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Abstract Understanding the factors influencing host-selection behavior of parasi-
toids is essential in studies on host-parasitoid ecology and evolution, and in combin-
ing sustainable strategies of pest management, such as host-plant resistance and
biological control. The effects of host-plant resistance on the olfactory response and
parasitism success by Cotesia vestalis, a parasitoid of diamondback moth (Plutella
xylostella) larvae were examined. Here, it was demonstrated that host-plant resistance
can strongly influence foraging behavior and parasitism success of the parasitoid. In
olfactometer experiments, C. vestalis did not differentiate between crucifer plant
types with similar levels of susceptibility or resistance to P. xylostella but showed a
strong preference for susceptible compared with partially-resistant host plants. The
influence of previous oviposition activity varied with the host-plant type experienced
by the parasitoid. In cage experiments, C. vestalis preferred to parasitize P. xylostella
larvae on a susceptible plant compared with larvae on a partially resistant host plant
when exposed to hosts for 24 h. However, this preference appeared to be transitory,
and was not found after 96 h exposure. The present study suggests that combining
partial host-plant resistance with biological control by C. vestalis for the control of
P. xylostella may in some circumstances be antagonistic and negatively affect para-
sitism success.
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Introduction

Plants provide the primary interface between insect herbivores and their natural
enemies (Howe and Schaller 2008; Dicke et al. 2009). In addition to the direct
effects of plant characteristics such as plant morphology, semiochemicals and vege-
tation texture on natural enemies, plants can influence natural enemies indirectly
through multitrophic interactions, including semiochemically-mediated processes,
herbivore sequestration of plant allelochemicals, plant nutrition and resistance effects
on herbivore quality, and microbial symbionts (Bottrell et al. 1998; Stiling and Moon
2005).

Host selection by parasitoids (Vinson 1984) consists of a series of behaviors, being
influenced by information from the surroundings. Although physical factors such as
shape, texture, size, age, movement, sound and color are involved, parasitoid host
selection depends mainly on semiochemicals, which influence the searching efficien-
cy of foraging parasitoids (Lewis and Martin 1990; Vet and Dicke 1992; Vet 1999),
with plant volatiles playing a major role (Chadwick and Goode 1999; van Tol et al.
2001; Hilker and Meiners 2002; Hunter 2002; Ahuja et al. 2010). Semiochemical-
mediated interactions can thus provide an extrinsic defence for plants by enhancing
the effectiveness of herbivore natural enemies (Paré and Tumlinson 1999; Dicke et al.
2003a,b; Turlings and Wäckers 2004). Studies on tritrophic interactions have shown
that the quality and quantity of plant secondary compounds may affect the success of
natural enemies by influencing the nutritional and chemical suitability of their host
(Price 1997; Raymond et al. 2002; Hunter 2003; Kopelke 2003; Campan and Benrey
2004; Helms et al. 2004).

The compatibility of host-plant resistance and biological control is of prime
importance in pest management programs but this can vary between different agro-
ecosystems (Price 1986; Thomas and Waage 1996; Bottrell et al. 1998; Verkerk et al.
1998; van Emden 1999; Tscharntke and Hawkins 2002). In many instances, the
evidence suggests that insect-resistant plants and natural enemies are compatible,
and can provide greater pest suppression when combined (e.g. van Emden 1986;
McAuslane et al. 2000; Kalule and Wright 2002; Schmale et al. 2003; Velten et al.
2007; Cai et al. 2009). Other studies have shown antagonistic relationships between
plant resistance and natural enemies, with plant resistance negatively affecting de-
velopment and success of parasitoids (e.g. Campbell and Duffey 1979; Orr and
Boethel 1986; Schuler et al. 1999; Gassmann and Hare 2005; Simmons and Gurr
2005).

The parasitoidCotesia vestalis (Haliday) (C. plutellae) (Hymenoptera: Braconidae)
is a key larval endoparasitoid of the cosmopolitan crucifer pest, the diamondback
moth Plutella xylostella (L.) (Lepidoptera: Plutellidae) (Verkerk and Wright 1997;
Verkerk et al. 1998). Previous studies have shown that C. vestalis responds to
volatiles derived from the host, the host plant and from plant-host complexes
(Bogahawatte and van Emden 1996; Potting et al. 1999; Shiojiri et al. 2000a,b;
Reddy et al. 2002; Wang and Keller 2002; Liu and Jiang 2003; Schuler et al.
2003). The present study examined the effect of partial host-plant resistance and
prior oviposition experience on the olfactory response and parasitism by C. vestalis.
Partial host-plant resistance was shown to strongly influence the olfactory response
and parasitism success of C. vestalis.
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Materials and Methods

Plants and Insects

Chinese cabbage (Brassica pekinensis) cvs Tip Top (Chiltern Seeds, Ulverston, UK)
and F1 One Kilo SB, common cabbage (B. oleracea var. capitata) cvs Wheelers
Imperial and Red Drumhead, turnip (B. rapa) cv Snowball (all Suttons Seeds, Devon,
UK), and rapeseed (B. rapa Plant Introduction 469895 and B. napus Plant Introduc-
tion 470055; North Central Regional Plant Introduction Station, Ames, Iowa, USA)
were grown organically under glass (25±5°C; L:D 16:8 h; Verkerk and Wright 1994).
These host plants range from susceptible to partially resistant to attack by P. xylostella
(Verkerk and Wright 1994; Ramachandran et al. 1998; Table 1). An insecticide-
susceptible strain of P. xylostella (Roth population) and a population of C. vestalis
were both obtained from Rothamsted Research (Harpenden, UK). Roth population
had been collected originally from the Philippines, and cultured in laboratory for over
200 generations. Insects were cultured on susceptible plants (S1, S2, S3 and S6;
Table 1) as described previously by Karimzadeh et al. (2004); the cultures of
P. xylostella were maintained on the mentioned plants in ventilated Perspex oviposi-
tion cages (35×35×35 cm). Similarly, the cultures of C. vestalis, in turn, were
maintained on P. xylostella larvae in ventilated Perspex oviposition cages (45×45×
45 cm). Five mated female wasps, fed on honey solution (50 %), were offered
individual plants infested with about 200 second instar P. xylostella larvae for 24 h.
Plants with the parasitized larvae were then transferred to the similar cages and fed
with fresh plants (from the same type and age) until cocoon formation. In order to
prevent any oviposition before performing experiments, the harvested parasitoid

Table 1 Host-plant types used in experiments

Plant type Age (weeks) Susceptibility to
attack by P. xylostella

Abbreviation

Chinese cabbage, B. pekinensis cv. F1 One Kilo SB 4 susceptible S1

Chinese cabbage, B. pekinensis cv. Tip Top 4-5 susceptible S2

Common cabbage, B. oleracea var.
capitata cv. Wheelers Imperial

4 susceptible S3

Common cabbage, B. oleracea var. capitata cv.
Red Drumhead

4 susceptible S4

Rapeseed, B. rapa Plant Introduction 469895 6 susceptible S5

Turnip, B. rapa cv. Snowball 4 susceptible S6

Common cabbage, B. oleracea var. capitata cv.
Wheelers Imperial

15 partially resistant R1

Common cabbage, B. oleracea var. capitata cv.
Red Drumhead

15 partially resistant R2

Common cabbage, B. oleracea var. capitata cv.
Wheelers Imperial

8 partially resistant R3

Rapeseed, B. napus Plant Introduction 470055 8 partially resistant R4
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cocoons were allowed to emerge individually in microtubes. Both cultures were
reared in a standard constant environment (25±2°C; 70±5 % RH: L:D 16:8 h).

Olfactometer Experiments

A 4-way Perspex olfactometer, similar to one described by Douloumpaka and van
Emden (2003), was used (Fig. 1). A central arena (45 mm dia. × 30 mm), into which
parasitoids were released, was linked to four odor-source chambers (25 mm i.d. ×
95 mm) by Perspex tubing (5 mm i.d. × 40 mm). The odor source chambers were
loosely sealed at each end with cotton wool. The far end of each source chamber was
connected to a pot (25 mm dia. × 30 mm) filled with activated charcoal and covered
with a perforated lid to enable air to pass through the odor source chamber. The
central chamber was linked to a pump (CAPEX 8 C; Charles Austen Pumps Ltd.,
Surrey, UK) set to suck air through the apparatus at 1700 ml min-1. Smoke tests
showed that this rate is optimum to produce four even streams from the source
chambers into the central arena. The smoke was created from the mixture of
diethylamine [(C2H5)2NH] and acetic acid [CH3COOH] in a glass vial (Pham-
Delegue et al. 1991). The olfactometer was placed inside a 60×60×60 cm
wooden frame whose inner sides were covered with white paint to reflect
illumination from a top fluorescent light. No directional bias was observed in
control tests with parasitoids using empty odor-source chambers (χ201.25, P0
0.870; Fig. 2).

Ten, mated 3-day-old female C. vestalis were released together into the central
arena of the olfactometer and were given a choice between two different plants or
plant-host complexes. The choice after 30 min (the number of the wasps in each arm)
was used as the preference index. The number of the wasps remaining in the central
arena was recorded as being non-responsive. Each treatment was replicated eight
times. One half of the replications were run with opposite arms containing the same
treatment, and other half of the replications were run with adjacent arms containing
the same treatment. The olfactometer was then rotated by 90º compared with its
previous position before the next replication test was conducted. All tests were
undertaken between 1000 h and 1600 h, the period of day in which wasps showed

Fig. 1 Schematic picture of the 4-way olfactometer used in experiments. The parts 1, 2 and 3 are the
central arena, odour source chamber and plastic pot, respectively. The number 4 shows the direction of flow
suction. The curved arrow shows 90º rotation after each replication
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maximum activity (preliminary observations of searching behavior). After each set of
replicates, the central chamber, tubing and odor-source chambers were washed with
aqueous ethyl alcohol (70 %v/v), soaked in an odorless detergent (Lipsol 5 %v/v;
Bibby Sterilin Ltd., Staffordshire, UK) overnight, and rinsed in distilled water before
drying and reuse.

For the experiments with uninfested plants, a rolled leaf from each host plant (S1,
S3, S4, R1 and R2; Table 1) was placed in an odor-source chamber immediately before
performing the test. For experiments with infested plants, 20 early-third-instar larvae
of P. xylostella (cultured on the same plant type; S1, R1 and R2; Table 1) were added
to the leaf in an odor-source chamber 2 h before the parasitoids were introduced into
the olfactometer. The following factors were examined for uninfested and infested
plants: (1) source of the parasitoid: the host plant on which the parasitoid was reared
from the host (S1, S3 and S6; Table 1); (2) oviposition experience by the parasitoid:
for oviposition experience, ten, mated 2-day-old female C. vestalis (from the same
plant type used as source of the parasitoid) were released into a Perspex ventilated
cage (30×30×30 cm) containing a host plant with 200 early-third-instar P. xylostella
larvae for 24 h; these experienced parasitoids were then used immediately for
olfactometer experiments.

Parasitism by Cotesia vestalis on Different Host Plants: Choice Experiments

To explore the role of host-plant resistance on overall parasitism success by C.
vestalis a series of choice experiments using caged plants were conducted, where
parasitoids were exposed to two types of host-infested plants for either 24 or 96 h. For
each experiment, two susceptible (S2 or S5) and two partially resistant (R1, R3 or R4)
host plants were placed together in a ventilated cage (90×75×60 cm); plants from the
same type were placed in opposite corners of the cage. Each plant was infested with
50 late-second-instar larvae of P. xylostella, which were from the same host-plant
type used in the experiments. Plants were placed in trays filled with water and were
prevented from touching the sides of the cage to prevent movement of P. xylostella
larvae between plants. Aluminum foil was used as a horizontal barrier around each
pot to prevent larvae from falling into the water. After 24 h, which was sufficient time
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Fig. 2 Olfactometer control test
with Cotesia vestalis females
using empty, odour-free arms
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for larvae to establish on the plants, two or four, mated 2-day-old female C. vestalis
(reared from S2, S3 or S6) were released into each cage. Depending on the experiment,
parasitoids were removed after 24 h or 96 h (Table 2). For each cage, replacement
plants were provided ad lib from the same type as the original plants, until P.
xylostella pupae or C. vestalis cocoons formed. Each treatment was replicated four
times in a randomised block design and maintained under constant environmental
conditions (25±2°C, 70±10 % RH and L:D 16:8 h photoperiod).

Data Analysis

Data from the olfactometer experiments (the number of parasitoids responding to
different plants or plant-host complexes) were pooled between replications and com-
pared against a null hypothesis of random choice using a Chi-square test (Crawley
2002). The Chi-square values were also calculated for heterogeneity between repli-
cations, and a statistically signifcant comparison only accepted if accompanied by
non-significant heterogeneity (Gomez and Gomez 1984). Non-responsive wasps
were not included in the analyses. Data from cage experiments were analyzed for
percentage parasitism (with exclusion of host mortality from unknown factors) and
wasp cocoon numbers. Differences in the levels of percentage parasitism between
host-plant types were analyzed using logistic analysis of deviance (binomial error;
Crawley 2002). In case of overdispersion, the model was refitted using quasibinomial
rather than binomial errors. To achieve the minimal adequate model, non-significant
terms were removed through model simplification; models were compared by F-test
(Crawley 2005). The differences in the number of parasitoid cocoons between the
host-plant types were analyzed using Student’s t-test (Crawley 2002). All statistical
analyses were completed in S-Plus 6.1 (Insightful Corp., Seattle).

Table 2 Parasitism success of Cotesia vestalis on different host plants

Experiment Parasitoid Host plant
choice b

Cocoons per
plant (mean±s.e.)

P Proportion
parasitism

P

Source a Number Exposure
(h)

1 S2 4 24 S2 38.4±1.6 <0.005 0.84 <0.001

R3 19.0±2.5 0.46

2 S2 4 24 S2 35.4±1.8 <0.001 0.82 <0.001

R1 9.6±1.3 0.31

3 S3 4 24 S2 29.3±1.9 <0.001 0.69 <0.001

R1 6.5±0.7 0.19

4 S2 2 96 S5 34.9±2.0 < 0.05 0.97 0.748

R4 25.6±2.1 0.95

5 S6 2 96 S2 31.8±1.8 < 0.05 0.72 0.385

R1 25.3±1.8 0.76

a The host plant on which parasitoids were reared from P. xylostella larvae
b Host-plant type: S 0 susceptible, R 0 partially resistant (as are shown in Table 1)
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Results

Preference of Naive C. vestalis Reared on Hosts from Chinese Cabbage (S1)

Cotesia vestalis reared from hosts on Chinese cabbage (S1) preferred the odor from
uninfested young Chinese cabbage (S1) compared with uninfested old common
cabbage (R10Wheelers Imperial or R20Red Drumhead) (Fig. 3; S1 vs R1: χ

20
18.5, P<0.001; S1 vs R2: χ2017.8, P<0.001). The odor from infested young
Chinese cabbage was also preferred compared with infested old common cabbage
(Fig. 3; S1-host vs R1-host: χ

2020.0, P<0.001; S1-host vs R2-host: χ
2010.6, P<

0.005). Cotesia vestalis was more responsive to infested old common cabbage
(Wheelers Imperial) compared with uninfested young Chinese cabbage (Fig. 3; R1-
host vs. S1: χ

2021.8, P<0.001).
Cotesia vestalis did not show a significant preference between the odors from

uninfested young Chinese cabbage (S10F1 One Kilo SB) and uninfested young
common cabbage (S30Wheelers Imperial or S40Red Drumhead) (Fig. 3; S1 vs. S3:
χ200.46, P00.497; S1 vs S4: χ201.61, P00.204) or between uninfested old
Wheelers Imperial and uninfested old Red Drumhead (R1 vs. R2: χ

200.33, P0
0.564).

Preference of Experienced C. vestalis Reared on Hosts from Chinese Cabbage (S1)

Irrespective of the host plant (S1 or R1) on which the parasitoids had previously
experienced oviposition in host larvae, parasitoids preferred uninfested young Chi-
nese cabbage compared with uninfested old common cabbage (Wheelers Imperial)
(Fig. 4; S1 vs R1, experienced on S1: χ

2037.6, P<0.001; S1 vs R1, experienced on
R1: χ

2012.8, P<0.001). The same result was found when infested host plants were
compared (Fig. 4; S1-host vs R1-host, experienced on S1: χ

2050.2, P<0.001; S1-host

5820R1 S1 ***

5217R2 S1 ***
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R
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1859R1-Host S1 ***

3642S S ns3642S3

S

S1

S

ns

3243S4 S1 ns

4035R1 R2 ns

040 6080 8060
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Fig. 3 Olfactory response of naive Cotesia vestalis females (reared from hosts feeding on young Chinese
cabbage, S1) towards uninfested and infested plants. The numbers within bars indicate the number of wasps
that made a choice for each of the two odor sources offered; R and S refer to partially-resistant and
susceptible host plant, respectively (Table 1); asterisks indicate significant differences between choice tests:
***, ** and ns, no significant difference (P<0.001, < 0.005 and >0.05, respectively)
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vs R1-host, experienced on R1: χ
208.45, P<0.005). When old uninfested common

cabbage types (Wheelers Imperial and Red Drumhead) were compared, C. vestalis
did not show a significant preference (Fig. 4; R1 vs R2, experienced on R1: χ

200.49,
P00.486; R1 vs R2, experienced on R2: χ

202.0, P00.157).

Preference of C. vestalis Reared on Hosts from Common Cabbage (S3)

When uninfested plants were compared, both naive parasitoids and ones that had
experienced parasitization of hosts feeding on old common cabbage showed no
preference between young Chinese cabbage and old common cabbage (Fig. 5; S1
vs R1: χ

200.24, P00.628 and S1 vs R1, experienced on R1: χ
200.89, P00.346,

respectively). Parasitoids that had experienced parasitization of hosts feeding on
young Chinese cabbage preferred uninfested young Chinese cabbage compared
with uninfested old common cabbage (Fig. 5; S1 vs R1, experienced on S1: χ

20
5.41, P<0.05).

When infested plants were compared, both naive parasitoids and ones that had
experienced parasitization of hosts feeding on young Chinese cabbage preferred
young Chinese cabbage compared with old common cabbage (Fig. 5; S1-host vs
R1-host: χ

205.88, P<0.05 and S1-host vs R1-host, experienced on S1: χ
2022.2, P<

0.001, respectively). Parasitoids that had experienced parasitization of hosts feeding
on old common cabbage showed no preference between young Chinese cabbage and
old common cabbage (S1-host vs R1-host, experienced on R1: χ

203.20, P00.074).

Preference of C. vestalis Reared on Hosts from Turnip (S6)

When uninfested plants were compared, both naive parasitoids and ones that had
experienced parasitization of hosts feeding on old common cabbage showed no

Experiencea

6210R1 S1 ***S1

5624R1 S1 ***R1

718R1-Host S1-Host ***S1

5327 S **R5327R1-Host S1-Host **R1

3440R1 R2 nsR11 2 1

4230R1 R2
nsR2

020 20 4040 6080 8060 020 20 4040 6080 8060

Number of female C. vestalis responding
Fig. 4 Olfactory response of experienced Cotesia vestalis females (reared from hosts feeding on young
Chinese cabbage, S1) towards uninfested and infested plants. The numbers within bars indicate the number
of wasps that made a choice for each of the two odor sources offered; R and S refer to partially-resistant and
susceptible host plant, respectively (Table 1); a the host plant on which the parasitoids experienced multiple
ovipositions on the host larvae before performing the test; asterisks indicate significant differences between
choice tests: ***, ** and ns, no significant difference (P<0.001, < 0.005 and >0.05, respectively)
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preference for young Chinese cabbage or old common cabbage (Fig. 6; S1 vs R1: χ
20

0.64, P00.425 and S1 vs R1, experienced on R1: χ
202.25, P00.133, respectively).

Parasitoids that had experienced parasitization of hosts feeding on young Chinese
cabbage preferred young Chinese cabbage compared with old common cabbage (S1
vs R1, experienced on S1: χ

2043.1, P<0.001).
When infested plants were compared, naive C. vestalis preferred young Chinese

cabbage compared with old common cabbage (S1-host vs R1-host.: χ
208.67, P<

Experiencea

3632R1 S1 ns
Experience

noneR1 S1 nsnone

4727R1 S1 *S1

3240R1 S1 nsR1

4827R1-Host S *none4827 S1-Host *

5616 ***R1-Host S1-Host 11

4832 nsR1R1-Host S1-Host

040 6080 8060

Number of female C. vestalis responding

S

20 20 40

Fig. 5 Olfactory response of naive and experienced Cotesia vestalis females (reared from hosts feeding on
young common cabbage cv Wheelers Imperial, S3) towards uninfested and infested plants. The numbers
within bars indicate the number of wasps that made a choice for each of the two odor sources offered; R and
S refer to partially-resistant and susceptible host plant, respectively (Table 1); a the host plant on which the
parasitoids experienced multiple ovipositions on the host larvae before performing the test; asterisks
indicate significant differences between choice tests: ***, * and ns, no significant difference (P<0.001,
< 0.05 and >0.05, respectively)

Experience
3542R1 S1 ns

Experiencea

noneR1 nsnone

6810R1 S1 ***S1

3144R1 S1 nsR1

R1

5226R1-Host **none5226 S1-Host **

6114 ***R1-Host S1-Host

4727 *R1-Host S1-Host

0
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20 20 4040 6080 8060

Number of female C. vestalis responding
Fig. 6 Olfactory response of naive and experienced Cotesia vestalis females (reared from hosts feeding on
turnip, S6) towards uninfested and infested plants. The numbers within bars indicate the number of wasps
that made a choice for each of the two odor sources offered; R and S refer to partially-resistant and
susceptible host plant, respectively (Table 1); a the host plant on which the parasitoids experienced multiple
ovipositions on the host larvae before performing the test; asterisks indicate significant differences between
choice tests: ***, **,* and ns, no significant difference (P<0.001, < 0.005, < 0.05 and >0.05, respectively)
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0.005). Parasitoids that had experienced parasitization of hosts feeding on young
Chinese cabbage (S1) or old common cabbage (R1) both preferred young Chinese
cabbage (S1-host vs R1-host, experienced on S1: χ

2029.5, P<0.001; and S1-host vs
R1-host, experienced on R1: χ

205.41, P<0.05).

Parasitism by Cotesia vestalis on Different Host Plants: Choice Experiments

Parasitoids Exposed to Infested Plants for 24 h

Cotesia vestalis reared on hosts on young Chinese cabbage (S2, Tip Top) parasitized a
significantly greater proportion of hosts on Chinese cabbage (S2) compared with
hosts on an intermediate aged common cabbage (R3, Wheelers Imperial) (Table 2;
F1,6044.26, P<0.001), and the mean number of parasitoid cocoons per plant was
significantly greater on Chinese cabbage (t606.4828, P<0.005).

The proportion of hosts parasitized on Chinese cabbage (S2) was also significantly
greater compared with old common cabbage (R1, Wheelers Imperial) (Table 2; F1,60
141.78, P<0.001), and the mean number of parasitoid cocoons per plant was
significantly greater on Chinese cabbage (t6011.4799, P<0.001).

Cotesia vestalis reared on hosts from young common cabbage (S3, Wheelers
Imperial) parasitized a significantly greater proportion of hosts on Chinese cabbage
(S2) compared with old common cabbage (R1) (Table 2; F1,6075.30, P<0.001), and
the mean number of parasitoid cocoons per plant was significantly greater on Chinese
cabbage (t6010.9551, P<0.001).

Parasitoids Exposed to Infested Plants for 96 h

The proportion of hosts parasitized by C. vestalis reared on hosts from young Chinese
cabbage (S2, Tip Top) was not significantly different for hosts on a susceptible
rapeseed (S5, B. rapa Plant Introduction 469895) compared with hosts on a
partially-resistant rapeseed (R4, B. napus Plant Introduction 470055) (Table 2:
F1,600.11, P00.748) but the mean number of parasitoid cocoons per plant was
significantly greater on the susceptible rapeseed (t603.1516, P<0.05).

The proportion of hosts parasitized by C. vestalis reared on hosts from turnip (S6,
B. rapa) was not significantly different for hosts on Chinese cabbage (S2) compared
with hosts on old common cabbage (R1) (Table 2; F1,600.88, P00.385) but the mean
number of parasitoid cocoons per plant was significantly greater on Chinese cabbage
(t602.5828, P<0.05).

Discussion

This work suggests that plant resistance may substantially influence searching effi-
ciency and parasitism success of a major parasitoid of diamondback moth. From a
pest management viewpoint, the movement of C. vestalis to different plant-host
complexes is fundamental to the success of this parasitoid in combination with
host-plant resistance (Cortesero et al. 2000). In an olfactometry study, Bogahawatte
and van Emden (1996) found that C. vestalis preferred the odor of a partially-resistant
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cabbage on which they had developed compared with the odor of a susceptible
cauliflower; the parasitoid rearing history was so influential that the odor of intact
partially-resistant plant was preferred to the odor of infested susceptible host plant.

The present study, using a wider range of host plants, gives somewhat different
results. It was found that irrespective of the plant on which the parasitoid was reared,
C. vestalis preferred a susceptible host plant to a partially-resistant plant, taking into
consideration that both plants were in the same condition (either both were uninfested
or both were infested with host larvae). Indeed, this preference was likely to be either
due to parasitoid rearing history on Chinese cabbage but not on common cabbage, or
due to oviposition experience on Chinese cabbage but not on common cabbage. The
present study also showed that such a preference can change towards the partially-
resistant plant under different conditions (when the partially-resistant plant is under
attack by the host while the susceptible plant is intact). To clarify these dissimilarities,
chemical studies (e.g., Vuorinen et al. 2004) on intact and P. xylostella-damaged
crucifers are required to determine the quality and quantity of the semiochemicals that
affect C. vestalis behavior.

Olfactometry experiments showed that C. vestalis did not differentiate between
odors from the different plant types tested with similar levels of susceptibility or
resistance to P. xylostella but responded preferentially to odors from susceptible
compared with partially-resistant host plants. This suggests that host resistance of
crucifers may significantly reduce host location by female C. vestalis. The observed
plant preference was either because C. vestalis had developed on hosts feeding on
Chinese cabbage, or because C. vestalis (which had developed on hosts feeding on
common cabbage or turnip) had experienced multiple ovipositions of the hosts
feeding on Chinese cabbage. The former may be due to experience by the parasitoid
larvae of plant chemicals present in the P. xylostella larval body (Bogahawatte and
van Emden 1996); whereas the latter is experience by the parasitoid adults of plant or
plant-host allelochemicals (Potting et al. 1999; Liu and Jiang 2003).

Experience by the parasitoid larvae (i.e. parasitoid rearing history) and adults (i.e.,
multiple oviposition experience) on common cabbage did not affect C. vestalis choice
towards old common cabbage. Secondary plant products, such as glucosinolates and
their relatives, play an important role in producing allelochemicals that attract para-
sitoids (Bradburne and Mithen 2000; Hadacek 2002; Dicke and van Poecke 2002;
Ahuja et al. 2010). It is known that the glucosinolate contents vary markedly among
host plants of P. xylostella (van Etten et al. 1976; Hopkins et al. 1998; Moyes et al.
2000; Ulmer and Dosdall 2006), in particular by plant age (Karowe et al. 1997;
Hopkins et al. 1998; Ciska et al. 2000). The lower responsiveness of C. vestalis to old
common cabbage in present study might be due to reduced secondary plant products,
such as glucosinolates, and reduced myrosinase activity in older crucifers (Porter et
al. 1991; Wallace and Eigenbrode 2002; Lambdon et al. 2003). The fact that increased
glucosinolate production in young crucifers favors both herbivores and parasitoids
(Benrey et al. 1998; Harvey et al. 2003) may explain the preference of C. vestalis for
a susceptible host plant, young Chinese cabbage.

Parasitoid rearing history was not influential when infested plants were compared;
C. vestalis had a strong preference for an infested susceptible plant (young Chinese
cabbage) compared with an infested partially-resistant plant (old common cabbage).
It has been found that C. vestalis is most responsive to plant-host derived synomones
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(Bogahawatte and Van Emden 1996; Potting et al. 1999; Shiojiri et al. 2000b). The
distinct observed response of C. vestalis to the susceptible plant-host complex may be
because of high release of herbivore-induced synomones (Mattiacci et al. 1994;
Geervliet et al. 1997; Souissi et al. 1998) by infested young Chinese cabbage; more
extensive feeding damage by P. xylostella resulted in stronger response of C. vestalis
to this host plant (Schuler et al. 2003). However, the significant movement of C.
vestalis towards infested old common cabbage compared with uninfested young
Chinese cabbage observed in this study points to the importance of the host as a
paramount factor in the host location behavior by this parasitoid (Bogahawatte and
Van Emden 1996; Potting et al. 1999; Shiojiri et al. 2000a,b).

The cage experiments indicated that C. vestalis preferred initially (24 h exposure)
to parasitize host larvae kept on a susceptible plant (young Chinese cabbage) com-
pared with the host larvae on a partially resistant plant (intermediate or old common
cabbage). Such a preference is likely to be linked to a greater ‘attraction’ of C.
vestalis towards infested Chinese cabbage, as shown in the olfactometry experiments.
Cotesia vestalis has also been reported to have a relatively narrow-area search around
feeding damage sites (Wang and Keller 2002), which implies that the parasitoid
would remain in a preferred microhabitat, such as infested Chinese cabbage, rather
than searching other microhabitats. However, this preference disappeared when the
exposure time to the parasitoid was increased to 96 h; C. vestalis did not differentiate
between the host larvae kept on a susceptible plant (B. rapa or young Chinese
cabbage) or the host larvae on a partially resistant plant (B. napus or old common
cabbage). This has implications for patch use and redistribution of parasitoids based
on the frequency of unparasitized hosts encountered by parasitoids (Godfray 1994).
The greater number of C. vestalis cocoons (as a measure of successful parasitism) on
a susceptible host plant (B. rapa or young Chinese cabbage) compared with a
partially-resistant host plant (B. napus, intermediate or old common cabbage) may
be either due to the preference of C. vestalis for susceptible host plants (as was
indicated by olfactometry tests) or due to a lower rate of survival of parasitized larvae
on partially-resistant host plants (Verkerk and Wright 1994).

The lower parasitism on partially-resistant host plants could be a result of differ-
ential immune response of P. xylostella larvae to the parasitoid attack (Karimzadeh
and Wright 2008; Vogelweith et al. 2011), resulting in a reduced ability to encapsulate
the parasitoid eggs or larvae. However, immunity experiments using measures of
cellular and humoral effectors in our laboratory have failed to support such a
hypothesis (Karimzadeh and Wright 2008). Plants can influence the performance
and preference of parasitoids directly, by reducing or enhancing their ability to locate
hosts, or indirectly by affecting the fitness of herbivores and thus of parasitoids. The
reduced fitness of P. xylostella larvae feeding on partially-resistant host plants may
cascade up to higher trophic levels by affecting the parasitoid fitness measures, such
as developmental time, fecundity, longevity and size (Caron et al. 2008; Sarfraz et al.
2009).

Despite potential for integrating technologies such as host-plant resistance and
biological control in sustainable pest management programs (Price 1986; Thomas and
Waage 1996; Verkerk and Wright 1996; Lewis et al. 1997; Verkerk et al. 1998;
Thomas 1999), specific studies testing the effects of host-plant resistance on the
preference and performance of major parasitoids of diamondback moth are rare
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(Bogahawatte and van Emden 1996; Schuler et al. 2003, 2004; Karimzadeh et al.
2004; Karimzadeh and Wright 2008; Sarfraz et al. 2008). In present study, the
negative effects of partially-resistant host plants on C. vestalis, in terms of both
reduced preference for and less parasitism success on such plants, suggests that
integration of such plants and C. vestalis for control of P. xylostella is inadvisable.
Field studies are necessary to consider the consequences of combining such partially
resistant host plants and C. vestalis for P. xylostella management during the crop
cycle (Puente et al. 2008).
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