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Conjugates in the Oral Secretions of
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Abstract

BACKGROUND: Plants have evolved sophisticated defense responses to insect herbivore attack, which often involve elicitors in
the insects' oral secretions. Themajor eliciting compounds in insect oral secretions across different species and their potency in
inducing volatile emissions have not yet been fully characterized and compared.

RESULTS: Seven lepidopteran insects with variable duration of association with maize were selected, five species known as
pests for a long time (Ostrinia furnacalis, Spodoptera exigua, Spodoptera litura, Mythimna separata, and Helicoverpa armigera)
and two newly emerging pests (Athetis lepigone and Athetis dissimilis). Oral secretions of the newly emerging pests have the
highest total contents of Fatty Acid-Amino Acid Conjugates (FACs), and their relative composition was well separated from that
of the other five species in principal compound analysis. Redundancy analyses suggested that higher quantity of FACs was
mainly responsible for the increases in maize volatiles, of which (E)-3,8-dimethyl-1,4,7-nonatriene (DMNT) and (E, E)-4,-
8,12-trimethyltrideca-1,3,7,11-tetraene (TMTT) were themost strongly inducible compounds. Adding FACs to the oral secretion
of S. litura larvae significantly increased the emissions of TMTT and DMNT, confirming the key role of FACs in inducing volatile
emissions inmaize plants. Additional experiments with artificial diet spikedwith linolenic acid suggested that variation in FACs
is due to differences in internal FAC degradation and fatty acid excretion.

CONCLUSION: Compared with two newly emerging pests A. lepigone and A. dissimilis, the long-term pests could diminish the
volatile emission bymaize through reducing the FAC content in their oral secretions, whichmay lower the risk of attracting nat-
ural enemies.
© 2021 Society of Chemical Industry.
Supporting information may be found in the online version of this article.
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1 INTRODUCTION
For effective pest control, it is of great importance to take advan-
tage of the innate defences of crop plants against herbivores.
Plants have evolved optimal strategies to fend off herbivorous
insects to maximize their fitness.1 Upon attack, plants can distin-
guish among pest insects belonging to different feeding guilds
and respond by adaptively triggering the appropriate defensive
signalling pathway.2–3 Herbivore-induced plant volatiles (HIPVs)
are known to attract natural enemies of the herbivores, to play a
role in intra-plant and plant–plant communication and to directly
affect the foraging of the herbivores.4

When challenged by different herbivorous insects, plants can
respond by emitting different blends of HIPVs, which can be recog-
nized by specific natural enemies.5–9 For example, native and exotic
insects, specialist and generalist, sucking and chewing insects trig-
gered different HIPV blends in Brassica rapa plants.10 An increasing
number of studies indicate that the diverse volatile patterns
induced by different insects depend on the specific recognition of
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oral secretion cues from herbivores.9, 11–12 For example, oral secre-
tions from Mythimna loreyi induce a higher release of volatiles by
rice seedlings relative to those of Parnara guttata.13 Also, in the
three closely related insect species Spodoptera frugiperda, Spodop-
tera littoralis and Spodoptera exigua, oral secretions were found to
induce different amounts of maize volatiles, which were thought
to result from different levels of insect elicitors.14 While several elic-
itors have been identified in lepidopteran insects, little is known
about the composition of oral secretions in different species and
their associations with plant volatile emission.
Patterns of HIPVs induced by different herbivores are closely cor-

related with herbivore-associated molecular patterns (HAMPs) in
the respective oral secretions.15–16 It has been shown that insect
species vary in their oral secretion components, especially some
important HAMPs. Manduca sexta have far more fatty acid-amino
acid conjugates (FACs) than S. exigua in their oral secretion when
they feed on Nicotiana attenuata.17 And in the extreme case of
two rice pests, the secretions of one species,Mythimna loreyi, con-
tained large amounts of FACs, while nonewere detectable in those
of the other species, Parnara guttata.18 FACs are typically well-
studied HAMPs in lepidopteran insects, which are able to trigger
both direct and indirect plant defences through inducing
mitogen-activated protein kinase (MAPK) cascade and jasmonic
acid (JA) signalling pathway which results in the subsequent syn-
thesis of secondary metabolites.19–22 Therefore, differences in the
abundance of FACs in herbivores may be responsible for the
species-specific response by plants. Moreover, FACs with differen-
tial fatty acid chains and hydroxylation modification were also
reported to have different capacities to induce plant defences.23

For example, 18:3-Gln and 18:3-Glu are two of the most abundant
elicitors in the regurgitant of tobacco hornworm, and 18:3-Gln dis-
plays higher activity in inducing plant volatiles than 18:3-Glu.24–25

Furthermore, while the disulfooxy fatty acid caeliferin A16:0 is only
effective in Arabidopsis, volicitin can trigger the JA and ethylene
(ET) production in maize, soybean and eggplant, suggesting that
it is able to induce plant hormone signalling in a wider range of
plants.26 The differential composition of oral secretions and dis-
tinct responses triggered by each oral secretion component of lep-
idopteran insects raises the question of whether the plants'
response to herbivorous insects is explained by different propor-
tions of elicitors in the secretions.
Maize is one of the most important crops worldwide and chal-

lenged by attack from various herbivores, which can cause great
economic losses. Five primary pest insects and two moth species
newly emerging as pests that share maize as a host plant were
chosen in this study. The five primary insects included the special-
ist borer O. furnacalis (Lepidoptera: Crambidae) and the four gen-
eralist S. exigua, S. litura, M. separata, and H. armigera
(Lepidoptera: Noctuidae), which were reported to damage maize
for decades to centuries,27 the two polyphagous insects
A. epigone and A. dissimilis (Lepidoptera: Noctuidae) are the ‘newly
emerging’ species that were newly discovered as maize pests for
no longer than 20 years in China and have outbroken in maize
fields recently (Supporting Information, Fig. S1).28–30 We hypothe-
size that these seven insects differing in coexistence histories with
maize produce distinct oral secretions, which account for different
emissions of HIPVs by maize plants. To experimentally test this
hypothesis, we aimed to determine: (i) the composition of oral
secretions of the seven lepidopteran insects on maize plants;
(ii) the effect of FACs on the amounts of maize volatiles released,
and (iii) the effect of fatty acid metabolism on FAC contents in
the oral secretions.

2 MATERIALS AND METHODS
2.1 Plant and insects
We chose larvae of seven different lepidopterous species, and use
the maize inbred line (CML69) for this experiment, because the
inbred line shows low degrees of phenotype variations. After ger-
mination, maize seedlings were transferred in groups of three into
plastic pots, grown in a greenhouse under a 22 ± 2 °C, 14: 10 h
(light: dark) regime and watered every 2 days. The maize seed-
lings were used in the experiment when they were 2 weeks old.
Caterpillars of S. exigua, S. litura, M. separata, O. furnacalis and
H. armigera were purchased from Henan keyun biological pesti-
cide co. LTD. A. lepigone and A. dissimilis were kindly provided
by Henan Academy of Agricultural Sciences. The insects were
reared on artificial diets in climate chambers and kept under a
14 (26 °C): 10 (24 °C) (light: dark), 70% ± 5% humidity regime.

2.2 Collection of oral secretion
Following the description in Qi et al.,31 we collected the oral secre-
tions from third to fifth instar larvae reared on CML69. Caterpillars
were gently squeezed to provoke regurgitation, then oral secre-
tion droplets were collected using a micropipette and transferred
to 200 μL ice-cold tubes directly. After having been quickly frozen
in liquid nitrogen, the samples were stored at −80 °C until use.

2.3 FACs in oral secretion
FACs content were measured as described in Yoshinaga et al.23

with some modifications. Briefly, oral secretions were centrifu-
gated transiently to remove the insoluble parts, and then 5 μL ali-
quots of oral secretions were added into 95 μLmethanol, and FAC
content was analyzed by LC–MS (Agilent Technologies 6520
Accurate-Mass Q-TOF LC/MS). We injected 2 μL of sample solution
into a reverse-phase column (ZORBAX Eclipse Plus C18,
2.1 × 100 mm, Agilent Technologies, USA) eluted with a solvent
gradient of 20–90% CH3CN containing 0.08% acetic acid, in water
containing 0.05% acetic acid (0.2 mL min−1, 16 min). The column
temperature was maintained at 40 °C. Features were assigned to
individual compounds by retention time and peak shape match-
ing, and FACs were identified by comparison with pure com-
pounds and previous MS/MS spectra described in Diezel et al.17

The standard FACs were synthesized by WuXi AppTec. Standard
curves were used to quantify FACs content. Five to six replicates
were performed for each treatment.

2.4 Glucose oxidase (GOX) activity analysis
GOX catalyzes the production of H2O2 from glucose, which is a
substrate for peroxidase. The catalytic product of H2O2 can be cat-
alyzed by 4-aminoantipyrine coupling phenol, which has an
absorption peak at 500 nm. GOX activity in oral secretion was
measured using the glucose oxidase assay kit (GOD-2-Y) pur-
chased from Suzhou Comin Biotechnology co. LTD. Boiled sam-
ples were set as control. Each treatment had five to six replicates.

2.5 Plant treatments
To induce volatile emission in response to the oral secretions of
the different insect species, the third fully expanded leaf was
mechanically wounded with a tweezer to produce an area of
0.5 cm2 damage on both sides of the midvein. Fresh wounds were
immediately treated with 5 μL oral secretion of caterpillars or
H2O. Intact plants served as control.
To confirm that the increased HIPVs emission resulted from the

high abundance of FACs in oral secretions, four FAC standards
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(C18:3-Glu, C18:2-Glu, C18:1-Gln and C16:1-Gln) were dissolved in
0.05% TWEEN 20 at a concentration of 100 ng μL−1 and then indi-
vidually added to samples of oral secretion of S. litura, since oral
secretions of S. litura induced the lowest amounts of maize vola-
tiles. 10 μL mixture solution of each FAC and oral secretion of
S. litura in a 1:1 ratio was applied on a wounding site of the maize
seedling. Control plants were treated with 10 μL mixture solution
of 0.05% TWEEN 20 and oral secretion of S. litura. The ability in
inducing volatile emission was assessed by quantifying the abun-
dance of TMTT and DMNT because these two volatiles exhibited
the highest inducibility when the plants were infiltrated with oral
secretion regardless of insect species. Each treatment had seven
to eight replicates.

2.6 Volatile collection
Volatiles released by maize plants were collected by headspace
sampling for a duration of 10 h (n = 6–9), from 9 am to 7 pm.
The day before collection, maize seedlings were watered and
the plastic pot with the maize seedling was carefully wrapped in
aluminium foil. Light intensity was set at a constant level of
18 000 lx during the collection. Maize seedlings were then placed
in a sealable glass jar (dm = 7 cm, height = 35 cm). Air purified
with an activated charcoal filter was pumped through the inlet
port via Teflon tube at a rate of 600 mL min−1 and headspace vol-
atiles were collected on a trap consisting of a 10 cm glass tube, in
which 100 mg 80–100 mesh PoraPakQ adsorbent was kept
in place by a small quantity of fiberglass held on each side. Before
collection, glass jars used for headspace sample were washed
with water and organic solvent and heated to 100 °C for at least
2 h. PoraPakQ traps were rinsed with 3 mL of hexane and methy-
lene chloride alternately. After entrainment, the filters were eluted
with 500 μL hexane, 870 ng nonyl acetate was immediately
added to the sample as internal standard, and stored at −20 °C
temporarily until analysis.

2.7 GC–MS analysis
Headspace samples were analysed by GC–MS (Agilent Technolo-
gies 6890 N GC-5973 MSD) as described in Schnee et al.32 with
somemodifications. The GCwas equipped with a HP-5MS column
(60 m × 0.25 mm, film thickness 0.25 μm, J&W Scientific, Folsom,
CA, USA). After injection of 2 μL samples, the GC temperature pro-
gram was as follows: temperature was kept at 50 °C for 1 min and
then increased to 240 °C at 5 °C min−1. Compounds were identi-
fied by retention time and peak shape matching. Volatiles were
identified by the use of the mass spectral libraries NIST02 (Rev.
D.04.00, Agilent Technologies, Palo Alto, CA, USA) as well as by
comparison with retention time and spectra of pure compounds.

2.8 Fatty acid assimilation assay
Diets containing three different concentrations of linolenic acid
were used in this experiment. The diets were prepared with 60 g
of wheat bran, 12 g of whole wheat flour, 12 g of corn flour,
10 g of soybean flour, 12 g of yeast extract, 600 g of distilled
water, 12 g of agar, 2 g of sorbic acid, 2 g ascorbic acid and various
amounts of linolenic acid, 0, 2, and 4 mL, respectively. To avoid
operational error in the preparation of diets, ultimate linolenic
acid concentration was quantified using GC–MS (see below). Third
instar caterpillars were fed on these three types of diets for 16 h to
eliminate the influence of previous diet before experiment, and
frass was discarded. Then the experiment for fatty acid assimila-
tion assay was started, 12 larvae were put individually into Petri
dishes to feed on a defined quantity of artificial diet for 24 h. After

feeding, oral secretions and frass were collected from caterpillars,
and the remaining diet was weighed. FACs in oral secretion were
quantified by LC–MS as mentioned above and linolenic acid con-
centrations were measured as described in the following section.

2.9 Linolenic acid quantification
Fatty acids extracted from artificial diet or frass were analyzed as
described by Xia et al.33 Briefly, weighed samples were frozen
and ground, and then 2 mL 97% methanol/3% H2SO4 and C17:0
were added, and incubated for 1 h at 80 °C. 1 mL hexane contain-
ing 0.001% butylated hydroxytoluene (BHT) was added after incu-
bation. Fatty acids were in the organic phase, of which an 1uL
aliquot was injected into GC–MS for further analysis.
Fatty acid identification and quantification were carried out by

coupled gas chromatography–mass spectrometry (GC–MS) on
an Agilent Technologies 6890 N GC-5973 N MSD. The GC was
equipped with an HP-5MS column as described above, helium
was used as carrier gas with a constant flow rate 1 mL min−1. A
1 μL sample was injected in spiltless mode. Following injection,
the column temperature was held at 50 °C for 1 min, increased
from 50 to 120 °C at 4 °C min−1, increased from 120 to 280 °C at
20 °C min−1, and hold for 8 min. Fatty acids were identified by
comparing their retention times with those of authentic com-
pounds and the spectra with those of mass spectral libraries
NIST02 (Rev. D.04.00, Agilent Technologies, Palo Alto, CA, USA).
Fatty acids were quantified by their areas of Selected ion monitor-
ing (SIM) ions relative to that of the internal standard C17:0 as
described by Mandal et al.34

2.10 Statistical analysis
Data analyses were performed with the statistical analysis soft-
ware SPSS 20 and R 3.5.1. The effect of moth species on compo-
sition of oral secretions and on induced volatile blends were
tested using one-way analyses of variance (ANOVA) with SPSS
20. Two-way analyses were made to verify the influence of linole-
nic acid content and herbivore species on FACs content. Stu-
dent's t-tests were used for two-group comparisons. Multiple
comparisons were carried out with Turkey’s test with ⊍ set at
0.05. To examine the overall differences in the profiles of oral
secretion components among different herbivores, the abun-
dance of the detected features was subjected to principal com-
ponent analysis (PCA). To examine the overall relation between
profiles of oral secretion component and HIPV profiles, the rela-
tive abundance of the detected features was subjected to redun-
dancy analysis (RDA) using different treatments as a unique
explanatory variable. RDA analysis was performed using ‘vegan’
package by R version 3.5.1.

3 RESULTS
3.1 FACs content and GOX activity in Oral secretion of
insects
To determine the differences in the composition of oral secretions
among the seven species, the contents of nine FACs in the oral
secretion and GOX activity were quantified. C18:2-Glu and
C18:3-Glu were only detected in A. lepigone and A. dissimilis when
fed on maize plants, while they were not detected in the other
species (C18:3-Glu: F6,31 = 71.903, P < 0.001; C18:2-Glu:
F6,31 = 242.864, P < 0.001). The highest contents of C18:3-Gln
(F6,31 = 84.1, P < 0.001), C18:2-Gln (F6,31 = 292.2, P < 0.001),
C18:1-Gln (F6,31 = 133.4, P < 0.001), C16:1-Gln (F6,31 = 274.9,
P < 0.001) and C16:0-Gln (F6,31 = 559.8, P < 0.001) were found in
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oral secretions of A. lepigone and A. dissimilis, the lowest in those
of S. litura and M. separata (Fig. 1(a)–(h)). Furthermore, oral secre-
tion of S. exigua contained the highest concentration of volicitin,

whileO. furnacalis had the lowest content among the seven insect
species (F6,31 = 65.310, P < 0.001) (Fig. 1(i)). For GOX activity,
S. litura and S. exigua had higher GOX activity than other species

Figure 1. FACs content in the oral secretion of different lepidopteran larvae. (a–i) Concentration of nine major FAC components in the oral secretions of
insects. Mean (± SE) for concentration of FACs are shown, the scale of the Y-axes are logarithmic except (b) and (d), different letters indicate significant
differences between the insect species (P < 0.05; n= 5–6). (j) Principal component analysis (PCA) of the oral secretion components from seven insect spe-
cies. The first two axes (PC1 and PC2) explained 74.9% and 10.2% of the total variation, respectively. Ellipses delimit the 95% statistical confidence areas for
each biological group in the score plot.
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(Supporting Information, Fig. S2). PCA analysis revealed that
S. exigua, S. litura, M. separata, O. furnacalis and H. armigera were
clustered together, suggesting these five insect species shared
higher similarity for their oral FAC components than A. lepigone
and A. dissimilis (Fig. 1(j), Supporting Information, Table S1).

3.2 Plant volatiles induced by Oral secretions
To determine the effect of oral secretions on the induction of
plant volatiles, the volatiles released by maize treated with oral
secretion of different insect species were collected and quantified
(Supporting Information, Table S2). The ten most abundant plant
volatiles were then selected for further analysis and divided into
four groups: the monoterpenes ⊍-pinene, linalool, limonene, the
sesquiterpenes (E)-⊍-Bergamotene and (E)-⊎-Farnesene,
the homoterpenes DMNT and TMTT, and the green leaf volatiles
(GLVs) (Z)-3-Hexenal, (Z)-3-Hexenol, (Z)-3-Hexenyl acetate

(Fig. 2). Mechanical wounding and oral secretion treatment from
seven insects significantly increased sesquiterpenes, homoter-
penes and GLVs when compared with healthy plant control
(monoterpenes: F8,60 = 2.584, P = 0.017; sesquiterpenes:
F8,60 = 10.378, P < 0.001; homoterpenes: F8,60 = 8.67, P < 0.001;
GLVs: F8,60 = 8.517, P < 0.001) (Fig. 2(a)–(d)). Treatment with oral
secretion from A. lepigone increased the emission of homoter-
penes and sesquiterpenes, treatment with oral secretion from
H. armigera and A. dissimilis significantly increased the release of
sesquiterpenes when compared with mechanical wounding
(Fig. 2(b), (c)). By contrast, except for A. lepigone, treatment with
oral secretion from all other insect species suppressed emission
of GLVs released from maize when compared to the wounding
treatment (Fig. 2(d)). Among all the seven insect species, only
A. lepigone oral secretion significantly increased total volatile
emission when compared with wounding treatment (Fig. 2(e)).

Figure 2. HIPV emissions by maize seedlings in response to treatments with oral secretions from seven herbivorous insects. (a)–(d) Total emissions of
four major groups of HIPVs after elicitation: monoterpenes (⊍-pinene, limonene, linalool); homoterpenes (DMNT, TMTT); sesquiterpenes ((e)-⊍-bergamo-
tene, (e)-⊎-farnesene); green leaf volatiles ((z)-3-hexenal, (Z)-3-hexenol, (z)-3-hexenyl acetate), respectively. (e) Total amount of HIPVs, all four major cat-
egories combined. Mean (±SE) for amount of HIPVs are shown. Different letters indicate significant differences among insect species (P < 0.05; n = 5–6).
For individual volatiles, see Supporting Information, Table S2.
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3.3 Impact of the composition of oral secretions on
volatile release
Redundancy analysis (RDA) was conducted to evaluate the effect
of oral secretion on maize volatile composition. All the applied
variables account for 49.53% and 27.92% of the total variance in
volatile emission in the first two axes, respectively. Overall, FACs
displayed strong positive correlation with volatile emission of
maize. The strongest positive correlation was observed between
the oral secretion components C18:3-Glu, C18:2-Glu and TMTT,
DMNT and (Z)-3-Hexenol. Moreover, C18:3-Gln and C16:0-Gln
mostly induced the emission of the other seven volatiles
(Fig. 3(a)).
The RDA ordination of volatiles in the first two axes is presented

in Fig. 3(b), (c), highlighting that TMTT and DMNT ranked among
the top three compounds in both axes. This suggests that TMTT
and DMNT were most strongly released in response to oral secre-
tions compared with other volatiles.

3.4 Effect of exogenous application of individual FAC
components on plant volatiles
Previous studies found that some individual FACs significantly
increased plant volatiles, but it was unclear that the changes of
individual FAC could affect the elicitor role of the whole oral secre-
tion. Individual pure FAC compounds were added into oral

secretion of S. litura to examine their activity in inducing TMTT
and DMNT. Four individual FACs were selected (C18:3-Glu,
C18:2-Glu, C18:1-Gln and C16:1-Gln) as they showed a highly pos-
itive correlation with DMNT and TMTT according to RDA analysis.
Plants that were treated with oral secretion of S. litura combined
with individual FACs showed higher volatile emissions, which
were similar to those of plants infiltrated with oral secretion of
insects with high FAC content (Fig. 4(a)). The exogenous applica-
tion of C18:3-Glu (F1,13 = 1.737, P = 0.001), C18:2-Glu
(F1,13 = 0.137, P = 0.006), C18:1-Gln (F1,12 = 5.183, P = 0.009) and
C16:1-Gln (F1,12 = 2.573, P = 0.002) enhanced the amount of TMTT
emitted (Fig. 4(a)), while application of C18:2-Glu (F1,13 = 0.495,
P = 0.002), C18:1-Gln (F1,12 = 8.395, P = 0.025) and C16:1-Gln
(F1,12 = 6.117, P = 0.01) increased the amount of DMNT released
by maize plants, respectively (Fig. 4(b)). These results suggested
that increased FACs triggered higher content releases of DMNT
and TMTT in maize plants.

3.5 The relationship between fatty acid ingestion and
FAC content
Since the fatty acid chain of FACs is derived from the diet,35 we
speculated that exogenously supplementing fatty acids could
increase FAC content in oral secretion of insects. To verify this
hypothesis, S. exigua and A. dissimilis that had extremely distinct

Figure 3. Composition of the oral secretion of the seven moth species shape the volatile response of maize. (a) Redundancy analysis (RDA) of the maize
volatile response to different compounds in the oral secretions. Model significance is indicated above the plots. The first two axes explain 49.53% and
27.92% of the total variation, respectively. Axes report the proportions of constrained variation explained by the constrained axes. Data points represent
individual replicates. (b, c) The ordination of volatiles explained for the total variance in the first two axes. The ordination obtained revealed that HIPVs of
maize were differently induced by FACs.
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FAC contents were selected to determine the effect of application
of variable concentrations of linolenic acid in the diet on FAC con-
tent (Supporting Information, Fig. S3). With increased linolenic
acid in artificial diets, the food consumption and volicitin content
in oral secrections were not influenced (F2,5 = 0.763, P = 0.488)
(Fig. 5(a), (c)), while C18:3-Gln content was significantly increased
(F2,5 = 7.502, P = 0.007) (Fig. 5(b), Supporting Information,
Table S3), indicating that the fatty acid ingested was an important
factor to affect C18:3-Gln content. The food consumption of

S. exigua was greater than that of A. dissimilis regardless of linole-
nic acid concentration in artificial diets (F1,5 = 185.534, P < 0.001)
(Fig. 5(a)), but its oral C18:3-Gln content was much lower than that
of A. dissimilis (F1,5= 40.851, P < 0.001) (Fig. 5(b), Supporting Infor-
mation, Table S3). Furthermore, S. exigua showed a considerably
higher linolenic acid concentration in frass than A. dissimilis
(F1,5 = 70.701, P < 0.001) (Fig. 5(d)), indicating that decreased
FAC content in oral secretion of S. exigua was resulting from its
faster rate of surplus fatty acid excretion.

Figure 4. Effect of exogenous application of FACs on volatile release of maize. Maize seedlings were treated with S. litura oral secretions combined with
individual FACs: C18:3-Glu, C18:2-Glu, C18:1-Gln and C16:1-Gln, S. litura oral secretion combined with solvent serving as control. The amounts of TMTT
(a) and DMNT (b) (mean ± SE) induced by oral secretion combined with exogenous FACs are presented. Asterisks indicate statistical differences in the
amounts released between the control and FAC-treated plants. (*P < 0.05, **P < 0.01, ***P < 0.001, NS: not significant; n = 7–8).

Figure 5. The effect of supplemented linolenic acid on FAC contents of oral secretions. S. exigua and A. dissimiliswere fed on artificial diets enriched with
three concentrations of linolenic acid, which defined as low, medium and high. Quantified linolenic acid concentrations are indicated in the Supporting
Information, Fig. S3. (a) Food consumption over 24 h. (b, c) The content of C18:3-Gln and volicitin in oral secretions of the two insect species after feeding
on artificial diet for 24 h. (d) Linolenic acid excreted in the frass. Different lowercase letters indicate significant differences between the two insects within
the same concentrations of linolenic acid, and different uppercase letters indicate significant differences within three concentrations of linolenic acid in
the same insect (P < 0.05, n = 3–4). Means and standard errors are shown.
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4 DISCUSSION
Herbivore-induced plant volatiles can vary considerably depend-
ing on the identity of the attacking herbivore.9, 36 Here, we dem-
onstrated that seven lepidopteran pest species exhibit different
FACs profiles in their oral secretions when fed on maize plants,
which in turn induces distinct HIPVs emissions. Among seven lep-
idopteran insects, the newly emerging maize pests A. lepigone
and A. dissimilis exhibited much higher FAC secretion and trig-
gered higher amounts of HIPVs than the tested primary maize
pest species. This result suggests that, compared with two newly
emerging pests, the primary pest avoids secreting FACs and min-
imizes HIPV emission by the host plant as a consequence of their
long coexistence history with the host plant.
The interaction between plants and herbivores originated

350 million years ago. The variable duration of the evolutionary
association between herbivore and its host plant could affect
plant defence and herbivore counteradaptation.37–39 According
to the phytochemical coevolution hypothesis, herbivores with
long coexistence time with host plants have greater tolerance or
better detoxification of the host toxins.40–42 Plutella xylostella, a
pest on cruciferous plants, encodes three genes with glucosino-
late sulfatase activity which are responsible for the detoxification
of different types of glucosinolates, and such gene duplication in
the P. xylostella genome has evolved under positive selection dur-
ing the long-time interaction with host plants.43 However, for
those associations with a short coexistence time, herbivory may
provoke a stronger plant defence response. For example, Spodop-
tera frugiperda has been divided into a rice strain and a corn strain,
and these two genetic subgroups were separated according to
their coexistence history with certain host plants. The corn strain
larvae could induce more cyanogenic compounds in Cynodon
spp., a grass species closely related to rice, than the rice strain
larvae.44

Here, seven insects from primary insects to emerging pests of
maize were selected in our research. On the basis of phytochem-
ical coevolution hypothesis, due to the relatively shorter coexis-
tence time between the two newly emerging pests Athetis
species and maize, we speculated that the oral secretions of Athe-
tis species would trigger stronger volatile emission by maize
plants than the five primary insects. In accordance with our
hypothesis, maize leaves treated with the oral secretion of
A. lepigone and A. dissimilis released significantly higher amounts
of sesquiterpenes and homoterpenes, especially DMNT and TMTT,
which have been well documented to function both in attracting
natural enemies and in strengthening plant–plant communica-
tion.9, 45–47 Therefore, the oral secretion of two newly emerging
herbivorous insects could be more easily detected by host plants,
which in turn releasemore HIPVs to attract natural enemies, which
would prevent the newly emerging insects from forming a stable
feeding niche on the new host plants. Because of the limited
insect species chosen in our research, more newly emerging
insects should be tested, as such information will help to better
confirm this conclusion.
It is increasingly acknowledged that herbivores could suppress

host plant direct defence by secreting their oral saliva into
plant.25, 48–49 For example, phloem-feeding insects like the white-
fly Bemisia tabaci possess a Bt56 protein in their saliva that can
suppress JA defence by eliciting the salicylic-acid signalling path-
way in tobacco plants, which can promote the phloem feeding of
B. tabaci.50 Recently, an effector named HARP1 in the oral secre-
tion of H. armigera was found to block the JA signalling

pathway.51 As a widespread oral secretion component, the pro-
portion of FACs in lepidopteran insects can affect the induction
of plant resistance.52 For example, Manduca sexta produces more
FACs than S. exigua when fed on Nicotiana attenuata, and conse-
quently more strongly induces the JA and ET signalling pathways
that confer effective resistance against chewing insects.17 In our
study, all seven insects fed onmaize had FACs but differed in their
abundance and relative proportion, which may trigger distinct
HIPV emissions.53 Newly emerging pests A. lepigone and
A. dissimilis had significantly higher FACs content which were sep-
arated from the other five insects according to PCA analysis.
Among nine FACs we analyzed, the one first discovered, volicitin,
is the most important compound in oral secretion of many cater-
pillars and exhibits elicitor activity among a wide range of plant
species.54 It was also found that volicitin was one of themain com-
ponents among FACs that we detected in all seven species. Addi-
tional FACs have also been identified in lepidopteran larvae with
some of the most abundant forms consisting of linoleic (18:2)
and linolenic (18:3) acids conjugated to glutamate (Glu) or gluta-
mine (Gln).23 Interestingly, A. lepigone and A. dissimilis had much
higher total FACs, especially C18:3-Glu and C18:2-Glu than the five
primary insects. Furthermore, the RDA analysis showed that the
total FAC content is positively correlated with emission of homo-
terpenes. Addition of individual C18:3-Glu and C18:2-Glu to the
oral secretion of S. litura induced an increase of DMNT and TMTT
emission. Thus, the total FAC amount in oral secretion was shown
to determine the induction of plant HIPV. In addition, S. litura had
the highest GOX activity in oral secretion among seven insects but
induced the lowest volatile emission. In contrast, two Athetis
insects with low GOX activity can induce the highest amounts of
volatiles. These results were consistent with other studies that
GOX activity was negatively correlated with plant defence.55,56

Lepidopteran insects can change the FACs content of their oral
secretion by behavioural or physiological regulation. To avoid par-
asitoid attack, Heliothis subflexa preferably feeds on fruit that are
free of linolenic acid rather than on leaves. The lack of linoleic
acids in fruits prevents H. subflexa from forming FACs.57 Our
results showed that with increasing concentration of linolenic
acid in the diet, the food consumption of these two insects were
not influenced. However, the food consumption of S. exigua was
higher than A. dissimilis, suggesting that S. exigua uptake more
linolenic acid. A previous study found that the most ingested lino-
lenic acid can incorporate into FACs within 6 h.58 We therefore
suppose that most ingested linolenic acid has been incorporated
into FACs under our sampling time (after feeding for 24 h). Inter-
estingly, S. exigua ingested more linolenic acid but has lower
FAC content. We then speculated that the biosynthesized FACs
in S. exigua has higher FACs degradation rate to diminish the
FAC content and then excrete excess fatty acids relative to
A. dissimilis. Notably, several enzymes are involved in FAC biosyn-
thesis and hydrolysis. Aminoacylase-like protein (L-ACY-1) levels,
responsible for FAC hydrolyzation, were found to be different in
Heliothis virescens, Helicoverpa zea, and Heliothis subflexa.59–60

Highly specialized H. subflexa on Physalis plants has the highest
L-ACY-1 levels, which may in turn result in lower FAC content
and higher fitness on Physalis plants. Thus, further research needs
to determine how fatty acid metabolism of insects affect the com-
position of FAC.
This study showed that the coexistence time between herbivore

and host plant could influence the content of FACs in oral secre-
tion and in turn affect the emission of HIPV. The newly emerging
maize pests A. lepigone and A. dissimilis can secrete much higher
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FACs and triggered higher amounts of HIPVs than the primary
maize pest species. With longer coexistence time, the primary her-
bivores tend to excrete more linolenic acid in their frass to reduce
concentration of linolenic acid and in turn suppress FAC forma-
tion. Our findings support the hypothesis that decreased FAC con-
tents in the oral secretions can be considered an adaptation
meant to suppress release HIPVs by the plants, which lowers the
risk that the caterpillars are exposed to natural enemy attack.
Based on the crucial role of FACs in regulating plant HIPV emis-
sion, a RNAi- or CRISPER-Cas9-based genetic approach, in which
the expression of candidate regulatory genes in FAC metabolism
are systematically edited, might be one candidate way to control
crop pest.
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