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Abstract
The diamondback moth (DBM), Plutella xylostella, is an oligophagous pest of cruciferous crops worldwide. Host plants of 
the DBM possess epicuticular wax, but thick wax is unfavorable to the selection of oviposition sites for female DBMs. How 
the DBM responds to host plant wax regarding oviposition site selection is largely unknown. The glucosinolates and wax 
levels in the cotyledons and true leaves of Chinese kale are different, which makes this plant an ideal host for exploring the 
oviposition behavior of the DBM. We found that although the true leaves contained more glucosinolates and waxy powder 
than cotyledons of healthy Chinese kale, DBM females preferred to lay eggs on the cotyledons over true leaves. However, 
the number of eggs laid on true leaves increased significantly when the waxy powder was artificially removed. Furthermore, 
the hatched larvae greatly preferred to feed and performed better on true leaves. In light of the current results, we propose 
that DBM females are hindered from laying eggs on the true leaves of Chinese kale by the outer layer of leaf wax powder. 
However, DBM females and larvae can adapt to the waxy host plant through adaptations: i.e., DBM females first lay eggs 
on the cotyledons where less wax exists, the hatched larvae then crawl to and spin silk nets on true leaves; the silk nets help 
subsequent DBM females overcome the obstacle of the wax and oviposit successfully on true leaves. These findings highlight 
new insights into plant–insect interactions.
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Key messages

•	 Few studies documented the relationship between DBM 
larval silking and female oviposition.

•	 We evaluated how DBM successfully overcomes the 
influence of host plant wax on oviposition.

•	 DBM first lay eggs on cotyledons with less wax and the 
hatched larvae spin silk on true leaves.

•	 The silk helps subsequent DBM oviposition on Chinese 
kale true leaves.

•	 These findings provide new insights into plant–insect 
interactions.

Introduction

The diamondback moth (DBM), Plutella xylostella, is a seri-
ous pest of cruciferous crops worldwide, causing an esti-
mated economic loss of US $4–5 billion per year (Furlong 
et al. 2013; Li et al. 2016). Suitable oviposition sites on 
host plants are very important for the growth of herbivorous 
insect populations. The oviposition site selection of DBMs 
can be divided into three processes: long-distance locating, 
short-distance searching, and screening after landing. Dur-
ing long-distance localization, the volatiles emanating from 
host plants can attract DBM females (Pivnick et al. 1990; 
Reddy et al. 2004; Ibrahim et al. 2005; Uefune et al. 2017). 
Olfactory stimulation plays a major role in short-distance 
searching (Couty et al. 2006), and gustatory and tactile 
stimuli play a critical role after landing (Justus and Mitch-
ell 1996). However, in order to successfully oviposit, the 
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DBM also requires the recognition of glucosinolates which 
stimulate oviposition on host plants (Silva and Furlong 2012; 
Badenes-Pérez et al. 2014, 2020). Experiments using Arabi-
dopsis thaliana mutants with different glucosinolate content 
and experiments with plant sulfir fertilization have shown 
that increasing in plant glucosinolate content can be associ-
ated with oviposition preference by DBM females (Badenes-
Pérez et al. 2010, 2013).

The oviposition preference of the DBM is related not only 
to the glucosinolate content (Renwick et al. 2006; Sarosh 
et al. 2010), but also to the wax and trichome density on 
host plants (Spencer et al. 1999; Silva et al. 2017). In addi-
tion, whether host plants have been damaged by phytopha-
gous insects will also affect the oviposition of female adults. 
DBM females prefer to lay eggs on cabbage plants dam-
aged by conspecific larvae instead of undamaged cabbage 
plants (Shiojiri and Takabayashi 2003; Silva and Furlong 
2012). However, Silva and Furlong (2012) found that DBM 
females oviposit significantly more frequently on healthy 
Chinese cabbage Brassica rapa plants than on conspecific 
larvae-damaged Chinese cabbage plants. Ang et al. (2016) 
further reported that DBM females display stronger oviposi-
tion preference for conspecific larvae-infested common cab-
bage Brassica oleracea plants than healthy common cabbage 
plants, but the opposite is true on Chinese cabbage plants. 
These studies indicate that oviposition by DBM females 
might be variable and dependent on the host plant species 
and whether it has experienced herbivory.

The silk of lepidopterous larvae can help the larvae to 
move between and within plants (Strong et al. 1984; Roden 
1993) and protect the larvae and pupae from natural enemy 
attack (Dias et al. 2012, 2014). Mechanitis isthmai butter-
fly larvae can spin and form a network of silk scaffolding 
under the surface of leaves to help them avoid trichomes on 
spiny host plants (Rathcke and Poole 1975). DBM larvae 
can escape quickly by spinning and can form cocoons dur-
ing pupation (Harcourt 1957; Talekar and Shelton 1993). 
However, it is still not clear whether the silk of lepidopterous 
larvae facilitate female adult oviposition.

During a preliminary investigation, we found that most 
DBM eggs were laid on the cotyledons of healthy Chi-
nese kale plants instead of the true leaves. However, after 
Chinese kale plants were damaged by DBM larvae, more 
DBM eggs were laid on the true leaves. To explore the 
internal mechanism of this ecological phenomenon, the 
present study was designed to investigate the oviposition 
preference, larval preference, and development time of 
DBM on Chinese kale leaves of different types, includ-
ing cotyledons, true leaves, leaves previously infested by 
conspecific larvae, leaves crawled on, with and without 
silk, and with and without waxes. In addition, the leaf 
surface structure and the concentration of glucosinolates 
in cotyledons and true leaves of Chinese kale were also 

investigated. This is the first report showing that lepi-
dopterous larvae can help adult females lay eggs on thick 
waxy leaves by spinning silk, which provides new insights 
into plant–insect interactions.

Materials and methods

Plants and insects

Seeds of Chinese kale (Brassica oleracea var. alboglabra 
Bailey cv. Zhonghuajianye) were purchased from the Yan-
gling Nongcheng Seed Supplement Company (Yangling, 
Shaanxi, China) and sown in plastic pots (10 cm diameter) 
with a soil mixture (peat moss:perlite:vermiculite = 3:1:1). 
The pots were maintained at 25 ± 1 °C and 60 ± 5% RH, 
with a photoperiod of 16 L:8 D in climatic growth cham-
bers (RXZ-600C, Ningbo Jiangnan, China). Chinese kale 
plants of 3, 4, and 5–6-weeks-old were used in different 
experiments. When the plants grew for 4 weeks, they had 
two cotyledons and two expanded true leaves. The cotyle-
dons of Chinese kale plants had completely fallen off after 
5–6 weeks of growth.

In 2017, twenty DBM larvae were collected from a cab-
bage field in Yangling, Shaanxi, China. The larvae were 
reared on Chinese kale for at least 5 generations in a climate 
room at 25 ± 2 °C, 60 ± 5% RH and a photoperiod of 16 L:8 
D. Pupae of DBM were collected from Chinese kale, and 
newly emerged adults were used for the experiments. To 
obtain larvae of the same age, 10 pairs of newly emerged 
DBM adults were selected and released into a nylon cage 
(20 × 20 × 30 cm) with a Chinese kale plant. After 12 h, the 
eggs on the plant were collected and then placed in a Petri 
dish (10 cm diameter). After 2–3 days, the newly hatched 
larvae were used for the experiments.

Ovipositional preference of DBM

Ovipositional preference of DBM for true leaves 
and cotyledons

One four-week-old Chinese kale seedling was placed in a 
nylon cage (20 × 20 × 30 cm), and 3 pairs of 2-day-old DBM 
adults were released into the cage. The cage was maintained 
in the same climate room. After 24 h, the eggs laid on true 
leaves and cotyledons were counted. The leaf areas were 
measured by a portable leaf area meter (Li 3000C United 
States). The egg density was calculated by the following 
formula: egg density = number of eggs on leaf/leaf area. The 
experiment was replicated 7 times, i.e., one plant represented 
one replication.
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Ovipositional preference of DBM for larvae‑infested 
Chinese kale

Four 4th instar larvae were put on a 4-week-old Chinese kale 
for 24 h of feeding, and the larvae were then removed. The 
oviposition preference of DBM females to the infested ver-
sus healthy plants was investigated as described in “Ovipo-
sitional preference of DBM for true leaves and cotyledons” 
section. The experiment was replicated 8 times.

Feeding preference and developmental time of DBM 
larvae

Feeding preference of DBM larvae for true leaves 
and cotyledons

Three-week-old Chinese kale seedlings with similar leaf 
areas of true leaves and cotyledons were used in the experi-
ments. A piece of filter paper was placed at the bottom of 
each plant when the experiments were executed. Five 1st- or 
3rd- instar larvae were placed on filter paper near the stem of 
Chinese kale, and they were allowed to crawl and feed freely. 
After 24 h, the number of larvae on the true leaves and coty-
ledons was counted. A total of 10–13 plants (one plant rep-
resented a replication) were used in the experiments.

Developmental times of DBM larvae fed on cotyledons 
and true leaves

Four-week-old cotyledons of Chinese kale were removed 
the day before the experiment. One newly hatched larva was 
introduced on the true leaf to feed freely, and the petiole 
of this leaf was wrapped in a piece of absorbent cotton to 
prevent the larva from escaping. The development time and 
pupal weight were measured. Similarly, these parameters of 
DBM larvae feeding on cotyledons were recorded on plants 
whose true leaves were removed the day before the experi-
ment. A total of 38–44 plants (one plant represented one 
replication) were used in the experiments.

Glucosinolate extraction

Two 4th instar larvae of DBM were placed on the second 
true leaf of four-week-old Chinese kale plants to feed for 
24 h, and the larvae were then removed. The second true 
leaves of healthy plants were used as a control. The con-
centration of glucosinolates in cotyledons and true leaves 
of healthy plants and larvae-infested leaves was assayed 
according to Cao et al. (2016). Briefly, 200 mg of leaf 
was placed in a 50 mL centrifuge tube, kept in a 100 °C 
water bath for 3 min, quickly plugged on ice and ground 
in a mortar and pestle with 2 mL of Milli-Q water after 
cooling. The mixture was centrifuged at 12,000g, at 4 °C 

for 15 min, and the supernatant was then collected and 
filtered through 0.22 µm syringe filters. Glucosinolates 
were analyzed using an LTQ XL linear ion trap mass spec-
trometer (Thermo Fisher Scientific, Waltham, MA, USA) 
according to Rochfort et al. (2008). The relative amounts 
of glucosinolates were calculated in terms of a standard 
curve that was made by 2-propenyl glucosinolate (sinigrin) 
(Cao et al. 2016). The results were given as nmol/g fresh 
weight calculated from the peak areas at 229 nm relative 
to the peak area of the standard using a relative response 
factor described according to Brown et al. (2003). The 
experiment was replicated 10 times.

Observation of leaf surface structure

Epicuticular wax of leaves in Chinese kale

The epicuticular wax on the adaxial leaf surface was 
observed by a scanning electron microscope (FEI, Nova 
Nano SEM-450, Hillsboro, OR, USA). One fresh true leaf 
and cotyledon of a four-week-old Chinese kale plant were 
cut from their petioles, rinsed gently, and then put in an 
oven at 30 °C for 48 h. A total of three plants (i.e., three 
replications) were used in the experiments. Thereafter, 
each leaf was cut into 5 × 10 mm rectangle pieces without 
cutting the veins. The leaf samples (two rectangle pieces 
of each leaf) were mounted on specimen stubs and coated 
with superfine gold particles using 90-s bursts from a sput-
ter coater (Hitachi E-1045, Tokyo, Japan). After coating, 
the leaf samples were photographed with a Nova Nano 
SEM-450 operated at 5 kV.

Two 4th instar DBM larvae were allowed to feed on 
a Chinese kale leaf for 24 h, and the larvae were then 
removed. The infested leaves and the preinfested leaves 
with eggs deposited (from the experiment described in 
“Ovipositional preference of DBM for larvae-infested 
Chinese kale” section) were detached from the plants (a 
total of 8 plants, i.e., 8 replications) and photographed as 
described above.

Morphological characteristics of leaves infested by larvae 
and chosen for oviposition

The morphological characteristics of leaves infested by 
DBM larvae and selected by females for oviposition were 
observed using an SDPTOP-SZN71 microscope system 
(Sunny, Hangzhou, Zhejiang, China). Digital images were 
acquired using a Panasonic DMC-GH4 digital camera 
(Panasonic, Osaka, Japan). Each treatment was replicated 
10 times.
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Effect of silk and wax on ovipositional behavior 
of DBM females

Oviposition selectivity of DBM females on leaves 
with and without waxy powder

The waxy powder on one side of the main vein of a leaf of 
4-week-old Chinese kale was carefully removed according 
to the Silva et al. (2017) method using wet absorbent cotton 
with chloroform. All the expanded true leaves were treated 
in the same way. The ovipositional selectivity of DBM 
females on the treated plants was investigated as described 
in “Ovipositional preference of DBM for true leaves and 
cotyledons” section. The experiment was replicated 8 times.

Oviposition selectivity of DBM females to the leaves 
of different treatments

Fully expanded leaves were detached from 5 to 6-week-old 
Chinese kale, and the petioles were each dipped into water 
in a 2 mL centrifuge tube. Leaves with similar leaf areas 
were selected for each treatment. The leaves were assigned 
one of the following four treatments: (1) a healthy leaf (HL); 
(2) a leaf infested by DBM larvae (LID), where two 4th 
instar larvae were placed on the leaf to feed for 24 h and 
were removed after feeding; (3) a leaf crawled on by DBM 
larvae (LCD), where four 4th instar larvae were kept on the 
leaf to crawl for 1 h, during which the larvae were con-
tinuously touched with a dissecting needle to prevent them 
from feeding on the leaf; and (4) a leaf with silk removal 
(LSR). The silk of the leaf infested by DBM larvae was 
carefully removed with a dissecting needle under a dissect-
ing microscope. Six groups of detached leaves were tested: 
(a) HL versus LID; (b) HL versus LCD; (c) HL versus LSR; 
(d) LID versus LCD; (e) LSR versus LCD; (f) LSR versus 
LID. All groups were separately maintained in nylon cages 
(20 × 20 × 30 cm), and 3 pairs of DBM adults were then 
introduced to the cage. The cages were maintained in the 
same climate room. After 24 h, the eggs laid on each leaf 
were counted separately. Each experiment was replicated 
25–31 times.

Data analysis

The oviposition preference of DBM females, the develop-
mental duration of DBM larvae, pupal weight, and glucosi-
nolate content were compared using a t-test at P = 0.05. The 
feeding preference of DBM larvae between true leaves and 
cotyledons was compared with a Chi square test. The effects 
of waxy powder and leaf silk on the ovipositional preference 
of DBM females were analyzed by Wilcoxon matched-pair 

signed-rank tests for each pairwise treatment. The experi-
mental data were analyzed using the package IBM SPSS 
Statistics 22.0 (SPSS, Inc., Chicago, IL, USA).

Results

Ovipositional preference of DBM females

The number of DBM eggs laid on cotyledons was signifi-
cantly greater than that on true leaves (Fig. 1a; t = 5.463, 
P = 0.001). More eggs were found on DBM larvae-infested 
Chinese kale than on healthy Chinese kale (Fig.  1b; 
t = 3.582, P = 0.009). The number of eggs laid on DBM 
larvae-infested true leaves was 54.6 times higher than that 
on healthy true leaves (Fig. 1b; t = 6.781, P < 0.001).

Feeding preference and developmental time of DBM 
larvae

The 1st or 3rd instar DBM larvae markedly preferred feed-
ing on true leaves to cotyledons (Fig. 1c; 1st: χ2 = 13.000, 
df = 1, P < 0.001; 3rd: χ2 = 30.421, df = 1, P < 0.001). The 
developmental times of DBM larvae feeding on cotyledons 
were significantly longer than those of larvae feeding on 
true leaves (Fig. 1d; t = 9.446, P < 0.001). The pupal weight 
from the true leaves was notably greater than that from the 
cotyledons (Fig. 1e; t = 6.864, P < 0.001).

Glucosinolate analysis

Nine and five types of glucosinolates were detected 
in healthy true leaves and cotyledons, respectively 
(Fig. 2a). The levels of three glucosinolates, i.e., glucon-
apin (t = − 3.005, P = 0.015), glucobrassicin (t = − 7.955, 
P < 0.001) and neoglucobrassicin (t = − 3.191, P = 0.011), 
were significantly greater in true leaves than those in coty-
ledons, but the 4-hydroxyglucobrassicin content in cotyle-
dons was markedly greater than that in true leaves (t = 2.934, 
P = 0.014). The glucobrassicin (t = 11.197, P < 0.001) and 
neoglucobrassicin (t = 11.197, P < 0.001) concentrations 
were significantly greater in the DBM larvae-infested true 
leaves than in healthy true leaves. The content of total 
glucosinolates in healthy true leaves was significantly 
greater than that in healthy cotyledons (Fig. 2b; t = − 4.605, 
P < 0.001). However, the content of total glucosinolates 
between the healthy and DBM larvae-infested true leaves 
was not significantly different (t = − 1.118, P = 0.278).

Leaf surface structure of Chinese kale

The cotyledons were smooth and bright green, and no waxy 
powder was observed on the surface. In contrast, the true 
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leaves were light blue and covered with rod- and flake-
shaped waxy powder (Fig. 3A). Furthermore, there were 
substantial amounts of silk on the leaves infested by DBM 
larvae, and DBM eggs were laid on the silk (Fig. 4).

DBM larvae produced a silk “ladder” when crawling on 
the leaves and wove a “net” before feeding (video S1 and 
video S2). During the process of crawling and feeding, the 
larvae continued spinning (video S3). At the beginning of 
feeding, DBM larvae stood on the net and firmly grasped the 
net with their thoracic legs (video S4).

Effects of waxy powder and silk on the ovipositional 
preference of the DBM

After removing the wax, the hydrophilicity of the true leaves 
was significantly enhanced, and the egg density was greatly 

increased (video S5 and Fig. 3B). The number of eggs laid 
on dewaxed leaves was much greater than that on normal 
leaves (t = 6.525, P = 0.001). Furthermore, the density of 
DBM eggs was highest on the cotyledons and lowest on the 
normal true leaves (Fig. 3b; F = 32.763, P < 0.001).

Compared with the healthy leaves (HL), the amount of 
eggs laid on the leaves infested by DBM larvae (LID), the 
leaves crawled on by DBM larvae (LCD), and the leaves 
with silk removal (LSR) were significantly increased (Fig. 6; 
HL vs LID: Z = − 4.623, P < 0.001; HL vs LCD: Z = − 4.704, 
P < 0.001; HL vs LSR: Z = − 4.065, P < 0.001). No signifi-
cant difference in egg numbers was found between LID 
and LCD treatments (Fig. 6; LID vs LCD: Z = − 0.854, 
P = 0.443). The number of eggs laid in the LCD treatment 
(LCD vs LSR: Z = − 3.810, P < 0.001) and the LID treat-
ment (LID vs LSR: Z = − 4.362, P < 0.001) was substantially 

Fig. 1   Performance of Plutella xylostella adults and larvae on Chi-
nese kale. a Eggs of P. xylostella laid on Chinese kale. b Eggs of P. 
xylostella laid on conspecific preinfested Chinese kale. c Preference 
of P. xylostella larvae for true leaves and cotyledons. d Develop-
mental period of P. xylostella larvae on true leaves and cotyledons. e 

Pupal weight of P. xylostella from true leaves and cotyledons. *indi-
cates a significant difference at P < 0.05; **indicates a significant dif-
ference at P < 0.01; ***indicates a significant difference at P < 0.001. 
The mean amounts are presented with the standard error of the mean 
(± SE)
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greater than that in the LSR treatment (Fig. 6). In addition, 
the number of eggs laid by DBM females in places with silk 
distribution was much greater than that in places without 
silk distribution (Fig. 6; silk vs without silk: Z = − 4.861, 
P < 0.001).

Discussion

It is critical for female adult phytophagous insects to find 
a suitable plant oviposition site (Gripenberg et al. 2010). 
Glucosinolate concentration, waxy powder, and trichome 
density in host plants have been identified as the main host 
plant features for DBM oviposition (Sarosh et al. 2010; Silva 
et al. 2017; Badenes-Pérez et al. 2020). However, it was not 
clear how DBM females overcame the obstacles of the wax 
and successfully oviposited on waxy plants. Here, we dem-
onstrate adaptations of DBM females and larvae on the waxy 
host plant Chinese kale: i.e., DBM females first lay eggs on 
the cotyledons of Chinese kale with less wax, even though 
the cotyledons are not suitable for their larvae; afterwards, 
the hatched larvae may have changed the surface structure 
of the true leaves by crawling and spinning, which is condu-
cive to subsequent oviposition on the true leaves by DBM 
females. These results further suggest why DBM females 
prefer to lay eggs on host plants damaged by conspecific 
larvae.

Glucosinolates are the main secondary metabolites in cru-
ciferous plants and are also stimulating substances for ovipo-
sition by DBM females (Gupta and Thorsteinson 1960; Reed 
et al. 1989; Renwick and Radke 1990; Furlong et al. 2013). 
Badenes-Pérez et al. (2014, 2020) reported that the ovipo-
sitional preference of DBM females in cruciferous plants 
is positively correlated with the glucosinolate content of 
the plant species. However, in this study, we found that the 
content of glucosinolates in the true leaves of Chinese kale 
was significantly higher than that in the cotyledons (Fig. 2), 
whereas DBMs significantly preferred the cotyledons to 
the true leaves for oviposition (Fig. 1). Information on the 
relationship between the oviposition preference of DBM in 
different parts of a plant and the content of glucosinolates 
is rather limited. Apart from glucosinolates, plant surface 
wax also had a significant effect on the oviposition prefer-
ence of DBM. Spencer et al. (1996,1999) reported that the 
wax on the surface of plants acts synergistically with glu-
cosinolates to help DBM lay eggs. However, we found that 
the waxy powder in the true leaves of Chinese kale hindered 
DBM oviposition, and the number of eggs of DBM laid on 
the true leaves was significantly increased when the waxy 
powder was removed (Fig. 3). Similar to our results, several 
studies have shown that wax on the surface of plants hin-
ders DBM oviposition (Justus et al. 2000; Silva et al. 2017; 
Rahardjo and Tarno 2018; Rahman et al. 2019). Further-
more, DBM larvae performed better when fed on the true 

Fig. 2   Glucosinolate content. a Individual glucosinolate content in 
healthy and P. xylostella larvae-infested leaves of Chinese kale. b 
Total glucosinolate content in healthy and P. xylostella larvae-infested 
leaves of Chinese kale. *indicates a significant difference at P < 0.05; 
**indicates a significant difference at P < 0.01; ***indicates a sig-
nificant difference at P < 0.001; ns indicates no significant difference 

at P = 0.05. The mean amounts are presented with the standard error 
of the mean (± SE). Note: 2OH3B: Progoitrin; 2-Propenyl: Sinigrin; 
3-Butenyl: Gluconapin; 4OHI3M: 4-hyrdroxyglucobrassicin; Benzyl: 
Glucotropaeolin; I3M: Glucobrassicin; 1MOI3M: 4-methoxygluco-
brassicin; 2PE: Gluconasturtiin; 4MOI3M: Neoglucobrassicin
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leaves of Chinese kale (Fig. 1). These results are consistent 
with previous reports on rape (Brassica napus) seedlings in 
which true leaves were more suitable as food in the DBM 
larval stage than cotyledons (Uematsu 1996).

Gustatory stimuli without olfactory stimuli do not affect 
the oviposition behavior of female DBMs, and female moths 
do not lay eggs with or without olfactory stimulation if gus-
tatory stimuli are lacking (Justus and Mitchell 1996). In the 

current study, two-choice tests of DBM oviposition indicated 
that gustatory and tactile stimuli might play a decisive role in 
oviposition selection in DBM. Interestingly, DBM females 
have been shown to prefer laying most of their eggs on a 
centrifuge tube rather than on leaves, which suggests that 
even if DBM females are exposed to oviposition-stimulating 
substances on leaves, they will not lay eggs on the leaves. 
However, when the wax on leaves was removed, DBM 

Fig. 3   Leaf surface structure of 
Chinese kale and the oviposi-
tion preference of Plutella 
xylostella for a dewaxed 
leaf of Chinese kale. a Leaf 
surface structure of Chinese 
kale. (a) Abaxial surface of a 
cotyledon. (b) Enlarged view 
of the delineated box in (a). (c) 
Abaxial surface of a true leaf. 
(d) Enlarged view of the deline-
ated box in (c). b Oviposition 
preference of P. xylostella for a 
dewaxed leaf of Chinese kale. 
(a) Eggs of P. xylostella laid on 
the abaxial surface of Chinese 
kale. (b) The hydrophilicity of 
a Chinese kale leaf after the 
waxy powder is removed. (c) 
Eggs of P. xylostella laid on 
the adaxial surface of Chinese 
kale. (d) Eggs of P. xylostella 
laid on a leaf of Chinese kale. 
Different lowercase letters 
indicate significant differences 
at P < 0.05. The mean amounts 
are presented with the standard 
error of the mean (± SE)
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oviposition was significantly higher in Chinese kale leaves 
with wax removal than in those without wax removal. We 
speculate that wax removal might change the physical prop-
erties of the Chinese kale leaf surface, leaving it more attrac-
tive and vulnerable to DBM females. This further confirmed 
our conclusion that the waxy powder on leaves was the main 
factor that hindered DBM oviposition on the true leaves of 
Chinese kale.

Although some host plants utilize waxy powder to pre-
vent DBM from laying eggs, DBM females have evolved 
adaptations to resist this plant defense. DBM females first 

oviposited on the less waxy parts of plants, and the hatched 
larvae then produced a silk “ladder” and a silk “net” while 
crawling and feeding. These structures, formed on the sur-
face of the plant leaves, helped subsequent DBM females 
oviposit on thick waxy leaves (Fig. 5; video S1 and video 
S2). Therefore, the oviposition obstacle of DBM females 
was conquered by a larvae-made silk “ladder” and “net”. 
Moreover, the silk ladder helped the larvae crawl freely on 
the leaf surface, which was similar to findings from Roden 
(1993) regarding the gypsy moth. More interestingly, our 
results showed that when DBM larvae fed on host plants, 

Fig. 4   Silk spun by Plutella xylostella larvae and eggs of P. xylos-
tella laid on preinfested Chinese kale. a Silk “net” on leaf. b Enlarged 
view of the delineated box in (a). c Damaged parts by P. xylostella 

larvae. d Enlarged view of the delineated box in (c). e P. xylostella 
egg deposition site. f Enlarged view of the delineated box in (e)
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the silk gland also connected to the leaf by silk (video S3), 
which might explain why DBM larvae can escape quickly by 
silk when responding to danger (Harcourt 1957). Although 
DBM larvae possess ring toe hooks on their abdominal legs, 
their thoracic legs are very thin. Therefore, it is difficult for 
them to grasp smooth leaves directly, especially away from 
the edges of the leaves. DBM larvae wove a silk “net” before 
feeding and then held onto the “net” to feed (video S2 and 
video S4). With the expansion of the feeding site, the larvae 
crawled along the edge of the feeding site and then either 
returned to the “net” to rest or formed a new “net”. We 
speculate that spinning might be the main auxiliary tool for 
DBM larvae crawling and feeding on smooth leaves. Shiojiri 
et al. (2002) reported that DBM females prefer oviposit-
ing on Pieris rapae larvae-infested plants instead of healthy 
plants. The reason might be related to the silk that P. rapae 
larvae spin. In fact, we also observed that DBM laid more 
eggs on leaves damaged by P. rapae larvae than on healthy 
leaves (unpublished data).

It has been reported that DBM females prefer to lay 
eggs on cabbage plants damaged by conspecific larvae 
instead of undamaged plants (Shiojiri and Takabayashi 
2003; Silva and Furlong 2012; Ang et  al. 2016). Our 
results indicated that this was caused by the silk vom-
ited by DBM larvae when feeding on plants. However, 
Badenes-Pérez et al. (2013) documented that oviposition 
preference by DBM females is unaffected by feeding by 
conspecifics or Helicoverpa armigera larvae on the wild-
type and mutants of Arabidopsis thaliana. This could be a 
reason that there is no or very little wax powder on these 
plants. In the present study, most DBM eggs were laid on 
the silk spun by its larvae, but the amount of eggs was sig-
nificantly decreased when the silk on the damaged leaves 
was removed compared to the damaged leaves with silk. 
Furthermore, compared with the leaves that were only 
crawled on by the larvae, the amount of eggs was sig-
nificantly decreased when the silk was removed (Fig. 6). 
These results suggest that the larvae and females of DBM 

Fig. 5   Silk spun by Plutella xylostella larvae. a, b The larvae of P. 
xylostella grasping on the silk net to feed. c The silk net produced by 
P. xylostella larvae when crawling on the smooth blackboard. d, e, g 

The eggs laid by a P. xylostella female on the silk net. f Larvae feed-
ing along the edge of a leaf accompanied by spinning. h The larva of 
P. xylostella grasping onto the silk net to crawl
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overcome the adverse effects of plant wax through adapta-
tion to complete the reproduction of the population.

In this study, the silk on the leaf surface of Chinese kale 
was removed by a fine dissecting needle, but other forms 
of manipulation may also alter the surface of leaves, for 
example, by removing waxes. This could be a reason that 
more DBM eggs were laid on the leaves with silk removal 
than on the healthy leaves (Fig. 6). On the other hand, the 
plants used for culturing DBM and for experiments were 
grown under controlled conditions in growth chambers, 
and the chemical substance and leaf structure such as the 
outer wax layer in these plants might differ from those 
grown outdoors where they are exposed to the complicated 
natural environment. These changes will inevitably affect 
the performance of DBMs. Therefore, further research is 

needed to explore the behavior of DBMs under natural 
conditions.

In conclusion, thick waxy powder, acting as a physical 
barrier, is found on true leaves of Chinese kale and impedes 
oviposition by DBM females. However, it is proposed that 
DBM females have evolved an adaptation to deal with this 
waxy powder on Chinese kale. Female DBM adults first laid 
eggs on cotyledons of Chinese kale, which are not suitable 
for their larvae, but hatched larvae change the surface struc-
ture of the leaves by spinning silk in the process of crawling 
and feeding: i.e., they produced a silk “ladder” and “net”. 
These structures significantly increased the subsequent ovi-
position of DBM females on true leaves. This study repre-
sents the first comprehensive report on why female DBM 
adults lay eggs on the cotyledons of healthy cruciferous 

Fig. 6   Oviposition selectivity of Plutella xylostella females on leaves 
subjected to different treatments. The leaves of different treatments 
were offered to P. xylostella in two-choice tests. The numbers of eggs 
laid overnight by P. xylostella females were used to quantify ovipo-
sition preferences. Horizontal lines in boxes show medians, boxes 
contain the 25th–50th percentiles, whiskers show the upper and lower 

quartiles and points show outliers. Statistical differences within pair-
wise treatment combinations were carried out with the Wilcoxon 
matched-pair signed-rank test at P < 0.05. The mean amounts are pre-
sented with the standard error of the mean (± SE). Note: HL: healthy 
leaf; LID: leaf infested by P. xylostella larvae; LCD: leaf crawled on 
by P. xylostella larvae; LSR: leaf with silk removal
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plants rather than on true leaves and why DBM females 
prefer to lay eggs on conspecifically damaged cruciferous 
plants. Moreover, this is the first report of a new function of 
lepidopterous larval silk, i.e., helping female adults lay eggs. 
These findings thus provide new insights into plant–insect 
interactions.
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