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study reveals CYP6B46’s role in a nicotine-mediated
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Manduca sexta (Ms) larvae are known to efficiently excrete
ingested nicotine when feeding on their nicotine-producing native
hostplant, Nicotiana attenuata. Here we describe how ingested
nicotine is co-opted for larval defense by a unique mechanism.
Plant-mediated RNAi was used to silence a midgut-expressed, nic-
otine-induced cytochrome P450 6B46 (CYP6B46) in larvae consum-
ing transgenic N. attenuata plants producing MsCYP6B46 dsRNA.
These and transgenic nicotine-deficient plants were planted into
native habitats to study the phenotypes of larvae feeding on these
plants and the behavior of their predators. The attack-behavior of
a native wolf spider (Camptocosa parallela), a major nocturnal
predator, provided the key to understanding MsCYP6B46's func-
tion: spiders clearly preferred CYP6B46-silenced larvae, just as they
had preferred larvae fed nicotine-deficient plants. MsCYP6B46
redirects a small amount (0.65%) of ingested nicotine from the
midgut into hemolymph, from which nicotine is exhaled through
the spiracles as an antispider signal. CYP6B46-silenced larvae were
more susceptible to spider-attack because they exhaled less nico-
tine because of lower hemolymph nicotine concentrations. CYP6B46-
silenced larvae were impaired in distributing ingested nicotine
from midgut to hemolymph, but not in the clearing of hemo-
lymph nicotine or in the exhalation of nicotine from hemolymph.
MsCYP6B46 could be a component of a previously hypothesized
pump that converts nicotine to a short-lived, transportable, me-
tabolite. Other predators, big-eyed bugs, and antlion larvae were
insensitive to this defense. Thus, chemical defenses, too toxic to
sequester, can be repurposed for defensive functions through
respiration as a form of defensive halitosis, and predators can
assist the functional elucidation of herbivore genes.
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lants produce a pharmacopeia of potent chemical defenses
that prevent the attack of unadapted herbivores and thwart
the growth of adapted ones. Frequently, lepidopteran herbivores
co-opt these diet-acquired toxins for their own defensive pur-
poses. The eastern tent caterpillar (Malacosoma americanum)
regurgitates hydrogen cyanide and benzaldehyde ingested from
their cyanogenic hostplants when attacked by ants (1). The Atala
butterfly (Eumaeus atala) acquires a toxic azoxyglycoside from
its cycad hosts and becomes unpalatable to bird and ant
predators (2). Similarly, rattlebox moths (Utetheisa ornatrix)
co-opt pyrrolizidine alkaloids that their larvae sequester while
feeding on rattlebox legume hostplants (Crotalaria spp.) to
deter predatory spiders (3). Prey frequently advertise their
toxic status with warning colorations, odors, and behaviors, and
predators readily learn these aposematic signals to avoid
consuming toxic prey (4). The molecular mechanisms of how
herbivores co-opt plant defenses for their own defense re-
main largely unexplored.
The pyridine alkaloid nicotine is a defense metabolite of several
Nicotiana spp. Nicotine is extremely effective against herbivores
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because of its ability to poison the essential neuromuscular junction
common to all animals that use muscles to move: the acetylcholine
receptor (5, 6). Nicotiana spp. hostplants respond to the herbivore
attack with large increases in nicotine accumulation (7). However,
the tobacco hornworm (Manduca sexta, Ms), a specialist lepi-
dopteran herbivore that feeds on nicotine-producing Nicotiana
plants, tolerates doses of nicotine that are lethal for unadapted
herbivores (8). More endoparasitoid wasps (Cotesia congregata)
emerged as adults from parasitized M. sexta larvae fed on low
nicotine varieties of cultivated tobacco than from larvae fed on
nicotine-rich varieties (9). The generalist predatory argentine ant
(Iridomyrmex humilis) also preferred M. sexta larvae reared on ar-
tificial diets (AD) without nicotine over those reared on high nic-
otine diets, and were deterred by topical nicotine treatments (10).
These results suggest that M. sexta larvae might be able to use this
diet-derived toxin for their own protection. How this happens
remains a mystery, as the larvae’s resistance of ingested nicotine
does not appear to include sequestration and storage of this toxin.

The exact mechanisms responsible for M. sexta’s nicotine re-
sistance remain unclear, but both efficient excretion and me-
tabolism appear to be involved. Some researchers have focused
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on the polar metabolites of nicotine, such as cotinine and the
N-oxides of both nicotine and cotinine, which are commonly
found in the urine and blood of human smokers (8, 11, 12); cy-
tochrome P450s (CYPs) are thought to mediate nicotine’s oxi-
dation to these metabolites (8, 11, 13-15), but other researchers
have been unable to find the oxides in M. sexta’s excretions and
propose that nicotine is rapidly excreted without modification
(16-18). Although this theory is widely accepted, most studies
have not been able to recover all of the ingested nicotine in the
frass and nicotine can be found in the hemolymph of larvae
feeding on nicotine-containing diets. Hence, within these physi-
ological limits of M. sexta’s excretory-based tolerance lie op-
portunities for the defensive use of nicotine. Whether nicotine-
resistance and co-option are regulated by a common mechanism
remains unknown.

Here we examine how M. sexta larvae co-opt diet-ingested
nicotine for their own defense. In a previous unbiased micro-
array study, we found that a midgut-expressed cytochrome P450
(CYP6B46) was strongly down-regulated in larvae that were fed
genetically modified hostplants with suppressed nicotine pro-
duction (19, 20). To evaluate if this CYP6B46 is involved in
nicotine resistance and co-option, we used a reverse genetics
approach, plant-mediated RNA interference (PMRIi) (20, 21), to
silence this gene in larvae feeding on nicotine-containing, native
coyote tobacco (Nicotiana attenuata) hostplants transformed to
harbor the silencing construct. Lepidopteran herbivores appear
to lack the RNA-dependent RNA polymerase required to sus-
tain gene silencing by RNAi; however, a continuous supply of
double-stranded (ds)RNA administered via the hostplant (or diet)
effectively silences genes in these herbivores (21, 22).

N. attenuata plants were transformed with an expression vector
containing a 300-bp fragment of CYP6B46 in an inverted repeat
(ir) orientation. Continuous dsRNA ingestion efficiently silenced
CYP6B46 in the midguts of larvae feeding on these plants in a
highly target-sequence—specific manner, as the most similar CYP
expressed in larval midguts, CYP6B45, was not cosilenced (20).
These PMRI plants were planted into the native habitat of both
hostplant and larvae, the Great Basin Desert, Utah, which teems
with larval predators—such as bugs, mantids, ants, antlions, spiders,
and lizards—but lacks the Argentine ants and C. congregata
endoparasitoids previously reported to be nicotine-sensitive. One
of these predators, a wolf spider [Camptocosa parallela (Lycosidae)],
selectively attacked CYP6B46-silenced larvae just as it did larvae
feeding on nicotine-free hostplants. The particular predatory be-
havior of these spiders revealed the function of MsCYP6B46 in
externalizing ingested nicotine for defensive use. The combina-
tion of natural history studies and the plant- and herbivore-reverse
genetic procedures can fruitfully dissect the molecular mecha-
nisms governing the tritrophic interactions.

Results

Wolf Spiders Avoid Nicotine-Fed Larvae in Nature. To investigate the
effect of hostplant nicotine on the survival of M. sexta, we
transplanted stably transformed N. attenuata plants silenced in
nicotine production and accumulation (inverted-repeat putres-
cine N-methyl transferase, irPMT) (23) into a field plot in Utah
(Fig. 1A4). Survival rates of M. sexta larvae feeding on nicotine-
deficient and -producing plants in the predator-rich field were
monitored, and we found that fewer irPMT-fed larvae survived
than did larvae feeding on control plants producing WT levels of
nicotine [empty vector (EV)-fed], especially during the nights
(Fig. 1B and SI Appendix, Table S1); during the day, no signifi-
cant differences in survivorship were found [EV = 76%; itPMT =
72% (n = 50 larvae per line)]. We hypothesized that this dif-
ference in survivorship resulted from the selective predation of
a night-active nicotine-sensitive predator. We surveyed the
N. attenuata field plantation during subsequent nights. We found
wolf spiders during nighttime surveys of the N. attenuata field
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Fig. 1. Spiders are deterred by nicotine-fed larvae. (A) Nicotiana attenuata
growing in the Great Basin Desert, Utah. (B) Nocturnal survival (%) of larvae
feeding on nicotine-containing EV and nicotine-deficient (irPMT) plants in
the field (n = 50 larvae per line). (C) Spider attacking M. sexta larva. Spider
predation (%) in the choice assay (1 h) on second-instar M. sexta larvae
feeding on (D) EV (n = 16) and irPMT (n = 16) plants and (E) AD (n = 23) and
AD containing 0.1% of nicotine (AD+N) (n = 23). Spider predation (%) in no-
choice assays (1 h) with M. sexta larvae feeding on: (F) AD containing 0 (n =
23), 0.03 (n = 20), 0.06 (n = 20), and 0.1% (n = 23) nicotine (AD+N), or (G)
water (W) or 1 mM nicotine (N) stem-fed (24 h) EV and irPMT leaves (n = 26
in all of the treatments). Asterisks indicate significant differences (P < 0.05)
by Fisher’s exact test on the frequencies as well as percentages. Shading of
the bars reflects relative nicotine concentration of the larval diet throughout
all figures. Hence, the bar shading provides the important information for
the interpretation of transcripts, larval nicotine excretion, and the hemo-
lymph-nicotine data presented in the subsequent figures.

plantation (Fig. 1C) (density 1.55 + 0. 05 individuals per square
meter). We tested these spiders in choice and no-choice assays
(SI Appendix, Fig. S1 A-C) with M. sexta larvae fed on foliage
or AD of different nicotine contents (Fig. 1 D-F). C. parallela
strongly preferred larvae fed irPMT plants over those fed EV
plants and similarly, AD-reared larvae over those reared on
nicotine-containing AD (Fig. 1 D-F). The nicotine-sensitivity
of this spider was confirmed in no-choice assays, in which the
predation rate was found to decrease with increasing nicotine
concentrations in the larval diet (depicted by the shading of
the bars in all figures) (Fig. 1F). Larvae fed nicotine-supplemented
[stem-fed (SI Appendix, Fig. S1D)] itPMT leaves (irPMT+N)
were preyed upon at rates similar to those of larvae on plants
with WT-levels of nicotine (Fig. 1G). From these results, we
conclude that the spiders were deterred by M. sexta larvae’s
ingested nicotine or a metabolic product thereof.

Silencing M. sexta’s Nicotine-Induced CYP6B46 by PMRi. That midgut
CYP6B46 transcript accumulation was elicited specifically in re-
sponse to nicotine ingestion was confirmed using larvae fed con-
trol (EV plants with WT nicotine levels) and nicotine-deficient
irPMT plants (Fig. 24), and further confirmed in additional experi-
ments with larvae fed irPMT plants stem-fed water (irPMT+W) or
nicotine solutions (irPMT+N) (SI Appendix, Fig. S24) and AD
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lacking nicotine or AD containing 0.1% nicotine (AD+N) (S7
Appendix, Fig. S2B). To understand MsCYP6B46’s function in
larval nicotine metabolism, we created a transgenic line of
N. attenuata to silence the expression of CYP6B46 in M. sexta
larvae feeding on these plants, using PMRi (20, 21).

We transformed N. atfenuata plants with the recombinant
vector containing two 300-bp fragments of MsCYP6B46 in an
inverted-repeat orientation to create stable transgenic irCYP6B46
(irCYP) plants (homozygous for a single genomic insertion) that
synthesized dsRNA of MsCYP6B46 under control of a strong
CaMYV promotor (Fig. 2B). irCYP plants were indistinguishable
from isogenic WT plants in growth, morphology and secondary
metabolite content (SI Appendix, Table S2); most importantly,
they had nicotine contents equivalent to those of WT plants
when grown in both the field and glasshouse (SI Appendix, Fig.
S2C). When M. sexta larvae ingested leaves from these irCYP
plants and consequently CYP6B46 dsRNA (Fig. 2B), dramatic
(95%) sequence-specific silencing of larval CYP6B46 was ob-
served in their midguts, the tissue with the highest transcript
accumulation levels (Fig. 2C). Transcript abundance was also
significantly reduced in the foregut, hindgut, hemolymph, and
Malpighian tubules, which had much lower basal levels of ex-
pression than did the midguts (Fig. 2C). Although strong si-
lencing was observed in internal larval tissues, silencing of
the very low basal levels of expression in the skin, fat body,
and spiracles was not evident, suggesting that the PMRIi pro-
cedure may be most effective in tissues most exposed to
ingested leaf material. These results clearly demonstrated that
larvae feeding on irCYP plants were strongly silenced in their
midgut CYP6B46 expression, and for brevity, we refer to these as
“CYP-silenced” larvae.

In Situ CYP6B46 Silencing Increases Larval Susceptibility to Predatory
Spiders. We planted irCYP plants into a field plot in the plant’s
native habitat, infested them with larvae, and compared larval
survivorship with those infesting WT control plants. CYP-
silenced larvae survived similarly poorly on these plants as nor-
mal larvae had on the nicotine-deficient irPMT plants during
night time [EV = 80%; irCYP = 50% (n = 50 larvae per line)].
We hypothesized that this difference was because of the selective
predation of the nicotine-sensitive wolf spiders. In no-choice
assays with larvae fed individually on irCYP and EV plants,
spiders consumed significantly more CYP-silenced larvae than
control larvae (Fig. 2D, and Movies S1 and S2). These bioassay
results suggested a role of nicotine ingestion and CYP6B46 ex-
pression in M. sexta’s spider-deterrence.

Kumar et al.

Fig. 2. Silencing larval CYP6B46 dramatically af-
fects spider predation. (A) CYP6B46 transcript levels
(relative to ubiquitin) in midguts of first-instar lar-
vae feeding on WT and irPMT N. attenuata plants
(F1,8 = 9.984, P < 0.05, n = 5). (B) Schematic repre-
sentation of plant-mediated RNAi: pSOL8 binary
vector constructed to express 300-bp dsRNA of
MsCYP6B46 in N. attenuata and trophic transfer of
CYP6B46 dsRNA from plant to larvae. (C) CYP6B46
transcript levels (relative to ubiquitin) in various
tissues (foregut, midgut, hindgut, hemolymph,
Malpighian tubules, cuticle with fat body and spi-
racle) of fourth-instar larvae feeding on EV (E),
irCYP (C), and irPMT (P) plants (Fyp g4 = 487.2, P <
0.0001, n = 5). (D) Spider predation (%) in no-choice
assays on larvae fed EV and irCYP leaves (n= 26).
Asterisks and small letters above the bars in A and C
indicate significant differences determined by one-
way ANOVAs; asterisk in D indicates significant
differences (P < 0.05) by Fisher’s exact test. See Fig.
1 legend for the codes for the bar-shading.
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CYP6B46’s Role in M. sexta's Processing of Nicotine. The spider’s
predation behavior clearly established an association between
CYP6B46 expression and M. sexta’s spider-deterrence abilities.
To evaluate this association, we quantified the previously re-
ported (8, 11) oxidation products of nicotine [cotinine, cotinine
N-oxide (CNO) and nicotine 1-N-oxide (NNO)] in the frass of
control and CYP-silenced larvae. We developed a sensitive and
accurate U(H)PLC-microToF mass spectrometer-based pro-
cedure using internal standards to quantify nicotine, cotinine,
and their N-oxides with a limit of detection of 0.25 ng (nicotine)
and 0.5 ng (cotinine, CNO, and NNO) and a high efficiency of
extraction (>90%) of these compounds from frass (S Appendix,
Fig. S3). As had been previously reported by Self et al. (17) al-
most 50 y ago, we found no evidence for metabolites other than
nicotine in the frass.

Because nicotine oxidation products were not found, we hy-
pothesized that the food intake of the CYP-silenced larvae was
lower than the controls, thereby lowering the overall food- and
consequently nicotine-content of their body and making them
susceptible to the spiders. To test this theory, we adopted the
mass-balance approach of the Waldbauer assays (24, 25) to
quantitatively evaluate the flux of nicotine through larval bodies.
We compared the mass of food and nicotine ingested and ex-
creted by the CYP-silenced and EV-fed larvae, which were not
different (SI Appendix, Fig. S4 and Table S3). However, we ob-
served that during this 24-h assay, although the EV- and irCYP-
fed larvae ingested the same amount of nicotine in the foliage
they consumed, CYP-silenced larvae excreted significantly more
(~20%) in their frass than did EV-fed control larvae (Fig. 34
and SI Appendix, Table S3).

CYP6B46 Silencing Alters Nicotine Efflux from Midgut to Hemolymph.
The results of the nicotine-Waldbauer assays revealed that CYP-
silenced larvae retained less nicotine in their body and excreted
more in their frass. We examined larval hemolymph and found
that the hemolymph of CYP-silenced larvae contained 47% less
nicotine than did the controls (Fig. 3B). We developed a pro-
cedure to multiply sample the hemolymph of individual larvae as
they fed first on nicotine-free irPMT plants, were switched to
nicotine-containing EV plants, and were returned to irPMT
plants to compare the nicotine dynamics in the hemolymph of
control and CYP-silenced larvae as they ingested realistic doses
of dietary nicotine (SI Appendix, Fig. S5). Previous work had
shown that larvae clear a majority of ingested or injected nicotine
within 6 h (17), and this time interval was used between the
dietary switches.
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Fig. 3. Effect of CYP6B46 silencing on larval nicotine excretion and nicotine
flux in larval body. (A) Nicotine excreted (percent of total ingested) by
fourth-instar EV- or irCYP-feeding larvae (experimental details in S/ Appen-
dix, Fig S4) [(mean + SE) F; 1, = 8.77, P < 0.05, n = 8]. (B) Nicotine in he-
molymph of fourth-instar EV- or irCYP-feeding larvae (F; 4 = 106.6, P < 0.01,
n =5). (C) Kinetics of nicotine absorption by (green arrows in larval body and
green lines in graph) and discharge from (red arrows and red lines) the
hemolymph of control and CYP-silenced fourth-instar larvae (experimental
details in S/ Appendix, Fig. S5A). (D) Kinetics of nicotine discharge from ex-
cised midguts (containing ingested host-plant diet) of control and CYP-
silenced fourth instar larvae; nicotine entering the bathing solution (sodium
phosphate buffer + 0.3 M sorbitol, pH 7.0) was measured at regular inter-
vals, up to 60 min. (E) Kinetics of nicotine discharge from hemolymph of
control and CYP-silenced fourth-instar larvae, after injecting 0.001% nico-
tine (of FM) into the hemolymph to determine if CYP-silenced larvae dis-
charge nicotine from their hemolymph at rates different from that of
controls. Asterisks indicate significant differences determined by one-way
ANOVA (P < 0.05). See Fig. 1 legend for the bar-shading codes.

Hemolymph nicotine levels rapidly increased after larvae were
switched to nicotine diets to attain steady-state levels within 30—
60 min. CYP-silenced larvae attained steady-state levels that were
~70% (wt/vol) lower than those of EV-fed larvae [after 360 min,
EV =127 + 2.1 (mean + SE) pg/mL and CYP-silenced: 3.9 + 1.2
(mean + SE) pg/mL] (Fig. 3C). When switched back to nicotine-
free plants, hemolymph values of both larval types returned to
similar levels within 30 min (Fig. 3C). These results demonstrate
that CYP6B46 expression dramatically influences the flux of
nicotine into the hemolymph from the ingested food, but not its
clearance from the hemolymph once the ingestion ceases.

To further examine both inferences, we conducted two addi-
tional experiments. In the first experiment, size-matched control
and CYP-silenced larvae were fed EV plants for 6 h before their
midguts were dissected, sutured, and sealed at both the ends
without loss of gut contents, and incubated in a bath containing
a neutral pH buffer (matching hemolymph) for 60 min (Fig. 3D).
Midguts of CYP-silenced larvae released ~60% (wt/vol) less
nicotine into the bath buffer, compared with midguts of control
larvae (Fig. 3D); moreover, none of the polar nicotine metabo-
lites were detected in the bath buffer, suggesting an important
role for CYP6B46 in the transfer of nicotine into the hemolymph.
To test the second inference about CYP6B46’s lack of role in the
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clearance of nicotine from the hemolymph, we bypassed the
midgut-associated function of CYP6B46 by injecting a physiolog-
ically realistic quantity of nicotine directly into the hemolymph
of control and CYP-silenced larvae feeding on nicotine-free
plants (Fig. 3E). Again, we found no significant difference in the
clearance of nicotine from the hemolymph of both groups of
larvae over 6 h (Fig. 3E), and again no evidence of polar nicotine
metabolites, consistent with the results of the previous feeding
experiment.

Spider Predatory Behavior Revealed That Larvae Externalize Ingested
Nicotine. The nicotine levels in the hemolymph of CYP-silenced
larvae were clearly lower than those of control larvae feeding on
the same nicotine-containing diets; could the lower hemolymph
nicotine levels account for the large increase in nicotine excre-
tion in the frass? In 24 h, when both normal and CYP-silenced
larvae consumed ~1.1 mg of nicotine in their diets, CYP-silenced
larvae excreted ~0.13 mg more nicotine than did control cater-
pillars in their frass (SI Appendix, Table S3). The amount of
nicotine in hemolymph of a control larva is only 23 + 4.0 pg/mL
(mean + SE); considering that the larvae used for the Waldbauer
assays weighed 1 + 0.25 g (mean =+ SE) and contained 300 +
60 pL (mean + SE) hemolymph, the hemolymph of control
larvae accounts for ~7.2-pg nicotine, which is ~0.65% of the
ingested 1.1-mg nicotine. Thus, retention of the large amount
of unaccounted nicotine (~740 pg in control and ~370 pg in the
CYP-silenced larvae) by the hemolymph or its excretion through
the hemolymph during a 24-h feeding period seemed unlikely.
Hence, we returned to our observations of spider predatory
behavior for a clue about the missing nicotine.

Spiders usually assess their prey after capture by tapping it
with chemosensory endowed legs and palps (26) (Movies S1-S3).
Wolf spiders were clearly rejecting nicotine-fed larvae before
penetrating their prey with their mandibles to inject their mixture
of digestive enzymes and poisons; this suggested that larvae ex-
ternalize some fraction of their ingested nicotine. We washed
larvae feeding on different nicotine-containing diets and found
no evidence for surface externalization of the ingested nicotine
that couldn’t be attributed to direct surface contamination (S/
Appendix, Fig. S64). This finding motivated us to explore if
larvae emit some fraction of their ingested nicotine into the
headspace. We analyzed the headspace of these larvae and found
significant quantities of nicotine. We compared the headspace of
control and CYP-silenced larvae that had ingested the same
amount of nicotine in their food and found that the headspace of
control larvae contained fourfold more nicotine [22 + 3.0 ng
(mean + SE)] than the headspace of CYP-silenced larvae [5 +
1.0 ng (mean + SE)] (Fig. 44, and SI Appendix, S6 B and C).

CYP6B46-Silencing Inhibits the Spiracular Release of Nicotine and
Makes Larvae Vulnerable to Spider Predation. To evaluate if the
headspace reflected the differences in hemolymph nicotine ob-
served between CYP-silenced and control larvae, we injected
nicotine into their hemolymph of both control and CYP-silenced
larvae after rendering them both nicotine-free by feeding them
on irPMT plants; the headspace nicotine levels of these injected
larvae did not differ significantly between control and CYP-
silenced larvae and were in the same range as normal nicotine-
fed larvae (Fig. 44). Again, none of the nicotine-metabolites
could be detected in the headspace of larvae.

To understand how hemolymph nicotine levels could translate
into headspace emissions, we developed a procedure to specifi-
cally quantify nicotine emissions from larval spiracles, the mouth
equivalents of a caterpillar, and the lung equivalent, the tubular
tracheal system that ramifies throughout the larvae body sup-
plying oxygen via microscopic tracheoles. We glued small seg-
ments of polydimethylsiloxane (PDMS) adsorptive tubes either
directly over spiracles or onto the adjacent skin (Fig. 4D) and
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Fig. 4. CYP6B46 silencing reduces larval nicotine emission and increases
spider predation, which can be complemented by volatile nicotine perfuming.
(A) Emission of ingested nicotine (Left) [(mean + SE) F, ¢ = 36.14, P < 0.0005,
n = 3] by the fourth-instar larvae feeding on EV and irCYP plants and emission
of injected nicotine (Right) [(mean + SE) n = 3] by the nicotine-free control
and CYP-silenced fourth-instar larvae. Nicotine adsorbed on the PDMS tube
attached to a spiracle of the fourth-instar control or CYP-silenced larvae (each
weighing 7.0 + 0.25 g): (B) after feeding on nicotine containing leaves for 1 h
[(mean + SE) Fy,9 =5.82, P < 0.05, n = 5] or (C) after injecting 0.001% nicotine
(of FM) [(mean + SE) n = 5]. (D) M. sexta larva with attached PDMS tubes for
the volatile nicotine trapping from the spiracle (Sp) and cuticle (Cu). (E) Spider
predation (%) in a no-choice assay on M. sexta larvae fed on EV, irPMT, and
irCYP plants with water or nicotine perfuming (n = 15 per treatment); ex-
perimental details are given in S/ Appendix, Fig. S7B. Asterisks above the bars
in A-C indicate significant differences determined by one-way ANOVA;
asterisks above the bars in E indicate significant differences (P < 0.05) by
Fisher's exact test. See Fig. 1 legend for the bar-shading codes.

quantified nicotine emissions at different times from AD-fed
larvae into which we had just injected nicotine into their hemo-
lymph. Nicotine emissions from the spiracles increased dramati-
cally, tracking the expected increase in hemolymph concentrations
(SI Appendix, Fig. STA).

We next compared spiracular nicotine emissions of control
and CYP-silenced larvae and found that the difference in head-
space emissions corresponded to their spiracular emissions
(Fig. 4B). To test whether this spiracular emission was controlled
by CYP6B46 activity in larval midguts, we injected nicotine into
CYP-silenced and control larvae to equalize their hemolymph
nicotine concentrations and found their spiracular nicotine
emissions to be equivalent (Fig. 4C).

Finally, to evaluate whether the difference in spiracular nic-
otine emission could account for the spider feeding preferences,
we conducted no-choice assays in which the headspaces of
irPMT-, irCYP-, and EV-fed larvae were perfumed with water or
amounts of nicotine that were only five-times that found in larval
headspace that accumulates in a 50-mL chamber enclosing one
larva for 1 h (SI Appendix, Fig. S7 B and C). This concentration is
likely a conservative estimate of the amount of nicotine emitted
by the larvae during a spider-prey encounter. Indeed, when the
headspace of spider-preferred irPMT- or CYP-fed larvae (which
were not emitting nicotine beforehand) was perfumed with nic-
otine, spider predation decreased by 64% (P < 0.05) (Fig. 4E).
Clearly, dietary nicotine is only used defensively by larvae with
a fully active CYP6B46. A similarly negative effect on the spider’s
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predatory behavior was also observed in assays performed with
AD-fed larvae with and without headspace perfuming (SI Ap-
pendix, Fig. STD).

Other Abundant Predators Are Not Deterred by M. sexta’s Dietary
Nicotine. Apart from spiders, many other predators frequently
explore N. attenuata plants in its native habitat in search of food.
It is plausible that M. sexta’s nicotine exhaling mechanism could
be effective against a broad spectrum of predators. The most
frequently observed diurnal predator in the field plot is the big-
eyed bug Geocoris pallens (Lygaeidae) (27, 28) (3.7 + 0.1 indi-
viduals per square meter in 2013). To evaluate the effect of di-
etary nicotine on G. pallens predation, we conducted no-choice
assays in which EV-, irPMT-, or irCYP-fed second-instar larvae
were offered to G. pallens; these diurnal predators did not dif-
ferentiate between the larvae fed on different plants (SI Ap-
pendix, Table S4).

Another locally abundant generalist predator is the antlion
larvae [Myrmeleon carolinus (Myrmeleontidae)]. Antlions con-
struct funnel-shaped pits in sandy soil adjacent to N. attenuata
plants in the field plantation and are known for their ability to
avoid toxin-containing tissues of their prey (29). Because nico-
tine is present throughout the body of M. sexta larvae, we
hypothesized that antlions would reject larvae fed nicotine-
containing diets. EV-, irPMT-, and irCYP-fed second-instar
larvae were dropped into separate antlion pits and their response
(feeding or rejection) was recorded. These predators also did not
differentiate between larvae fed on the different diets (SI Appendix,
Table S4).

Discussion

Cytochrome P450 genes are ubiquitous and occur in large fam-
ilies (30). These genes play important ecological and evolution-
ary roles in the interactions of plants and their attackers, as they
are frequently involved in the detoxifications of diverse xeno-
biotics by mediating the reactions like N- or S-oxidation, hydroxy-
lation, epoxidation, and O-, N-, or S- dealkylation (31, 32). The
particular CYP that we found to be strongly regulated in re-
sponse to dietary nicotine in M. sexta larvae, MsCYP6B46, is
a member of the CYP6B enzyme family, which is well known
for its unique role in the perception of signaling molecules of
plant-defense responses, in addition to its more conventional
role in the detoxification of plant defenses (33-36). Our func-
tional analysis of the nicotine-induced MsCYP6B46 stumbled
after not finding the expected polar metabolites of nicotine in
larval tissues and frass or from heterologous expression assays,
but was revived when the behavior of a native predator revealed
an unexpected organismic-level function of MsCYP6B46. All
organisms in their natural environments, and particularly plants,
as they lie at the base of all terrestrial food chains, are carefully
scrutinized by literally thousands of other organisms with very
different, frequently highly hostplant-tuned sensory modalities;
the phenotyping services that competitors, pathogens, herbi-
vores, pollinators, predators, and the plethora of different types
of mutualists that interact with an organism lacking the expres-
sion of a particular gene, allow for an unbiased “ask the eco-
system” approach for the discovery of the function of this gene at
an organismic level.

Planting the nicotine-deficient irPMT N. attenuata plants into
the plant’s native habitat enabled the identification of a nicotine-
sensitive predator, the wolf spider. M. sexta larvae silenced in
CYP6B46 expression were more attacked and consumed by these
spiders even though they consumed equivalent amounts of nic-
otine compared with control larvae (Fig. 2). The prey assessment
behavior of this predator indicated that it was deterred by
a factor related to the larvae’s external surface or its headspace.
Recently, we discovered that M. sexta larvae emit branched chain
aliphatic acids by hydrolyzing the O-acyl sugars that they acquire
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from the glandular trichomes of N. attenuata (37); this motivated
us to explore how larvae might externalize a fraction of their
ingested nicotine. As we were budgeting the nicotine flux
through the larvae, we found that CYP-silenced larvae had lower
hemolymph- and higher frass-nicotine levels, so we examined the
dynamics of nicotine in the hemolymph after switching larvae
from or to the foliage of nicotine-containing plants. CYP6B46
mediated the transition of nicotine from the guts into the he-
molymph, but not the clearance of nicotine from the hemolymph
(Fig. 3). Finally, the analysis of larval headspace and the spider’s
response to nicotine in larval headspace clearly showed that si-
lencing MsCYP6B46 interfered with the larvae’s ability to pass
the ingested nicotine from midgut to hemolymph, resulting in its
reduced exhalation from the spiracles during spider attack.

Although the CYPs have been mainly thought to mediate the
oxidation of nicotine (11, 14), none of the nicotine oxides were
detected in hemolymph, frass, excised guts, and larval headspace
of WT-fed and CYP-silenced larvae [which is consistent with the
findings of Self et al. (17)]. Thus, it is possible that instead of
producing these stable nicotine oxides, midgut-based CYP6B46
may convert nicotine to a short-lived metabolite that is readily
pumped to the hemolymph and reconverts to nicotine immedi-
ately on entering the hemolymph, as originally proposed by
Morris (38). Hence, our results are consistent with a previous
hypothesis (38) that CYP6B46 converts nicotine to a short-lived
metabolite, which is pumped across the insect gut into the he-
molymph and rapidly converted back into nicotine. This hy-
pothesis is consistent with the fact that M. sexta larvae contain
various pumps that clear the nervous system of different alka-
loids and dyes (6, 16). Considering the biochemically validated
functions of insect CYPs (30, 31), it is unlikely that CYP6B46
itself acts as a nicotine-pump, but it could be part of a multi-
component pump, which includes transporters that could use the
large midgut-hemolymph pH gradient as a driving force. Pre-
viously, a prominent role of Malpighian tubule-based pumps had
been demonstrated in alkaloid excretion (39, 40). Here, the
CYP-silenced larvae differed from controls only in their flux of
nicotine from the midgut to hemolymph; although CYP6B46 was
silenced by PMRI in the Malpighian tubules, the clearance rates
of “injected” nicotine from the hemolymph in control and CYP-
silenced larvae were similar (Fig. 3) and the spiracular release of
nicotine was proportional to hemolymph nicotine levels (Fig.
4 and SI Appendix, Fig. S7A). These results clearly demonstrate
that the role of the Malpighian tubules in regulating hemolymph
nicotine levels is CYP6B4-independent and they do not play a
regulatory role in nicotine exhalation.

CYP6B46 silencing neither affects larval growth nor mortality
(20); it does not even affect the larval food intake and excretion
(SI Appendix, Table S3). This finding suggests that the CYP6B46-
mediated nicotine efflux from the midgut could have evolved as
a defense-specific mechanism, which may even be independent
of the larvae’s rapid excretion based nicotine tolerance. Whether
it was a secondary innovation evolving after the basic excretory
machinery was in place could be explored in other nicotine-
tolerant taxa within the sphingid clade by studying the role of
this CYP in different species that tolerate nicotine ingestion but
do not feed on nicotine-containing hostplants (8).

Another question raised by our results regards the predator-
specificity of this nicotine-mediated defense. Notably, the wolf
spiders and orb-weaving spiders are known for their sensitivity to
alkaloids and so to alkaloid-ingested lepidopteran prey (3, 41). In
various geographic regions harboring several different species of
wolf spiders, M. sexta feeds on different alkaloid-rich solana-
ceous host plants; thus it is possible that an alkaloid-mediated
defense is a general strategy against the alkaloid sensitive wolf
spiders. However, the exhalation-based defense will clearly only
be effective with volatile alkaloids, such as nicotine. Because
hemolymph nicotine concentration is regulated by the CYP6B46-
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mediated efflux of midgut nicotine to the larval hemolymph, it is
also likely responsible for the differential survival of C. congregata
endoparasitoids (42) that are susceptible to high nicotine con-
centrations of larval hemolymph. It is possible that the nicotine
exhalation behavior accounts for the selective larval predation by
the nicotine-sensitive ants (10). Similarly, it would be interesting
to understand how both G. pallens and the M. carolinus larvae
cope with the small amounts of nicotine that they ingest when
consuming larvae.

Taking these data together, our work demonstrates how
predators can assist the process of elucidating the function of
herbivore genes. It also reveals a mechanism for elevating the
nicotine concentration of the hemolymph and headspace in the
exceptionally nicotine-tolerant M. sexta larvae that frequently
face the nicotine-sensitive enemies, like spiders and hemolymph-
dwelling endoparasitoids.

Materials and Methods

Plant Material. N. attenuata 30x inbred seeds, which were originally col-
lected in 1988 from a native population in Utah, were used for the gener-
ation of Agrobacterium tumefaciens-mediated stable transgenic lines by the
procedure described in Krlgel et al. (43). Seeds were germinated on sterile
Gamborg B5 medium (Duchefa) after 1 h of treatment with diluted smoke
(House of Herbs) and 1 pM GA3 (Roth) (43). Ten days after germination,
seedlings were transferred into Teku pots containing a peat-based substrate,
and after an additional 10-12 d, the plantlets were transplanted into in-
dividual 1-L pots with the same substrate. In the glasshouse, plants were
grown at 24 °C to 26 °C, relative humidity ~60%, and supplemented with
light from 400- and 600-W sodium lamps (Philips) for 16 h (44).

irPMT [NaPMT National Center for Biotechnology Information (NCBI) ac-
cession no. AF280402] N. attenuata plants (A-03-108-3), fully characterized in
ref. 23, were used as a nicotine-free hostplant to feed M. sexta larvae.
Previously characterized N. attenuata transgenic line irCYP (A-09-30-2) was
used to silence M. sexta's CYP6B46 (MsCYP6B46 NCBI accession no.
GU731529) by PMRIi. Generation of irCYP line and silencing of M. sexta larval
genes were reported previously (20). An EV-transformed plant line (A-04-
266-3) was used as transgenic control plant (45).

Field experiments were conducted at Lytle Ranch Preserve in Santa Clara,
Utah, 84765 (37°08’45"'N, 114°01'11""W) 2004 to June 2013. Seeds of
N. attenuata irPMT and irCYP lines were imported and released in accor-
dance with several Animal and Plant Health Inspection Service notifications
(S/ Appendix, Table S5). Planting of transgenic lines in the field plot was
performed as described in Kessler et al. (46).

M. sexta Larvae. Eggs of the in-house reared M. sexta were stored in a growth
chamber (Snijders Scientific) at 26 °C/16-h light, 24 °C/8-h dark, until the
larvae hatched; these larvae were used for all of the glasshouse-related
experiments. For field experiments, M. sexta eggs were provided by North
Carolina State University (Raleigh, NC) in 2004/2005 and by Carol Miles
(Department of Biological Sciences, Binghamton University, Binghamton,
NY) in 2012.

In various experiments, AD (47) was fed to the larvae. This process enabled
us to control dietary nicotine concentrations, whenever required; it also
enabled us to rear larvae free from any influence of the hostplant.

Survivorship Assays with M. sexta Larvae Feeding on EV, irPMT, or irCYP Plants.
In 2013, M. sexta larvae were fed on EV, irCYP, or irPMT plants until the
second instar. Fifty larvae from each N. attenuata line were placed on the
plants of the same respective line (three larvae per plant) that were planted
across a predator-rich field in a random spatial array. To quantify survival
during the day, larvae were placed on plants in the field at 6:00 AM and the
number of larvae surviving on each plant was counted at 8:00 PM; to
quantify nocturnal survival, larvae were placed on plants in the field at 8:00
PM and surviving larvae were counted at 6:00 AM. Survivorship assays were
also conducted in 2004 and 2012; their details are given in the S/ Appendix.

Predator Abundance in the Field. In 2013, predators were counted in 1-m?
quadrats randomly placed in the field plot; C. parallela individuals were
counted from 20 quadrats, whereas G. pallens individuals were counted
from 15 quadrats.

Spider Predation Assays. C. parallela spiders were collected from in and
around the N. attenuata field plantation where they were particularly
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abundant. Spiders were placed individually in chambers and starved for 12 h
before all assays. Each assay was conducted for up to 1 h with late second-
instar larvae. Spiders were never reused in experiments. Spider’s choice or
predation was recorded only if the spider consumed the entire larva within
the duration of the assay.

Choice assay. One test (irPMT/irCYP/AD+N fed) and one control (EV/AD fed)
larvae were placed with a single spider inside the polypropylene container
(60 cc) (SI Appendix, Fig. S1A). Each spider was allowed only one choice
during the 1-h assay period. Spiders’ choices of larvae were expressed in
terms of the percentage of spiders that chose larvae from each test treatment.
No-choice assay. One larva was enclosed with one spider in each assay con-
tainer (S/ Appendix, Fig. S1B, and Movies S1-53). Assays with test and re-
spective control larvae were always performed simultaneously. Percentage
of larvae preyed on by the spider in 1 h was calculated for each treatment
group of larvae.

No-choice assay with perfuming. In each assay, two larvae feeding on the same
N. attenuata line or on the same AD combination were placed in two
separate assay containers. Each container contained an Eppendorf tube
containing a cotton swab moistened with 500 uL of 1-mM nicotine (Sigma-
Aldrich) or 500-uL water (control) and its opening was covered with per-
forated parafilm. One spider was placed in each container and was moni-
tored for 1 h. For each larval treatment group, the percentage of larvae
preyed on by the spider was calculated for each perfuming treatment.

RNA Isolation and Quantitative Real-Time PCR. One-day-old larvae were used
to examine the changes in CYP6B46 transcript abundance in response to
nicotine ingestion. Midguts of these larvae were dissected; midguts of five
larvae were pooled to produce one sample. Hemolymph, Malpighian
tubules, foregut, midgut, and hindgut, were collected from the fourth-instar
larvae, as reported previously (20); in addition, pieces of larval cuticle (with
associated fat bodies) from spiracular and nonspiracular regions were col-
lected. To quantify CYP6B46 silencing efficiency and conduct tissue-specific
CYP6B46 transcript profiling, fourth-instar larvae were used.

In the nicotine flux determination experiments, to render the larvae
nicotine-free or to feed them the same diet as that of control larvae, fourth-
instar CYP-silenced larvae were fed (for 6-12 h) on irPMT or EV plants, re-
spectively. To evaluate if the CYP silencing persisted in such CYP-silenced
non-irCYP-feeding larvae, CYP6B46 transcripts were profiled in midguts after
both control and CYP-silenced larvae fed on irPMT or EV plants for 24 h.

RNA isolation was performed using TRIzol reagent (Invitrogen), according
to the manufacturer’s protocol. Quantitative real-time PCR to measure
CYP6B46 transcript levels was performed as reported by Kumar et al. (20).
Ubiquitin was used as an internal control to normalize the abundance of
CYP6B46 transcripts.

Waldbauer Assays for Nicotine Budgeting. Waldbauer assays to budget the
ingested and excreted nicotine in control and CYP-silenced M. sexta larvae
were performed as described previously (24, 25, 48). A schematic flowchart
of Waldbauer assay protocol is shown in S/ Appendix, Fig. S4 (S| Appendix, SI
Materials and Methods).

Kinetics of Nicotine Flux in Larvae. Schematic flowchart of the experimental
procedure for the monitoring of the nicotine kinetics in larval hemolymph is
shown in S/ Appendix, Fig. S5A. All larvae used in this analysis were in the
fourth instar and of similar masses (7.0 g + 0.25 g). Hemolymph (2 uL) of each
larva was collected at 0, 30, 60, 180, and 360 min by clipping the tip of the
larval horn.

Afflux of ingested nicotine to hemolymph. Controls and CYP-silenced larvae were
rendered nicotine-free by feeding them on irPMT plants for 6 h. To restart
the nicotine flux from midgut to hemolymph, these larvae were fed leaves
from EV or irCYP plants (having equivalent nicotine contents), respectively,
for 6 h and the amount of leaf mass consumed was quantified. Only the
larvae that fed continuously during these 6 h were used in the analysis.
Nicotine concentrations of the collected hemolymph samples (for control
and CYP-silenced larvae, for each time-interval, n = 5) were measured
by U(H)PLC/ESI-QTOF-MS (microTOF QIl) (46) (S/ Appendix, SI Materials
and Methods).

Efflux of ingested nicotine from hemolymph. Larvae that were used to monitor
the nicotine afflux to hemolymph were fed on leaves of their respective plant
lines for 24 h. The larvae were then transferred to nicotine-free irPMT plants
to terminate nicotine ingestion and to begin the gradual clearing of nico-
tine from midgut and hemolymph. Nicotine concentrations of the collected
hemolymph samples (for control and CYP-silenced larvae, for each time-
interval, n = 5) were measured by U(H)PLC/ESI-QTOF-MS (microTOF Qll).
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Efflux of injected nicotine from hemolymph. This experiment was conducted for
determining the kinetics of nicotine discharged from the hemolymph of
control and CYP-silenced larvae, in the absence of the flux of ingested nic-
otine from midgut into the hemolymph. Guts and hemolymph of EV- and
irCYP-feeding larvae were rendered nicotine-free by feeding these larvae on
irPMT plants for 6 h. Nicotine (70 + 2.5 pg) was injected to the hemolymph of
each of these larvae to attain a concentration of 0.001% of fresh mass (FM).
Injection volume was constant (50 pL) for every larva and the dorsal point
between fifth and sixth body segments was used as the injection site. After
injection, hemolymph samples were collected (for control and CYP-silenced
larvae, for each time-interval, n = 5) and their nicotine concentrations were
measured by U(H)PLC/ESI-QTOF-MS (microTOF Qll).

Nicotine efflux from the dissected midgut. To understand if the CYP silencing
in the midguts of irCYP-fed larvae influenced the kinetics of nicotine
efflux from the midgut, we conducted the assays using excised midguts of
control and CYP-silenced larvae. EV- and irCYP-fed fourth-instar larvae
were fed on EV plants for 6 h to ensure that their gut-contents had the
same nicotine concentration and that the results of the assay were not
influenced by variation in food material. Midguts of these larvae were
dissected so that the food content of the midgut remained intact. Ends
of each midgut were sealed with clamps and the sealed midgut was
carefully submerged in 500 pL of bathing buffer (NaPO,4 pH 7.0 and 0.3 M
sorbitol) in a 30-mm Petri plate. Midguts that were punctured during the
dissection or had lost food material were not used. A 50-uL aliquot of
bath-buffer was collected at 0, 5, 10, 15, 20, 30, and 60 min (for control
and CYP-silenced larvae, for each time-interval, n = 5). Nicotine concen-
trations of these collected bath-buffer samples were measured by HPLC/
ESI-Q3-MS (Varian 1200).

Volatile Nicotine Trapping. Volatile nicotine was measured by adsorbing it on
the pieces (2 mm of PDMS tubing; Reichelt Chemietechnik).

Measuring nicotine in larval headspace. Nicotine in larval headspace was trapped
for 1 h in a sealed and ventilated glass vial (5 cc), having a PDMS tube sus-
pended in the headspace from the seal with the help of a solid needle (S/
Appendix, S| Materials and Methods and Fig. S6B).

Headspace-nicotine during the no-choice assays with perfuming. Nicotine in the
container of no-choice assays with perfuming was trapped for 1 h on the
PDMS tube suspended in the chamber; adsorbed nicotine was extracted and
quantified using HPLL/ESI-Q3-MS (Varian 1200). (S/ Appendix, SI Materials
and Methods).

Trapping nicotine emitted from spiracle and cuticle. To evaluate if the levels of
nicotine exhaled from larval spiracles varied with respect to hemolymph
nicotine concentration, different amounts of nicotine (0.001, 0.002, and
0.004% of FM) were injected into the hemolymph of AD-fed larvae (7.0 + 0.25
g FM). Injection volume was kept constant (50 pL) for every larva and the
dorsal point between the fifth and sixth body segments was used as the
injection site (S/ Appendix, SI Materials and Methods). To measure nicotine
emitted from spiracles, a PDMS tube was glued around the spiracle without
disturbing its opening movement, using instant-adhesive (Fig. 4D). PDMS
tubes were attached around the spiracle for 2 h, after which they were
carefully detached for nicotine extraction. A similar procedure was used to
trap nicotine emitted from the spiracles of nicotine-injected (0.002% of FM)
control and CYP-silenced larvae. However, to trap the spiracle-emitted nic-
otine ingested by the control and CYP-silenced larvae (which had fed on EV
or irCYP plants, respectively), PDMS tubes were attached around the spi-
racles of washed larvae. These larvae were fed on irPMT leaves for 2 h before
the attachment of the PDMS tubes.

To measure nicotine emitted from the cuticle of AD-fed larvae, PDMS
tubes were attached to the dorsal tip of the cuticle. In each larva, only one
spiracle was sampled; therefore, the total amount of nicotine emitted by each
larva was estimated by multiplying the amount of nicotine on one PDMS tube
by 18 (total number of spiracles/ larva). Nicotine adsorbed on PDMS tubes
attached to spiracle or cuticle was quantified using the internal standard (S/
Appendix, SI Materials and Methods).

Extraction and Quantification of Nicotine. Leaf and larval frass. Homogenized
leaf material and larval frass were extracted in extraction buffer A [60%
methanol (vol/vol) containing 0.05% glacial acetic acid] and were chroma-
tographed on Agilent-HPLC 1100 as described previously (49); relative con-
centration of nicotine was estimated using the standard curve of external
nicotine standards (S/ Appendix, SI Materials and Methods).

Hemolymph, bath-buffer, and PDMS tube. Two microliters hemolymph or 50 pL
bath-buffer or the sampled piece of PDMS tube was mixed with 50 pL ex-
traction buffer B [60% methanol (vol/vol), 0.05% glacial acetic acid and
5 ng ds-nicotine (Cambridge Isotope Laboratories) as an internal standard].
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These mixtures were centrifuged at 13.4 x g for 20 min, at 4 °C. Clear su-
pernatant was collected and analyzed using a HPLC/ESI-Q3-MS (Varian 1200)
with 35V capillary voltage as described previously (46).

Analysis of Cotinine, CNO and NNO. The limits of detection for nicotine,
cotinine, CNO and NNO were determined using U(H)PLC/ESI-qTOF-MS. The
efficiency of extraction of each compound from frass was determined by
spiking varying amounts in the frass, extracting it, and then quantifying it.
These compounds were then detected and quantified from the frass or
hemolymph of control or CYP-silenced larval samples (S Appendix, S|
Materials and Methods).

Statistical Analyses. Significance (P < 0.05) of the binary results of all survi-
vorship and predation assays was tested in contingency tables using Fisher’s
exact test. These results were normalized by calculating the percentages for
each column only to set the upper y-axis limit to uniform 100% level so that
the data from all of the assays can be easily visually compared. Percentages
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were also analyzed by the Fisher’s exact test and the significance applicable
to both the frequencies and percentages is shown in the figures. All of the
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