flies and aphids (Finch and 
Jones 1989), as the opposite effect was observed when B. 
brassicae aphids were removed prior to the test (Finch and 
Jones 1987), although induction of plant defence by the 
aphids may also play a role. Delia radicum females were 
deterred from plants with P. xylostella eggs, but attracted 
to plants on which second or third instar larvae were feed-
ing, in line with our findings (Finch and Jones 1987). 
Finally, spraying plants with extracts of frass of Everges-
tis forficalis caterpillars works as an oviposition deterrent 
for cabbage root flies (Jones et al. 1988). Specialist insect 
herbivores of Brassicaceae often use GSLs as oviposition 
stimulants (Textor and Gershenzon 2009). Indeed, indole 
as well as aliphatic GSLs are oviposition stimulants for D. 
radicum upon contact (Roessingh et al. 1992), and isothio-
cyanates that are produced upon aliphathic GSL hydrolysis 
are volatile attractants for gravid females (Hawkes and 
Coaker 1979). We found upregulation of GSL biosynthe-
sis gene expression upon leaf herbivory by most species, 
and it is expected that constitutive GSLs stored in leaves 
are converted to isothiocyanates upon leaf damage (Textor 
and Gershenzon 2009). However, GSLs do not trigger the 
entire response; several compounds classified as cabbage 
identification factors (CIFs) induce a much stronger ovi-
position response than GSLs (de Jong et al. 2000; Roess-
ingh et al. 1997). To the best of our knowledge, whether 
concentrations of CIFs differ upon herbivory has not 
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been studied yet. In natural settings, there are many ways 
a plant can be mechanically damaged, such as by wind, 
heavy rain, or a rodent brushing past. Therefore, finding a 
completely undamaged plant like the control plants in our 
experiments is unrealistic in natural settings. Female D. 
radicum may not be adapted to recognize such plants as 
potential hosts, especially when stronger-smelling dam-
aged plants are nearby.

Our finding that plants damaged by chewing folivores 
are more attractive for oviposition by D. radicum despite 
lower larval performance challenges the preference–per-
formance hypothesis when plant-mediated interactions 
are considered (Jaenike 1978; Johnson et al. 2006). While 
many studies have supported this hypothesis (Gripenberg 
et al. 2010), there are exceptions. Menacer et al. (2021) 
recently found support for the preference–performance 
hypothesis in D. radicum when comparing between cul-
tivars of B. rapa, but not between cultivars of S. alba. 
Furthermore, Otiorhynchus sulcatus vine weevils laid 
more eggs on raspberry plants previously damaged by 
conspecific larvae and on raspberry plants with lower root 
mass, even though both these factors negatively impacted 
larval mass (Clark et al. 2011). Our experiment investi-
gated plant–herbivore interactions without the inclusion 
of natural enemies. Trybliographa rapae Westwood para-
sitoid wasps foraging for D. radicum larvae use volatile 
cues to locate hosts (Neveu et al. 2002). The presence of 
other herbivores may change the volatile blend, thereby 
reducing parasitism (Pierre et al. 2011; Rasmann and Turl-
ings 2007). Indeed, leaf herbivory by P. brassicae leads to 
lower parasitism of D. radicum in the roots in both labo-
ratory and field conditions (Pierre et al. 2011). Through 
lower parasitism, choosing for leaf-induced plants may 
yet be a beneficial strategy for D. radicum survival. To 
complement our greenhouse studies, preference and per-
formance of D. radicum in the context of leaf herbivory 
should be studied in the field before firm conclusions can 
be made.

Conclusion

Plants in natural or agricultural settings are often attacked 
by both above- and belowground insect herbivores, linking 
the two communities. Our results show that leaf herbivores 
strongly affect the oviposition preference of D. radicum 
females, while slightly decreasing larval performance. Leaf 
herbivores induced defence-related gene expression in both 
systemic leaf and root tissue, which was largely overrid-
den after the induction of the root herbivore. Our findings 
highlight that through plant-mediated interactions, leaf her-
bivores can affect the oviposition choice of root herbivores, 

with potential consequences for insect community dynamics 
in the field. This presents a novel link between above- and 
belowground insect herbivore communities through changes 
in oviposition behaviour.
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