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ABSTRACT

In the present study, ecological control of P. xylostella was
examined in two steps, primary (using trap cropping) and
supplementary (using Bt applications). Perimeter trap cropping was applied at 500-m2 plots of cauliflower using trap
crops (Indian, field and white mustards, Chinese cabbage,
sweet alyssum, pot marigold). Random sampling was performed to estimate the populations of P. xylostella adults
on trap crops, P. xylostella pre-adults on main crops, percentage parasitism, damage intensity and crop yield. There
was significant differences between treatments for adults,
pre-adults, preference and reduction indices, linear correlation and regression between pest attraction to trap crop
and pest population reduction on main crop, percentage
parasitism and damage intensity, but not for crop yield.
The minimum Bt application was happened on Indian mustard treatment (two times). The present study showed that
it is practical to ecologically control the diamondback moth
using a combination of trap cropping and Bt spray.
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Introduction

In recent decades, the dependence on short-term, single-technology strategies for pest management, particularly those based on chemical/synthetic insecticides, has created an increasing need for a sustainable pest
management (Verkerk et al. 1998; Wezel et al. 2014; Barzman et al.
2015; Pertot et al. 2017). A better understanding of population ecology
and working in harmony with nature’s checks and balances are necessary
to develop alternatives to synthetic pesticides and sustainable pest management approaches that would be compatible with the environment,
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wildlife and human health (Lewis et al. 1997; Thomas 1999). Ecological
pest management incorporate all plant protection practices that are compatible with each other and have no potential risk for human life and
nature. Pest control tactics that disrupt ecological balance in nature are
not allowed in ecological pest management (Tshernyshev 1995;
Karimzadeh and Farazmand 2011). Cultural methods of pest control are
straightforward and practical procedures that can be successfully combine with other ecological pest management practices such as biological
control using parasitoid wasps or microbial insecticides (Karimzadeh and
Sayyed 2011). One of the traditional tools of pest management is trap
cropping, which is a cultural and ecological pest management procedure
that its application has grown significantly in recent years (Furlong
et al. 2013).
Crucifers are a morphologically diverse group of crop plants belonging
to the mustard family (Brassicaceae), which have great economic value
worldwide as leafy, stored and processed vegetables, condiment source,
source of edible and industrial oil, animal fodder, green manure, ornamental species and annual wildflowers and weeds that blanket so many
landscape in spring and summer (Schmidt and Bancroft 2011; Gupta
2017). The diamondback moth, Plutella xylostella (L.) (Lepidoptera,
Plutellidae), has become the most economically important insect pest of
cruciferous plants worldwide (Furlong et al. 2013). The importance of P.
xylostella has dramatically risen mainly due to the overuse of broad-spectrum insecticides, which has resulted in increased selection for pesticide
resistance, destruction of natural enemies and pest resurgence. These
issues accompanied by increasing insecticide residue on crops has created
an urgent need for more sustainable strategies for P. xylostella management (Talekar and Shelton 1993; Verkerk and Wright 1997; Furlong
et al. 2013).
Currently the worldwide pest management strategies that are in use
against P. xylostella includes chemical control using selective insecticides,
biological control using parasitoids, predators and pathogens, using
transgenic Bt-Brassica crops, genetic control techniques, trap crops and
the manipulation of host plant resistance (Furlong et al. 2013).
The first trap crop recommended for control of P. xylostella is Indian
mustard (Brassica juncea (L.) Czern.) (Srinivasan and Krishna Moorthy
1990; Srinivasan and Krishna Moorthy 1991). Several studies have shown
that trap cropping using rows of Indian mustards has been successfully
controlled P. xylostella in common cabbage, broccoli and cauliflower
(Srinivasan and Krishna Moorthy 1990; Srinivasan and Krishna Moorthy
1991; Charleston and Kfir 2000; Åsman 2002; Badenes-Perez et al. 2004).
Perimeter trap cropping using collard (Brassica oleracea var. acephala
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DC.) in common cabbage has also shown as an effective tactic to control
P. xylostella (Mitchell et al. 2000; Muniappan et al. 2001; Badenes-Perez
et al. 2004; Badenes-Perez et al. 2005a). Another trap craps that has indicated successful control of P. xylostella is called yellow rocket (Barbarea
vulgaris var. arcuata (Opiz ex J. Presl & C. Presl) Fr.) (Idris and Grafius
1996; Agerbirk et al. 2003; Shelton and Nault 2004). The potential of yellow rocket as a dead-end trap crop for diamondback moth (i.e. highly
attractive for the females to oviposit but lethal for the neonate larvae due
to its saponin content) in common cabbage, Chinese cabbage, rapeseed
and broccoli has been examined (Badenes-Perez et al. 2004; Lu et al.
2004; Shelton and Nault 2004; Badenes-Perez et al. 2005a). It has been
suggested that yellow rocket can act as a trap crop, reducing common
cabbage infestations to P. xylostella (Badenes-Perez et al. 2005b). The
effectiveness of collard and yellow rocket as trap crops could be
improved with an increase of planting density of trap crops compared
with main crop and earlier planting of trap crops compared with main
crop (Badenes-Perez et al. 2005a). It has been indicated that sulfur fertilization has increased dominant glucosinolate contents (which is related
to oviposition) in resistant yellow rocket (G-type), which in turn, can
improve the efficiency of G-type yellow rocket as a trap crop against P.
xylostella (Badenes-Perez et al. 2010).
Other crucifers that have been tested as ideal trap crops (highly
attractive for adults to oviposit, and unsuitable for larvae to develop) are
white mustard (Sinapis alba L.) and sweet alyssum (Lobularia maritima
(L.) Desv.). Sweet alyssum has been suggested as a good trap crop
against P. xylostella in Brussels sprouts, because of low preference-performance correlation (attractive for oviposition but relatively unsuitable
for larval development) (de Groot et al. 2005). In addition, trap cropping
with white mustard might reduce P. xylostella incidence in cauliflower
(George et al. 2009). In their review on the concept and applications of
trap cropping in pest management, Shelton and Badenes-Perez (2006)
emphasized on using yellow rocket (as a dead-end trap crop) and Indian
mustard (as trap crop that require successive planting) and assigning
5–13% of planting area to trap crops. They also stated that collard (more
effective when be larger and in higher densities), glossy rapeseed and
wild mustard has been used as trap crops against P. xylostella. Shelton
et al. (2008) produced Bacillus thuringiensis-transgenic collard and
Indian mustard lines with a cry1C gene that can be used as dead-end
trap crops against P. xylostella. In comparison with French marigold
(Tagetes patula nana L.), pot marigold (Calendula officinalis L.) has
shown a better trap crop against P. xylostella in common cabbage
(Jankowska et al. 2009; Jankowska 2010).
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A range of pathogens has been reported that attack P. xylostella, including
Bt, fungi, viruses and nematodes. A huge body of research has been performed
on fungal pathogens of P. xylostella such as Zoophthora radicans, Beauveria
bassiana, Metarhizium anisopliae and Isaria farinose. However, the commercial products of these fungal pathogens, viruses (such as granulosis, nuclearpolyhedrosis and cyprovirosis) or nematodes (such as Steinernema sp. And
Heterorhabditis sp.) are not largely available or parts of adopted to pest management practices against P. xylostella (Furlong et al. 2013).
Bacillus thuringiensis (Bt), a leading biorational pesticide, produces
parasporal crystalline proteins that are potent insecticidal toxins, which
are in worldwide use for control of many pests of agricultural crops
(Schnepf et al. 1998). Due to its specificity on P. xylostella larvae and
successful control capability, Bt has been an excellent alternative to
chemical insecticides for many years (Talekar and Shelton 1993).
However, it has been recommended that Bt applications against P. xylostella must be integrated with other sustainable pest management strategies to avoid or delay resistance to such a wonderful bio-pesticide
(Iqbal et al. 1996; Furlong et al. 2013). Previous studies have shown that
Bt formulations are the best candidate for replacing chemical insecticides
for control of P. xylostella at cabbage and cauliflower fields in central
Iran (Jafary et al. 2016; Karimzadeh and Besharatnejad 2017b).
Previous studies has provided a huge background on P. xylostella preferences for different host-plant species, varieties, resistance, suitability
and availability (Karimzadeh et al. 2004; Karimzadeh and Wright 2008;
Soufbaf et al. 2010a, 2010b; Jafary et al. 2012; Karimzadeh et al. 2013;
Soufbaf et al. 2013; Heidary and Karimzadeh 2014; Kianpour et al. 2014;
Afiunizadeh and Karimzadeh 2015; Jafary et al. 2016; Mohammadi-Tabar
et al. 2016). After preliminary successes in attracting P. xylostella to trap
crops in our laboratory, greenhouse and filed experiments (Daniarzadeh
et al. 2014; Mosazadeh et al. 2016; Karimzadeh and Besharatnejad
2017a), we aimed to design and perform the present study to execute
ecological management of the diamondback moth in field but in bigger
and more real dimensions. Here, the objectives were (1) to successfully
control P. xylostella in cauliflower fields using a combination of trap
cropping and Bt sprays, (2) to compare and introduce the most effective
trap crop for such integrated pest management.
Materials and methods
Commercial planting and experimental design

To establish trap cropping strategy for P. xylostella management in a
commercial cauliflower (Brassica oleracea var. botrytis) field, seeds of six
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different trap crops and main crop (cauliflower) were first planted in
small plots (10 m2) on 15 May 2017. Studied trap crops include Chinese
cabbage (Brassica rapa L. var. pekinensis), Indian mustard (Brassica juncea (L.) Czern.), white mustard (Sinapis alba L.), field mustard (Sinapis
arvensis L.), sweet alyssum (Lobularia maritima (L.) Desv.) and pot marigold (Calendula officinalis L.). The seedlings were then transplanted
into field plots of 500 m2 (25  20 m) of a commercial cauliflower field
( 5 ha) located at Arazi village of Mobarakeh County (32 200 47ʺ N,
51 300 16ʺ E, 1673 m; Isfahan province, central Iran) on 25–26 June
2017. Perimeter trap cropping was performed using a row of trap crop
(12% of plot area) around the border of each plot of main crop.
Control plots had no trap crop at periphery but had a border row of
main crop instead. All the treatments were replicated four times at a
randomized complete block design, where intervals between plots (within
a block) and between blocks were 20 and 30 m, respectively.
Crop growing and pest management practices

Plants were grown as conventional procedures by farmers but pest management practices were performed using ecological procedures.
Ecological pest management was used to control P. xylostella populations
at two steps: (1) the population density of P. xylostella adults on main
crop was reduced due to preferential attraction of P. xylostella adults to
trap crops (Daniarzadeh et al. 2014; Karimzadeh and Besharatnejad
R (Bacillus thuringiensis ssp. kurstaki PB
2017a), (2) a spray of BelthirulV
54 Strain; 32,000 IU/mg; Probelte, Madrid, Spain) with a rate of 1 kg/ha
was applied (Jafary et al. 2016; Karimzadeh and Besharatnejad 2017b)
when the population density of P. xylostella larvae on main crop
exceeded economic threshold (4 larvae per plant; see the next paragraph
for sampling procedure) (Ventura 1996). Our previous studies
R had a
(Karimzadeh and Besharatnejad 2017b) had shown that BelthirulV
greater efficacy as a larvicide against P. xylostella larvae compared with
R (Bacillus thurother available formulations of Bt, such as Antario 32 KV
R
ingiensis ssp. kurstaki; 32,000 IU/mg; Russell IPM, UK) and BiolepV
(Bacillus thuringiensis ssp. kurstaki; 32,000 IU/mg; Iranian Agricultural
Biopesticide Industries, Tehran, Iran). It is notable that Bt spraying was
applied on both the main crop and trap crops.
Estimation of P. xylostella population densities

To build an estimation of P. xylostella population profile during
the growth season, trap crops and main crop were sampled fortnightly

ARCHIVES OF PHYTOPATHOLOGY AND PLANT PROTECTION

1331

for P. xylostella adults and pre-adults, respectively. To perform sampling,
the number of P. xylostella adults on eight randomly selected plants of
trap crop of each plot (two plants from each side of peripheral row) was
recorded from 10 July 2017 (two weeks after transplanting) to 16
October 2017 (two weeks before harvest), in total 8 times throughout the
cropping system. In addition, the number of P. xylostella pre-adults (second–fourth instar larvae, pre-pupae and pupae) on 10 randomly selected
plants of main crop of each plot was recorded from 17 July 2017 (three
weeks after transplanting) to 23 October 2017 (one week before harvest),
in total eight times throughout the cropping system (Daniarzadeh et al.
2014; Karimzadeh and Besharatnejad 2017a).
Estimation of percentage parasitism of P. xylostella larvae

To estimate percentage parasitism of P. xylostella larvae during the
growth season, main crap was sampled every 10 days from 21 July 2017
(four weeks after transplanting) to 29 September 2017 (four weeks before
harvest), in total eight times throughout the cropping system
(Afiunizadeh and Karimzadeh 2010; Afiunizadeh and Karimzadeh 2015).
To do this, 100 P. xylostella larvae (only L3 and L4) were randomly collected from 100 plants of main crop of each plot and reared in laboratory until either the moths pupated or parasitoid cocoons formed
(Eusebio and Morallo-Rejesus 1996). Percentage parasitism was then calculated using the numbers of pupated hosts (H) and parasitoids (P) as a
portion of “P” to “H þ P.” The number of hosts died before pupation
(host mortality from unknown factors) were excluded from analysis
(Karimzadeh et al. 2013).
Estimation of damage by P. xylostella larvae and crop yield

To estimate the damage caused by P. xylostella larvae on main crop,
damage index was measured for 50 randomly selected plants of main
crop of each plot at harvest time (31 October 2017) according to the rating damage system (Greene et al. 1969; Mailloux and Belloncik 1995). In
brief, each head with four wrapper and frame leaves were rated from 1
to 6 as follows: 1 (no apparent insect feeding), 2 (0–1% of leaves eaten),
3 (2–5% of leaves eaten), 4 (6–10% of leaves eaten; minor feeding on
head), 5 (11–30% of leaves eaten; a moderate number of feeding scars on
head) and 6 (>30% of leaves eaten; numerous feeding scars on head). To
estimate the crop yield, the weight of heads of 30 randomly selected samples (each includes five plants of main crop) of each plot at harvest time
was recorded.
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Statistical analyses

Generalized linear models (GLMs) with the family Poisson and the family binomial was applied to the data. In particular, count data such as
the number of pre-adult and adult stages of P. xylostella and damage
indices were analyzed using log-linear analysis of deviance (log-linear
models, Poisson errors). Proportional data such as percentage parasitism
of P. xylostella was analyzed using logistic analysis of deviance (binomial
errors). In case of over dispersion, the model was refitted using quasiPoisson/quasi-binomial rather than Poisson/binomial errors. To achieve
the minimal adequate model, nonsignificant terms were removed
through model simplification, in which, the original and simplified models were compared by an F test instead of a v2 test. The statistical significance of minimal adequate model was then expressed as a standard
normal deviate (z value), a result of a v2 test. Correlation between the
number of P. xylostella adults on trap crops and the number of P. xylostella pre-adults on main crop were statistically tested using fitting regression models with normally distributed errors (including various linear
and polynomial models) and regression models with Poisson errors.
Preference index (PI) for P. xylostella adults toward trap crops was calculated as follows (Lockwood 1998; Matsumoto and Mizunami 2004):
PI ¼

Xt Xc
,
Xt þ Xc

where Xt and Xc denotes number of P. xylostella adults on trap crop of
treatment and control plots, respectively. Reduction index (RI) of P.
xylostella pre-adults on main crop was calculated as follows:
RI ¼ 1 

Yt
,
Yc

where Yt and Yc denote the number of P. xylostella pre-adults on main
crop of treatment and control plots, respectively. PIs and RIs were then
analyzed using one-way ANOVA after arcsine transformation.
Furthermore, linear correlation and regression between PI and RI were
examined to reveal efficiency of trap cropping on decreasing infestation
of main crop. Data on main crop yield was analyzed using one-way
ANOVA. Pairwise comparisons were performed using Tukey’s Honestly
Significant Difference (Karimzadeh and Wright 2008; Rafiei-Karahroodi
et al. 2011; Crawley 2013; Saadat et al. 2014; Jafary et al. 2016). All statistical analyses were completed in R 3.5.3 (R Development Core Team).
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Figure 1. Fortnightly mean population of Plutella xylostella adults on trap crops during the
growing season (Im, Fm, Sa, Wm, Cc, Pm and Co denote Indian mustard, field mustard,
sweet alyssum, white mustard, Chinese cabbage, pot marigold and control, respectively).

Results
Population density of P. xylostella during the growing season

There was a significant difference (df ¼ 6, z value ¼ –11.575, p < .001)
between treatments for the number of P. xylostella adults on trap crops
during the growing season (Figure 1). The treatments were grouped
from the greatest to the fewest, according to fortnightly mean population
of P. xylostella adults on trap crops as (1) Indian mustard (16.36 ± 1.39
per plant), (2) field mustard (10.41 ± 1.18 per plant) and sweet alyssum
(9.71 ± 0.88 per plant), (3) white mustard (7.79 ± 0.74 per plant), (4)
Chinese cabbage (5.86 ± 0.55 per plant) and pot marigold (5.60 ± 0.63 per
plant) and (5) control (3.24 ± 0.36 per plant). In addition, the treatments
showed a significant difference (df ¼ 6, z value ¼ –8.326, p < .001) for
the number of P. xylostella pre-adults on main crop during the growing
season (Figure 2). The treatments were grouped from the fewest to the
greatest, according to fortnightly mean population of P. xylostella preadults on main crop as (1) Indian mustard (1.55 ± 0.12 per plant) and
field mustard (1.70 ± 0.15 per plant), (2) white mustard (2.86 ± 0.29 per
plant), (3) Chinese cabbage (3.55 ± 0.42 per plant), (4) sweet alyssum
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Figure 2. Fortnightly mean population of Plutella xylostella pre-adults on main crop during
the growing season (Co, Pm, Sa, Cc, Wm, Fm and Im denote control, pot marigold,
sweet alyssum, Chinese cabbage, white mustard, field mustard and Indian mustard,
respectively).

(3.71 ± 0.30 per plant) and (5) pot marigold (4.55 ± 0.30 per plant) and
control (4.58 ± 0.34 per plant). Moreover, Chinese cabbage did not
showed any significant difference with white mustard or sweet alyssum.
Correlation between population densities of P. xylostella adults and
pre-adults

The correlation test of adults data and pre-adults data showed a significant correlation (t54 ¼ –6.056, p < .001) between the mean (fortnightly
per-plant) number of P. xylostella pre-adults on main crop (y) and the
mean (fortnightly per-plant) number of P. xylostella adults on trap crops
(x), with a correlation coefficient of –0.636 (95% CI: –0.448, –0.770;
Figure 3). The best fitted models were: (1) a linear model (linear
regression with normal errors), y ¼ e2:477060:66085 Ln ðxÞ , which showed
a significant (F1,54 ¼ 173, p < .001) linear relationship between
natural logarithm of y and natural logarithm of x, with a degree of fit of
0.758; (2) a polynomial model (linear regression with normal errors),
y ¼ 11:42  4:128x þ 0:6637x2  0:0494x3 þ 0:001672x4  0:0000208x5 ,
which showed a significant (F5,50 ¼ 37.09, p < .001) linear relationship
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Figure 3. Correlation between the mean Plutella xylostella pre-adults per plant on main
crop and the mean Plutella xylostella adults per plant on trap crop. The best fitted
models are linear model (black line; Ln ðyÞ ¼ 2:477060:66085 Ln ðxÞ), log-linear
model (red line; Ln ðyÞ ¼ 2:015430:15005 x) and polynomial model (blue
line; y ¼ 11:42  4:128x þ 0:6637x 2  0:0494x3 þ 0:001672x4  0:0000208x5 ).

between y and exponents of x, with a degree of fit of 0.766; and (3) a
log-linear model (regression with Poisson errors), y ¼ e2:015430:15005x ,
which showed a significant (z54 ¼ –7.832, p < .001) linear relationship
between natural logarithm of y and x, with a degree of fit of 0.666.
P. xylostella attraction to trap crops and P. xylostella reduction on
main crop

Preference index of P. xylostella adults toward trap crops showed a significant difference (F5,42 ¼ 6.571, p < .001) between treatments (Figure
4). The treatments were grouped from the most preferred to the less preferred by P. xylostella adults as (1) Indian mustard (PI: 0.669 ± 0.042),
(2) field mustard (PI: 0.525 ± 0.042) and sweet alyssum (PI:
0.499 ± 0.033), (3) white mustard (PI: 0.412 ± 0.035), (4) Chinese cabbage
(PI: 0.287 ± 0.056) and pot marigold (PI: 0.260 ± 0.046). In addition,
reduction index of P. xylostella pre-adults on main crop showed a significant difference (F5,42 ¼ 3.739, p < .01) between treatments (Figure 5).
The treatments were grouped from the most reduced to the less reduced
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Figure 4. Preferential atraction of Plutella xylostella adult populations to trap crops (Im, Fm,
Sa, Wm, Cc and Pm denote Indian mustard, field mustard, sweet alyssum, white mustard,
Chinese cabbage and pot marigold, respectively).

infestation to P. xylostella pre-adults as (1) Indian mustard (RI:
0.662 ± 0.120) and field mustard (RI: 0.629 ± 0.072), (2) white mustard
(RI: 0.375 ± 0.088), (3) Chinese cabbage (RI: 0.225 ± 0.061), (4)
sweet alyssum (RI: 0.190 ± 0.040) and (5) pot marigold (RI:
0.006 ± 0.020). Furthermore, Chinese cabbage did not showed any significant difference with white mustard or sweet alyssum.
Correlation and regression of P. xylostella preference and
reduction indices

Linear correlation between preference index (i.e. the preference of P.
xylostella adults for trap crops) and reduction index (i.e. reduction of P.
xylostella pre-adult densities on main crop) were significant for the treatments of Indian mustard (t6 ¼ 5.706, p < .01), field mustard (t6 ¼ 3.451,
p < .05), white mustard (t6 ¼ 2.965, p < .05) and Chinese cabbage (t6 ¼
3.476, p < .05; Table 1). Correlation coefficient of these treatments
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Figure 5. Reduction of Plutella xylostella pre-adult populations on main crop as a result of
trap cropping (Im, Fm, Wm, Cc, Sa and Pm denote Indian mustard, field mustard, white mustard, Chinese cabbage, sweet alyssum and pot marigold, respectively).

ranged from 0.771 to 0.919, which showed that their reduction indices
were highly correlated to their preference indices. On the contrary, no
significant correlation between preference and reduction indices for the
treatments of sweet alyssum (t6 ¼ 1.075, p ¼ .324) and pot marigold (t6
¼ –0.884, p ¼ .411) was observed. In addition, the effects of preference
index on reduction index was significant for the treatments of Indian
mustard (F1,6 ¼ 32.55, p < .01), field mustard (F1,6 ¼ 11.91, p < .05),
white mustard (F1,6 ¼ 8.79, p < .05) and Chinese cabbage (F1,6 ¼ 12.08,
p < .05; Table 1). The best degree of fit of regression model to the data
was observed at the treatment of Indian mustard (r2 ¼ 0.844, adjusted r2
¼ 0.818), followed by Chinese cabbage (r2 ¼ 0.707, adjusted r2 ¼ 0.649),
field mustard (r2 ¼ 0.665, adjusted r2 ¼ 0.609) and white mustard (r2 ¼
0.594, adjusted r2 ¼ 0.527). On the contrary, no significant effect of preference index on reduction index for the treatments of sweet alyssum
(F1,6 ¼ 1.155, p ¼ .324) and pot marigold (F1,6 ¼ 0.781, p ¼ .411)
was found.
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Table 1. Linear correlation and regression between preference index of Plutella xylostella
adults towards trap crops and reduction index of Plutella xylostella pre-adults on main crop.
Measurementa
Treatment
Indian mustard
Field mustard
White mustard
Chinese cabbage
Sweet alyssum
Pot marigold

Correlationb

Linear regressionc

PI

RI

RI/PI

t6

p

r

F1,6

p

r2

ad-r2

0.669
0.525
0.412
0.287
0.499
0.260

0.662
0.629
0.375
0.225
0.190
0.006

0.99
1.20
0.91
0.78
0.38
0.02

5.706
3.451
2.965
3.476
1.075
–0.884

<.01
<.05
<.05
<.05
.324
.411

0.919
0.815
0.771
0.841
0.402
0.340

32.55
11.91
8.789
12.08
1.155
0.781

<.01
<.05
<.05
<.05
.324
.411

0.844
0.665
0.594
0.707
0.162
0.115

0.818
0.609
0.527
0.649
0.022
0.008

a

PI and RI denote preference index (of Plutella xylostella adults towards trap crops) and reduction index (of
Plutella xylostella preadults on main crop), respectively.
b
r Denotes correlation coefficient.
c 2
r And ad-r2 denote multiple and adjusted degree of fit, respectively.

Percentage parasitism of P. xylostella larvae

In total, 3729 parasitoid cocoons were reared from collected P. xylostella
larvae, from which 3081 cocoons (82.6%) emerged as Cotesia vestalis
(Haliday) (Hymenoptera, Braconidae) and 648 cocoons (17.4%) emerged
as Diadegma semiclausum (Hellen) (Hymenoptera, Ichneumonidae). At
each sampling time, there was a significant difference between different
treatments for percentage parasitism of P. xylostella larvae (Table 2).
Mean percentage parasitism of P. xylostella larvae ranged 7.3–31.8 at the
first sampling time (z21 ¼ 8.078, p < .001), 8.0–23.1 at the second sampling time (z21 ¼ 5.656, p < .001), 12.5–42.0 at the third sampling time
(z21 ¼ 6.077, p < .001), 4.0–50.0 at the fourth sampling time (z21 ¼
–7.425, p < .001), 3.7–28.3 at the fifth sampling time (z21 ¼ 4.942,
p < .001), 2.5–27.1 at the sixth sampling time (z21 ¼ –6.401, p < .001),
4.3–19.8 at the seventh sampling time (z21 ¼ 4.978, p < .001) and
9.2–23.0 at the eighth sampling time (z21 ¼ –3.740, p < .001). In addition, an overall (between sampling times) mean of percentage parasitism
of P. xylostella larvae showed a significant (z21 ¼ 3.967, p < .001) difference between the treatments (Table 2); such that percentage parasitism
on Indian mustard treatment (22.9 ± 1.8) was significantly greater compared with other treatments (field mustard: 17.1 ± 1.6, white mustard:
16.1 ± 0.7, Chinese cabbage: 15.1 ± 0.9, sweet alyssum: 13.8 ± 1.0, pot
marigold: 14.7 ± 1.0 and control: 16.9 ± 0.9).
Crop damage by P. xylostella larvae, crop yield and Bt application

There was a significant (z21 ¼ –2.938, p < .01) difference between the
treatments for damage intensity caused by P. xylostella larval feeding on
main crop (Table 2). The highest damage index was observed on main
crop in control (3.94 ± 0.79) and sweet alyssum treatment (3.65 ± 0.56),
and the lowest damage index was observed on main crop of Indian

Sampling time (date)

Im

31.8 ± 5.2 ab
15.1 ± 4.4 ab
29.1 ± 3.9 b
50.0 ± 6.8 a
6.0 ± 2.3 d
20.9 ± 4.5 a
8.9 ± 1.2 bcd
21.3 ± 5.2 a
22.9 ± 1.8 a
2.08 ± 0.48 a
3.42 ± 0.25 a

a

Wm
10.6 ± 4.6 b
16.0 ± 2.6 ab
18.8 ± 3.2 cd
24.0 ± 3.2 b
20.1 ± 2.4 abc
8.2 ± 0.9 b
11.5 ± 1.8 bc
19.3 ± 3.4 ab
16.1 ± 0.7 b
2.22 ± 0.44 a
3.10 ± 0.28 a

Fm
11.3 ± 5.0 b
21.8 ± 2.2 a
42.0 ± 6.0 a
12.5 ± 3.5 c
3.7 ± 1.1 d
2.5 ± 0.7 c
19.8 ± 4.4 a
23.0 ± 5.5 a
17.1 ± 1.6 b
2.67 ± 0.59 ab
3.30 ± 0.23 a

Pm

7.3 ± 2.1 b
24.7 ± 7.1 a
8.0 ± 1.9 c
10.0 ± 2.5 bc
21.7 ± 0.5 bc
18.6 ± 2.7 cd
25.0 ± 6.2 b
4.0 ± 1.4 d
13.8 ± 3.3 c
15.2 ± 2.7 bc
18.9 ± 2.6 a
27.1 ± 5.4 a
7.3 ± 1.9 cd
9.1 ± 2.9 bcd
18.5 ± 3.9 ab
9.2 ± 2.0 c
15.1 ± 0.9 b
14.7 ± 1.0 b
3.03 ± 0.53 ab 3.16 ± 0.72 ab
3.08 ± 0.32 a 2.94 ± 0.27 a

Cc

Treatment
Sa
7.4 ± 2.9 b
23.1 ± 3.8 a
12.5 ± 4.2 d
22.7 ± 6.5 b
22.2 ± 4.5 ab
8.0 ± 2.5 b
4.3 ± 0.5 d
10.2 ± 3.1 c
13.8 ± 1.0 b
3.65 ± 0.56 b
2.96 ± 0.19 a

Co

df
25.1 ± 5.9 a
21
20.7 ± 4.8 a
21
17.5 ± 3.6 cd
21
7.0 ± 2.8 cd
21
28.3 ± 3.2 a
21
9.3 ± 2.4 b
21
15.2 ± 4.1 ab
21
12.1 ± 2.3 bc
21
16.9 ± 0.9 b
49
3.94 ± 0.79 b
21
3.04 ± 0.17 a 6,21

Im, Fm, Wm, Cc, Sa, Pm, Co denote Indian mustard, field mustard, white mustard, Chinese cabbage, sweet alyssum, pot marigold and control, respectively.
Different small letters in rows show a significant difference (p < .05; Tukey’s HSD).

b

a

First (July 21, 2017)
Second (July 31, 2017)
Third (Aug. 10, 2017)
Fourth (Aug. 20, 2017)
Fifth (Aug. 30, 2017)
Sixth (Sept. 09, 2017)
Seventh (Sept. 19, 2017)
Eighth (Sept. 29, 2017)
Overall
Damage (index) –
Yield (kg)
–

Parasitism (%)

Measurement
(mean ± SE)

8.078
5.656
6.077
–7.425
4.942
–6.401
4.978
–3.740
3.967
–3.740
–

z Value

p
<.001
<.001
<.001
<.001
<.001
<.001
<.001
<.001
<.001
<.001
.146

F
–
–
–
–
–
–
–
–
–
–
1.809

Table 2. Trap cropping influences on parasitism (of Plutella xylostella larvae by Cotesia vestalis), damage (by Plutella xylostella larvae) and production of
main crop.
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mustard (2.08 ± 0.48) and white mustard (2.22 ± 0.44) treatments.
Damage index in other treatments were intermediate of these two groups
(field mustard: 2.67 ± 0.59, Chinese cabbage: 3.03 ± 0.53, pot marigold:
3.16 ± 0.72). On the contrary, when main crop yield was compared, no
significant (F6,21 ¼ 1.809, p ¼ .146) difference between treatments was
found (Table 2). The mean weight of a marketable head of cauliflower in
treatments of Indian mustard (3.42 ± 0.25 kg), field mustard
(3.30 ± 0.23 kg), white mustard (3.10 ± 0.28 kg), Chinese cabbage
(3.08 ± 0.32 kg), sweet alyssum (2.96 ± 0.19 kg), pot marigold
(2.94 ± 0.27 kg) and control (3.04 ± 0.17 kg) was not significantly different.
The number of Bt sprays varied between different treatments (according
to the number of times that P. xylostella larval density on main crop
exceeded economic threshold); such that it was necessary to apply Bt
sprays two times on Indian mustard treatment, three times on field mustard, white mustard, Chinese cabbage and pot marigold treatments, four
times on sweet alyssum and six times on control. It is notable that Bt
spraying was applied on both the main crop and trap crops.
Discussion

Considering the great economic value of crucifers (Schmidt and Bancroft
2011; Gupta 2017) and their extensive cultivation in central Iran, it is
necessary to perform a profitable and sustainable pest management strategy that would be in consistent with the environment and human life.
The present study indicated that it would be plausible to optimally control P. xylostella using a combination of trap cropping and safe biopesticides, without using chemical insecticides and with no concern about
health and environmental issues, insecticide resistance or pest resurgence.
Here it was shown that trap cropping can considerably reduce cauliflower field’s infestation to the diamondback moth. All the tested trap
crops attracted more P. xylostella adults compared with control (Figure
1). In addition, main crop in all treatments except pot marigold showed
fewer infestation to P. xylostella larvae and pupae compared with control
(Figure 2). The first preference of P. xylostella adults was Indian mustard, and the second preference were field mustard and sweet alyssum
(Figure 4). However, the best infestation reduction of main crop to P.
xylostella larvae and pupae occurred on Indian mustard and field mustard treatments, and the second best treatment was white mustard
(Figure 5).
When all data were considered together, a negative correlation of
>63% between the number of P. xylostella adults on trap crops and the
number of P. xylostella pre-adults on main crop was detectable (Figure 3).
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However, when each treatment was separately considered, significant differences was revealed between treatments. Only four treatments (Indian,
field and white mustards and Chinese cabbage) showed significant correlation between preference and reduction indices (Table 1). This implies
that in these treatments, trap cropping has resulted in reducing cauliflower infestation to P. xylostella. Among these treatments, only Indian
and field mustards treatments indicated considerable reduction indices
(more than 60%), which is highly correlated (91.9% and 81.5%) to preference indices. These findings suggest that Indian and field mustard are
highly efficient trap crops against the diamondback moth.
Natural parasitism of P. xylostella larvae showed widely varied between
different treatments and sampling times (Table 2). The overall mean of
percentage parasitism showed a relatively superiority of Indian mustard
treatments compared to others. Indeed, trap cropping with Indian mustard improved percentage parasitism of P. xylostella larvae in a rate of
6% compared with control. Hence, trap cropping not only support natural parasitism in field but it also can be compatibly integrated with biological control (Karimzadeh and Besharatnejad 2017b), resulting in a
long-term, sustainable management of the diamondback moth. Indian
and white mustards were also superior trap crops as they showed the
lowest crop damage (Table 2). However, the highest crop damage
(occurred on control and sweet alyssum) were close to the index 4 that
is not considered severe damage and it has not influenced crop marketability. This amount of crop damage had no effect on crop production,
as the crop yield showed no significant difference between
the treatments.
In the present study, ecological pest management was performed using
a combination of trap cropping (a considerable fraction of P. xylostella
adult population were preferentially attracted to trap crops, which consequently reduced main crop infestation initially to P. xylostella adults, and
subsequently to P. xylostella pre-adults) and Bt applications (only if P.
xylostella larvae exceeded economic threshold). Here, the lowest number
of necessary Bt sprays (2 times) happened in Indian mustard treatment.
This indicates that trap cropping using Indian mustards had a better
control of the diamondback moth at first step of ecological
pest management.
A dead-end trap crop is a highly attractive plant for an insect pest
females to oviposit on but her neonate larvae fail to survive on (Shelton
and Badenes-Perez 2006). It is noteworthy that P. xylostella oviposition
preference and larval feeding are provoked by different plant chemicals.
Crucifers are highly attractive for insects mainly due to glucosinolates
(sulfur-containing secondary metabolites), which are amino acid-derived
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compounds stored in the vacuoles of plant cells. Intact glucosinolates
have limited biological activity, but following tissue damage and exposure
to the endogenous plant myrosinase (a b-thioglucosidase) they are
hydrolyzed to a complex array of products, generally including thiocyanates, isothiocyanates or nitriles. These hydrolysis products have diverse
biological activity ranging from feeding deterrence for generalist insects
to oviposition stimulation for specialists (Karimzadeh 2005).
Glucosinolates and glucosides have been reported as oviposition and
feeding stimulants for P. xylostella, respectively (Talekar and Shelton
1993). Plutella xylostella has shown highly dependent on glucosinolates
to recognize the host plant for oviposition (Reed et al. 1989). Allyl isothiocyanate is a volatile secondary substance that attracts P. xylostella to
the host plant. In addition, an optimal amount of allyl isothiocyanate
acts as an oviposition stimulant to P. xylostella (Karimzadeh 2005). The
glucosides such as sinigrin, sinalbin and glucocheirolin have been
reported as specific feeding stimulants for P. xylostella (Talekar and
Shelton 1993). In addition, sinalbin also has been recognized as oviposition stimulant for P. xylostella (Reed et al. 1989). The most important
characteristic of a trap crop is to be preferred by an insect pest to oviposit on (Badenes-Perez et al. 2004). In the present study, all the tested
trap crops attracted greater P. xylostella adults compared with control. In
addition, Indian mustard showed the best efficiency in this regard.
Before developing modern chemical insecticides, strip planting was
common in commercial crucifer fields, in which farmers used to plant
strips of an economically less important plant, which was highly attractive for P. xylostella. The diamondback moth preferred the stripped plant
(white mustard or rape) and spared the commercial crop (cabbage or
Brussels sprouts) from its attack (Talekar and Shelton 1993). Using white
and Indian mustards as trap crops against the diamondback moth has
been a common procedure before emerging organic insecticides. Trap
cropping is currently a real alternative to chemical pesticides particularly
in developing countries (Furlong et al. 2013). Our previous studies that
performed in a smaller scale (100-m2 plots), showed that white mustard
can be a more efficient trap crop against P. xylostella in common cabbage compared with Chinese cabbage, rape (Brassica rapa L.) and black
radish (Raphanus sativus var. niger J. Kern.) (Daniarzadeh et al. 2014;
Karimzadeh and Besharatnejad 2017a). The present study that performed
in a bigger and real scale (500-m2 plots) and a different spatial pattern
(perimeter trap cropping), indicated that Indian and field mustards were
better trap crops (P. xylostella adults were preferentially attracted to these
plants and spared the main crop) compared with white mustard. The
present study findings proved that it is possible to control the
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diamondback moth with ecological methods, integrating trap cropping
and applications of biopesticides.
Here, trap cropping using Indian mustards can be recommended for
the diamondback moth ecological control due several reasons, including
the highest attraction of P. xylostella adults, the greatest reduction of
infestation to P. xylostella pre-adults in main crop, highest significant
correlation between preferential attraction and infestation reduction, the
most influence (degree of fit) of preferential attraction on infestation
reduction, the highest parasitism level, the lowest amount of crop damage, the least number of supplemental Bt sprays and an acceptable crop
production. Indeed, trap cropping (using Indian mustard) and supplementary Bt sprays can be recommended as a new and efficient approach
for P. xylostella control, which can be used alone or combined with other
sustainable pest management strategies, such as using the native biocontrol agent C. vestalis (Karimzadeh and Besharatnejad 2017b). Finally, in
order to establish ecological and sustainable management of the diamondback moth, it is necessary to take into account pest economic
threshold, and consider environmental and health principles.
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