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by sensing volatiles that do not affect larval performance
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Abstract

Herbivorous insects use plant metabolites to inform their host plant selection for
oviposition. These host-selection behaviours are often consistent with the preference-
performance hypothesis; females oviposit on hosts that maximize the performance of
their offspring. However, the metabolites used for these oviposition choices and those
responsible for differences in offspring performance remain unknown for ecologically
relevant interactions. Here, we examined the host-selection behaviours of two sym-
patric weevils, the Datura (Trichobaris compacta) and tobacco (T. mucorea) weevils in
field and glasshouse experiments with transgenic host plants specifically altered in dif-
ferent components of their secondary metabolism. Adult females of both species
strongly preferred to feed on D. wrightii rather than on N. attenuata leaves, but T. mu-
corea preferred to oviposit on N. attenuata, while T. compacta oviposited only on
D. wrightii. These oviposition behaviours increased offspring performance: T. com-
pacta larvae only survived in D. wrightii stems and T. mucorea larvae survived better
in N. attenuata than in D. wrightii stems. Choice assays with nicotine-free, JA-
impaired, and sesquiterpene-over-produced isogenic N. attenuata plants revealed that
although half of the T. compacta larvae survived in nicotine-free N. attenuata lines,
nicotine did not influence the oviposition behaviours of both the nicotine-adapted and
nicotine-sensitive species. JA-induced sesquiterpene volatiles are key compounds
influencing T. mucorea females’ oviposition choices, but these sesquiterpenes had no
effect on larval performance. We conclude that adult females are able to choose the
best host plant for their offspring and use chemicals different from those that influ-
ence larval performance to inform their oviposition decisions.
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Introduction

Herbivorous insects select their host plants for food or
oviposition sites based on chemicals produced by plants
(Thompson 1988; Price 1997). Several hypotheses have
been suggested to explain why herbivorous insects
choose certain plants over others. The preference-
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performance hypothesis, also known as optimal ovipo-
sition theory (Jaenike 1978; Thompson 1988), predicts
that female insects preferentially oviposit on certain
host plants to maximize their larvae’s performance (Jae-
nike 1978). When larvae are limited in their abilities to
relocate, the female’s choice of oviposition sites strongly
influences their offspring’s performance (Thompson &
Pellmyr 1991; Zalucki et al. 2002; Bertheau et al. 2009;
Clark et al. 2011; Mazaheri ef al. 2011; Zhang et al.
2012). However, many other studies have revealed that
adult choice and offspring performance are frequently
poorly correlated (Jallow & Zalucki 2003; Brodbeck et al.
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2007; Gripenberg et al. 2007; Chatzigeorgiou et al. 2010;
Shikano et al. 2010). Some adult females select host
plants to obtain more nutrition for themselves, even
when it decreases offspring performance (Scheirs &
Bruyn 2002), or to minimize the influence of natural
enemies or disease on their offspring, mortality factors
frequently overlooked in laboratory assays (Barbosa &
Krischik 1987; Valladares & Lawton 1991; Clark et al.
2011).

Plant secondary metabolites — the chemical cues men-
tioned above — affect host selection behaviour of insect
herbivores and also act as attractants or deterrents influ-
encing the location of oviposition sites (Rosenthal &
Berenbaum 1992; Awmack & Leather 2002; Powell et al.
2006). For instance, high levels of glucosinolates in Ara-
bidopsis thaliana negatively affect the oviposition beha-
viour of the phloem-feeding insect, Bemisia tabaci, and
also the performance of both adults and nymphs in lab-
oratory assays (Markovich et al. 2013), but some glucosi-
nolates produced by Brassicaceae plants stimulate the
oviposition behaviour of leaf herbivores, for example
Plutella xylostella and Delia radicum (Marazzi & Stadler
2004; Renwick et al. 2006; Sarfraz et al. 2006). In other
examples, tobacco hornworms prefer to feed on indio-
side D-producing solanaceous plants (del Campo et al.
2001), while alder leaf beetles prefer to feed on Salix
plants producing high levels of phenolic compounds
(Ikonen et al. 2002); catechol in roasted coffee bean is an
oviposition stimulant for cigarette beetles (Nagasawa
et al. 2014), while volatile monoterpenes are deterrents
for Christmas beetles (Matsuki et al. 2011).

Plants that are genetically engineered to silence the
biosynthetic genes of certain metabolites have fre-
quently been used to examine the function of metabo-
lites in plant-insect interactions. Field experiments with
isogenic Nicotiana attenuata plants altered in the levels
of single metabolites, such as nicotine (Steppuhn et al.
2004), green leaf volatiles (Allmann & Baldwin 2010) or
diterpene glycosides (Heiling et al. 2010), have clearly
demonstrated that these metabolites play powerful roles
in plant defence against herbivore attack. However, less
is known about how altering the levels of single
metabolites affects host selection behaviour and off-
spring performance. Species of the genus Trichobaris,
known as Solanaceae weevils, attack tobacco, potato,
eggplant, tomato or other cultivated solanaceous plants
(O’Brien & Wibmer 1982). While Trichobaris adults feed
mainly on leaves, their larvae feed inside the stems of
plants (Barber 1935; Woodside 1949). In a previous
study, we found more Trichobaris mucorea larvae infest-
ing N. attenuata plants that were silenced in jasmonic
acid (JA) production and therefore had less JA-elicited
defence-related secondary metabolites compared to
wild-type (WT) plants, indicating that these JA-induced

metabolites play an important role in resistance against
T. mucorea attack. Because the larvae spend their entire
lives inside the stems of a single plant until they
emerge as adults (Diezel et al. 2011), the host selection
of T. mucorea larvae depends entirely on the female’s
oviposition decisions.

Here, we identified another Trichobaris species, Tricho-
baris compacta, also known as the Datura wrightii weevil
(Barber 1935), at our field station. Although both
T. compacta and T. mucorea are distributed in similar
habitats throughout Arizona, California and Utah in the
southern United States and Mexico (www.sil.si.edu/
bcaproject), their exact host range and host selection
behaviour were not known. We examined the host
range of T. compacta and T. mucorea in the field and
investigated whether the feeding preferences of the
adults of the two Trichobaris species were correlated
with their oviposition preferences and if their oviposi-
tion preferences positively affected larval performance.
We used transgenic lines of N. attenuata, which pro-
duced fewer defence metabolites or more terpenoid
volatiles compared to control plants, to understand how
plant metabolites affect the preference of adults and the
performance of larvae in these two sympatric Trichobaris
species.

Materials and methods

Plant and insect growth conditions

Wild-type Nicotiana attenuata (Torr. ex Wats.) (WT)
originated from a native population located 25 km
north of the field station where the current work was
performed (see Fig. S1, Supporting information) in
southwestern Utah. The 14th and 31st, respectively,
inbred generation of this accession was stably trans-
formed to alter the expression of the following sec-
ondary metabolites and previously fully characterized
in isogenic homozygous lines harbouring a single trans-
gene insertion: irPMT (108-3 line) and irAOC (457-1
line) plants are reduced to 3-4% of WT nicotine levels
(Steppuhn et al. 2004) and 0.01% of elicited WT jas-
monic acid levels (Kallenbach et al. 2012), respectively,
and ovIPS10 plants (10-3 line) that produce 50-fold
more (E)-B-farnesene and 100-fold more (E)-a-bergamo-
tene compared to elicited WT plants (Schuman et al.
2014). Germination procedures and glasshouse condi-
tions have been described previously (Kriigel et al.
2002). Young seedlings were planted in Teku plastic
pots 10 days after germination; after 10 days, plants
were transferred to 2-L pots. Datura wrightii (Regel)
seeds were obtained from B &T World Seeds (Paguig-
nan, France), and later, the seeds were harvested from
inbred plants in the glasshouse. D. wrightii plants were
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grown in 2-L pots under the same growth conditions
as N. attenuata plants. All plants were grown in the
glasshouse with 16-h light (2628 °C) and 8-h dark (22—
24 °C) cycles under Master Sun-T PIA Agro 400 or
Master Sun-T PIA Plus 600 high-pressure sodium lights
(Philips) with water supplied daily via an automatic
watering system.

In 2013, T. compacta and T. mucorea adults were col-
lected from their natural habitat, the Great Basin Desert
in southwestern Utah (D1-D5 sites; Fig. S1, Supporting
information). With these field-collected adults, a labora-
tory colony was established (Fig. S2, Supporting infor-
mation). T. mucorea and T. compacta adults were fed
D. wrightii leaves/floral buds and Trichobaris females
laid eggs on the petioles of N. attenuata or floral buds of
D. wrightii. Collected eggs were experimentally inocu-
lated into the basal stems in N. attenuata or D. wrightii
(Fig. S3, Supporting information). Three weeks later, the
egg-inoculated stems were split to collect the larvae (in
the WT plants, larvae were usually in the 2nd or 3rd
instars). Each Trichobaris larva was transferred to a 15-
mL tube filled with an artificial diet developed for stem
weevil larvae (Malone & Wigley 1990). About 1 week
later, we collected the newly emerged adults from the
tubes. All steps were performed in a growth chamber
with a 16-h light (26 °C) and 8-h dark (24 °C) cycle and
65% humidity (Snijders Scientific, Tillburg, The Nether-
lands).

Adult preference

Adult preference was evaluated with feeding and
oviposition behaviour assays conducted in a white
mesh cage (47.7 x 47.5 x 93.0 cm, BugDorm, BioQuip,
Rancho Dominguez, CA). During these experiments,
cages were placed in a glasshouse at 26-28 °C under
16-h supplemental lights from Philips SON-T Agro
400 (Philips) sodium lights. We used two size-matched
plants both in the early elongation stage (about
13-15 cm) of growth (the stage at which natural
ovipositions in the field are known to occur) in 2-L
pots (diameter 19 cm x height 15 cm) per cage for a
dual-choice assay. The orientation of plants and cages
were randomly distributed in the glasshouse to avoid
position and orientation effects. Newly emerged
females were allowed to mate in single pairs for
2 days before being used for the experiments. In each
cage, we placed a small plastic cup equidistant
between the two plants and released three gravid
females into the cup. After 3 days, we measured the
leaf area consumed by females and counted the num-
ber of eggs oviposited to quantify the females’ feeding
and oviposition preferences (8 <n < 14; Fig. 54, Sup-
porting information).

© 2016 John Wiley & Sons Ltd

Larval performance

To examine the larval performance of two Trichobaris
species, we used an experimental egg inoculation
method which mimics the natural oviposition behaviour
of both Trichobaris species (Fig. S3, Supporting informa-
tion). Trichobaris eggs collected from N. attenuata or
D. wrightii plants were singly inserted into the slightly
abraded epidermal layers of the basal part of a plant
stem. After 3 weeks, we split the stems of egg-inocu-
lated plants, counted the larvae that had survived and
measured larval mass (n = 20).

Statistical analysis

The total leaf area consumed of each pair of plants was
analysed by a Student’s t-test. The number of eggs
deposited on each pair of plants was analysed by a
replicated goodness-of-fit G-test with the null hypothe-
sis of no preference (Sokal & Rohlf 1995). Larval mass
was analysed by one-way anova followed by Fisher’s
least significant difference (LSD) test, and survival rates
were analysed by chi-square test. All statistical tests
were conducted with Origin 8 SR1 (OriginLab
Cop. Northampton, Massachusetts, USA) and the
publically available R package (version 3.1.2., http://
www.r-project.org/).

Results

Field observations and species identification of the two
Trichobaris species

To examine the behaviour of T. compacta and T. mu-
corea in the field, we needed a rapid and reliable means
of distinguishing these sibling species. From more than
200 Trichobaris adults collected from Datura and Nico-
tiana populations in 2013 and 2014 (Fig. S1, Supporting
information), we were able to identify two Trichobaris
species, T. compacta and T. mucorea, based on the shape
of the male reproductive organs (Fig. S5, Supporting
information; Barber 1935). After careful examination,
we identified three additional morphological traits that
distinguished the two species: an orange band on the
head of T. mucorea (white inverted triangle) which was
absent from T. compacta, a black strip on the lateral
aspect of T. mucorea thorax (red inverted triangle),
again absent from T. compacta, and three black spots
(orange inverted triangle) on the dorsal part of T. mu-
corea which were larger than those in T. compacta
(Fig. 1a, b). To quantify adult preferences for the two
host plants, we counted in the 2014 field season the
number of Trichobaris adults in five D. wrightii popula-
tions and four N. attenuata populations in the Great
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Fig. 1 Identification of two sympatric Trichobaris species from the Great Basin Desert. Morphological differences between two Tricho-
baris species from adults collected from the Great Basin Desert in southwestern Utah. (a) Dorsal view of Trichobaris compacta female,
male and lateral view of female. (b) Dorsal view of T. mucorea female, male and lateral view of female. Three morphological traits
highlighted by white, red and orange inverted triangles distinguish the adults of the two Trichobaris species: an orange band on the
head part of T. mucorea (white inverted triangle) which is absent from T. compacta, a black strip on the lateral aspect of T. mucorea
thorax (red inverted triangle), again absent from T. compacta, three black spots (orange inverted triangle) on the dorsal part of T. mu-
corea which is larger than those on T. compacta. Larval stages are not readily distinguished. (c) Relative abundance of T. compacta and
T. mucorea adults found in Datura wrightii and Nicotiana attenuata populations (see Fig. S1, Supporting information). Both Trichobaris
species were observed in the five populations of D. wrightii but rarely observed in the four N. attenuata populations. (d) Larvae col-
lected which were 2nd or 3rd instar stage (n = 14) from N. attenuata plants (n = 200) growing in the N2 population (see Fig. S1, Sup-
porting information). Ten larvae were successfully reared to adulthood and produced T. mucorea adults, and 4 larvae died at the
larval stage.

Basin Desert (Fig. S1, Supporting information). However, all larvae collected from infested N. attenuata
Although T. mucorea is known as a tobacco stem borer growing in the field (N2 population; see Fig. S1, Sup-
of N. attenuata (Barber 1935; Diezel et al. 2011), we porting information) that we were able to rear to adult-
rarely observed T. mucorea adults in Nicotiana popula- hood (14 larvae collected) were identified as T. mucorea
tions: most T. mucorea adults as well as T. compacta (10 larvae matured to adults and 4 larvae died during
adults were found in the Datura populations (Fig. 1c). the larval stage; Fig. 1d).

© 2016 John Wiley & Sons Ltd
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Adult preference and larval performance of two
Trichobaris species in D. wrightii and N. attenuata

To quantify adult host selection traits in two Trichobaris
species, we conducted a dual-choice assay in the glass-
house and measured feeding and oviposition prefer-
ences of T. compacta and T. mucorea for D. wrightii and
N. attenuata plants. Both species consumed significantly
more leaf area from D. wrightii than from N. attenuata
plants (Fig. 2a, e; P < 0.01). However, oviposition pref-
erences of the two Trichobaris species differed from each
other: T. compacta females oviposited more on
D. wrightii plants (Fig. 2b; P < 0.001) and T. mucorea
females oviposited more on N. attenuata (Fig. 2f;

P <0.001). To examine larval performance, we

developed an experimental egg inoculation procedure
(Fig. S4, Supporting information), and 3 weeks after
inoculation, we measured survival rates and quantified
larval mass. Because T. compacta larvae survived only in
D. wrightii and not in N. attenuata plants (Fig. 2¢;
P <0.01), we measured the larval mass of T. compacta
fed only on D. wrightii (Fig. 2d; P < 0.01). T. mucorea
larvae were able to survive in both D. wrightii and
N. attenuata stems, but their survival rates in N. attenu-
ata 'were much higher than in D. wrightii (Fig. 2g;
P < 0.01) while the mass of the surviving larvae did not
differ (Fig. 2h; P = 0.836). T. compacta females preferred
to feed and oviposit exclusively on D. wrightii plants,
and larval performance in this species was correlated
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Fig. 2 T. compacta and T. mucorea adult preference and larval performance in D. wrightii versus N. attenuata host plants. (a) Leaf area
consumed by T. compacta adult females in choice tests: T. compacta adults fed more on D. wrightii than on N. attenuata plants (G-test;
** P <0.01; n=8). (b) Numbers of eggs oviposited by T. compacta: females oviposited more on D. wrightii than on N. attenuata
plants (G-test; ***, P < 0.001; n = 8). (c) Percentages of surviving larvae of T. compacta 3 weeks after egg inoculation: T. compacta lar-
vae survived only in D. wrightii plants (y*test; **, P < 0.01; n = 20). (d) Mean (+SE) larval mass of T. compacta that fed on D. wrightii
plants (one-way aNova; **, P < 0.01, n = 20). (e) Leaf area consumed by T. mucorea females: T. mucorea adults fed more on D. wrightii
than on N. attenuata plants (G-test; **, P < 0.01; n = 8). (f) Numbers of eggs oviposited by T. mucorea: females oviposited more into
N. attenuata stems than into D. wrightii plants (G-test; ***, P < 0.001; n = 8). (g) Percentages of surviving larvae of T. mucorea 3 weeks
after egg inoculation: survival rates of T. mucorea larvae were higher when the larvae fed on N. attenuata than on D. wrightii plants
(Xz-test; ** P <0.01; n =20). (h) Mean (+SE) larval mass of T. mucorea that fed on D. wrightii and N. attenuata plants: there was no
significant difference in the larval mass (one-way ANOvA; n.s., not significant; n = 20).

© 2016 John Wiley & Sons Ltd
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with adult preference. T. mucorea adult females pre-
ferred to feed on D. wrightii leaves, but to oviposit into
N. attenuata stems, and larval performance in this spe-
cies was correlated with oviposition preference in the
adult female.

Adult preference and larval performance of two
Trichobaris species in nicotine-free N. attenuata plants

Nicotine, the well-known-induced chemical defence in
N. attenuata, protects this plant from attack from a wide
variety of insect and mammalian herbivores (Steppuhn
et al. 2004). Therefore, we hypothesized that nicotine
would strongly influence the host selection behaviour of
the two Trichobaris species. To rigorously investigate the
role of nicotine in adult oviposition and feeding prefer-
ences and larval performance, we conducted choice
assays with each of the two Trichobaris species with EV
plants (empty-vector transformed wild-type N. attenu-
ata) and irPMT plants (silenced in putrescine N-methyl-
transferase, which is a key enzyme required for nicotine
biosynthesis; see Fig. 3a). In this assay, neither T. com-
pacta nor T. mucorea females consumed more irPMT than
EV plants (Fig. 3b, f; P = 0.203 for T. mucorea, P = 0.808
for T. compacta). T. compacta females, as we observed in
nature (Fig. 1c), rarely laid eggs on EV plants or on
irPMT plants (Fig. 3c; P = 0.095), and T. mucorea females
laid similar numbers of eggs on both EV and irPMT
plants (Fig. 3g; P = 0.291). These results demonstrate
that nicotine is neither an attractant nor a deterrent for
females for feeding or oviposition of either species.

To measure the effect of nicotine on the larval perfor-
mance of the two Trichobaris species, we inoculated one
egg each into stems of EV or irPMT plants and mea-
sured larval mass 3 weeks later. That T. compacta larvae
did not survive in EV plants (Fig. 3d) highlights the
adaptive value of the oviposition preference of T. com-
pacta females. More than 50% of the T. compacta larvae
inoculated into irPMT plants survived, demonstrating
that nicotine is responsible for the inability of T. com-
pacta larvae to survive in WT N. attenuata stems
(Fig. 3d, e; P < 0.001). T. mucorea larvae in irPMT plants
had the same survival rates (Fig. 3h; P =0.705) and
gained similar amounts of body mass compared to the
larvae in EV plants (Fig. 3i; P = 0.574). From these
results, we conclude that nicotine is toxic to T. compacta
larvae but not T. mucorea larvae.

Adult preference and larval performance of T. mucorea
in JA-deficient N. attenuata plants

Jasmonic acid (JA) and its derivatives play a key role in
plant-herbivore interaction by activating direct and indi-
rect defences and functioning as proximate feeding cues

for some insects (Kessler ef al. 2004; Wu & Baldwin
2010; Kallenbach et al. 2012). To examine whether JA-
induced signalling has an effect on either adult prefer-
ence or larval performance of T. mucorea, we conducted
a dual-choice assay with irAOC (allene oxidase cylase-
silenced) transgenic lines impaired in their ability to
synthesize JA (Fig. 4a). T. mucorea adult females pre-
ferred to feed on irAOC rather than on EV plants
(Fig. 4b; P < 0.001), which may reflect the role of JA in
plant defence against herbivore attack. Interestingly,
females oviposited more eggs on EV than on irAOC
plants (Fig. 4c; P < 0.05). Such behaviour suggests that
JA signalling induces unknown attractants or suppresses
deterrents, influencing the oviposition preference of
T. mucorea females. While there was no significant dif-
ference in survival rates between larvae that fed on EV
and those that fed on irAOC plants (Fig. 4d; P = 0.450),
larvae that fed on irAOC plants grew larger than those
that fed on EV plants (Fig. 4e; P < 0.001).

Volatile cues guide T. mucorea females to the host
plant for oviposition

In a previous field study, we found increased infesta-
tion of T.mucorea in the TERPENE SYNTHASE 10
(TPS10)-overexpressing plants (ovTPS10), which pro-
duce more (E)-a-bergamotene (TAB) and (E)-f-farnesene
(TBF) sesquiterpene volatiles than WT N. attenuata
plants, and in WT plants that were surrounded by
ovTPS10 in small populations (Fig. 5a; Schuman et al.
2015). Three explanations could account for these obser-
vations: (i) ovIPS10 plants produce fewer defence
metabolites against T. mucorea female attack; (ii) TAB
and TBF sesquiterpenes are chemical cues that attract
T. mucorea females; (iii) ovIPS10 plants produce fewer
defence metabolites against T. mucorea larval attack. To
test these hypotheses, we conducted dual-choice assays,
measuring EV and ovTPS10 leaf area consumed by
T. mucorea females and the eggs oviposited by T. mu-
corea females into EV and ovTPS10 plants. T. mucorea
females consumed similar amounts of leaf area from
both EV and ovTPS10 plants (Fig. 5b; P = 0.073), but
oviposited more eggs into the stems of ovIPS10 plants
than into EV plants (Fig. 5c; P < 0.001). Larval perfor-
mance of T. mucorea did not differ significantly between
EV and ovTPS10 plants (Fig. 5d, e; P = 0.467 for larval
survival, P = 0.868 for larval mass). These results clearly
demonstrate that TAB and TBF are oviposition cues for
T. mucorea females.

Discussion

In the choice assays, T. mucorea females preferred to
oviposit on N. attenuata rather than on D. wrightii to

© 2016 John Wiley & Sons Ltd
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Fig. 3 Feeding and oviposition preference of T. compacta and T. mucorea females and larval performance in nicotine-producing versus
nicotine-free plants. (a) Simplified biosynthetic pathway of nicotine. To generate a nicotine-free plant, one of the key nicotine biosyn-
thesis enzymes, putrescine N-methyltransferase, was silenced in N. attenuata plants (irPMT; Steppuhn et al. 2004). (b) Leaf area of EV
and irPMT plants consumed by T. compacta females. (c) Numbers of eggs on EV and irPMT plants oviposited by T. compacta females:
there were no significant differences in feeding and oviposition preferences (G-test; n.s., not significant; n = 8). (d) Percentages of sur-
viving larvae of T. compacta in EV and irPMT plants 3 weeks after egg inoculation: T. compacta larvae survived only in irPMT plants
(y*-test; P < 0.001; n = 20). () Mean (£SE) larval mass of T. compacta that fed on irPMT plants (one-way aNova; ***, P < 0.001;
n = 20). (f) Leaf area consumed of EV and irPMT plants by T. mucorea females. (g) Numbers of eggs on EV and irPMT plants ovipos-
ited by T. mucorea females: no differences in feeding and oviposition preference (G-test; n.s., not significant; n = 8). (h) Percentages of
surviving larvae of T. mucorea in EV and irPMT plants 3 weeks after egg inoculation: no significant difference in survival rates
(*-test; P = 0.143; n = 20). (i) Mean (+SE) larval mass of T. mucorea fed on EV and irPMT plants: no significant difference in larval
mass (one-way ANova; P = 0.574; n.s., not significant; n = 20).

maximize offspring performance, although these
females fed mainly on D. wrightii (Fig. 2e); this result

explains why T. mucorea adults were observed mainly

sulcatus, shows no strong correlation between larval
feeding preference and female oviposition preference
(Clark et al. 2011), and adults of the glass miner, Chro-

on D. wrightii plants, but larvae collected from N. atten-
uata plants that developed into adults were identified
as T. mucorea (Fig. 1d). These results show that females
of these two Trichobaris species choose host plants that
optimize offspring performance. However, in several
species, adult’s preference differs from larval perfor-
mance: the root feeding vine weevil, Otiorhynchus

© 2016 John Wiley & Sons Ltd

matomyia nigra, tend to choose oviposition sites that
maximize their own performance rather than that of
their offspring (Scheirs et al. 2000; Janz et al. 2005).
Nicotine, the most abundant alkaloid in N. attenuata,
is known to be an efficient defence compound against
herbivores (Baldwin 1999; Steppuhn et al. 2004). Survival
rates of T. compacta in N. attenuata

larvae were
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Fig. 4 T. mucorea female preference and larval performance in
EV versus irAOC plants. (a) Simplified biosynthetic pathway
of JA. irAOC, silenced the jasmonic acid (JA) biosynthesis
gene, allene oxide cyclase in N. attenuata (Kallenbach et al. 2012).
OPDA; 12-oxo-phytodienoic acid. (b) Leaf area of EV and
irAOC plants consumed by T. mucorea females: T. mucorea
adult fed more on irAOC than on EV plants (G-test; ***,
P <0.001; n=14). (c) Numbers of eggs on EV and irAOC
plants oviposited by T. mucorea females: T. mucorea oviposited
more into EV plants than into irAOC plants (G-test; *,
P <0.05; n = 14). (d) Percentages of surviving larvae of T. mu-
corea in EV and irAOC plants 3 weeks after egg inoculation: no
significant difference in survival rates (Xz-test; P = 0450;
n =16). (e) Mean (£SE) larval mass of T. mucorea fed on EV
and irAOC plants: T. mucorea larva fed on irAOC plants had
significantly higher mass than those fed on EV plants (one-way
ANOVA; 11 = 16).

dramatically increased in nicotine-free N. attenuata
plants (irPMT), indicating that T. compacta larvae cannot
tolerate or detoxify nicotine. Although nicotine is toxic
for T. compacta larvae, T.compacta females did not
choose the nicotine-free plants for oviposition sites, indi-
cating that nicotine is not a deterrent signal to T. com-
pacta adult females for feeding and oviposition. In
addition, nicotine had no effect on the oviposition pref-
erence and larval performance of T. mucorea, consistent
with the larvae’s ability to tolerate/detoxify nicotine.
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Fig. 5 T. mucorea adult female preference and larval perfor-
mance in EV versus ovIPS10 plants. (a) Simplified biosynthetic
pathway of sesquiterpene (E)-o-bergamotene and (E)-B-farne-
sene. ovIPS10, overexpressed of Zea mays TERPENE
SYNTHASE 10 gene (Schuman et al. 2014). (b) Leaf area of EV
and ovTPS10 plants consumed by T. mucorea females: no feed-
ing preference of T.mucorea (G-test; n.s., not significant;
n = 14). (¢) Numbers of eggs on EV and ovTPS10 plants ovi-
posited by T. mucorea females: females oviposited more into
ovTPS10 than into EV plants (G-test; ***, P < 0.001; n = 14). (d)
Percentages of surviving larvae of T.mucorea in EV and
ovIPS10 plants 3 weeks after egg inoculation: no significant
difference in survival rates (xz-test; P = 0.467; n = 10). (e) Mean
(£SE) larval mass of T. mucorea that fed on EV and ovTPS10
plants: no mass difference (one-way anova; P = 0.868; n = 10).

We focused here on the interaction between N. atten-
uata and T. mucorea, hoping to identify an oviposition
stimulant of Trichobaris species with various transgenic
plants. We first tested the hypothesis that jasmonic acid
(JA)-induced metabolites affect females’ oviposition
preference. In a previous field study, Diezel et al. (2011)
found that JA-deficient lines of N. attenuata were highly
infested by T. mucorea, and T. mucorea larvae preferred
to feed on JA-deficient piths compared to WT piths in a

© 2016 John Wiley & Sons Ltd
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split-pith two-choice assay. However, this pith choice
test cannot fully explain the large numbers of T. mu-
corea in JA-deficient plants, because the larvae do not
move from the plants in which they are oviposited.
Unexpectedly, we found T. mucorea larvae laid more
eggs on EV than on JA-deficient plants (Fig. 4c), sug-
gesting that the high infestation rates in the field-grown
JA-deficient plants were not due to the oviposition
behaviour of T.mucorea females and likely due to
reductions of unknown toxic compounds in JA-deficient
plants grown in the field. This result also suggested that
T. mucorea females respond to JA signalling-mediated
stimulants when choosing oviposition sites, although
their offspring perform much better on irAOC plants
than on EV plants (Fig. 4e). Insects frequently rely on
plant volatiles to locate their host plants (Knolhoff &
Heckel 2014). A previous study of Schuman et al. (2015)
showed that numbers of T. mucorea larvae in heteroge-
neous habitats (mixed WT and ovIPS10 N. attenuata
plant populations) are higher than those in homoge-
neous habitats (only WT plant populations), suggesting
that the sesquiterpenes, TAB and TBF, might function
as attractants for insects seeking oviposition sites.
Moreover, these sesquiterpenes play a central role in
the JA-mediated volatiles that are systemically released
by herbivore attacked plants that function as indirect
defences (Schuman et al. 2014, 2015). This inference
was clearly consistent with the results of this study:
T. mucorea females clearly preferred to oviposit into
ovTPS10 compared to EV plants, and these sesquiterpe-
nes did not affect larval performance.

Female solanaceous weevils of the species T. compacta
and T. mucorea are able to choose suitable plants for
their offspring: the positive correlation between female
preference for oviposition and larval performance is
consistent with the expectations of the optimal oviposi-
tion theory (Karungi et al. 2010; Zhang et al. 2012; Akol
et al. 2013; Beuzelin et al. 2013). However, T. compacta
and T. mucorea females did not choose nicotine-free and
JA-deficient N. attenuata plants, respectively, for their
offspring, although their larvae performed better in
these transgenic lines. In addition, T. mucorea females
respond to the emission of the sesquiterpene volatiles,
TAB and TBF, when choosing oviposition sites, and
these choices did not correlate with the larval perfor-
mance. These data demonstrate that the plant metabo-
lites that affect female oviposition choice differ from the
metabolites that affect offspring performance. Further
experiments will be necessary to reveal the mechanisms
of host selection in Trichobaris, specifically, to clarify
which oviposition cues used by T. compacta females’ are
emitted by D. wrightii and how JA-related defence com-
pounds defend N. attenuata plants from attack by
T. mucorea larvae.

© 2016 John Wiley & Sons Ltd
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All DNA sequences are available in GenBank database:
Nicotiana attenuata AOC, EF467332.1; NaPMT, AF280402;
Zea mays TPS10, NM_001112380. Sampling locations are
provided in Fig. S1 (Supporting information). All per-
formance data are available at the Dryad Digital Reposi-
tory: http://dx.doi.org/10.5061/dryad.j7t92.
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Additional supporting information may be found in the online ver-
sion of this article.

Fig. S1. Description of site surveyed in the Great Basin Desert
of southwestern Utah, USA. D. wrightii populations (D1, 37'14"
14.09N, 114'02"82.41W, n = 81; D2, 37'14"66.91N, 114'01"97.08
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n=110; D3, 37'14"36.24N, 114'02"19.9W, n = 45; D4, 37'15"
03.61IN, 114'01"86.07W, n =76; D5, 36'95"56.45N, 113'92"
24.54W, n =77). N. attenuata populations (N1, 37'14"12.52N,
114'02"76.20W, n =200; N2, 37'14"63.29N, 114'01"97.56W,
n = 200; N3, 37/13"27.80N, 113/23"49.50W, n = 20; N4, 37'07"
45.60N, 113/28"52.80W, n = 97).

Fig. S2. Setup for the culturing of Trichobaris species in the lab-
oratory (a) T. mucorea and T. compacta adults were collected
from their native habitat. Eggs of each Trichobaris species were
collected from N. attenuata petioles and D. wrightii buds. (b)
One egg was inoculated into the basal part of each N. attenuata
stem during the early elongation stage of plant growth. Five to
7 days after inoculation, the eggs hatched, and the neonates
burrowed into the pith and started feeding. (c) After 3 weeks,
egg-inoculated stems were cut carefully, and larvae were
extracted and weighed before being transferred to individual
15 mL falcon tubes with artificial diet and reared to adults. (d)
Newly emerged adults were transferred to the colony contain-
ers with D. wrightii and N. attenuata plants for mating and
oviposition.

Fig. S3. Method for Trichobaris egg inoculation into the stems
of early elongation-stage N. attenuata plants.

Fig. S4. Experimental device of adult preference experiments.

Fig. S5. Rigid male reproductive organ (median lobe) of two
Trichobaris species, lateral view of the median lobe (a, ). In
T. compacta, the median lobe was much more strongly deflexed
and narrow than in T. mucorea. Dorsal view of the median lobe
(b, d). In T. mucorea males, the sclerotized (orificial) plates were
widely separated, small and subconical compared with the
more closed form found in T. compacta males.
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