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Abstract

acetate, a host plant attractant.

strategies for sustainable agriculture.

Background: Plants under herbivore attack release volatiles that attract natural enemies, and herbivores in turn
avoid such plants. Whilst herbivore-induced plant volatile blends appeared to reduce the attractiveness of host
plants to herbivores, the volatiles that are key in this process and particularly the way in which deterrence is coded
in the olfactory system are largely unknown. Here we demonstrate that herbivore-induced cotton volatiles suppress
orientation of the moth Spodoptera littoralis to host plants and mates.

Results: We found that (£)-4,8-dimethyl-1,3,7-nonatriene (DMNT), an induced volatile, is key in herbivore deterrence:
DMNT suppressed plant odour- and pheromone-induced behaviours. We then dissected the neurophysiological
basis of this interaction. DMNT-responding glomeruli were also activated by other plant compounds, suggesting
that S. littoralis possesses no segregated olfactory circuit dedicated exclusively to DMNT. Instead, DMNT suppressed
responses to the main pheromone component, (£)-9-(F)-11-tetradecenyl acetate, and primarily to (£)-3-hexenyl

Conclusion: Our study shows that olfactory sensory inhibition, which has previously been reported without
reference to an animal’s ecology, can be at the core of coding of ecologically relevant odours. As DMNT attracts
natural enemies and deters herbivores, it may be useful in the development or enhancement of push-pull

Keywords: (F)-4,8-dimethyl-1,3,7-nonatriene, Herbivore-induced plant volatiles, Suppression, Antennal lobe,
Spodoptera littoralis, Oviposition choice, Mating disruption, Olfaction, Orientation

Background
Choosing suitable oviposition sites is a fundamental
strategy and for most species the only care provided for
their offspring [1]. Therefore, animals should carefully
assess cues that signify the quality of the site, the risk of
predation, and the likelihood of competition. Although
experience may refine an animal’s responses [2], these
signals often trigger innate responses through hard-
wired neural circuitries [3].

Plants emit a plethora of volatile organic compounds
(VOCs) that herbivorous insects use as orientation cues
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[4]. Herbivore damage induces plants to activate specific
biochemical pathways that heighten their defence against
herbivores. In addition to toxins and antifeedants, induced
defences can also be indirect by recruiting natural enemies
of herbivores using herbivore-induced plant volatiles
(HIPVs). These are generally composed of green leaf vola-
tiles (C6 molecules) and a set of terpenoids [5-7]. Parasit-
oids and predators cue in to several of these compounds
[5, 8], of which the most well studied is the de novo syn-
thesized homoterpene, (E)-4,8-dimethyl-1,3,7-nonatriene
(DMNT) [5, 9].

Herbivores themselves are also sensitive to HIPVs, and
prefer plants that do not emit these odours [10, 11].
Detection and avoidance of induced plants has benefits
for ovipositing herbivores. (I) HIPVs indicate intra- or
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interspecific competitors in the host plant site [12, 13].
(II) They indicate a heightened defence response in
attacked plants [14, 15] and frequently in its downwind
neighbours [16, 17], which generally affects survival, par-
ticularly of early larval instars [18]. (III) Finally, offspring
in sites containing induced plants will likely suffer a
higher level of parasitization and predation [11, 19].

Several studies have demonstrated the significance of
odours in aversion of induced plants [12, 13, 20]. Yet,
herbivore detection of HIPVs has not been dissected out
either behaviourally or physiologically, in spite of their
fundamental role in push-pull systems and their poten-
tial for novel chemical ecology-based methods of insect
control [21].

In this study we show that DMNT, a key plant com-
pound used by natural enemies in finding prey, is used
by females and males of the Egyptian cotton leaf worm
(Spodoptera littoralis, Boisd., Lepidoptera: Noctuidae), to
avoid induced plant sites and calling females, respect-
ively. Finally, we found that behavioural disruption is par-
alleled by suppression of pheromone and plant odour
induced-activity in the antennal lobes (ALs) and antennae
without any DMNT-specific neural channel. Olfactory
sensory inhibition appears of behavioural and evolutionary
ecological significance, and might benefit fitness of herbi-
vores by assessing risks of predation and competition. The
importance of the findings is also discussed in the light of
sustainable agriculture.

Results

Herbivore-damaged plants affect behaviour

According to previous studies, damaged and undamaged
cotton plants emit different patterns of volatiles. A series
of tests was performed to confirm that these patterns
differentially affect the behavioural response of moths
[22-28]. In wind tunnel dual-choice assays, a higher per-
centage of virgin males was attracted to the sex phero-
mone extract with odorant background from undamaged
than from damaged plants (Fig. 1a; d.dev. = 8.352, df=1,
P<0.01). When virgin females had access to either
damaged or undamaged plants in cage assays, calling
behaviour was suppressed when females perched on
herbivore-induced plants compared to females on undam-
aged plants (Fig. 1b; d.dev. = 40.759, df =1, P<0.01). This
effect was independent of female age (d.dev. = 2.021, df =2,
P =0.364). These results confirmed that herbivore-induced
cotton plants suppressed sexual behaviours in both males
and females compared to undamaged plants. However, it
remained to be tested which volatile compound suppressed
these behavioural responses.

DMNT effects on flight behaviour
We investigated the effect of the HIPV DMNT on the
behaviour of male and female moths due to its emission
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in high amounts by damaged cotton plants [24—28] and its
ecological importance in attracting natural enemies. Based
on previous analyses of cotton VOCs [20, 29], we designed
a synthetic plant blend (Mix-5) that optimized attraction of
S. littoralis [20, 29, 30] and that could also be used in
physiological assays. Mix-5 contained five volatile com-
pounds found in the cotton headspace: -myrcene, oci-
mene, (R)-(+)-limonene, (Z)-3-hexenyl acetate and nonanal.

In wind tunnel assays using a piezo-electric sprayer to
disperse stimuli, cotton headspace collection (data as in
[30]) triggered weaker behavioural responses of mated
female moths than Mix-5 did (Fig. 1c). Addition of
DMNT to Mix-5 strongly inhibited take-off and upwind
flight steps (Fig. 1c; Take-off: d.dev. = 25.822, df =2, P<
0.001; Upwind: d.dev. = 12.835, df =2, P<0.01).

Attraction of males to cotton headspace collection
(data as in [30]) and Mix-5 was relatively weak com-
pared to females, and it was not significantly affected by
the addition of DMNT (Fig. 1d; Take-off: d.dev. = 4.618,
df=2, P=0.099; Upwind: d.dev. = 7.272, df=2, P=
0.263). Conversely, attraction to the main pheromone
component, Z9,E11-14:0Ac, was disrupted in the pres-
ence of DMNT at several concentrations (Fig. 1e; Take-
off: d.dev. = 49.529, df =4, P<0.001; Upwind: d.dev. =
70.638, df =4, P <0.001).

These findings demonstrate that DMNT is an active
compound in the cotton volatile blend that significantly
interferes in odorant perception in both sexes, affecting
their mating and oviposition choices. Next we investigated
how DMNT affected odour coding in males and females.

DMNT suppressed odour-evoked Ca®* responses in males

The largest glomerulus of the macroglomerular complex
(MGC) of S. littoralis, the cumulus, is dedicated to detect-
ing the main pheromone component, Z9,E11-14:0Ac
[31]. As the major pheromone alone induces robust up-
wind flight in males, we focussed on the responses of the
cumulus to Z9,E11-14:OAc alone and in combination with
DMNT using Ca®* imaging, Z9,E11-14:0Ac (1 and 10 pg)
elicited calcium responses in the cumulus, but addition of
DMNT suppressed them (Fig. 2a,c). Suppression was par-
ticularly strong at 10 pg of Z9,E11-14:OAc (linear mixed-
effects models, Ime, x*=111.91, df=4, P<0.001) and
more gradual at 1 pg with increasing doses of DMNT
(Ime, x*>=96.149, df=4, P<0.001). Response to DMNT
alone was found only in ordinary glomeruli (Fig. 2d; Ime,
X2 =8.324, df = 3, P < 0.05), but not in the cumulus (Fig. 2¢;
Ime, x* = 4.279, df =3, P=0.233). These results corrobor-
ate the inhibition of the olfactory-evoked behaviour of
male moths when flying towards a pheromone source, and
suggest that the pheromone and DMNT signals interact at
the peripheral level, possibly either via competitive antag-
onism or allosteric inhibition, as was proposed for
Helitothis virescens [32].
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Fig. 1 (See legend on next page.)
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Fig. 1 Behavioural responses of male and female S. littoralis to odours from plants or synthetic blends. Bars represent proportions of attracted
moths (+SE). a Attraction of virgin male moths towards pheromone gland extracts in a wind tunnel assay with herbivore-damaged or
undamaged cotton plants as odour background (P < 0.01, n = 30). b Proportion of virgin female moths that exhibited calling behaviour in the
presence of either damaged or undamaged cotton plants (n = 30). ¢ Attraction of mated females to cotton headspace collection (data as in
[30]), Mix-5 and Mix-5:DMNT (n = 40). d Attraction of virgin males to cotton headspace (data as in [30]), Mix-5 and Mix-5:DMNT were not
significantly different (n = 50). e Pheromone-triggered response of males was suppressed by DMNT at different ratios (n = 50). Different letters
indicate statistical differences between the odours (binomial GLM, P < 0.001)

Male ordinary glomeruli responded to Mix-5 at both
concentrations (Fig. 2b,d; lme, concentration 1: =
21.247, df = 4, P < 0.001; concentration 2: x* = 35.581, df =
4, P <0.001). However, addition of DMNT to Mix-5 sup-
pressed Ca®* responses at Mix-5 only at concentration 2
but not at concentration 1 (Fig. 2b,d). Because of the weak
behavioural responses to Mix-5 in males (Fig. 1d), we did
not further investigate the activity of individual glomeruli.

Suppression of pheromone perception occurs at the
peripheral level

As responses from sensory neurons dominate Ca®" re-
sponses in the ALs, we verified if the inhibition of the
response in combination with DMNT was due to pre-
synaptic (OSN-OSN or local interneuron-OSN) inhibition,
or whether the interaction occurred peripherally. Record-
ings from male-specific long trichoid sensilla housing ol-
factory sensory neurons (OSNs) that responded solely to
pheromone demonstrated that addition of DMNT to the
pheromone stimulus significantly reduced the response to
the latter at different concentrations (Fig. 3; Poisson glm,
0.1 pg: ddev=45.635 df=2, P<0.001; 1 pg: d.dev=
114.35, df =2, P < 0.001). This result suggests that attenu-
ation of the pheromone OSN firing response was inde-
pendent of input from the DMNT OSN.

DMNT suppressed odour-evoked Ca®* responses

in females

Ca®" responses to both concentrations of Mix-5 in the
ALs of females were suppressed by DMNT (Fig. 4; Ime,
concentration 1: x* = 32.199, df = 4, P < 0.001; concentra-
tion 2: x*=53514, df=4, P<0.001). DMNT triggered
Ca®* responses only at 10 pg, the highest dose (Fig. 4a,b;
Ime, x* = 8.832, df =3, P<0.001). It is likely that the ex-
pression of DMNT-responding ORs in males and fe-
males is quantitatively similar, since the olfactory system
of males seems to be as sensitive to DMNT as females
are in dose-responses to DMNT. Since attraction of S.
littoralis females towards Mix-5 was strongly disrupted
by DMNT (Fig. 1c), we investigated whether the sup-
pression was due to a particular single glomerulus or set
of glomeruli, and whether DMNT disrupted the percep-
tion of any particular odour in the mixture. All test sta-
tistics of responses of individual glomeruli are presented
in Additional file 1.

Using a set of reference compounds, we mapped on
average 16 responding glomeruli per animal. Based on
activation patterns of reference compounds, eight glom-
eruli (glomeruli 1, 3, 7, 9, 18, 21, 22, and 25) were con-
sistently identified. Glomeruli differed substantially in
their response to Mix-5, DMNT and their combinations.
Glomerulus 18 was not significantly suppressed by the
addition of DMNT when responding to either concen-
tration of Mix-5, unlike glomeruli 1, 3 and 25 (Fig. 4c).
Glomeruli 7, 21 and 22 were intermediate between these
two, with DMNT-induced suppression only at the lower
dose of Mix-5 (Fig. 4c). Suppression was not restricted
to those glomeruli that responded to DMNT (glomeruli
1, 3, 9, 21 and 22), indicating that besides competitive
antagonism and allosteric interactions, other mecha-
nisms may be involved in the suppressive activity of the
DMNT-sensitive OSN, such as presynaptic inhibition via
local interneuron (LNs) [33, 34].

Next, we investigated Ca®* responses to single compo-
nents in order to identify the response to which odorant
of Mix-5 was affected by DMNT. Since significant sup-
pression was already detected at 0.1 and 1.0 pg DMNT,
we focussed on these two doses. Each compound from
Mix-5 was tested at 10 pg, which elicited significant cal-
cium responses (Fig. 5). Ca>* responses showed that only
the response to (Z)-3-hexenyl acetate was significantly
suppressed by addition of DMNT (Fig. 5d) compared to
the other compounds (Fig. 5a,b,c,e). Among six glomeruli
activated by (Z)-3-hexenyl acetate, five were significantly
suppressed by DMNT (glomeruli 7, 9, 18, 21 and 25;
Fig. 5d). Again, this effect was not restricted to DMNT-
activated glomeruli. Some apparent mixture interactions
were also observed. For instance, DMNT-induced sup-
pression of glomerulus 18 was only observed when stimu-
lating with (Z)-3-hexenyl acetate, but not with Mix-5. The
opposite was observed for glomerulus 3. It may thus be
that the behavioural suppression by DMNT is not solely
caused by suppression of responses in specific glomeruli,
but is due to intricate ensemble effects.

Effect of (S)-(+)-linalool and (R)-(-)-linalool on

pheromone responses

We compared the activity of DMNT to both linalool iso-
mers, (S)-(+)-linalool and (R)-(-)-linalool, which were
found to suppress pheromone-induced electrophysiological
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responses and oviposition [11, 32, 35, 36]. To compare re-
sponses, we compensated for the emission from oil of both
linalool enantiomers compared to DMNT by reducing
their concentration in solution. (S)-(+)-linalool and (R)-
(-)-linalool suppressed pheromone-induced Ca®* responses
in male S. littoralis ALs. Both enantiomers suppressed Ca**
responses from the cumulus to 10 pug pheromone (Fig. 6a,b;
Ime, (S)-(+)-linalool: x*=50.532, df=4, P<0.001; (R)-
(-)-linalool: x* = 51.942, df =4, P<0.001), in a similar way
to DMNT (Fig. 2a,c). However, suppression at 1 pg phero-
mone was only observed with 0.3 pg of (R)-(-)-linalool
(Ime, x*=28.302, df=4, P<0.001) and not with (S)-
(-)-linalool (Fig. 6ab; lme, x*=19.611, df=4, P<
0.001). Unlike DMNT, either isomer alone triggered a
Ca®" response in the cumulus (Fig. 6ab; Ilme, (S)-
(+)-linalool: x* = 12.297, df = 4, P < 0.01; (R)-(-)-linalool:
x> =12.82, df=4, P<0.01). Since pheromone-sensitive
OSN:ss are finely tuned to pheromones only, it is possible
that this phenomenon was caused by excessive stimulus
fluxes.

In ordinary glomeruli, both linalool isomers triggered
strong Ca”" responses (Fig. 6c). Significant responses
were observed from the lowest concentration up (Ime,
(S)-(+)-linalool: x> =19.5, df =3, P<0.001; (R)-(-)-linal-
ool: x*=26.503, df =3, P<0.001), whereas DMNT trig-
gered a response only at the highest concentration
(Fig. 2d). Taken together, these results indicate that the
olfactory system of S. littoralis is more sensitive to
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linalool than DMNT, whereas suppression by DMNT is
stronger than by linalool. It is thus likely that DMNT is
a more specific suppressive compound than both linal-
ool isomers, and that the suppressive mechanism is
highly sensitive to very low concentrations of DMNT.

Discussion

Olfactory sensory systems constitute the neural interface
between organisms and their odour environment. They
selectively gate relevant ecological information and ac-
cordingly modulate behavioural responses [37]. Insects
possess a multidimensional array of olfactory sensory neu-
rons that registers fluxes and ratios of volatile compounds.
The sensitivity of this array is thought to be finely tuned
to the detection of ecologically relevant odours through a
specific set of olfactory receptors they express [37]. This
input is subsequently processed in the AL, the primary ol-
factory centre in the insect brain [37]. ALs in male moths
are equipped with enlarged glomeruli called the macroglo-
merular complex (MGC), which receives exclusive input
from pheromone-specific OSNs [38]. The remaining iso-
morphic glomeruli (63 glomeruli in S. littoralis; [31]) en-
code general odours such as plant VOCs.

HIPVs signal unfavourable environments and should,
therefore, be detected and avoided. Although herbivores
indeed appear to avoid HIPVs (this study; [12]), the spe-
cific compounds within the complex HIPV blend and
the underlying neural mechanisms through which herbi-
vore behaviour is suppressed were hitherto unknown.
We demonstrate that DMNT is a key signal in the HIPV
blend that induced suppression of host and mate orien-
tation in S. littoralis to cotton and that this is mediated
through neuronal inhibition of olfactory responses. We
are currently investigating whether other cotton HIPVs,
not included in the current study, may further augment
behavioural inhibition towards induced cotton.

Cotton HIPVs redirect all basic odour-mediated behav-
iours in S. littoralis, that is, calling behaviour, oviposition,
and orientation to cotton and partners (calling behaviour
and pheromone attraction) (this study; [20, 39]). Using our
cotton five-component mimic, we then demonstrated that
DMNT, at ratios released by induced cotton, paralleled
suppression of the above odour-mediated behaviours. Cot-
ton systemically releases relatively large amounts of
DMNT upon herbivore attack [20, 22, 27, 40], as do other
plants (such as apple, maize, lima bean and cucumber) (re-
view by [6]). More interestingly, natural enemies use
DMNT to find their hosts [9, 41]. The evolutionary con-
vergence of utilizing DMNT by both natural enemies and
herbivores underlines its significance as a reliable signal in
HIPV blends. HIPVs are diverse and consist of many com-
pounds, some of which individually may not have a nega-
tive valence [42]. In contrast, DMNT appears highly
characteristic for herbivore damage, released at the site of
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Fig. 4 Effect of DMNT on Ca’* responses in female ALs to the synthetic volatile mixtures. a Computed map showing the areas of ordinary
glomeruli from which responses were calculated (left) and representative false colour-coded images of Ca®* responses to Mix-5 (concentrations 1
and 2) and DMNT (0.1-10 pg) (right). Images were collectively scaled to strongest activation. b Cca’t responses over all glomeruli (n=81) from 13
moths to Mix-5 concentration 1 (open triangles), 2 (solid squares), mixed with DMNT (0.1 to 10 pg), and DMNT alone (open circles). Symbols
represent the mean values of maximum Ca”* response (+SE). ¢ Ca’* responses of individual ordinary glomeruli (n = 13) to Mix-5 concentration 1
(light grey), 2 (dark grey) mixed with DMNT, and DMNT alone (white). Squares represent the mean values of maximum relative ca*t response
(+SE). Different letters denote significantly different responses (Ime, P < 0.05) within treatments (groups of colour)

damage and systemically through induction of undamaged
parts [25, 26], and even by neighbouring plants after vola-
tile priming [16].

We addressed how the moth encodes DMNT. The
reigning paradigm is that ecologically relevant odours
are either coded through an activation pattern across
different sensory neuron types (combinatorial coding) or
through narrowly tuned single-odour-single-neuron sys-
tems (labeled-line coding) [37]. In Drosophila, highly
relevant negative stimuli are coded via activation of sin-
gle receptor neuron types, and directly mediate repul-
sion [43]. However, DMNT detection in S. [ittoralis
appears not to be coded via a dedicated repulsion-
inducing sensory neuron type. Instead, our recordings
appear to support that DMNT acts through suppression
of the activity of receptor neurons tuned to attractive
compounds. This is to our knowledge the first demonstra-
tion that suppression of OSN activity is of fundamental
behavioural, ecological and evolutionary significance. Fur-
thermore, it places decades-old records of suppression of
pheromone neuron activity by linalool and related com-
pounds in an ecological framework, that is, tritrophic
interactions. These earlier studies were conducted from a
neurophysiological rather than an ecological perspective
[36, 44—46]. The strong behavioural and ecological effects
may in fact well be the evolutionary raison-d’-étre of these
interactions in the first place. Although other insect
species may have evolved sensory channels dedicated to
DMNT detection, our results demonstrate that detection
of ecologically highly relevant odours does not require
these channels, but instead can be encoded via com-
binatorial suppression of odour-evoked responses. In
an ecological context, attenuating odour-evoked re-
sponses and attraction may prevent full HIPV-induced
shutdown of host plant and mate orientation. This could
be evolutionarily advantageous at high herbivore densities,
and prevent herbivores from reproducing at all in the
continuous presence of HIPVs.

Odour interactions can occur at various levels in the
olfactory circuitry [38, 47]. Suppression of pheromone-
and plant odour-evoked responses by DMNT appears to
be a peripheral event, as evidenced by our single sensil-
lum and Ca®* imaging recordings. Suppression of OSN
input has been a frequently observed phenomenon in

arthropods [38, 48, 49] and mammals [50, 51]. In in-
sects, suppression of pheromone antennal responses
has long been documented [52], and ever since sev-
eral plant and microorganism odorants have been re-
ported as suppressors of OSN responses, for example,
geraniol, linalool and B-ocimene. However, the major-
ity of studies focussed on either behavioural responses
or physiological mechanism of olfactory suppression,
and few combined different approaches to finely elu-
cidate the effect of olfactory coding on orientation
and ecology [53, 54].

Some possible mechanisms for response suppression
include competitive antagonism [32, 55, 56], allosteric
inhibition [32, 55], presynaptic inhibition [33, 34, 57, 58]
or ephaptic interactions [59]. The latter mechanism was
demonstrated in D. melanogaster, in which the response
of OSNs may inhibit the activity of sensilla co-located
independently of synapses [59]. In our experiment using
binary mixtures of plant odorants, (Z)-3-hexenyl acetate
was the only component whose activity was significantly
suppressed by DMNT. However, no sensillum type in S.
littoralis was found responding to both compounds [60].
It is thus unlikely that DMNT suppresses odorant per-
ception through ephaptic interaction. Therefore, the
mechanism behind DMNT-mediated OSN suppression
is likely competitive antagonism, allosteric inhibition
[32] or presynaptic inhibition [33]. The mode of inter-
action between DMNT and pheromone or plant odours
is as of yet uncertain, but this interaction may also be
peripheral and mediated through similar processes. To
answer this question, a large deorphanization project on
S. littoralis receptors will shed further light on this in
the near future (W.B. Walker, personal communication).
It is important to note here that plant species differ in
the precise ratio of terpenoids released as part of the
HIPV blend [4]. We anticipate that other terpenoids can
substitute for the ecological role of DMNT, depending
on the plant species.

The use of odours in jamming’ olfactory perception has
in recent years been explored in the context of combatting
pest insects. A search for an olfactory receptor co-
receptor (ORCO) agonist and antagonist yielded several
potential candidates for use in olfactory interference [61].
Similarly, several agonist and antagonist receptors for
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Fig. 5 Ca”" responses of female ordinary glomeruli to each single plant odorant (10 ug) mixed with DMNT (0.1-1.0 pig). a. -myrcene, b. (R-(+)-limonene, c. ocimene,
d. (2)-(3)-hexeny! acetate, e. nonanal. DMNT significantly suppressed the Ca®* response to (2)-3-hexenyl acetate responding glomeruli except for glomerulus 3.
Responses to other odorants were not suppressed by DMNT. Bars represent the mean values of maximum relative Ca’" response (+SE) of each
identified glomeruli. Different letters denote significantly different calcium responses within odorants and glomeruli (Ime, P <0.05, n=13)
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carbon dioxide, a host-signifying compound for blood-
seeking insects [62], were successfully used in lowering
biting incidence of mosquitoes under semi-field conditions
[63, 64]. Here we demonstrate that jamming of olfactory
perception also occurs naturally, as a part of olfactory cod-
ing of complex natural blends. In fact, it may well be a key
component in the associational resistance in the push-pull
cropping system in Kenya [65]. Intercropping of maize
with Melinis minutiflora [66], intercrops that constitu-
tively release DMNT, reduce maize borer Chilo partellus
infestations [65]. This may well be caused by DMNT-
induced suppression of host plant attraction and sexual
communication in C. partellus. This parallel seems war-
ranted, given the fact that olfactory coding in related
moths is highly similar [67]. DMNT is also critical in at-
traction of C. partellus parasitoids [9]. This suggests that
in the maize intercropping system DMNT fulfils both a
push and a pull function.

Conclusions

A single HIPV, DMNT, affects olfactory-triggered orienta-
tion of carnivorous and herbivorous insects of both sexes
and, therefore, has a central role in shaping tritrophic in-
teractions. To disrupt olfactory coding, a specialized dedi-
cated channel is not necessary to suppress signalling input
of ecologically relevant odorants. Further experiments
should investigate whether this DMNT suppressive mech-
anism is conserved in other herbivore species. In addition,
future studies should explore the potential application of
DMNT, and possibly other HIPVs that induce odour-
based associational resistance, to improve push-pull meth-
odology and support sustainable food production.

Methods

Plants

Cotton seedlings (Gossypium hirsutum L., cv. Delta
Pineland 90) were grown singly at 25 +5°C and at 70 +
5 % RH, under daylight and artificial light (400 W). Cot-
ton plants used in behavioural experiments had eight to
ten fully developed true leaves.

To produce damaged plants, two to three second to
third instar larvae of S. littoralis were released on the
second true leaf of the plant 24 h prior to experiments.
Leaves and larvae were then enclosed inside fine mesh
(0.2 x 0.2 mm) bags.

Insects

S. littoralis eggs were obtained from cotton fields in El-
Shatby and the lab culture at Assiut University, Egypt. Lar-
vae were fed on a standard noctuid artificial agar-based diet,
under a 16 L:8D photoperiod, at 24 °C. Males and females
were separated as pupae into plastic boxes (30 x 20 x
10 cm) to obtain virgin insects and were kept in separate
rooms in order to avoid pre-exposing males to pheromone
before experiments. Virgin males and 24- to 27-h post-
mated female moths were used in all bioassays when they
were 2 to 3 days old. Adults had access to water ad libitum.

Cage bioassay

Individual damaged or undamaged cotton plants were
placed inside Plexiglas® cages (40 x40 x 80 cm) and
maintained in a ventilated climate chamber at 25 +2°C,
65+ 5 % RH, with a photoperiod of 16 L:8D. These cages
were used to confine plant volatiles and to prevent inter-
ference between replicates.
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Groups of five moths were transferred to cages at the
start of the scotophase and observed during the follow-
ing scotophase at 15-min intervals. Numbers of female
moths exposing their abdominal pheromone gland were
recorded at each observation. Moths and plants were re-
placed by new ones in all cages constituting a new repli-
cate. Females of three different ages (24, 48, and 72 h
old) were observed (N = 30).

Wind tunnel bioassay

Adults were transferred individually to 2.5x12.5 cm
glass tubes closed with gauze. Moths were kept in the
wind tunnel room for at least 1 h before testing to
acclimatize them to the testing environment. Experi-
ments were carried out between 1 and 4 h after the
onset of the scotophase.

Bioassays were performed in a Plexiglas wind tunnel
(180 x90 x 60 c¢cm) with illumination at 6 lux, with a
wind speed of 30 cm.s™', at 24 +2°C and 60 + 10 % RH.
Incoming air was filtered with active charcoal and out-
going air was extracted at an equal rate passing through
a similar filtering system.

Glass tubes, with the gauze removed, were placed on a
platform at the downwind end of the tunnel, and moths
were observed for 5 min. Moths that showed oriented
upwind flight up to half of the wind tunnel towards the
odour source were counted as responding individuals.
Three different bioassays were conducted: (I) attraction
of males to pheromone gland extracts in the presence of
damaged and undamaged cotton plants, (II) attraction to
synthetic mixtures (plant components and pheromone)
and cotton headspace collection of virgin males and (III)
mated females.

Pheromones and plants

Pheromone gland extracts were prepared from 20 female
glands collected 3 h into the scotophase and immersed
in 20 pL redistilled hexane for 10 min. Three different
extracts were pooled. The combined gland extract was
diluted with hexane to a concentration of 2 ng.uL™*
based on the main component according to GC-MS
analyses, and one female equivalent dose was established
as 10 pL of the gland extract. All extracts and dilutions
were stored at —18 °C.

In the wind tunnel, one undamaged and one damaged
plant were placed 15 cm apart from each other. Fifteen
centimetres downwind from each plant, a piece of filter
paper (0.5 x 1.0 cm) loaded with 1 female gland equiva-
lent dose was placed 30 cm above the wind tunnel floor.
New filter papers with fresh pheromone gland extracts
were introduced every 12 min, and the position of plants
was reversed every five replications.
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Synthetic mixtures and plant odours

Cotton odour was collected using a setup for headspace
collection [29]. Volatiles were entrapped in glass filters con-
taining 50 mg Super Q adsorbent (80/100 mesh, Altech,
Deerfield, IL, USA) under 12 L:12D photoperiod, for 24 h,
at 22 °C from individual plants. Headspace was collected
during a total of 1,848 h from 40 plants. Filters were eluted
with 500 mL re-distilled n-hexane and condensed under a
stream of nitrogen. Samples were stored at —18 °C.

Eleven antennal active volatile components from dam-
aged and undamaged cotton plants were previously identi-
fied [20, 29, 30] and mimicked attraction to the natural
cotton headspace in the wind tunnel [30]. We selected five
of these components to prepare an attractive synthetic
mixture (Mix-5; amounts in Additional file 2): p-myrcene
(95 %, Fluka), nonanal (95 %, Sigma-Aldrich), (R)-(+)-lim-
onene (97 %, Sigma-Aldrich), (E)-pf-ocimene (racemic,
90 %, Fluka), and (Z)-3-hexenyl acetate (98 %, Sigma-
Aldrich). All components were diluted in ethanol and
tested for attraction of either virgin males or mated fe-
males. (Z£)-9-(E)-11-tetradecenyl acetate (Z9,E11-14:0Ac,
10 pguL™ and different concentrations of DMNT
(0.001-1 ng.uL ") were also diluted in ethanol and tested
for attraction of virgin males only. DMNT (95 %) and
Z9,F11-14:0Ac (95 %) were gifts from Prof. Wittko
Francke.

Cotton headspace collections and synthetic odour
blends were delivered from the centre of the upwind end
of the wind tunnel using a piezo-electric spraying device
[68]. Cotton headspace collections were tested at
1,800 ng.h™! of DMNT, the main compound in the collec-
tion (for chemical analysis of the headspace) (see [30]).

GC-MS analyses

Volatile collections were analysed on a gas
chromatograph-mass spectrometer (GC-MS; 6890 GC
and 5975 MS, Agilent Technologies, Palo Alto, CA,
USA). The GC was equipped with a fused silica capillary
column (30 m x0.25 mm, df=0.25 pm) and DB-Wax
(J&W Scientific, Folsom, CA, USA), and helium was used
as the carrier gas at an average linear flow of 35 cm.s™.
The temperature was programmed from 30 °C (3 min
hold) at 8 *C.min! to 225 °C (5 min hold). Identification
of enantiomers of limonene was done on a fused silica ca-
pillary column (30 m x 0.25 mm) coated with HP-chiral
20B (df =0.25 um; Agilent), and the GC temperature was
programmed from 30 °C (3 min hold) at 8 *C.min™" to
225 °C (10 min hold). Compounds were identified by in-
jection of authentic synthetic standards, retention times,
Kovats indices, and library mass spectra (NIST, Agilent).

Odour stimulation for SSR and Ca®* imaging
In order to simulate the most attractive cotton blend
(Mix-5) as vapour phase in a stimulus pipette, all
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compounds were carefully mixed to reproduce the ratio
of odorants used in our wind tunnel assay. Differences
in volatility of test compounds due to vapour pressure
and van der Waals forces in paraffin oil were empirically
corrected. -myrcene, ocimene, (R)-(+)-limonene, (Z)-3-
hexenyl acetate and nonanal were mixed together in par-
affin oil at concentrations of 350, 280, 60, 120 and
330 ng.uL ", respectively, and here onward called Mix-5
concentration 2. Its emission rate was assessed by apply-
ing 10 pL of the mixture on a piece of filter paper inside
an Eppendorf tube closed with a 1-mL pipette tip. After
30 min resting at room temperature, 200 pL of the head-
space was sampled using a gas-tight syringe (1.0 mL,
Hamilton) and injected in the GC-MS for quantification.
A 10x diluted solution of the synthetic cotton blend was
prepared and here onward called Mix-5 concentration 1.
DMNT was also diluted in paraffin oil in a separate vial
at 0.01, 0.1 and 1 pg.ul™".

GC-MS analyses of the headspace of Mix-5 (concen-
tration 1) showed that this mixture provided a ratio of 1
(B-myrcene; 22 + 2 pg.uL™"): 0.44 (ocimene; 10 + 1 pg.ul™):
0.15 ((R)-(+)-limonene; 3 +0.3 ug.pL’l): 0.74 ((Z)-3-hexenyl
acetate; 16+ 1 pgul™"): 096 (nonanal; 21+2 pgul™),
which is similar to Mix-5 used in our wind tunnel assays
(1:0.54:0.27:0.78:0.78, respectively; see Additional file 2).
Addition of 10 ug DMNT to a second filter paper in the
same stimulus pipette did not affect release rates of any
stimuli in Mix-5 (see Additional file 2; d.dev = 0.645, df = 5,
P=0.59) and yielded a headspace concentration of
DMNT of 81 +5 pg.uL. ™" (see Additional file 2). Thus, these
mixtures in paraffin oil were used in our following Ca®* im-
aging and electrophysiology recordings.

The main pheromone component, Z9,E11-14:0Ac, was
mixed in hexane (Sigma-Aldrich) at concentrations of 1
and 10 pg.uL™'. However, measurements of the main
pheromone component were not possible due to the low
volatility of this type of compound [69].

We compared the activity of DMNT to that of sup-
pressive compounds (R)-(-)-linalool (95 %, Firmenich)
and (S)-(+)-linalool (95 %, Firmenich). Both enantiomers
were diluted in paraffin oil at concentrations of 0.003,
0.03 and 0.3 pg.uL™, as their volatility was approxi-
mately 3x higher than that of DMNT.

To prepare odour stimuli, two pieces of filter paper
(10 x 15 mm) were placed inside glass Pasteur pipettes.
One piece was loaded with 10 pL of either plant blends,
whereas the next piece was loaded with 10 pL of either
paraffin oil (control) or one of the DMNT dilutions.
Pheromone stimuli were applied on a paper, and hexane
was allowed to evaporate for 30 min in a fume hood. Pi-
pettes were flushed with an air stream to remove all hex-
ane prior to loading paraffin oil or DMNT solutions
onto the second paper. All stimulus pipettes were then
closed with a 1-mL pipette tip and left for 30 min prior
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to recordings. Either linalool enantiomer was prepared
with Z9,E11-14:OAc in the same manner as described
above for DMNT. Female moths were stimulated with
plant odorants only. Each male was tested with either
plant odorants or pheromone.

Single sensillum recordings

A male moth was restrained in a plastic pipette tip with
only the head protruding from the aperture, and a tung-
sten wire serving as a reference electrode was inserted
into the abdomen. Single sensillum recordings (SSRs)
were performed under a light microscope (Nikon FN-
S2N) with 750x magnification, using tungsten electrodes
(Clark Instruments Ltd). The recording electrode was at-
tached to an AC/DC 10x gain probe (INR-02; Syntech),
and its tip was inserted at the base of a pheromone-sen-
sitive long trichoid sensillum using a micromanipulator
(Mérzhauser PM-10) until extracellular electrical contact
with olfactory sensory neurons (OSNs) was established.
The signal was amplified, digitized (IDAC-4 USB; Syntech)
and visualized with AutoSpike 3.7 software (Syntech). A
stream of charcoal filtered humidified air was continuously
flushed over the antenna (1 L.min "), through a glass tube
(1.0 mm i.d.), which terminated 2.0 cm from the antenna.
During stimulation, a 0.5-s air pulse (1.0 L min™Y) con-
trolled by a stimulus controller (CS-55; Syntech) was
passed through the stimulus pipette, which was inserted
into a hole in the glass tube. Compounds were tested with
an inter-stimulus interval of at least 1 min. The response
of OSNs was expressed as the number of spikes during
the stimulation period after stimulus onset minus the
number of spikes before stimulus onset.

Calcium imaging

Moths were immobilized in pipette tips (1 mL) and den-
tal wax for dissection. Cuticle, muscle fibres and trachea
surrounding the brain were removed to fully access the
ALs. The calcium-sensitive dye (CaGR-1-AM, Molecular
Probes, Eugene, OR) was dissolved in 20 % Pluronic F-
127 in dimethyl sulfoxide (Molecular Probes) and di-
luted in moth saline. The brain was covered with 50 pL
of the dye solution and preparations were placed inside
a box with a wet tissue for 1.5 h.

One AL was positioned under the microscope using a
micromanipulator. Recordings were done using a TILL
Photonics air-cooled imaging system (Gréfelfing,
Germany) with a 12-bit slow-scan CCD camera. Se-
quences of 45 frames and a sampling rate of 5 Hz (150-ms
exposure time at 470-nm excitation wavelength; Poly-
chrome II) were recorded through an upright microscope
(BX50W1I, Olympus, Hamburg, Germany) with a 20x (NA
0.50; Olympus) water immersion objective. Fluorescence
was detected with a dichroic filter (DCLP500 and LP515
emission filter).
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An odour delivery glass tube (2.0 cm i.d.) was posi-
tioned approximately 1.0 cm distant from the antennae.
A constant flow of clean humidified air was supplied
through the tube at a rate of 1.0 L.min~'. Stimuli pi-
pettes inserted inside the tube delivered odorants at a
flow of 0.75 L.min™" for 1 s using a stimulus controller
(Syntech). A second empty pipette was placed next to
the stimuli pipette and provided a continuous air flow
(0.75 L.min!) that was switched off during stimulation,
keeping the total flow constant. Images were captured
using 4 x 4 binning (160 x 120 pixels).

Image processing

All image recordings were analysed with the neuroimage
plugin [70] for the data analysis platform KNIME (KoN-
stanz Information MinEr). A signal processing approach,
the convex cone algorithm [70], was employed to perform
functional segmentation of the image plane into individual
glomeruli and background in each animal. Glomeruli
identification relied on functional and morphological data.
Activation patterns of glomeruli to reference stimuli, that
is, 10 pg a-humulene, DMNT, -myrcene, ocimene, (R)-
(+)-limonene, (Z)-3-hexenyl acetate and nonanal, consti-
tuted the main method used for recognition. Glomeruli
were numbered according to a morphological atlas of S.
littoralis male [31] and female ALs [29].

Kinetic data were exported to the statistical comput-
ing software R (version 3.0.3; [71]). Background fluores-
cence (average of frames 9-12) was subtracted and
divided from all frames to yield the relative change in
fluorescence (AF/F). Bleaching was corrected by fitting
appropriate negative exponential curves to each re-
sponse curve [72]. Responses were normalized accord-
ing to the response of an o-humulene-responding
glomerulus to 10 pg of this compound (96 %, Sigma-
Aldrich), a standard stimulus presented every four
stimuli. Maximum response intensity was automatically
calculated based on difference between the average value
of frames 9-12 (before stimulus onset) and average of
maximum intensity, one value before and two after.

Statistical analysis

All statistical analyses were performed in R. Behavioural
responses of male and female moths and concentrations
of odorants in the vapour phase of synthetic plant odor-
ants mixtures were analysed with binomial and gamma
generalized linear models (glm), respectively. Spike fre-
quencies of sensilla were analysed by Poisson glm. Max-
imum Ca®* responses of glomeruli were analysed with
linear mixed-effects models (Ime) with individual insects
as random effects using the Ime4 package. Responses of
single glomeruli to each concentration of either plant
odorants or pheromone in combination with increasing
doses of DMNT were analysed separately. P values of
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comparisons between treatment levels were calculated
based on a z-distribution [73]. Significance of each vari-
able in the model and difference in deviance (d.dev.)
were assessed by comparing models with and without
respective variables or interactions using a x> test.

Additional files

Additional file 1: Test statistics of responses of individual glomeruli
to (a) volatile cotton mimic and (b) single components. Statistical

tests: linear mixed-effect model. Myr: 3-myrcene; Oci: (E)-R-ocimene; Lim:
(R)-(+)-limonene; HexAc: (2)-3-hexenyl acetate; Non: nonanal. (XLSX 11 kb)

Additional file 2: Quantification of volatile compounds used in
wind tunnel assays and in the headspace of stimulus pipettes.
Values are mean + SE. No significant difference was found between Mix-5
and Mix-5:DMNT, and DMNT alone and DMNT within Mix-5:DMNT (d.dev =
0645, df =5, P=0.596, n = 15). Myr: 3-myrcene; Oci: (£)-3-ocimene; Lim: (R)-
(+)-limonene; HexAc: (2)-3-hexeny! acetate; Non: nonanal. (XLSX 54 kb)
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