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In response to herbivore attack, plants release large amounts of volatiles that can serve 
as attractants for the natural enemies of the attacking herbivores. Such responses are 
typically triggered by damage- and insect-associated factors. Cotton plants are somewhat 
peculiar because they release specific blends of volatiles in two waves in response to 
caterpillar attack. They first emit constitutively stored volatile compounds, and after about 
24 h a second wave that includes various de novo synthesized compounds. The relative 
importance of damage-associated and insect associated-factors in this induction of cotton 
volatile emissions is not yet fully clear. We evaluated how cotton plants respond to 
mechanical damage and to the application of the oral secretion from the generalist 
lepidopteran pest Spodoptera exigua, by measuring the local and systemic emissions of 
volatile compounds from their leaves. Our results confirm that cotton plants respond to 
damage-associated molecular patterns (DAMPs) as well as to herbivore-associated 
molecular patterns (HAMPs) present in the caterpillars’ oral secretion. Interestingly, a 
stronger response was observed for cotton plants that were treated with oral secretion 
from cotton-fed caterpillars than those fed on maize. We tested the possibility that volicitin, 
a common fatty acid-derived elicitor in caterpillar regurgitant plays a role in this difference. 
Volicitin and volicitin-like compounds were detected in equal amounts in the oral secretion 
of S. exigua fed on either cotton or maize leaves. We conclude that other elicitors must 
be  involved. The identification of these eliciting cues is expected to contribute to the 
development of novel strategies to enhance the resistance of cotton plants to insect pests.

Keywords: cotton, Spodoptera spp., plant indirect defenses, volatile emissions, herbivore-associated molecular 
patterns, damage-associated molecular patterns

INTRODUCTION

During the millions of years of interaction with herbivorous insects, plants have evolved a 
multitude of defense strategies. These include constitutive defenses as well as induced defenses, 
which are produced only upon herbivore attack (Karban and Baldwin, 1997; Farmer, 2014; 
Erb and Reymond, 2019). Among the inducible defenses are so-called “herbivore-induced plant 
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volatiles” (HIPVs), that can serve as foraging cues for natural 
enemies of herbivores (Dicke et  al., 1988; Turlings et  al., 1990; 
Paré and Tumlinson, 1999; Turlings and Wäckers, 2004; Dicke 
and Baldwin, 2010; Heil and Land, 2014; Aljbory and Chen, 2018;  
Turlings and Erb, 2018).

Plants are able to distinguish between herbivory and mere 
mechanical damage. This ability allows plants to avoid 
wasting valuable resources for defenses in situations where 
they are not needed. Damage itself is a key factor by which 
plants recognize that they are under attack (Heil, 2009), 
but alone it is not sufficient to trigger full plant defense 
responses (Fürstenberg-Hägg et  al., 2013; Acevedo et  al., 
2015; Schmelz, 2015). This is also the case for HIPVs 
(Turlings et  al., 1990; Dicke, 2016; Turlings and Erb, 2018). 
While feeding, herbivores introduce molecules from their 
oral secretion into plant tissue, which can lead to the release 
of endogenous signal molecules from disrupted cells (Acevedo 
et al., 2015; Duran-Flores and Heil, 2016; Erb and Reymond, 
2019). Hence, plants rely on the recognition of non-self 
elicitors and damaged-self associated molecules to launch 
appropriate defense responses to an attack. These insect-
derived elicitors are known as herbivore-associated molecular 
patterns (HAMPs), whereas plant-derived inducers are known 
as damage-associated molecular patterns (DAMPs). HAMPs 
can be  found in the oral secretions and oviposition fluids 
of insects (Felton and Tumlinson, 2008; Wu and Baldwin, 
2009). After perceiving the attacker, the plant activates 
downstream signaling mechanisms, resulting in activation 
of the immune system. To date, various elicitors in insect 
oral secretions have been shown to play a role in the 
recognition of herbivore attackers by plants (Turlings et  al., 
1993, 2000; Mattiacci et  al., 1995; Alborn et  al., 1997, 2007; 
Schmelz et  al., 2006; Louis et  al., 2013; Acevedo et  al., 
2015; Basu et  al., 2018). Specific examples of caterpillar-
produced HAMPs include β-glucosidase, found in the oral 
secretion of Pieris brassicae fed on cabbage, which triggers 
the release of volatiles that attract the parasitic wasp Cotesia 
glomerata (Mattiacci et  al., 1994, 1995), volicitin, which is 
a fatty acid-derived elicitor, first isolated from Spodoptera 
exigua caterpillars fed on maize plants (Alborn et  al., 1997; 
Turlings et  al., 2000), and inceptin, a peptide found in the 
oral secretions of Spodoptera caterpillars after they ingest 
chloroplast-containing plant tissue (Schmelz et al., 2006, 2009).

Damage-associated molecular patterns, the second category 
of signal molecules, are the basis for the mechanism of 
plant self-recognition (Green and Ryan, 1972; Heil, 2009; 
Duran-Flores and Heil, 2016). They are endogenous plant-
derived indicators of injury, which are released from damaged 
cells into the extracellular space (Lotze et  al., 2007; Heil 
and Land, 2014; Choi and Klessig, 2016; Gust et  al., 2017). 
The signals generated upon herbivory allow injured cells 
to communicate their damage status to other cells, thereby 
activating downstream signaling defense mechanisms (Henry 
et  al., 2012). DAMPs comprise molecules such as cell wall 
components, fragmented DNA, ATP, and peptides (Quintana-
Rodriguez et  al., 2018; Hou et  al., 2019). A well-studied 
DAMP is systemin, a polypeptide formed in tomato leaves 

and perceived by the plant as a primary signal for systemic 
defense responses (Pearce et  al., 1991; Pearce and Ryan, 
2003). Such peptides are released by damaged cells and 
trigger an immune response in the plant (Huffaker et  al., 
2006, 2013; Yamaguchi et  al., 2006). Several studies have 
demonstrated the effects of DAMPs by applying plant extracts 
to several species of plants, which resulted in enhanced 
plant resistance (Mattiacci et  al., 1995; Devaiah et  al., 2009; 
Quintana-Rodriguez et  al., 2018). In recent years, it has 
been suggested that the combined recognition of DAMPs 
and HAMPs, rather than single molecules, provides plants 
with specific information regarding the nature of an ongoing 
attack (Huffaker and Ryan, 2007; Duran-Flores and Heil, 2016).

Cotton (Gossypium hirsutum) is a plant of great economic 
importance. It is known to have direct defenses such as 
gossypol, a terpenoid with insecticidal properties, and indirect 
defenses such as extra-floral nectar and HIPVs (Loughrin 
et  al., 1994; McCall et  al., 1994; McAuslane et  al., 1997; 
Röse and Tumlinson, 2004; Rose et  al., 2006). Despite these 
defenses, cotton plants are subject to attack by rich and 
complex groups of arthropod herbivores, and are known to 
be  one of the “dirtiest” crops in the world because of the 
large quantities of pesticides used against these pests (Naranjo 
et  al., 2008; Hagenbucher et  al., 2013). The moth S. exigua 
is a widely distributed polyphagous pest of numerous cultivated 
crops, including cotton plants (Eveleens et al., 1973; Greenberg 
et al., 2001; Zheng et al., 2011). Previous studies have shown 
that cotton releases constitutively stored volatiles immediately 
following attack by S. exigua caterpillars, whereas several 
other volatiles are de novo synthesized and only emitted 
after more than 24  h of feeding damage (Loughrin et  al., 
1994; McCall et  al., 1994). These truly inducible volatiles 
can be  systemically released, and are also released from 
undamaged parts of the plant (Paré and Tumlinson, 1998; 
Röse and Tumlinson, 2005). Paré and Tumlinson (1997) 
found that cotton plants treated with S. exigua oral secretion 
released higher amounts of volatiles than plants that had 
only been mechanically damage.

Only a handful of elicitors have been identified so far, 
yet considering the vast number of herbivorous insect species 
and the plants they feed on, more can be  expected to 
be involved in mediating plant-insect interactions (Bonaventure 
et  al., 2011). No specific elicitor has been identified from 
insect oral secretions that trigger defense responses in cotton 
leaves. From previous studies (described above), we  surmise 
that it is likely that cotton is able to perceive elicitor-like 
molecules from the caterpillars that feed on them, but is 
unclear to what extent DAMPs and HAMPs jointly contribute 
to the responses in cotton plants. We tested this by measuring 
local and systemic HIPV emissions in cotton plants after 
different treatments with the regurgitant (R) of S. exigua 
caterpillars fed on different plants. We  also measured the 
amount of the known elicitor volicitin and volicitin-like 
compounds in the caterpillars regurgitant. The results indicate 
that the inducible responses in cotton are driven by HAMPs 
as well as DAMPs, and that the oral secretion of cotton-fed 
caterpillars is particularly active.
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MATERIALS AND METHODS

Plants
Cultivated cotton seeds (G. hirsutum L., var. STAM 59A) were 
obtained from CIRAD (La recherche agronomique pour le 
développement, Montpellier, France). Seeds were soaked in tap 
water and covered with aluminum foil for 24  h at 24°C. 
Subsequently, they were kept in plastic boxes with a 4-cm 
layer of moist vermiculite until germination. Around 4  days 
after germination, the seedlings were transplanted to individual 
plastic pots filled with plant substrate soil (Profi Substrat soil, 
Einheitserde, Germany). The plants were grown under greenhouse 
conditions (L16:D8, T  =  30°C  ±  5, and R.H.  =  60–80%) and 
watered every 2  days. All the plants used in the experiments 
had either two or four fully developed leaves. Maize seeds 
(Zea mays L., var. Delprim) were purchased from DSP Delley 
seeds and plants genetics Ltd., (Delley, Switzerland) and they 
were germinated in individual plastic pots filled with substrate 
soil (Profi Substrat soil, Einheitserde, Germany) and kept under 
greenhouse conditions (as above). The plants used in the 
experiments were 10  days old.

Insects
Spodoptera exigua (Hübner; Lepidoptera; Noctuidae) eggs were 
purchased from Entocare (Wageningen, Netherlands). The 
caterpillars were reared on wheat-germ based artificial diet 
(Frontier Scientific Services, Newark, United  States) under 
laboratory conditions (25  ±  2°C, 60% relative humidity, 
16:8 h L/D). Regurgitant (R) was collected according to Turlings 
et  al. (1993). Briefly, third to fourth instar caterpillars were 
gently squeezed close to the head, which forced them to 
regurgitate (about 10  μl per caterpillar), which was collected 
through 25 μl capillaries inserted into a 3-ml vial and attached 
to a vacuum pump (low pressure). The caterpillars were previously 
fed on either cotton or maize leaves for 24  h. The regurgitant 
samples were stored at −80°C until further use.

Local and Systemic Induction of Cotton 
Plants by Simulating Herbivory
In order to test whether cotton plants respond specifically to 
HAMPs present in the regurgitant of S. exigua fed on cotton 
plants, we  performed a series of experiments to measure local 
and systemic volatile emissions over time. First, we  carried 
out an experiment with cotton plants that had two developed 
leaves and were induced by simulating caterpillar damage and 
applying regurgitant to the wounds (Figures  1A,B). In brief, 
we  collected emitted volatiles from cotton plants (n  =  4–5) 
that were either mechanically damaged (MD), were MD and 
with application of regurgitant from S. exigua fed on cotton 
plants (MD  +  CR) and were mechanically damaged and with 
application of regurgitant from S. exigua fed on maize plants 
(MD  +  MR). Control plants were not damaged. Mechanical 
damage was inflicted by scratching one leaf (~2  cm2) with a 
pair of serrated forceps. Three sites on each side of the leaf 
were damaged in this way, and 10  μl of regurgitant (the 
approximate equivalent to the volume collected per caterpillar) 

was immediately applied directly onto the wounded sites (Turlings 
et  al., 1990, 1998; Erb et  al., 2015; De Lange et  al., 2020). 
The collection volatiles were performed 2  h after the first 
induction and repeated 24 and 48  h later. The induction 
treatments were repeated 2  h before each collection timing 
alternating the leaf damaged (De Lange et  al., 2020).

To evaluate the importance of HAMPs in the systemic 
response of HIPVs in cotton plants, we  collected emitted 
volatiles from plants induced with S. exigua regurgitant. Plants 
with four developed leaves were used and induced the same 
way as described above (mechanical damage and regurgitant 
application). However, this time the two lower leaves (1st and 
2nd leaves) were treated, and after the final induction were 
removed, and the volatiles were collected only from the untreated 
3rd and 4th leaves (Figures  1C–E). Cotton plants (n  =  6) 
were induced twice a day (morning and evening) for 2 consecutive 
days. The plants were induced by MD, mechanical damage 
with regurgitant from S. exigua fed on cotton plants (MD + CR), 
and mechanical damaged with regurgitant from S. exigua fed 
on maize plants (MD + MR). Control plants were not damaged, 
but the two lower leaves were also removed. On the 3rd day, 
after 2 days of being induced by simulated herbivory, the plants 
received the last induction treatment at 8  am. The damaged 
leaves (1st and 2nd leaves) were removed 2  h later at 10  am, 
and the collection of systemic HIPVs was immediately performed.

Lastly, we used detached cotton and maize plants to incubate 
them in a regurgitant solution (Supplementary Figure  1), as 
the plants have to uptake the regurgitant to be  induced. 
We could, therefore, evaluate the effect of the regurgitant itself. 
The incubation was performed according to Turlings et  al. 
(2000). The plants were subjected to the following treatments: 
cotton and maize plants incubated in water, cotton plants 
incubated in regurgitant from S. exigua fed on cotton plants 
(CR), cotton plants incubated in regurgitant from S. exigua 
fed on maize plants (MR), and maize plants incubated in 
regurgitant from S. exigua fed on maize (MR). Based on the 
previous study, maize plants are known to respond to this 
form of induction, and (Turlings et  al., 2000); that is why 
were used as a positive control. Plants were cut close to the 
soil and immediately placed in a 1.5-ml Eppendorf tube with 
500 μl of 10% regurgitant solution (50 μl of filtered regurgitant 
in 450 μl of Milli-Q water). To avoid the regurgitant oxidation, 
the tubes were covered with aluminum foil. In order to prevent 
bacterial growth, the regurgitant was filtered (Turlings et  al., 
1993). To this end, the regurgitant samples were centrifuged 
for 20  min at 12,000  rpm and the supernatant was collected 
and filtered (13  mm Syringe filter, PTFE hydrophilic, 0.22  μm, 
BGB, Switzerland). The time course of the volatile collection 
was the same as described above (2, 24, and 48 h after induction). 
For this, we  used three different batches of plants. The plants 
were incubated for 2  h before volatile collection (morning 
period). After the end of the volatile collection, plants were 
kept for the next 2  h in the regurgitant solution. In total, the 
plants were incubated in the regurgitant solution for 6 h. After 
that, plants were removed from the regurgitant solution and 
0.5  cm of the stem was cut off. Plants were kept overnight 
in falcon tubes containing 10 ml of Milli-Q water. This procedure 
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was performed to keep the plants hydrated during the entire 
experiment, which lasted for 48  h. The next day the same 
incubation treatment was carried out: incubation in regurgitant 
solution for 2  h prior to volatile collection, and then followed 
by the incubation in water overnight.

Collection of Volatiles
Plants were carefully placed in one-port glass bottles to collect 
the volatiles as described by Turlings et  al. (1993, 2000, 2004). 
The volatiles were collected using trapping filters containing 
25  mg of 80/100 mesh Hayesep-Q adsorbent (Ohio Valley 
Specialist Company, Marietta, United States) for 2  h between 
11  am  and 1  pm. This period of the day is when cotton 
plants emit the highest amounts of volatiles (Rose et al., 1996). 
After each collection, the filters were eluted with 150  μl of 
dichloromethane (Honeywell, Riedel-de Haën, DE), and 10  μl 
of internal standard was added (n-octane and n-nonyl acetate, 
20  ng/μl each; Turlings et  al., 2000). The samples were stored 
at −80°C until further analyses.

Analysis of Volatiles
The volatile samples were analyzed on a gas chromatograph 
(Agilent 7890B) coupled with a mass spectrometer (Agilent 
5977B GC/MSD) on TIC mode. About 2  μl of sample were 
injected in pulsed splitless mode onto an Agilent HP-5MS 
column (30  m length  x  0.25  mm diameter and 0.25  μm film 
thickness). The temperature program was as follows: kept at 
40°C for 3  min, increased to 100°C at a rate of 8°C min−1 
and subsequently at 5°C min−1 to 200°C, followed by a post 
run period of 3  min at 250°C. Helium was used as a carrier 
gas and kept at constant flow of 1.1 ml min−1. The identification 
and quantification of compounds were performed using 

comparisons to the mass spectra of commercial standards and 
NIST 17 library spectra.

Volicitin Extraction and Analysis
In order to check whether S. exigua fed on cotton plants 
produce elicitors, we  measured relative amounts of volicitin 
and volicitin-like compounds content in regurgitant of S. exigua 
caterpillars fed on either cotton or maize plants. FACs, specially 
volicitin N-(17-hydroxylinolenoyl)-L-glutamine were chosen 
based on previous results from Alborn et al. (2000) and Turlings 
et  al. (2000), where it was shown that S. exigua fed on maize 
plants produce this elicitor, which is responsible for inducing 
HIPV emission in maize plants. To this end, the regurgitant 
was collected as previously described, each sample (n  =  5) 
corresponded to 10  μl of regurgitant collected from two 
caterpillars. For the extraction, 1 ml of MeOH:H2O 50% (50:50) 
was added to each sample, which was then vortexed and 
centrifuged at 10,000 rpm and at 4°C for 15 min. The supernatant 
was collected and used for volicitin analysis.

The analysis of volicitin was performed by UHPLC MS 
instrument (Waters) made up with using ultra-high performance 
liquid chromatography quadrupole-time-of-flight mass 
spectrometry. Specifically, an Acquity UPLC (Waters) coupled 
to a Synapt G2 high-resolution mass spectrometer. QTOF was 
employed. The column used for separation was Acquitting 
UPLC BEH C18 1.7 μm, 2.1 × 50 mm (Waters). The temperature 
was maintained at 25°C. Two eluants were used: water and 
0.05% of formic acid (eluant A) and acetonitrile and 0.05% 
of formic acid (eluant B). A linear gradient from 10 to 100% 
B in 7  min was applied. The injection volume was 2.5  μl. The 
mass spectrometer source was operated in electrospray negative 
ionization and data were acquired in data-independent acquisition 

A B C D E

FIGURE 1 | Illustration of simulated herbivory on cotton plants. Local induction: (A) Two-leaves stage cotton plants used to measure local herbivore-induced plant 
volatile (HIPV) emissions. (B) The first and second leaf were wounded three times with a serrated forceps and immediately afterward 10 μl of regurgitant were 
applied on the wounded sites, the HIPVs were collected over time. Systemic induction: (C) Four-leaves stage cotton plants used to measure systemic HIPV 
emissions. (D) The first and second leaf were wounded three times with a serrated forceps and immediately afterward 10 μl of regurgitant were applied on the 
wounded sites. (E) To measure systemically induced volatiles emissions (from the third and fourth leaf), the treated first and second leaves were removed right 
before the volatile collection.
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(DIA) mode (so-called MSe which alternates between low and 
high collision energies). Exact mass measurements (<2  ppm) 
were ensured by infusing a 500  ng/ml solution of leucine-
enkephalin at 15  μl/min through the Lockspray probe. For 
data acquisition and processing, we used the software Masslynx 
v.4.1 (Waters). Volicitin and related molecules were identified 
based on the determination of the most probable molecular 
formula as well as fragmentation pattern (typical fragment at 
m/z 145.0615 corresponding to a glutamine moiety). Peaks 
corresponding to volicitin were volicitins were automatically 
integrated using TargetLynx XS with a 0.1 min chromatographic 
window centered on the retention time of each compound 
and a 0.02  Da mass window centered on the (M-H)− ion.

Statistical Analysis
Statistical tests were carried out in R (v. 4.0.0; Team, 2001) 
using Analysis of Deviance (ANODEV; a maximum likelihood 
equivalent of ANOVA), followed by residual analysis to verify 
suitability of distributions of the tested models. Generalized 
Linear Models (GLM) with a Gaussian distribution were 
used to verify the differences in volatile emissions and 
volicitin. Least Squares Means (LSMeans) were used to 
compare significant differences among treatments. An 
orthogonal partial least squares discriminant analysis (OPLS-
DA) and hierarchical clustering heatmap were carried using 
MetaboAnalyst 5.0 (Wiklund et al., 2008; Chong et al., 2019) 
to check for differences among treatments on local and 
systemic HIPVs profiles after 48  h.

RESULTS

Cotton Plants Induced Local and Systemic 
HIPV After Simulated Herbivory
To evaluate the effect of HAMPs and DAMPs on the induction 
of plant volatile emissions, we  measured the volatiles emitted 
by cotton plants treated with the regurgitant of S. exigua fed 
on either cotton or maize plants. Overall, plants treated with 
S. exigua regurgitants emitted more volatiles than the 
mechanically damaged plants and that untreated plants 
(Figure 2). We found differential effects depending on whether 
the regurgitant originated from maize-fed or from cotton-fed 
caterpillars. These effects were larger after 48  h of elicitation 
(Figures  2A,C). After 24  h, the plants responded similarly to 
the application of regurgitant of both cotton-fed and maize-fed 
caterpillars (Figure  2C). Interestingly, only after 48  h the 
emission rate of HIPVs in plants treated with the regurgitant 
of maize-fed caterpillars did not differ from the volatiles emitted 
by mechanically damaged plants (Figures 2A,C). On the other 
hand, plants treated with the regurgitant of cotton-fed caterpillars 
had a more pronounced response after 48  h (Figures  2A,C). 
During the first 24 h, a total of seven compounds were detected 
(Supplementary Tables 1, 2). Furthermore, (E)-4,8–dimethyl–
1,3,7-nonatriene (DMNT), (E,E)-4,8,12-trimethyltrideca-1,3,7,11-
tetraene (TMTT), and indole were emitted only after 48  h of 
elicitation (Figure  2B; Supplementary Tables 1–3). The most 

abundant compounds emitted from plants treated with the 
regurgitant of cotton-fed caterpillars were 4-hexen-1-ol, acetate; 
α-pinene; β-myrcene; β-ocimene; DMNT, and Indole 
(Figures  2A,B). Most of these compounds were emitted at 
higher concentrations by plants treated with the regurgitant 
of cotton-fed S. exigua than by plants treated with the regurgitant 
of maize-fed caterpillars.

The HIPVs emitted by systemic leaves of cotton plants 
treated with the regurgitant of either cotton-fed or maize-fed 
S. exigua caterpillars were collected after 48 h. The emission 
rate of volatiles showed the same patterns as the patterns 
observed for locally induced plants (Figures  3A,C). In 
general, plants treated with the regurgitant of cotton-fed 
caterpillar emitted more volatiles than the plants treated 
with the regurgitant of maize-fed caterpillars. After 48  h 
of elicitation, we  detected eight different volatiles 
(Supplementary Table  4). Three of them were significantly 
higher in plants treated with the regurgitant of cotton-fed 
caterpillars (Figures  3A,B). The monoterpene β-myrcene 
and the sesquiterpene (E)-β-farnesene were emitted mostly 
by plants treated with the regurgitant of cotton-fed caterpillars, 
whereas the monoterpene α-pinene were emitted by plants 
treated with both types of regurgitant, but in higher amounts 
by plants treated with the regurgitant of cotton-fed caterpillars 
(Figures  3A,B). Multivariate analyses, OPLS-DA and 
hierarchical clustering heatmaps, show clear differences in 
the volatile emission patters after the different plant elicitation 
treatments of local induction (Figures  4A,B) and systemic 
induction (Figures  4C,D).

To evaluate the effect of HAMPs and minimizing the effect 
of mechanical damage on the induction of volatile emissions, 
we measured volatiles in plants that were incubated in a solution 
of caterpillar regurgitant using the method developed by Turlings 
et  al. (2000). Unexpectedly, cotton plants incubated in a 
regurgitant solution did not show a pronounced induction of 
volatile emission (Figure  5A; Supplementary Figure  2). 
Nevertheless, the plants emitted three compounds independently 
of the treatment (α-pinene, β-myrcene, and caryophyllene) plus 
DMNT, which was emitted only by plants incubated in regurgitant 
of cotton-fed caterpillars (Supplementary Table 5). Maize plants 
were used as a positive control and showed the expected pattern 
of responses, especially after 24  h of incubation (Figure  5B; 
Supplementary Table 6; Supplementary Figure 3). The amounts 
of regurgitant solution uptaken by the plants did not differ, 
showing that this is not the reason why cotton plants did not 
respond to the treatments (Figure  5C).

Volicitin Is Present in the Regurgitant of 
Spodoptera exigua Fed on Cotton Plants
The chemical analysis of S. exigua regurgitant fed on either cotton 
or maize plants revealed the presence of six different fatty acid 
amino acids conjugates (FACs): 18:3-OH-glutamine (volicitin), 
18:2-OH-glutamine, 16:1-OH-glutamine, 18:01-OH-glutamine, 
18:03-glutamine, and 18:2-glutamine. Interestingly, all the six 
FACs found in the regurgitant showed similar levels regardless 
of the plant food source that the insect fed on (Figure  6).
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A

B
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FIGURE 2 | Cotton plants locally emit different amount of volatiles in response to elicitation by different caterpillar regurgitants. Plants were subjected to the 
following treatments: undamaged (Control), mechanically damaged (MD), mechanically damaged and application of regurgitant of cotton-fed Spodoptera 
exigua (MD + CR), and mechanically damaged and application of regurgitant of maize-fed S. exigua (MD + MR; n = 4–5). (A) Typical GC-MS chromatograms 
of HIPV from cotton plants 48 h after elicitation. The identities of the compounds are 1: 4-hexen-1-ol, acetate; 2: α-pinene; 3: β-myrcene; 4: β-ocimene; 5: 
DMNT; 6: Indole; and IS1 and IS2: internal standards (20 ng/μl), n-octane and nonyl acetate, respectively. (B) Average (±SE) of the most representative 
compounds emitted by cotton plants 48 h after elicitation. Different letters indicate significant differences between treatments (p < 0.05). (C) Average (±SE) of 
total amount of volatiles emitted by treated cotton plants 2, 24, and 48 h after elicitation. Different letters indicate significant differences between treatments 
within each time point. p values are given for treatments [generalized linear model (GLM; family, Gaussian)] followed by pairwise comparisons of Least 
Squares Means (LSMeans). **p < 0.01, ***p < 0.001.
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FIGURE 3 | Cotton plants systemically emit different amount of volatiles in response to elicitation by different caterpillar regurgitants. Plants were subjected to the 
following treatments: undamaged (Control), mechanically damaged  (MD), and application of regurgitant of cotton-fed S. exigua (MD + CR), and mechanically 
damaged and application of regurgitant of maize-fed S. exigua (MD + MR; n = 6). (A) Typical GC-MS chromatograms of HIPV from cotton plants 48 h after 
elicitation. The identities of the compounds are: 1: α-pinene, 2: β-myrcene, 3: (E)-β–farnesene, IS1 and IS2: internal standards (20 ng/μl), and n-octane and nonyl 
acetate, respectively. (B) Average (±SE) of the most representative compounds emitted by cotton plants 48 h after elicitation. (C) Average (±SE) of total amount of 
volatiles emitted by systemically treated cotton plants 48 h after elicitation. Different letters indicate significant differences among treatments (p < 0.05). p values are 
given for treatments [GLM (family, Gaussian)] followed by pairwise comparisons of LSMeans. ***p < 0.001 and *p < 0.05.

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org


Arce et al. Factors Triggering Cotton Volatiles Emissions

Frontiers in Plant Science | www.frontiersin.org 8 August 2021 | Volume 12 | Article 709858

DISCUSSION

The identification of both DAMPs and HAMPs, and the 
evaluation of their relative contribution to triggering plant 
defenses are essential to understand the factors that regulate 
plant-herbivore interactions. It is known that wounding itself 
and/or elicitors present in the regurgitant of the herbivores 
can trigger the emission of plant volatiles (Mithöfer et  al., 
2005; Heil and Karban, 2010; Turlings and Erb, 2018). The 
specificity of the response depends on the recognition of these 
molecules by the plant and the responses may be  different 
for different plant species. Our study shows that volicitin, a 

potent HAMP, is present in the regurgitant of both cotton-fed 
and maize-fed S. exigua caterpillars, but only the regurgitant 
from cotton-fed caterpillars elicit a clear induction of volatiles 
in cotton plants. Therefore, it is unlikely that volicitin or any 
other FAC play a role in the induction, but that other, yet 
unidentified, DAMPs are involved in the regulation of HIPV 
responses in cotton plants.

Our study is in good agreement with previous studies that 
show that mechanical damage and the application of S. exigua 
regurgitant on cotton leaves induces higher rates of overall 
responses and systemic volatile emissions than only mechanical 
damage (McCall et  al., 1994; Paré and Tumlinson, 1997;  

A

B

C

D

FIGURE 4 | Differences in local and systemically emitted volatiles by cotton plants in response to elicitation by different caterpillar regurgitant. Plants were subjected 
to the following treatments: undamaged (Control), mechanically damaged  (MD), and application of regurgitant of cotton-fed S. exigua (MD + CR), and mechanically 
damaged and application of regurgitant of maize-fed S. exigua (MD + MR; n = 4–6). The HIPVs were collected after 48 h of elicitation. (A) Results of a orthogonal 
partial least squares discriminant analysis (OPLS-DA) and (B) hierarchical clustering heatmaps of the local emission of volatiles by cotton plant treated with different 
regurgitants. (C) Results of a discriminant analysis (OPLS-DA) and (D) hierarchical clustering heatmaps of the systemically emitted volatiles by cotton after treatment 
with different regurgitants.
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Röse and Tumlinson, 2005). Our finding that the response elicited 
by regurgitant of cotton-fed S. exigua is stronger than the response 
elicited by the regurgitant of maize-fed S. exigua suggests the 

involvement of specific cotton-derived DAMPs. The self-recognition 
by cotton plants when treated with regurgitant of S. exigua fed 
on cotton leaves might be responsible for the observed induction 
of HIPVs emission (Huffaker et  al., 2006; Yamaguchi et  al., 
2006; Heil and Land, 2014; Duran-Flores and Heil, 2016). This 
can only be confirmed when, the chemical nature of the responsible 
molecules are known. Few molecules have been identified as 
DAMPs, e.g., extracellular ATP, extracellular DNA, and extracellular 
sucrose. These molecules may also include cell-wall fragments 
(e.g., oligosaccharides, oligogalacturonides; Bonaventure et  al., 
2011; Duran-Flores and Heil, 2014). Turlings et al. (1993) found 
that incubating maize plants in a maize leaf juice solution induced 
a weak, but significant emission of volatiles, which did not 
occur when the plants were incubated only with water. Yet, 
incubating the plants in caterpillar regurgitant was far more 
potent in inducing volatile emissions (Turlings et  al., 1993), 
implying that HAMPs play a more important role than DAMPs 
in the maize-caterpillar interaction. Mattiacci et  al. (1994, 1995) 
found the same for the volatile responses of cabbage plants to 
the regurgitant of Pieris caterpillars. For bean plants, the application 
of leaf homogenate is sufficient to induce the production of 
reactive oxygen species and extra floral nectar (Duran-Flores 
and Heil, 2014), but they are also responsive to a HAMP, a 

A

C

B

FIGURE 5 | Incubation in caterpillar regurgitant does not induce volatile emissions in cotton plants. (A) Total emission of volatiles released by cotton plants incubated in 
water (blue line), regurgitant of cotton–fed S. exigua (green line) and regurgitant of maize–fed S. exigua (yellow line) after 2, 24, and 48 h (n = 4–6). (B) Total emission of 
volatiles released by maize plants (n = 4) incubated in water (blue line) and regurgitant from maize–fed S. exigua (yellow line) after 2, 24, and 48 h. (C) Mean quantity of 
solution taken up by either cotton or maize plants over 48 h. Lines and bars represent the average (±SE). Different letters indicate significant differences among 
treatments (p < 0.05). p values are given for treatments [GLM (family, Gaussian)] followed by pairwise comparisons of LSMeans. ***p < 0.001 and *p < 0.05.

FIGURE 6 | Volicitin and volicitin-like compounds are present in the 
regurgitant of S. exigua caterpillars fed on cotton and maize leaves (n = 5). 
Bars represent average (±SE). p values are given for treatment comparisons 
[GLM (family, Gaussian)], followed by pairwise comparisons of LSMeans.
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peptide which has been named inceptin (Schmelz et  al., 2006, 
2009). Some authors have argued that wounding and the resulting 
exposure to DAMPs is enough to trigger the emission of HIPVs 
(Mithöfer et  al., 2005; Heil and Karban, 2010), but the relative 
contribution of DAMPs remains unclear. Most likely, DAMP 
and HAMP molecules are used in combination by plants to 
identify the nature of the organisms that initiate an interaction 
with them reviewed in Dicke (2016).

It is evident that chemical cues in herbivore oral secretions 
play key roles in eliciting plants defense, and the outcome of 
the response can vary among herbivores species (Acevedo et al., 
2015; Schmelz, 2015; Turlings and Erb, 2018). Several elicitors 
have been identified, e.g., volicitin, caeliferins, inceptins, and 
β-glucosidase (Mattiacci et al., 1995; Alborn et al., 1997; Schmelz 
et  al., 2006). FACs like volicitin are oral secretion components 
of many lepidopteran, but also present in other insect’s order 
such as Orthoptera and Diptera (Yoshinaga et  al., 2007, 2010). 
They are sufficient to elicit herbivory-specific responses in 
several plant species including maize and the wild-type tobacco 
(Turlings et  al., 1993; Alborn et  al., 1997; Halitschke et  al., 
2001). Our results showed that volicitin levels in the regurgitant 
of both cotton- and maize-fed S. exigua are the same. The 
fact that the regurgitant of cotton-fed caterpillars induced 
stronger HIPVs emissions than the regurgitant of maize-fed 
caterpillars, strongly suggests that other types of elicitors are 
involved. Indeed, it has been suggested that insect oral secretion 
may contain more than a single elicitor with eliciting activity 
and that these can act synergically or independently to regulate 
plant defense responses (Spiteller et  al., 2001; Acevedo et  al., 
2017; Basu et  al., 2018; Jones et  al., 2019). FACs are expected 
to act specifically and, therefore, different plant species recognize 
them by different mechanisms, or they are active only in certain 
plants where they induce a de novo production of JA e.g., 
tobacco, eggplant, maize, and soybean (Halitschke et  al., 2001; 
von Dahl et  al., 2007; Wu et  al., 2007; Schmelz et  al., 2009). 
Spiteller et  al. (2001) found that synthetic volicitin does not 
induced volatiles in lima bean and cotton, but the FAC N-lino-
lenoylglutamine does induced the biosynthesis of volatiles in 
lima bean (Koch et  al., 1999). Also, FACs do not affect JA 
production in Arabidopsis (Schmelz et  al., 2009). The species-
specific responses are likely due to plant-specific receptors 
(pattern recognition receptor, PRRs). One such receptor was 
recently identified inceptin (Steinbrenner et al., 2020), confirming 
that they play a key role in elicitor perception (Truitt et  al., 
2004; Santamaria et  al., 2018; Malik et  al., 2020). To date, 
this research area still lacks enough knowledge to fully 
characterize specific HAMPs-PRRs interactions.

The overall blend of HIPV emitted by cotton plants treated 
with S. exigua regurgitant was composed mainly by 
monoterpenes and sesquiterpenes (Figures 2, 4). These results 
are in a good agreement with those found by McAuslane 
et  al. (1997); Röse and Tumlinson (2005) and Loughrin et  al. 
(1995). The main constitutive terpenoids emitted by treated 
plants were: α-pinene, β-pinene, myrcene, and caryophyllene. 
They are known to be  stored in the glands located near the 
surface of cotton leaves and be  immediately released when 
the glands are ruptured (Elzen et  al., 1985; Rose et  al., 1996). 

Previous studies have shown that in addition to these constitutive 
volatiles, attack by S. exigua caterpillars, also results in de 
novo biosynthesis of several other volatiles that are released 
with considerable delay (Loughrin et  al., 1994; McCall et  al., 
1994). In accordance, 48  h after treatment, we  observed an 
additional release of mainly non-cyclic terpenoids, which 
included, (E)-β-ocimene, linalool, (E)-4,8-dimethyl-1,3,7-
nonatriene (DMNT), and (E)-β-farnesene. These truly inducible 
volatiles are also systemically released from non-attacked 
leaves of cotton plants (Paré and Tumlinson, 1998; Röse and 
Tumlinson, 2005). The same pattern of emission was found 
in our study, but we  did not detect the presence of DMNT, 
(E,E)-4,8,12-trimethyl-1,3,7,11-tridecatetraene (TMTT), and 
indole in the systemic response. Indeed, Rose et  al. (1996, 
2006) detected the systemic release of these compounds only 
after 3 or 4  days. We  collected the HIPVs after 48  h damage, 
which might have been too early to find these compounds 
in the systemic leaves in our experiment. Somewhat surprisingly, 
incubating cotton plants in S. exigua regurgitant solution did 
not result in any induction of HIPV. This is in sharp contrast 
to maize plants that respond strongly to the incubation in 
regurgitant solution of S. exigua with the emission of typical 
maize HIPVs (Turlings et  al., 1993), as we  confirm here 
(Figure 5). Importantly, the fact that the cotton plants treated 
with regurgitant from cotton-fed caterpillars emitted larger 
quantities of volatiles than plants treated with regurgitant 
from maize-fed caterpillars, is in line with the notion that 
DAMPs are also involved in the response (Duran-Flores and 
Heil, 2016). Testing additional types of regurgitant and 
conducting similar experiments with other plant species may 
shed more light on the importance of self-damage recognition. 
It appears that this will vary for different plant species, as, 
for instance, maize plants respond weaker to cotton-derived 
regurgitant than to maize-derived regurgitant but stronger 
to soybean-derived regurgitant (Turlings et  al., 1993).

We draw two primary conclusions from our work investigating 
the factors involved in caterpillar induced cotton volatiles. 
Firstly, mechanical damage alone is not sufficient to induce a 
full response and elicitors present in caterpillar oral secretions 
enhance the response. Secondly, the difference in emissions 
from plants treated with cotton- and maize-derived secretions 
may imply that unidentified cotton DAMPs, help the plants 
to recognize self-damage. Cotton plants have been shown to 
particularly amenable to priming with inducible volatiles; they 
can become considerably resistant to insect attack if they have 
been exposed to volatiles from attacked plants (Renou et  al., 
2011; Llandres et  al., 2018). Therefore, further unraveling the 
respective roles of HAMPs and DAMPs present in the oral 
secretion of caterpillars fed in inducing cotton leaf volatiles 
may provide crucial information that can help to improve 
cotton defenses against important pests in an agricultural context.
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