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Abstract

Female insects have the difficult task of locating host plants that maximize the survival and success of their off-

spring. In this study, the oviposition preferences of the cabbage looper moth, Trichoplusia ni (Hübner), for soy-

bean plants, Glycine max (L.), under various treatments—undamaged, mechanically damaged, damaged by

T. ni or Spodoptera frugiperda (Smith) larvae or by Bemisia tabaci (Gennadius) adults, egg-free plants, and

plants previously oviposited by conspecific or heterospecific females (S. frugiperda)—were investigated using

two-choice tests. Additionally, the volatile compounds emitted by the plants under the different treatments

were identified by gas chromatography–mass spectrometry. Our results showed that females showed no pref-

erences for undamaged or mechanically damaged plants. However, they oviposited more often on undamaged

plants than on those previously damaged by T. ni, S. frugiperda, or B. tabaci. In contrast, females preferred to

oviposit on plants previously oviposited by conspecific and heterospecific females than on egg-free plants.

Plants damaged by conspecific or heterospecific larvae emitted methyl salicylate, indole, and octyl butyrate,

compounds not released by undamaged or mechanically damaged plants. Whitefly damage induced the re-

lease of higher quantities of Z(3)-hexenyl acetate, (R)-(þ)-limonene, and (E)-b-ocimene compared to plants dam-

aged by larvae and suppressed the emission of linalool. Egg deposition by conspecific and heterospecific moths

induced the emission of (R)-(þ)-limonene, octyl butyrate, and geranyl acetone but suppressed the release of lin-

alool. This study showed that a generalist moth species can discriminate between plants of different quality,

and suggests that females use volatile compounds as cues during this process.
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Female holometabolous insects have the difficult task of locating

host plants that ensure the survival and success of their offspring

(Renwick 1989, Landolt and Phillips 1997, Thompson 1998,

Bernays 2001, Gripenberg et al. 2010). During this search process,

females are stimulated by external and internal factors that influence

their choice and acceptance of host plants (Visser 1986, Bell 1990,

Schoonhoven et al. 2005). Moreover, the degree of diet specializa-

tion of insects may affect the host-finding behavior of ovipositing fe-

males (Sch€apers et al. 2015). A number of studies have shown that

females with a broad diet breadth (generalists) have relatively more

difficulty in discriminating between good and bad host plants

(Levins and Macarthur 1969, Janz and Nylin 1997). This may occur

because generalist insects have a limited neuronal capacity for pro-

cessing sensorial information, making them less efficient in discrimi-

nating between host plants (Bernays 2001, Cunningham 2012).

During the host-finding process, females may use chemical cues

(e.g., volatile and nonvolatile compounds) as well as physical cues

(e.g., color, size) originating from both the habitat and from the

plants to determine acceptable host plants (Renwick 1989,

Schoonhoven et al. 2005).

The cabbage looper moth, Trichoplusia ni (Hübner), is consid-

ered a generalist species. Although it prefers cruciferous plants

(Janmaat and Myers 2003), it can attack >160 species distributed

across 36 plant families (Sutherland and Greene 1984). Relatively

little is known concerning the host-finding behavior of this moth

species (Khan et al. 1987; Landolt 1989, 1993, 2001; Landolt and

Molina 1996). For instance, Khan et al. (1987) reported that females

were attracted to extracts from a susceptible soybean variety,

whereas extracts from a resistant variety repelled them. Landolt

(1989) found that mated females were attracted to intact potted
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cabbage, soybean, tomato, and celery plants in wind tunnel assays

(Landolt 1989). Later, this same author reported that females were

more attracted to mechanically damaged cotton plants or plants

damaged by conspecific larvae than to undamaged plants, whereas

cabbage plants that were mechanically damaged or infested by T. ni

larvae were less attractive to females than undamaged plants

(Landolt 1993).

In this work, we extend previous studies concerning the host-

finding behavior of T. ni, focusing specifically on the oviposition be-

havior of this generalist moth. Specifically, using two-choice tests,

we investigated whether T. ni females can discriminate between con-

specific host plants with differences in quality. Undamaged soybean

plants were considered as good quality hosts, while plants damaged

by conspecific or heterospecific [Spodoptera frugiperda (Smith)]

larvae, plants damaged by a sucking insect [Bemisia tabaci

(Gennadius)], or plants previously oviposited by conspecific or het-

erospecific females (S. frugiperda) were considered as poor quality

hosts. We hypothesized that females would not discriminate be-

tween the two categories of host plants. Additionally, we identified

the compounds emitted by soybean plants from different treatments

using gas chromatography–mass spectrometry.

Materials and Methods

Biological Material
Larvae of both moth species (T. ni and S. frugiperda) were reared

with an artificial diet (Rojas et al. 2003). Insects were maintained at

26 6 2�C, 70 6 5% relative humidity, with a photoperiod of 14:10

(L:D) h. To obtain mated females of T. ni and S. frugiperda, 10 fe-

males and 15 males were kept together in cages (30 by 30 by 30 cm)

from the first night of emergence. The moths were fed with a 10%

sucrose solution dispensed on cotton wool in a Petri dish. After the

assays, some females were dissected to determine their mating status

by evaluating the presence of spermatophores in the bursa copula-

trix. Five-day-old naı̈ve females were used in all experiments. The

whiteflies used to infest soybean plants were obtained from infested

tomato plants. Some adults and nymphs were taken for taxonomic

identification.

Soybean plants, Glycine max (L.) variety Cristalina, were used in

the assays and for sampling the volatile compounds. Experimental

seedlings were used at 15–20 d after planting, when they were

�30 cm high (five to eight folioles). Single seeds were sown in plastic

containers (12 cm height by 10 cm diameter) containing sterile soil

under natural light conditions (12 h light:12 h darkness), tempera-

ture (24–34 �C), and relative humidity (60–70%). The plants were

placed in screened cages to protect them from insect damage and

were not fertilized.

Bioassays
The assays were performed in pyramidal screen cages (75 by 60 by

60 cm) using two-choice tests. The cages were placed outdoors un-

der a covered area with circulating air currents at a temperature of

24–30�C and a relative humidity of 60–70%. Two plants, one

undamaged and one damaged or oviposited, were positioned at op-

posite corners of the cage, �40 cm apart. The position of each plant

was randomly determined in each cage. The cages were separated

from each other by 1 m. The trials began at 19:00 h. In each trial, a

gravid moth was released on a platform 15 cm high placed at the en-

trance of the cage. The number of eggs deposited on the abaxial and

adaxial surfaces of leaves were recorded 12 h later. Plants and fe-

males were used once and then discarded.

Oviposition of T. ni Females on Undamaged Plants

Versus Mechanically Damaged Plants
In this experiment, we investigated whether females are able to dis-

criminate between undamaged plants and mechanically damaged

plants. Plants with mechanical damage were obtained by creating

three holes (6 mm diameter) per foliole with a paper hole punch to

roughly simulate the amount of leaf that larvae might remove. The

mechanical damage was initiated 1 h before beginning the assays. In

total, 30 replicates were performed.

Oviposition of T. ni Females on Undamaged Plants

Versus Plants Damaged by Conspecific or

Heterospecific Larvae
In this experiment, we evaluated whether females were able to dis-

criminate between undamaged plants and plants damaged by T. ni

or S. frugiperda larvae. Feeding damage was caused by placing five

third-instar T. ni or S. frugiperda larvae on a plant for �12 h; during

this time, the larvae consumed between 25–30% of the leaves.

Afterward, the larvae were removed from the plant, and any remain-

ing larvae feces were carefully removed with a soft bristle brush.

Plants were used in the bioassays 12 h later. In total, 30 replicates

were performed.

Oviposition of T. ni Females on Undamaged Plants

Versus Plants Damaged by a Sucking Insect
In this experiment, we investigated whether females were able to dis-

criminate between undamaged plants and plants damaged by

B. tabaci. Fifteen-day-old seedlings were infested with 20 whiteflies,

and the plants were evaluated 20 d later. The infested plants carried

eggs, nymphs, and �100 adults, all of which were removed with a

soft bristle brush 8 h before beginning the assays. In total, 20 repli-

cates were performed.

Oviposition of T. ni Females on Egg-Free Plants and

Plants Previously Oviposited by Conspecific or

Heterospecific Females
In this experiment, we evaluated whether females were able to dis-

criminate between egg-free plants and plants previously oviposited

by T. ni or S. frugiperda females. To obtain oviposition-treated

plants, individual plants were placed into collapsible cages (61 by 34

by 34 cm, Live Monarch Foundation, Boca Raton, FL) with one

mated T. ni female or three mated S. frugiperda females. The next

morning, the plants were checked, and the number of eggs (T. ni) or

masses (S. frugiperda) and their locations on the leaves were re-

corded. For T. ni, the egg location was useful to differentiate the

eggs oviposited during the assays from those deposited previously.

Plants oviposited by conspecific females had �50 eggs, while plants

oviposited by heterospecific females had at least one egg mass.

Oviposited plants were withdrawn from the cages and used 12 h

later. In total, 26 and 25 replicates per treatment were performed to

evaluate the effect of previous oviposition by conspecific and hetero-

specific females on the behavior of T. ni, respectively.

Sampling and Identification of Volatile Compounds
Plant volatile compounds were sampled using the solid-phase

microextraction (SPME) technique. Individual plants were enclosed

in a glass container (34 cm height by 9 cm diameter) with a hole

cap, which was sealed with aluminum foil. Volatiles were sampled

with a polydimethylsiloxane/divinylbenzene film (thickness 65 mm,

Supelco, Toluca, Mexico). Sampling was performed by inserting the
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SPME needle through the aluminum foil into the headspace of the

glass container, and volatiles were allowed to be adsorbed onto the

fiber for 12 h. The volatiles emitted by plants damaged by larvae or

oviposited were sampled 24 h after beginning the feeding or oviposi-

tion. However, insects were removed from host plants 12 h after

feeding or ovipositing. Plants infested with whiteflies were sampled

after the eggs, nymphs, and adults were removed. Mechanically

damaged plants were sampled about 1 h after the damage was

caused. The fiber was subsequently removed from the vial, and the

volatiles desorbed inside the heated injection port of a gas chromato-

graph for 1 min.

Chemical analysis of the volatiles adsorbed on the SPME fibers

were conducted in a Varian CP-3800 Gas Chromatograph coupled

with a Varian Saturn 2200 (GC-MS) Mass Spectrometer. A nonpo-

lar fused silica capillary column (DB5-MS, 30 m by 0.25 mm;

Supelco, Toluca, Mexico) was used. The analysis was performed us-

ing an initial temperature of 50�C (for 2 min), increasing by 15�C/

min to 280�C (for 10 min). Helium was used as the carrier gas. The

temperature of the injector was 200�C. Ionization was by electronic

impact at 70 eV. The compounds were identified by comparing the

Kovats indices and mass spectra of the synthetic standards. Other

compounds were tentatively identified based on comparisons with

spectra from the NIST/EPA/NIH Mass Spectral library (version 2.0,

2002) and those described by Adams (2007). The standards were

purchased from Sigma-Aldrich (Toluca, Mexico) and were 97–99%

pure according to the supplier.

Statistical Analysis
The number of eggs on the different treatments were transformed

(ln(xþ0.5)) to normalize variations in the data and analyzed with

unequal variance Welch’s t-test. In some cases, we used Mann–

Whitney test because the data were still not normally distributed de-

spite the transformation. GC peak area units of the compounds

were analyzed using the canonical discriminant analysis (a multivar-

iate analysis) technique, which allows differentiation between two

or more groups and takes into account the performance measures of

the individuals of each group. Also, GC peak area units were ana-

lyzed by analysis of variance (ANOVA) followed by Tukey post hoc

comparisons (a¼0.05) to evaluate the difference in the emissions of

individual compounds among treatments. Data were transformed

(ln(xþ0.5)) prior to ANOVA to satisfy assumptions of normality

and homogeneity of variances. All analyses were performed using R

software (version 2.15.3).

Results

Oviposition of T. ni Females on Undamaged Plants

Versus Mechanically Damaged Plants
Females showed no preference for undamaged or mechanically dam-

aged plants (t¼�1.56, df¼57, P¼0.123). However, moths ovipos-

ited more eggs on the abaxial surfaces than on the adaxial surfaces

of leaves from undamaged plants (t¼3.38, df¼58, P<0.001). In

contrast, there was no difference in the number of eggs deposited on

the abaxial and adaxial surfaces of leaves from mechanically dam-

aged plants (t¼1.69, df¼55, P¼0.096; Fig. 1).

Oviposition of T. ni Females on Undamaged Plants

Versus Plants Damaged by Conspecific or

Heterospecific Larvae
Moths preferred to oviposit on undamaged soybean plants rather

than on plants damaged by T. ni larvae (W¼144.5, P<0.001).

Females oviposited more often on the abaxial surfaces than on the

adaxial surfaces of leaves from undamaged plants (W¼604.5,

P¼0.02), whereas there was no difference in the number of eggs

oviposited on both surfaces of leaves on plants damaged by conspe-

cific larvae (W¼575, P¼0.06; Fig. 2).

Similarly, females oviposited more often on undamaged soybean

plants than on plants damaged by S. frugiperda larvae (t¼4.17,

df¼57, P<0.001; Fig. 3). However, in this case, moths deposited
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Fig. 1. Oviposition of T. ni females on undamaged soybean plants and me-

chanically damaged plants in two-choice tests. The data were log trans-

formed (ln(xþ0.5)) and analyzed by Welch t test. (A) The mean number

(6SEM) of eggs on undamaged plant and mechanically damaged plant, (B)

eggs deposited on surfaces of undamaged plants, and (C) eggs deposited on

surfaces of mechanically damaged plants. Data sets that are significant at dif-

ferent levels: ***(P<0.001). UD, undamaged plant; UD_Aba, abaxial surface

of UD; UD_Ada, adaxial surface of UD; MD, mechanically damaged plant;

MD_Aba, abaxial surface of MD; MD_Ada, adaxial surface of MD.
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Fig. 2. Oviposition of T. ni females on undamaged soybean plants and dam-

aged plants by conspecific larvae in two-choice tests. The data were log trans-

formed (ln(xþ0.5)) and analyzed by Mann–Whitney test. (A) The mean

number (6SEM) of eggs on undamaged plant and damaged plants by

conspecific larvae, (B) eggs deposited on surfaces of undamaged plants, and

(C) eggs deposited on surfaces of damaged plants by conspecific larvae. Data

sets that are significant at different levels: *(P<0.05), ***(P< 0.001). UD,

undamaged plant; UD_Aba, abaxial surface of UD; UD_Ada, adaxial surface

of UD; CD, plants damaged by conspecific; CD_Aba, abaxial surface of CD;

CD_Ada, adaxial surface of CD.
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more eggs on the abaxial surfaces than on the adaxial surfaces of

leaves from both undamaged plants (t¼2.57, df¼58, P¼0.013)

and plants damaged by heterospecific larvae (t¼2.64, df¼56,

P¼0.011; Fig. 3B, C).

Oviposition of T. ni Females on Undamaged Plants

Versus Plants Damaged by a Sucking Insect
Females preferred to deposit more eggs on undamaged soybean

plants than on plants infested by whiteflies (t¼4.79, df¼38,

P<0.001). More eggs were oviposited on the abaxial surfaces than

on the adaxial surfaces of leaves from undamaged plants (t¼4.12,

df¼37, P<0.001), but females showed no preference for either sur-

face of leaves on plants damaged by whiteflies (t¼�0.73, df¼38,

P¼0.47; Fig. 4).

Oviposition of T. ni Females on Egg-Free Plants and

Plants Previously Oviposited by Conspecific or

Heterospecific Females
Moths deposited more often on soybean plants previously ovipos-

ited by conspecific females than on egg-free plants (W¼163,

P<0.001). Females showed no preference for ovipositing on either

the abaxial or adaxial surfaces of leaves from egg-free plants

(t¼1.89, df¼49, P¼0.06) or on plants previously oviposited by

T. ni females (t¼1.48, df¼50, P¼0.15; Fig. 5).

Similarly, T. ni females preferred to oviposit on soybean plants

previously oviposited by heterospecific females than on egg-free

plants (W¼163, P¼0.003). However, females did not show a pref-

erence for ovipositing on either leaf surface from egg-free plants

(t¼0.41, df¼48, P¼0.68). In contrast, moths oviposited more of-

ten on the abaxial surface than on the adaxial surface of leaves of

plants previously oviposited by S. frugiperda females (t¼2.81,

df¼48, P¼0.007; Fig. 6).

Plant Volatile Compound Profiles
In total, 16 volatile compounds were identified from the different

plant treatments. Undamaged soybean plants emitted only 7 com-

pounds, while plants previously oviposited by conspecific or hetero-

specific females released 9 volatile compounds. Mechanically

damaged plants emitted 13 compounds, and plants damaged by con-

specific or heterospecific larvae emitted 14 compounds; plants dam-

aged by whiteflies released 11 compounds (Table 1). The statistical

analysis of the volatiles emitted by soybean plants showed a

significant difference among treatments (F¼3.34; df¼96,108;
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Fig. 3. Oviposition of T. ni females on undamaged soybean plants and dam-

aged plants by heterospecific larvae in two-choice tests. The data were log

transformed (ln(xþ0.5)) and analyzed by Welch t test. (A) The mean number

(6SEM) of eggs on undamaged plant and damaged plants by heterospecific

larvae, (B) eggs deposited on surfaces of undamaged plants, and (C) eggs de-

posited on surfaces of damaged plants by heterospecific larvae. Data sets

that are significant at different levels: **(P< 0.01), ***(P<0.001). UD, undam-

aged plant; UD_Aba, abaxial surface of UD; UD_Ada, adaxial surface of UD;

HD, plants damaged by heterospecific; HD_Aba, abaxial surface of HD;

HD_Ada, adaxial surface of HD.
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Fig. 4. Oviposition of T. ni females on undamaged soybean plants and dam-

aged plants by whiteflies in two-choice tests. The data were log transformed

(ln(xþ0.5)) and analyzed by Welch t test. (A) The mean number (6SEM) of

eggs on undamaged plant and damaged plants by whiteflies, (B) eggs depos-

ited on surfaces of undamaged plants, and (C) eggs deposited on surfaces of

damaged plants by whiteflies. Data sets that are significant at different levels:

***(P<0.001). UD, undamaged plant; UD_Aba, abaxial surface of UD;

UD_Ada, adaxial surface of UD; WF, whitefly damage plant; WF_Aba, abaxial

surface of WF; WF_Ada, adaxial surface of WF.
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Fig. 5. Oviposition of T. ni females on egg-free soybean plants and previously

oviposited plants by conspecific females in two-choice tests. The data were

log transformed (ln(xþ 0.5)). (A) The mean number (6SEM) of eggs on egg-

free plants and plants previously oviposited (Mann–Whitney test), (B) eggs

deposited on surfaces of egg-free plants, and (C) eggs deposited on soybean

plants previously oviposited. Data sets that are significant at different levels:

***(P<0.001). EF, egg-free plant; EF_Aba, abaxial surface of EF; EF_Ada, ad-

axial surface of EF; PPT, plant previously laid by T. ni females; PPT_Aba, abax-

ial surface of PPT; PPT_Ada, adaxial surface of PPT.
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P<0.001). The canonical discriminant characteristic values of the

testing data from the volatiles is shown in Table 2. Eigenvalues indi-

cate that the first discriminant function has the highest canonical

correlation (0.991) and explains ca 70% of the total variance. In ac-

cordance with these values, the first two functions are the most dis-

criminating factors and provide a large contribution to the

discrimination (86.57%). The Wilks’ k values of the first two dis-

criminant functions are 0.000 and 0.00011, which indicate that the

model has good discriminant power. In contrast, significance values

less than 0.001 and F tests indicate that there is a highly significant

difference between the groups’ centroids (Fig. 7).

Undamaged soybean plants, mechanically damaged plants, and

previously oviposited plants clustered together in the first group,

with decanal as the most important compound. A second group in-

cluded plants damaged by conspecific and heterospecific larvae,

with methyl salicylate, indole, and a-farnesene as the most impor-

tant compounds. Plants infested by whiteflies were placed in a third

group, with mesitylene, (Z)-3-hexenyl acetate, and (R)-(þ)-limonene

as the most important compounds (Fig. 7).

Discussion

In this study, we found that the generalist moth T. ni is able to dis-

criminate between undamaged host plants and herbivore-damaged

plants and between egg-free plants and plants previously oviposited

by conspecific or heterospecific females. Thus, the results do not

support our hypothesis that females would not discriminate between

the two categories of host plants. Other studies, however, have

shown that generalist females have difficulty discriminating between

host plants of different quality. For example, Janz and Nylin (1997)

found that two generalist butterfly species did not discriminate be-

tween good- and poor-quality host plants.

Our results indicate that females showed no preference for

undamaged or mechanically damaged plants. This confirms the re-

sult obtained in a previous study, which reported that T. ni females

did not discriminate between undamaged cotton plants and

mechanically damaged plants. However, T. ni females also showed

no preference for uncut or cut cabbage plants (Landolt 1993). In

contrast, Mamestra brassicae (L.) females oviposited more often on

mechanically damaged cabbage plants compared with undamaged

plants; however, they preferred to oviposit on undamaged tomato

plants rather than on damaged tomato plants (Rojas 1999). Our re-

sults suggest that insect damage is essential in eliciting the cues that

females use to discriminate between herbivore-damaged plants and

undamaged plants. A number of studies have shown that plants rec-

ognize elicitors in insect oral secretions (Howe and Jander 2008)

that activate its defensive responses. An alternative explanation is

that the mechanical damage caused to soybean plants did not mimic

the damage caused by insects; therefore, cues recognized by T. ni fe-

males were not elicited. Larvae feeding, for example, involves the ac-

tion of specialized mandibles that remove similarly sized pieces of

leaf tissue in a highly choreographed and foreseeable manner (Howe

and Jander 2008).

The fact that insect damage is necessary to elicit the cues used by

females for discriminating host plants is supported by our results,

which show that females prefer to oviposit on undamaged plants

than on plants damaged by conspecific or heterospecific larvae. Our

results are in agreement with those of Landolt (1993), who reported

that T. ni females more often oviposited on undamaged cotton

plants than on plants infested with conspecific larvae. However,

there was no difference between the number of eggs deposited on

undamaged cabbage plants and plants infested with T. ni larvae

(Landolt 1993). Landolt (1993) suggested that herbivore-induced

plant volatile compounds mediate the host location and host accep-

tance by T. ni, but it was unclear whether the lack of preference for

herbivore-damaged plants was due to the presence of larvae, frass,

or plant compounds induced by feeding larvae because the larvae

and its products remained on the plants used during the bioassays.

Previously, it has been shown that oviposition of T. ni females on

cabbage plants is deterred by larvae frass (Renwick and Radke

1980). By removing the larvae and frass before the assays, our study

showed that these cues are not involved in the nonpreference of soy-

bean plants damaged by conspecific larvae. Additionally, we found

that T. ni females are able to discriminate between undamaged

plants, plants damaged by heterospecific larvae, and plants damaged

by whiteflies. Thus, our results suggest that egg-laying females use

cues derived from plants to discriminate between undamaged and

herbivore-damaged plants. However, we do not know whether fe-

males use the same cues for avoiding plants damaged by conspecific

or heterospecific larvae. The volatile profile emitted by plants dam-

aged by T. ni and S. frugiperda is quite similar, but it is slightly dif-

ferent in plants damaged by sucking insects. For instance, plants

damaged by conspecific or heterospecific larvae emitted methyl sa-

licylate, indole, and octyl butyrate, which are not released by

undamaged or mechanically damaged plants. Plants damaged by

whiteflies released higher quantities of Z(3)-hexenyl acetate,

(R)-(þ)-limonene, and (E)-b-ocimene than plants damaged by larvae

and suppressed the emission of linalool.

Generally, T. ni females oviposited on the abaxial surfaces of

plants without damage. However, when plants were damaged by

T. ni or whiteflies, the eggs were laid indistinctly on the abaxial or

adaxial surfaces, or preferring the abaxial surface when plants were

damaged by S. frugiperda larvae, suggesting that herbivory affect

the characteristics of the abaxial surface of soybean leaves. Several

physical and chemical characteristics of leaves can affect the oviposi-

tion of insect females (Eigenbrode and Espelie 1995, Müller and

Riederer 2005). Also, some studies have shown that leaf characteris-

tics are affected by herbivory (Dutton et al. 2002). For instance, the

0

10

20

30

40

50

M
ea

n 
nu

m
be

r e
gg

s d
ep

os
ite

d 
(+

SE
M

) **

**

A B C

Fig. 6. Oviposition of T. ni females on egg-free soybean plants and previously

oviposited plants by heterospecific females in two-choice tests. The data

were log transformed (ln(xþ0.5)). (A) The mean number (6SEM) of eggs on

egg-free plants and plants previously oviposited (Mann–Whitney test),

(B) eggs deposited on surfaces of egg-free plants, and (C) eggs deposited on

soybean plants previously oviposited. Data sets that are significant at differ-

ent levels: **(P<0.01). EF, egg-free plant; EF_Aba, abaxial surface of EF;

EF_Ada, adaxial surface of EF; PPS, plant previously laid by S. frugiperda fe-

males; PPS_Aba, abaxial surface of PPS; PPS_Ada, adaxial surface of PPS.
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amount of triterpene squalene increases in apple leaves after infesta-

tion of leaf miners (Dutton et al. 2002). The density of trichomes

can increase in the surfaces of leaves from damage by insects

(Valkama et al. 2005). In our case, the abaxial surface of soybean

leaves has more trichomes in comparison to adaxial surface

(G.G.C., unpublished data), but whether this characteristic explains

the female preference for ovipositing on the abaxial surface or

whether the density of trichomes, or other characteristics, changes

after herbivory need to be investigated in future studies.

Interestingly, the cabbage looper moths were able to discriminate

between egg-free plants and plants previously oviposited by conspe-

cific or heterospecific females. We found that they prefer to oviposit

on plants previously oviposited by T. ni or S. frugiperda females.

A number of studies have shown that insect egg deposition elicits

both direct and indirect plant defenses (Little et al. 2007, Hilker and

Meiners 2011, Kim et al. 2012). The plant responses to herbivorous

insect egg deposition include the formation of neoplasms, leaf necro-

sis, ovicidal substances, changes in internal secondary metabolites,

phytochemical changes in leaf surfaces, and changes in plant

volatiles (Hilker and Fatouros 2015). We did not observe that soy-

bean leaves responded to T. ni or S. frugiperda eggs by forming ne-

crotic tissue or neoplasms under the eggs; however, egg deposition

changed the volatile profiles emitted by the plants. Egg deposition

by conspecific and heterospecific moths on soybean plants induced

the emission of (R)-(þ)-limonene, octyl butyrate, and geranyl ace-

tone but suppressed the release of linalool. Oviposition of the spot-

ted stemborer females Chilo partellus Swinhoe on plants of signal

grass, Brachiaria brizantha (A. Rich.), reduced the emission of Z(3)-

hexenyl acetate (Bruce et al. 2010), while maize plants oviposited by

S. frugiperda females suppressed the emission of linalool (Pe~naflor

et al. 2011).

To our knowledge, few studies have investigated the effects of

prior egg deposition on the behaviors of egg-laying females (Bruce

et al. 2010, Fatouros et al. 2012, Raitanen et al. 2013). For instance,

C. partellus females oviposit more eggs on egg-free plants of B. bri-

zantha than on plants previously oviposited by conspecific females

(Bruce et al. 2010). A similar situation was observed for Pieris bras-

sicae L., where gravid females prefer to oviposit on egg-free plants

Table 2. Canonical discriminant characteristics for the volatile compounds emitted by experimental plants

Function Eigenvalue Variance (%) Cumulative (%) Canonical correlation

relation

Wilks’ k F Testst num DF den DFn df Significanceicance

11 116.296 69.788 69.788 0.99147 0 64.611 36 103.761 0.000

22 27.977 16.788 86.577 0.96549 0.00011 38.19 25 90.658 0.000

33 15.28 9.169 95.747 0.93858 0.00329 26.454 16 77.014 0.000

44 5.474 3.285 99.032 0.84555 0.05358 16.41 9 63.428 0.000

55 1.424 0.854 99.887 0.58751 0.3469 9.421 4 54 0.000

66 0.189 0.113 100 0.15902 0.84098 5.295 1 28 0.029
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aged plants (UD), mechanically damaged plants (MD), plants damaged by conspecific larvae (CD) or heterospecific larvae (HD), plants damaged by B. tabaci

(WF), and plants previously oviposited by conspecific (PPT) or heterospecific females (PPS). The number of each compound correspond to that listed in Table 1.
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of Brassica nigra L. over plants previously oviposited by conspecific

females. However, they did not show a preference for egg-free cab-

bage plants or for plants previously oviposited by M. brassicae fe-

males (Fatouros et al. 2012). In contrast, Pieris napi (L.) females

oviposited more eggs on host plants [Rorippa sylvestris (L.)] that al-

ready carried eggs than on egg-free plants (Raitanen et al. 2013).

The fact that T. ni females oviposited on previously laid plants may

increase the costs of resource competition, at least until the neonate

larvae are able to disperse from the home plant. A previous study re-

ported that small larvae (1–2 instar) were more aggregated than

large larvae, but it was not clear if the decreased aggregation ob-

served for large larvae was due to mortality or to the dispersion of

small larvae (Trumble et al. 1987). Raitanen et al. (2013) suggested

that the conspecific attraction, rather than avoidance, of P. napi fe-

males implies that the likely benefits of choosing previously ovipos-

ited plants during oviposition site selection compensate for the costs

of competition in the wild.

We observed that, in some cases, T. ni females approached a plant,

landed on it, and began to evaluate (by tapping, abdomen bending,

and ovipositor dragging) the plant before egg deposition. In other

cases, females bent their abdomen in the air, landed, and began to ovi-

posit on plant with no previous evaluation. In this last case, we specu-

late that females may have used volatile compounds as cues for

determining that a plant was suitable before landing, while in the first

case, females may use additional cues such as leaf roughness and non-

volatile compounds to assess and accept a host plant. Although vola-

tile compounds mediate female attraction to host plants

(Schoonhoven et al. 2005), they may also be important during ovipo-

sition (Fatzinger and Merkel 1985, Renwick and Chew 1994,

Witzgall et al. 2005). For example, citrus volatiles trigger a higher fre-

quency of host visits, increasing oviposition by Papilio polyxenes L.

females (Feeny et al. 1989). As discussed above, herbivore damage

and egg deposition affected the volatile compounds emitted by experi-

mental plants both qualitatively and quantitatively. Thus, our results

suggest that volatiles may be used by females to discriminate between

host plants. However, nonvolatile compounds or physical cues may

also affect the behavior of females. For example, egg deposition of P.

brassicae on Arabidopsis thaliana (L.) plants induced changes in the

leaf epicuticular wax composition (Blenn et al. 2012).

In summary, our study extends the knowledge concerning the

oviposition behavior of generalist herbivores. In particular, this

study contributes to the literature by showing that generalist moth

species can discriminate between plants of different quality. Our re-

sults also suggest that plant volatiles are important cues used by egg-

laying females to discriminate between host plants. However, more

studies are needed to examine the effect of a female’s choice of ovi-

position host plant on her offspring and to confirm the roles of vola-

tile compounds as well as the possible involvement of physical and

nonvolatile cues during moth oviposition.
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