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Abstract

Different types of insect feeding can activate distinct plant resistance mechanisms and trigger the generation of specific
volatile compounds. Transcriptomic changes and the genomic basis underlying plant defense in response to chewing her-
bivores or phloem-feeding insects have been relatively well investigated, while better insight into molecular mechanisms
underlying the plant defense response, in particular, volatile emissions triggered by sap-feeding insects such as the green plant
bug Apolygus lucorum is needed. Here, we monitored transcriptomic and volatile metabolomic changes in cotton over time
during A. lucorum infestation. RNA-seq analysis showed that 1614 transcripts were differentially expressed (log,/Ratiol > 1;
q <0.05) in cotton leaves infested by A. lucorum. All differentially expressed genes (DEGs) in jasmonic acid (JA; 48 genes)
and salicylic acid (SA; 5 genes) pathways were upregulated, highlighting a central role of JA in A. lucorum-induced signaling
without attenuating the SA pathway. Moreover, all DEGs (30 genes) involved in herbivore-induced volatile biosynthesis were
upregulated. Consistently, A. lucorum-induced cotton volatile blends and synthetic methyl salicylate significantly attracted
the parasitoid Peristenus spretus. The present data indicated that cotton plants after A. lucorum infestation undergo rapid,
extensive transcriptome reprogramming mediated by complex signaling networks in which the JA and SA pathways act
synergistically, leading to a specific volatile profile involved in an indirect plant defense.

Keywords Gossypium hirsutum - Herbivore-induced plant volatiles - Induced resistance - Plant—insect interactions -
Indirect defense - Methyl salicylate

Key message Introduction

Cotton plants are frequently subject to attack by different
types of pests, including lepidopteran larvae, whiteflies,
aphids and mirids such as the green plant bug, Apolygus
lucorum (Ayubov and Abdurakhmonov 2018; Llandres et al.
2018). In China, the wide planting of Bacillus thuringiensis
(Bt) transgenic cotton cultivars to control serious lepidop-
teran pests has allowed insecticide use to be reduced, which
has led to frequent outbreaks of nontarget herbivores such as
A. lucorum (Lu et al. 2010). A. lucorum is polyphagous and
has become a key pest of cotton and many other important
crops and prefers to feed on fresh leaves, young squares and

e We monitored changes in transcriptome and volatile
metabolome in cotton infested by A. lucorum.

e A. lucorum infestation activated JA signaling pathway
without attenuating SA pathway.

e Specific volatile blends and synthetic MeSA were attrac-
tive to parasitoid wasp P. spretus.
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bolls of cotton (Pan et al. 2019). When plants are damaged
by mirid pests such as A. lucorum, local and systemic emis-
sions of significant amounts of volatiles are induced as part
of the plant defense response (Rodriguez-Saona et al. 2002;
Degenhardt et al. 2011; Xiu et al. 2019). For example, the
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egg parasitoid Anaphes iole was significantly more attracted
to cotton volatiles induced by Lygus hesperus (Manrique
et al. 2005), as well as to individual components in the vola-
tiles such as methyl salicylate (MeSA), (E,E)-a-farnesene
and (Z)-3-hexenyl acetate (Williams et al. 2008). Females
of the endoparasitoid Peristenus spretus are attracted by two
active compounds in volatiles from A. lucorum-damaged
Ricinus communis plants in both Y-tube olfactometer trials
and field studies (Xiu et al. 2019).

In response to a large variety of insects, plants have
evolved an intricate and dynamic defense system to counter
the effects of herbivore attack, including structural barriers
and toxic chemicals (direct defenses) and attraction of natu-
ral enemies of the attacking pests (indirect defense). Both
direct and indirect defenses may be present constitutively
or only induced after herbivore feeding. Induced defense
reprogramming of plants proceeds via the recognition of
attackers and the activation of signaling networks, which is
followed by transcriptomic changes in the expression of sets
of defense-related genes, ultimately resulting in changes in
plant phenotype (Stam et al. 2014).

Different insect species feed in a variety of ways. Chew-
ing larvae consume a significant amount of plant tissue and
thus extensively wound the host, which then loses water,
while phloem-feeding and sap-feeding insects insert stylets
between and into plant cells, causing less physical damage.
These different types of herbivores trigger distinct signal-
ing pathways, especially between leaf-chewing larvae and
phloem-feeding herbivores (Erb and Reymond 2019). Gener-
ally, chewing herbivores and necrotrophic pathogens usually
elicit jasmonic acid (JA)-mediated plant defenses, while the
salicylic acid (SA)-responsive pathway modulates defenses
against piercing/sucking insects and biotrophic pathogens
(Davila Olivas et al. 2017). These two signaling pathways
predominantly act through negative crosstalk (Erb and Rey-
mond 2019), but they may overlap or even have synergistic
effects (Zhou et al. 2011; Liu et al. 2016). Crosstalk between
different signaling pathways allows plants to orchestrate fast
and cost-effective responses to different pests.

Dynamic changes in the transcriptome of cotton plants
damaged by chewing larvae of cotton bollworm Helicoverpa
armigera (Huang et al. 2015; Kumar et al. 2016), cotton boll
weevil Anthonomus grandis (Artico et al. 2014) and phloem-
feeding insects including aphid and whitefly (Dubey et al.
2013; Li et al. 2016) have provided comprehensive insights
into the cotton defense mechanisms to these different types
of insects. Several potential target genes and key pathways
were identified in these studies. In cotton damaged by the
chewing H. armigera or A. grandis, more differentially
expressed genes (DEGs) were upregulated than downregu-
lated (Artico et al. 2014; Huang et al. 2015), and almost
all the DEGs in the JA and ethylene (ET) pathways were
upregulated (Artico et al. 2014; Huang et al. 2015; Kumar
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et al. 2016). DEGs related to SA biosynthesis and signaling
were downregulated in cotton leaves or bolls infested by
H. armigera (Huang et al. 2015; Kumar et al. 2016). These
results suggested that larval feeding activated the JA and ET
pathways and that the SA pathway was to some extent sup-
pressed. In contrast, global transcriptome analysis showed
that more DEGs were downregulated than upregulated in
cotton infested by whiteflies and aphids (Dubey et al. 2013;
Li et al. 2016), indicating that these two phloem-feeding
insects stimulate transcriptional suppression rather than
induction and that they suppress plant defense responses
to facilitate their feeding. Additionally, whitefly Bemisia
tabaci primarily activates the SA-dependent pathway and
suppresses JA pathway (Dubey et al. 2013; Li et al. 2016).

The activation of different signaling networks by the
different types of insect feeding is followed by the produc-
tion of a great diversity of nonvolatile metabolites that are
acutely toxic to herbivores and specific volatile compounds
that function as ecological signals in direct, indirect and/or
priming defenses (Erb and Reymond 2019; Turlings and Erb
2018). This volatile specificity might be closely related to
the feeding habit of the herbivore. Whitefly B. tabaci alone
did not increase volatile emission from cotton (Rodriguez-
Saona et al. 2003). Moreover, the volume of volatile emis-
sions from cotton plants simultaneously infested with B.
tabaci and chewing Spodoptera exigua was significantly
lower than from plants infested only with S. exigua. By
contrast, chewing caterpillars (Loughrin et al. 1994; Rose
and Tumlinson 2004; Huang et al. 2015) and piercing/suck-
ing L. hesperus and Aphis gossypii elevated volatile emis-
sions from plants (Rodriguez-Saona et al. 2002; Hegde et al.
2011). The specificity of plant volatiles induced by different
herbivores can be sufficiently distinct to be recognized by
their natural enemies (Turlings and Erb 2018). For example,
A. iole females were only attracted by volatiles induced by L.
hesperus, not by volatiles from plants exposed to a chewing
insect (S. exigua) or after mechanical damage (Manrique
et al. 2005).

Sap-feeding mirids are usually classified with phloem-
feeding insects as piercing/sucking herbivores. They use
stylets to vigorously puncture plant cells, and their feeding
is more intense than that of phloem-feeding insects (Backus
et al. 2007). Although an increasing number of studies have
revealed changes in the transcriptome and metabolome of
plants in response to cell-content feeding insects such as
mites and thrips (Martel et al. 2015; Sarde et al. 2019; Zhang
et al. 2020), little is known about the molecular mechanisms
of cotton plant defense, especially about indirect defense
against sap-feeding mirids such as A. lucorum. In the cur-
rent study, transcriptomic changes in cotton plants infested
by A. lucorum were analyzed at three times (12, 24 and 36 h
of exposure) to identify candidate genes and key pathways
associated with the activation of cotton plant defense, with
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a focus on induced indirect defense against this insect. We
also identified volatiles compounds in cotton leaves infested
with A. lucorum bugs at three times and compared the vola-
tiles after 36 h with those induced in cotton plants by H.
armigera. Finally, the behavioral orientation of parasitoid P.
spretus to headspace volatiles from cotton plants after a 36-h
exposure to A. [ucorum or to synthetic MeSA was exam-
ined. Our results provide a better understanding of cotton
plant response to A. lucorum feeding and the mechanisms of
induced plant defense against sap-feeding mirids.

Materials and methods
Plant and insect material

Cotton seedlings (Gossypium hirsutum cv. CCRI12) were
grown singly in plastic pots as described previously (Huang
et al. 2018) and used for experiments at 5—6 weeks of age. A.
lucorum were reared on green beans (Phaseolus vulgaris L.)
and a 10% sucrose solution soaked in a cotton ball and main-
tained in a climatic chamber at 29+ 1 °C, 60+ 5% relative
humidity, and 14 h light: 10 h dark (Lu et al. 2014). Newly
enclosed adult bugs were used for the experiments. The
parasitoid P. spretus was reared on second instar nymphs
of A. lucorum and maintained with a 10% honey solution in
a growth chamber at 25+ 1 °C, 65 + 5% relative humidity,
and 14 h light: 10 h dark (Luo et al. 2015). Unmated males
(1-3 days old) or mated females (2—4 days old), without
prior exposure to the prey A. lucorum or odors associated
with prey—plant combinations, were used for behavioral
experiments.

Plant treatments

Fifteen 3-day-old adults of A. lucorum were placed on one
cotton plant in a nylon mesh cage, starting at 18:00. Cot-
ton plants without A. lucorum were treated the same way
and used as controls. After 12, 24 or 36 h, the bugs were
removed, and plants were used for RNA extraction or vola-
tile collection.

To compare changes in volatiles induced by A. lucorum
with those induced by H. armigera, five plants each of simi-
lar size were assigned at random to separate cages to receive
the following treatments: (1) infestation with 15 A. lucorum;
(2) infestation with 67 3rd instar larvae of H. armigera; (3)
no infestation (control). After 36 h, volatiles were collected
from the plants as described later.

RNA extraction and sequencing

The first to third developing young leaves of each plant were
harvested and pooled at each time and total RNA extracted

using a modified hot borate method (Huang et al. 2015).
RNA quality was assessed using the Agilent Bioanalyzer
2100 system, and then, 1 pg RNA per sample was used to
prepare a cDNA library using the NEBNext Ultra RNA
Library Prep Kit according to the manufacturer’s instruc-
tions. The transcriptome was pair-end sequenced using a
PE150 strategy on the Illumina Hiseq2500 platform (Sino-
biocore, Beijing, China) as described previously (Wang et al.
2019). Clean reads were mapped to the G. hirsutum TM-1
genome downloaded from the CottonGen database (http://
www.cottongen.org) using Histat2 software (Li and Durbin
2009). For each time and treatment except for 24 h post-
infestation (two samples), transcripts were analyzed using
three biological replicates. Transcriptome sequencing data
are available at NCBI BioProject under accession number
PRINA688359.

Bioinformatics analysis

Gene function was annotated using the Gene Ontology (GO)
database and Blast2GO (http://www.geneontology.org/).
Genes were assigned to Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways using KOBAS 2.0 software
(Xie et al. 2011). Transcript abundances of the unigenes
were calculated based on the FPKM (expected number of
fragments per kilobase of transcript sequence per millions
base pairs sequenced). Genes associated with the statistical
test ¢ <0.05 and the value of log,/Ratiol> 1 were considered
as significantly differentially expressed genes (DEGs). The
temporal expression of the DEGs was analyzed using the
Short Time-series Expression Miner (STEM) (http://www.
cs.cmu.edu/~jernst/stem/; Ernst and Bar-Joseph 2006).

Quantitative real-time PCR analysis

For validating the RNA-seq data, quantitative real-time
PCR (gqPCR) analysis was performed in biological tripli-
cates using independent plants according to the previously
published protocol (Huang et al. 2018). cDNA was syn-
thesized from the total RNA using the FastQuant RT Kit
(Tiangen, Beijing, China) according to the manufacturer’s
instructions. GhACT4 (GenBank: AY305726) was used as
a candidate reference gene. All primers used are listed in
Table S1. Three biological replicates were analyzed for each
time as described above.

Headspace collection and identification
of herbivory-induced cotton volatiles

Volatile emissions from at least four insect-exposed or
control cotton plants for each treatment and time were col-
lected using a dynamic headspace sampling system (Huang
et al. 2018). One pot containing one A. lucorum-exposed or
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control plant was placed into a glass jar (diameter, 25 cm;
height, 60 cm). A stream of activated charcoal filtered air
was pumped through the glass jar and a glass tube (8§ mm
diameter) containing 50 mg Tenax-TA (60—-80 mesh; Sigma-
Aldrich) at a flow rate of 1.5 L/min for 6 h. The absorbed
volatiles were then eluted with 300 pL of hexane, in which
2.595 pg of ethyl caprate (Sigma-Aldrich) was added as an
internal standard.

A 1-pL aliquot of the eluted sample was injected into
a Shimadzu gas chromatography-mass spectrometry
(GCMS-QP2010 SE, Japan) with an Rxi-5Sil MS column
(30 mx0.25 mm X 0.25 um). The oven temperature was
maintained at 40 °C for 1 min and increased to 130 °C at
4 °C min~' (5 min hold), then to 250 °C at 10 °C min~!
(5 min hold). MeSA was identified by comparison of its
retention time and mass spectrum with those of an authentic
standard (Sigma-Aldrich) analyzed under the same condi-
tions. Other compounds were tentatively identified by com-
parison of mass spectra with those reported in the NIST17
library.

Y-tube olfactometer assays

Behavioral responses of P. spretus to A. lucorum-induced
cotton volatiles (36 h after infestation) were evaluated using
a Y-tube olfactometer (Dicke et al. 1990; Xiu et al. 2019).
Two streams of charcoal-purified air were each pumped into
the olfactometer (1-cm I.D.) at a flow rate of 400 mL/min.
An aliquot of 10 pL of the eluted sample from A. lucorum-
induced or control plant was pipetted on a piece of filter
paper (20 X 50 mm). Filter papers and test solutions were
replaced every 10 min. An adult wasp was individually
released at the stem of the Y-tube olfactometer. If the tested
insect failed to choose a side arm during the 5 min, then “no
choice” was recorded. To compensate for any position bias,
we reversed the side arms after five tests. After testing 10
individuals, the Y-tube was replaced. Moreover, behavioral
responses of P. spretus to synthetic MeSA at two different
concentrations (1 pg/pL and 10 pg/pL) were tested. Here,
an aliquot of 10 pL of synthetic MeSA or mineral oil was
applied. Thirty males and 30 females were tested in one
biological replicate, and three biological replicates were
performed in the experiments.

Statistical analyses

Student’s ¢ tests were used to compare the relative abun-
dance of volatile compounds between herbivore-damaged
and corresponding cotton control, and the data were ana-
lyzed for normality before performing Student’s ¢ test.
For Y-tube olfactometer assays, P. spretus preferences
were analyzed using a X2 goodness-of-fit tests with the
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null hypothesis that the parasitoid wasp had no prefer-
ence for either olfactometer arm (i.e., 50:50 response).
Data analysis was performed in SAS 9.4 software (SAS
Institute 2012).

Results

Global transcriptome changes in cotton plants
in response to A. lucorum feeding

Transcriptome sequencing generated
39,986,648-47,672,906 raw reads per sample. After qual-
ity control, 38,025,146-44,696,340 high-quality reads
were remained. More than 92% (92.86-93.51%) of these
reads were mapped to the G. hirsutum TM-1 genome. After
assembly, 33,862 transcripts were detected in infested and
non-infested cotton leaves. Among these transcripts, 1614
were associated with a cutoff of ¢ <0.05 and log,|Ratiol> 1
at one or more times and thus identified as differentially
expressed genes (DEGs). Among these DEGs, 1131 were
significantly upregulated as result of infestation, 479
were significantly downregulated, and four were mixed in
expression (Table S2). For the 36-h continuous exposure,
a considerable number of genes were induced after 12 h
of infestation (1035 up-DEGs), and the number of upregu-
lated DEGs decreased sharply at the later times (i.e., 24 h
and 36 h) (Fig. 1a).

Among the common and exclusive DEGs determined at
the three durations of infestation (Fig. 1b; Fig. S1), 11.3%
of DEGs were present throughout the 36 h. In addition,
45.3% of DEGs were exclusively modulated within 12 h
after A. lucorum infestation, suggesting that A. lucorum
induced a rapid transcriptomic reprogramming and that
these DEGs were more likely to play roles in the rapid,
specific recognition and early defense signaling events
triggered by A. lucorum feeding. In the functional clas-
sification using Gene Ontology (GO) analysis (Fig. S2),
the DEGs were categorized as biological process, cellu-
lar component or molecular function. For GO terms of
biological process, the top term was metabolic process,
followed by cellular process. The data also showed that
membrane part, cell part and organelle categories were
most abundant in the cellular component ontology. Most
of the genes in molecular function were classified into the
binding and catalytic subgroup.

To further verify the RNA-seq results, nine DEGs asso-
ciated with phytohormone biosynthesis and secondary
metabolism were randomly selected for gPCR analysis.
Expression patterns of the DEGs obtained from qPCR and
RNA-seq were highly consistent (Fig. 2), indicating the
reliability and repeatability of the RNA-seq results.
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Fig.1 Overview of DEGs in
cotton exposed to Apolygus
lucorum for 12, 24 or 36 h. The
DEGs are those differentially
expressed (log,/Ratiol> 1) with
a cutoff of ¢ <0.05 for at least
one sampling time. a Number
of up- and downregulated DEGs
in cotton at different times of
exposure to A. lucorum. b Venn
diagram of common and unique
DEGs in cotton at different
times of exposure to A. lucorum

A
1200+
1035

800+

400 331

Number of genes

180

B Up-regulated mm Down-regulated B

33

24h

18
(1.1%)
355 365

12 24
Hours afrer infestation

chalcone synthase
STRG_46410_1

UDP-Glycosyltransferase

36

36h

terpene synthase

STRG_52624_5 STRG_8453_1

) ) )

[ 4 [ 5 [

3 3 2

g3 84 2

3 3 g3 3

E - 5,

- L -

21 21 2

K 5 kot § ©

Q Q Q

x 12h 24h 36h x 12h 24h 36h N 12h 24h 36h

acetyl CoA:(Z)-3-hexen-1-ol acetyltransferase hexenal Isomerases SA carboxyl methyltransferase

STRG_34547_1 m STRG_42097_1 STRG_30443_2

o — )

) < o

§° s g

Be E g

5 o S

E s s

g2 g g

= = =

S0 £ :

Q

o 12 h 24 h 36h x 12h 24 h 36 h ® 12 h 24h 36h

glutathione S-transferase lipoxygenase flavonol synthase

STRG_22717_1 STRG_15344_1 STRG_46348_1

K] K K]

[} 4 o [

3 3 3

B3 =3 =3

S S S

0n 7] (7]

c2 c c

g g s

- = -t

'K = S0 o o

2 © S\ 2 &

5L I = z 3

= 12h 24h 36h = 12h 24h 36h © 12h 24h 36h

Fig.2 Comparison of expression levels of selected genes in RNA-seq
(blue bar) and qRT-PCR (red bar) analysis. Relative transcript levels
(mean + SE) of the selected genes in cotton plants infested by A. luco-

Temporal changes of cotton transcriptome
in response to A. lucorum infestation

In the STEM analysis of temporal patterns of the transcrip-
tome, 1201 of 1614 DEGs clustered into eight expression
profiles (Fig. S3; Table S3). Type I DEGs consisted of pro-
files A-D, and most were upregulated as result of infestation.

rum at three times (12, 24 and 36 h of exposure) were compared with
the corresponding control

Among Type I DEGs, 93% of the genes (645 genes) that
had log,IRatiol>1 at 12 h or more times were rapidly and
strongly upregulated after 12 h of infestation. Although
expression levels of 544 genes in profiles A (127 genes)
and B (417 genes) decreased at later times, 101 genes were
still highly expressed at 36 h (profiles C and D). In contrast,
most Type II DEGs were downregulated and had distinct
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expression profiles (profiles E-H). Among these Type II
DEGs, 314 genes (62%) were downregulated at 12 h or more
times, 33 genes increased in expression at later times (pro-
files E and F), and the 282 genes in profiles G and H had
lower expression levels throughout the 36 h.

DEGs associated with phytohormones
and transcription factors elicited by A. lucorum
infestation

Twenty-seven JA biosynthesis genes and 21 JA signaling
genes were differentially upregulated. Among these, 35
genes were upregulated for at least two sampling times, and
most of these genes were rapidly and strongly upregulated
after 12 h of infestation (profiles A, B and H). Additionally,
most of the DEGs associated with ET (17 of 18), SA (5 of
5), auxin (10 of 14), cytokinin (4 of 7), abscisic acid (3 of 4)
and gibberellic acid (2 of 2) were upregulated, whereas all
genes associated with brassinosteroids (BRs) (5 of 5) were
downregulated (Fig. 3).

Also, the expression profiles of genes known or predicted
to be involved with transcription factors were investigated.
A total of 149 DEGs, including 118 upregulated and 31
downregulated genes, were involved in possible signaling
processes elicited by A. lucorum infestation. Among the 118
upregulated genes, the largest family was AP2-EREBP (37
of 41) (Table S4).

A. lucorum-induced reconfiguration of primary
metabolism

Although most DEGs related to amino acid metabolism (63
out of 71 DEGs), carbohydrate metabolism (38 out of 51)
and nucleotide metabolism (18 out of 26) were induced, all
of the 16 DEGs associated with photosynthesis were down-
regulated (Table S5). Notably, all but one DEG involved
in photosynthesis were significantly downregulated only at
36 h.

DEGs associated with defense and secondary
metabolism induced by A. lucorum

The cluster of defense-related DEGs included 53 genes,
which may be involved in plant defense against various abi-
otic and biotic stresses, and 40 were upregulated (Fig. S4). It
is noteworthy that some ABC transporter G family members
were differentially expressed in response to A. lucorum feed-
ing and are known to be involved in defense and to transport
benzenoid volatiles across the plasma membrane in Petunia
hybrida (Adebesin et al. 2017).

For volatile secondary metabolite pathways, numerous
genes were differentially expressed after A. lucorum infesta-
tion (Fig. 4). Terpenoid biosynthesis (21 upregulated genes)
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comprised the largest subgroup, with all of the eight dif-
ferentially expressed terpene synthase genes upregulated
(two ocimene synthases [unpublished data] and two linalool
synthases, one cadinene synthases and three bifunctional
(E)-nerolidol/(E,E)-geranyllinalool synthases involved in the
synthesis of the herbivore-induced volatile homoterpenes
4,8-dimethylnona-1,3,7-triene (DMNT) and 4,8,12-trimeth-
yltrideca-1,3,7,11-tetraene (TMTT) in cotton (Huang et al.
2018)). All of the five DEGs for phenylpropanoid/benze-
noid biosynthesis were upregulated. For green leaf volatiles
pathway, all of the four DEGs were upregulated includ-
ing three acetyl CoA:(Z)-3-hexen-1-ol acetyltransferase,
which catalyzes the formation of (Z)-3-hexen-1-yl acetate
(D’Auria et al. 2007), and one hexenal isomerase that con-
verts Z-3-hexenal to E-2-hexenal (Spyropoulou et al. 2017).

Moreover, many genes for some key proteins/enzymes
responsible for the biosynthesis of nonvolatile metabo-
lites that contribute to pest and disease resistance such as
cytochrome P450 (CYP), glutathione S-transferases (GSTs)
and UDP-dependent glucosyltransferases (UGTs) (Baek
et al. 2019) were also upregulated (Fig. 4). Eight GSTs and
10 UGTs were differentially expressed, and all were upregu-
lated. Most (21 of 29) CYP genes were upregulated. Besides
their roles in nonvolatile secondary metabolites, CYPs also
play important roles in the biosynthesis of many volatiles.
Among these upregulated CYP genes, two were annotated as
phenylalanine N-monooxygenase, involved in the synthesis
of the floral scent 2-phenylethanol in Plumeria rubra (Dhan-
dapani et al. 2019), and three are involved in the synthesis
of herbivore-induced volatiles DMNT and TMTT in cotton
(Liu et al. 2018).

Increased emission of volatile blends induced by A.
lucorum infestation

In this study, relatively small amounts of a-pinene, (Z)-3-
hexenyl acetate, p-caryophyllene and a-humulene were
emitted from undamaged control plants. However, plants
after 12, 24 and 36 h of infestation released significantly
greater amounts of volatiles (Table 1; Fig. S5), which con-
sisted of terpenes, hydroperoxide lyase (HPL)-derived green
leaf volatiles and shikimic-acid-derived phenylpropanoids/
benzenoids. Sixteen compounds were detected after 12 h,
with seven significantly higher than emitted from the con-
trol plants. Of 23 compounds detected after 24 h, 13 were
significantly higher than in the control emissions. After 36 h
of infestation, 28 compounds were detected, and 13 were
significantly elevated compared with the controls (Table 1;
Fig. S5).

After the 36-h exposure to insects, the number and quan-
tity of volatiles emitted from cotton infested only with H.
armigera alone or with both pests were higher than emit-
ted from cotton plants after A. lucorum infestation. Of 35
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Hours after infestation
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STRG_8536_1 allene oxide synthase
STRG_30040_1 allene oxide synthase
STRG_11148_1 allene oxide synthase
.. STRG_48055_1 allene oxide synthase
17 STRG_48057_2 allene oxide synthase
STRG_13177_1 allene oxide synthase
STRG_48056_1 allene oxide synthase
STRG_18364_5 allene oxide cyclase
STRG_53515_5 allene oxide cyclase
STRG_31692_1 allene oxide cyclase
STRG_53513_1 allene oxide cyclase
STRG_48789_4 12-oxophytodienoic acid reductase
STRG_32223_3 acx1 acyl-CoA oxidase
STRG_38728_2 OPC-8:0 CoA ligase 1
STRG_17198_1 acetyl-CoA acyltransferase
STRG_52240_1 acetyl-CoA acyltransferase
STRG_10461_2 JA carboxyl methyltransferase
STRG_19500_4 JAR1
™ STRG_6532_1 Jasmonate—zim—-domain protein 10
STRG_9959 1 Jasmonate-zim—-domain protein 6
STRG_44612_1 Jasmonate-zim—domain protein 1
STRG_45486_2 Jasmonate-zim—-domain protein 6
STRG_39713_1 Jasmonate-zim—-domain protein 10
] STRG_1650_2 Jasmonate-zim-domain protein 3
STRG_20706_1 Jasmonate-zim—-domain protein 1
STRG_9088_1 Jasmonate-zim-domain protein 1
STRG_13893_1 Jasmonate-zim—domain protein 1
STRG_35411_1 Jasmonate-zim—domain protein 10
STRG_48818_2 Jasmonate-zim—domain protein 1
T STRG_54389_1 MYC2
STRG_19264_1 MYC2
STRG_19443 1 MYC2
STRG_19444_1 MYC2
STRG_51918_1 MYC2
STRG_31057_1 MYC2
STRG_31059_2 MYC2
STRG_19864_1MYC2
STRG_27117_1 MYC2
brassinosteroid
STRG_51275_2 brassinosteroid—-6-oxidase 2
STRG_52564_1 brassinosteroid—6-oxidase 2
STRG_17439_1 brassinosteroid—6-oxidase 2
STRG_33186_1 cyclin D3, plant
STRG_38603_1 cyclin D3, plant

Hours after infestation

12 24 36 5
salicylic acid
7 STRG_30443_2 SA carboxyl methyltransferase 0

7771 STRG_30440_1 SA carboxyl methyltransferase

STRG_37354_1TGA
STRG_30043_1 pathogenesis-related protein 1
STRG_30042_1 pathogenesis-related protein 1

ethylene

STRG_3208_1 S—adenosylmethionine synthetase
STRG_38258_1 S—-adenosylmethionine synthetase
STRG_19326_1 1-aminocyclopropane—1-carboxylate synthase
STRG_26386_2 1-aminocyclopropane—1-carboxylate synthase
STRG_54499 2 1-aminocyclopropane—-1-carboxylate synthase
STRG_27019_1 1-aminocyclopropane—-1-carboxylate synthase

|STRG_27677_1aminocyclopropanecarboxylate oxidase

STRG_16271_1 aminocyclopropanecarboxylate oxidase
STRG_51335_1 aminocyclopropanecarboxylate oxidase
STRG_51336_1 aminocyclopropanecarboxylate oxidase
STRG_16267_1 aminocyclopropanecarboxylate oxidase
STRG_49861_2 aminocyclopropanecarboxylate oxidase
STRG_27247_3 ethylene receptor

STRG_46066_1 serine/threonine kinase 38
STRG_24507_1 ethylene-responsive transcription factor 1
STRG_27448_1 ethylene-responsive transcription factor 1
STRG_2982_1 ethylene-responsive transcription factor 1
STRG_38069_1 ethylene-responsive transcription factor 1

abscisic acid

auxin

STRG_49653_1 nine—cis—epoxycarotenoid dioxygenase 5
STRG_22882_1 protein phosphatase 2C

STRG_13056_2 protein phosphatase 2C

STRG_19927_1 serine/threonine—protein kinase SRK2

STRG_14777_3 tryptophan synthase beta chain
STRG_49800_1 tryptophan synthase beta chain
STRG_47072_1 anthranilate synthase
STRG_26072_2 auxin influx carrier (AUX1 LAX family)
STRG_50251_1 auxin—responsive protein IAA
STRG_15228_1 auxin-responsive protein IAA
STRG_20225_1 auxin-responsive protein IAA
STRG_23145_4 auxin—-responsive protein IAA
STRG_27407_1 auxin—responsive protein IAA
STRG_26614_1 auxin responsive GH3 gene family
STRG_40011_1 auxin responsive GH3 gene family
STRG_28468_1 auxin responsive GH3 gene family
STRG_6863_1 auxin responsive GH3 gene family
STRG_6995_6 SAUR family protein

cytokinin

STRG_2247_1 cis-zeatin O-glucosyltransferase
STRG_37349_1 cis-zeatin O-glucosyltransferase
STRG_32870_2 cytokinin dehydrogenase
STRG_34882_2 cytokinin dehydrogenase
STRG_16274_3 B-ARR

STRG_32771_2 A-ARR

STRG_11372_2 A-ARR

gibberellic acid

STRG_34473_1 gibberellin 2-oxidase
STRG_33002_2 gibberellin 2-oxidase

Fig.3 Apolygus lucorum-responsive DEGs involved in phytohormone biosynthesis and signaling

volatiles emitted from H. armigera-infested cotton plants,
25 compounds were significantly higher than from control
plants (Table S6). Of 37 volatiles detected after the dual

infestation, 15 were significantly higher than determined
in our recent study (Huang et al. 2018). Interestingly, one
induced volatile (retention time=18.78 min in Table 1; Fig.
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Hours after infestation
12 24 36

terpenoid biosynthesis
STRG_17198_1 acetyl-CoA acetyltransferase
STRG_52240_1 acetyl-CoA acetyltransferase
STRG_20527_2 isopentenyl pyrophosphate isomerase
B STRG_8453_1 terpene synthase
STRG_21182_4 terpene synthase
B STRG_43894_2 terpene synthase
STRG_10215_4 terpene synthase
[ STRG_45693_2 terpene synthase
STRG_45699_1 terpene synthase
[ STRG_23529_2 terpene synthase
STRG_47717_2 terpene synthase
STRG_16355_1 GhCYP82L1/GhCYP82L2-
[l STRG_51409_2 GhCYP82L1/GhCYP82L2-
[l STRG_51408_1 GhCYP82L1/GhCYP82L2-
STRG_53375_2 1-deoxy-D-xylulose 5—phosphate synthase
B STRG_53374_2 1-deoxy-D-xylulose 5-phosphate synthase
STRG_18230_1 1-deoxy-D-xylulose 5-phosphate synthase
STRG_33224_1 isopentenyl diphosphate synthase
. .STRG_7304_1 geranylgeranyl pyrophosphate synthase
1 I STRG_35852_1 geranylgeranyl pyrophosphate synthase
STRG_24301_1 geranylgeranyl pyrophosphate synthase
UDP-glycosyltransferase
STRG_52624_5 UDP-Glycosyltransferase superfamily protein, putative
STRG_17489_1 UDP-Glycosyltransferase superfamily protein, putative
STRG_52623_1 UDP-Glycosyltransferase superfamily protein, putative
STRG_45205_1 UDP-Glycosyltransferase superfamily protein, putative
STRG_43386_1 UDP-glucosyl transferase 73C
STRG_36666_1 UDP-glucosyl transferase 74B1
STRG_27063_1 UDP-Glycosyltransferase superfamily protein
STRG_27065_1 UDP-Glycosyltransferase superfamily protein
STRG_7963_1 UDP-glucosyl transferase 73C
STRG_7964_1 UDP-glucosyl transferase 73C
glutathione S-transferase
STRG_22717_1 glutathione S-transferase family protein isoform 1
STRG_37962_3 tau class glutathione transferase GSTU43
STRG_37963_1 glutathione S-transferase tau 7
STRG_19363_1 glutathione S-transferase 7 isoform 1
STRG_30938_1 glutathione S-transferase zeta-class 1 isoform 1
STRG_28535_1 glutathione S-transferase TAU 8
STRG_43115_1 glutathione S-transferase TAU 8
STRG_43118_1 glutathione S-transferase TAU 8

Hours after infestation

12 24 36 I5

phenylpropanoid/benzenoid biosynthesis
STRG_31455_1 4-coumaroyl-CoA ligase 0
STRG_45531_1 4-coumaroyl-CoA ligase
STRG_22195_4 caffeic acid 3—-O-methyltransferase I -5
STRG_22194_2 caffeic acid 3-O-methyltransferase
STRG_22193_1 caffeic acid 3—-O-methyltransferase
biosynthesis of green leaf volatiles
STRG_34547_1 acetyl CoA:(Z)-3—-hexen—1-ol acetyltransferase
STRG_34548_1 acetyl CoA:(Z)-3-hexen-1-ol acetyltransferase
STRG_34550_3 acetyl CoA:(Z)-3—-hexen—1-ol acetyltransferase
STRG_42097_1 hexenal Isomerases
cytochrome P450
7 STRG_9489_1 cytochrome P450 94A1
B | STRG_22000_1 cytochrome P450 94A1
. STRG_22860_1 cytochrome P450, family 715, subfamily A, polypeptide 1
[ | STRG_44998_1 cytochrome P450 94A1
I STRG_25430_1 cytochrome p450 79a2
[l STRG_17611_1 Gossypium hirsutum isoleucine N-monooxygenase 1-like
[ STRG_26502_1 cytochrome P450 94A2
STRG_51498_1 abscisic acid 8\'-hydroxylase 2
STRG_17807_1 cytochrome P450 94A1
STRG_53312_1 cytochrome P450
STRG_52952_2 cytochrome P450 94A1
STRG_53242_1 cytochrome P450 94A1
STRG_45578_1 cytochrome P450, family 710, subfamily A, polypeptide 1
B STRG_17612_1 cytochrome p450 79a2, putative
STRG_26100_1 cytochrome P450 family protein
STRG_51266_3 cytochrome P450, family 81, subfamily D, polypeptide 8
STRG_17806_1 cytochrome P450 94A1
STRG_16355_1 GhCYP82L1/GhCYP82L2
STRG_51409_2 GhCYP82L1/GhCYP82L2
STRG_51408_1 GhCYP82L1/GhCYP82L2
STRG_23426_1 cytochrome P450 716B1
STRG_2068_1 cytochrome P450 82C4, putative isoform 1
STRG_17439_1 brassinosteroid-6-oxidase 2
STRG_29693_1 cytochrome P450 superfamily protein isoform 1
STRG_13186_2 cytochrome P450, putative
STRG_13185_3 cytochrome P450, putative
[ STRG_52564_1 brassinosteroid—6-oxidase 2
STRG_51275_2 brassinosteroid-6-oxidase 2
STRG_19269_1 cytochrome P450 78A3

]|

Fig.4 Apolygus lucorum-responsive DEGs involved in secondary metabolism

S5) was present only in plants exposed to A. lucorum alone
or with H. armigera, not after attack by H. armigera. This
compound, identified as MeSA (Fig. S6), thus seems to be
induced specifically by A. lucorum.

Attractiveness of A. lucorum-exposed cotton plants
and synthetic MeSA to parasitoid P. spretus

In the Y-tube olfactometer assay, P. spretus showed a signifi-
cant preference for the cotton volatiles after 36 h of A. luco-
rum feeding compared with the control volatiles (Fig. 5a;
mated females, X2= 20.056, P <0.01; unmated males,
X2 =6.531, P <0.05). Furthermore, the behavioral responses
of P. spretus to synthetic MeSA at two concentrations (1 pg/
pL and 10 pg/pL) were investigated. The results confirmed
that P. spretus was significantly attracted by synthetic
MeSA at the tested concentrations (Fig. 5b; 1 pg/pL: mated
females, X2 =6.870, P <0.01; unmated males, X2 =11.864,
P<0.01; 10 pg/pL: females, X2 =8.667, P<0.01; males,
X2= 16.615, P<0.01). Males and females did not differ

@ Springer

significantly in response to A. lucorum-induced volatiles or
synthetic MeSA.

Discussion

Similar to phloem-feeding aphids and whiteflies, mirid bugs
generally pierce plant tissue with their stylets and secrete
saliva to solubilize cellular matter (Showmaker et al. 2016).
We previously reported that simultaneous infestations of A.
lucorum bugs and H. armigera caterpillars elevated volatile
emissions from cotton (Huang et al. 2018). However, other
studies have shown that the whitefly B. tabaci suppressed the
emission of cotton volatiles induced by S. exigua caterpil-
lars (Rodriguez-Saona et al. 2003). Thus, different types of
herbivore damage can induce different volatile phenotypes,
mediated by different defense signaling pathways (Clavijo
McCormick 2016). Chewing H. armigera caterpillars trig-
gered JA signaling pathway (Huang et al. 2015). Phloem-
feeding insects such as whiteflies and aphids usually induce
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Table 1 Proportions (% of internal standard ethyl caprate) of headspace volatiles from cotton plants infested by Apolygus lucorum for 12, 24 or

36 h and from corresponding control plants

Compound Calculated RT 12h 24 h 36 h
RI/published
RI Control Infested Control Infested Control Infested
1. (E)-2-Hexenal 851/851 6.39 nd nd nd 0.94+0.30* nd 0.91+0.55
2. (Z)-3-Hexenol 854/849 6.46 nd nd nd 0.46+0.28 nd nd
3. 2-Methylbutyl acetate 878/882 7.18 nd nd nd 0.81+0.24*  nd 1.17+0.64
4. a-Pinene 935/938 9.02 nd nd 1.23+0.34 3.16+0.30** 1.89+0.25 3.06+0.79
5. p-Pinene 977/973  10.60 nd nd nd 0.32+0.32 nd 0.72+0.46
6. p-Myrcene 988/990  11.06 nd nd nd 5.19+4.02 nd 5.27+1.85%
7. (Z)-3-Hexenyl acetate 1002/1008  11.61 nd 20.08+8.48*%  nd 12.63+4.36% 1.12+049 22.14+1045
8. 1-Decyne 1021/1024  12.30 nd 0.81+0.47 nd 222+1.72 nd 6.33+1.30%*
9. (Z)-B-Ocimene 1035/1039  12.82 nd nd nd nd nd 2.65+1.04*
10. (E)-p-Ocimene 1047/1050  13.24 nd 64.89+20.16%* nd 34.80+9.25%*% nd 130.98 +57.77*
11. Linalool oxide 1085/1075  14.74 nd nd nd nd nd 3.57+0.30%*
12. Methyl benzoate 1091/1095  15.01 nd 2.61+1.09* nd nd nd 3.78+2.87
13. Linalool 1098/1107  15.28 nd 10.09+6.58 nd 9.12+231*%% nd 37.98+14.01*
14. (E)-2-Hexenyl propion-  1106/1111 15.56 nd nd nd nd nd 1.51+0.88
ate
15. DMNT 1113/1114  15.82 nd 22.79+9.65* nd 11.11+1.91*%*% nd 46.75+17.89*
16. (2)-3-hexenyl isobu- 1142/1144  16.88 nd 0.69+0.59 nd 0.03+£0.03 nd 0.78 £0.70
tyrate
17. (E)-2-hexenyl isobu- 1150/1152  17.15 nd 1.11+0.64 nd 0.39+0.24 nd 3.16+1.85
tyrate
18. Methyl salicylate 1191/1192 1878 nd 1.36+1.10 nd 217+1.15 nd 5.36+£3.10
19. (E)-2-Hexenyl butyrate ~ 1194/1195  18.89 nd 3.48+1.57* nd 11.29+4.49*% nd 7.59 +2.36%*
20. (2)-3-Hexenyl 2-meth- ~ 1232/1231  20.24 nd 7.72+3.24% nd 3.01+0.83** nd 8.04+3.85%
ylbutanoate
21. (2)-1-Ethoxy-4-methyl-  1239/1238  20.49 nd 10.45+6.24 nd 440+1.36* nd 27.40+15.96
2-pentene
22. Indole 1292/1297 2247 nd 4.10+2.37 nd 528+1.94% nd 21.45+10.22%
23. (E)-2-Hexenyl tiglate 1334/1338  24.07 nd nd nd nd nd 1.59+1.10
24. Methyl anthranilate 1337/1343  24.19 nd nd nd nd nd 1.03+0.61
25. B-Caryophyllene 1426/1422  27.84 8.95+1.32 13.75+3.75 33.55+9.04 22.16+3.92  2590+9.45 25.79+5.94
26. a-Humulene 1467/1461  29.59 4.24+1.59 6.78+1.71 10.48+2.88 7.62+1.17 793+3.08 9.09+1.77
27. a- Farnesene 1516/1511 31.35 nd nd nd 242+0.78% nd 6.83 +1.96%*
28. 8-Cadinene 1527/1520  31.76 nd 0.85+0.30%* nd 1.31+0.46* nd 4.64+1.56%
29. TMTT 1581/1575  33.14 nd nd nd 229+1.78 nd 11.97 £3.11%*

Numbers for compounds correspond to those in Fig. S5 and Supplementary Table S6. Data (mean + SE) were analyzed for significant differences
in A. lucorum-induced cotton compared to the corresponding control using Student’s ¢ test (*P <0.05, **P <0.01)

DMNT =4,8-dimethylnona-1,3,7-triene; TMTT =4,8,12-trimethyltrideca-1,3,7,11-tetraene; RI=retention index; RT =retention time; nd=not

detected

the SA signaling pathway and suppress the JA signaling
pathway (Stam et al. 2014). Because mirid bugs employ
“lacerate and flush” feeding strategies to cut plant cells
(Showmaker et al. 2016), they cause more physical damage
to cells than do phloem-feeding aphids and whiteflies. So,
we propose that the sap-feeding attack by A. lucorum acti-
vates a signaling network(s) (mainly JA signaling pathway)
that is clearly distinct from that induced by phloem feed-
ers. As expected, our results demonstrated that A. lucorum

infestation activated JA-mediated signaling without attenuat-
ing the SA pathway. Specific volatile blends that were con-
sequently emitted were attractive to the parasitoid wasp P.
spretus (Fig. 5a). Moreover, MeSA, that was induced specifi-
cally by A. lucorum but not by H. armigera (Table S6; Fig.
S6), was found to attract P. spretus when tested alone at two
concentrations (Fig. 5b).

Transcriptomic changes in plants in response to insect
attack constitute a dynamic and complex reprogramming

@ Springer
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A A. lucorum-induced cotton volatiles Control cotton volatiles No-response / total
Female 55 [ 17« |} 18/90
Male L 52 | 29« b 9/90
-80 -60 -40 -20 0 20 40
B Synthetic methyl salicylate Mineral oil No-response / total
1 pg/uL - 50 | 27 *x + 13190
Female
10 pg/pL q 52 [ 26 ** + 12/90
1pg/ul  —{ 56 [ 25 ** | 9190
Male
10 pg/uL —{ 57 [ 21~ h 12190
-80 -60 -40 -20 0 20 40
Choice (%)

Fig.5 Y-tube olfactometer assays of female adults of Peristenus spre-
tus in response to headspace volatiles from cotton plants infested for
36 h by Apolygus lucorum. Data (mean + SE) were tested for signifi-
cant differences using Student’s # test (¥ P <0.05)

of signaling and biosynthetic pathways and can vary with
the duration of attack (Guo et al. 2018a). In this study, the
transcriptomic analysis showed that A. lucorum infestation
induced rapid and strong changes in signaling and other
regulatory processes in addition to primary and secondary
metabolic processes. A considerable number of DEGs were
rapidly and strongly upregulated at 12 h of the onset of her-
bivory, while the number of upregulated DEGs decreased
sharply at the later times (Fig. 1a). However, the most
significant changes in the emission profile of A. lucorum-
induced volatiles were observed at 36 h. Such poor correla-
tion between the transcriptomic and volatile metabolomic
data could be attributed to post-transcriptional and post-
translational regulation of these DEGs.

Upregulated DEGs were more common than downreg-
ulated DEGs after A. lucorum infestation, indicating that
A. lucorum feeding stimulated more gene expression. This
result is similar to transcriptomic changes in cotton plants
responding to chewing H. armigera (Huang et al. 2015) and
A. grandis (Artico et al. 2014), rice responding to Chilo
suppressalis (Liu et al. 2016), maize responding to Ostrinia
furnacalis (Guo et al. 2018a) and Mythimna separata (Qi
et al. 2016), but contrary to that of cotton responding to
aphid and whitefly (Dubey et al. 2013). The difference in
global transcriptome changes between sap-feeding and
phloem-feeding insects likely reflects the different amounts
of damaged caused by the two types of stylet feeders (Voe-
Ickel and Baldwin 2004).

In Clusters A-C of the DEGs, 81 transcription factors
were identified, predominantly from three gene families:
AP2-EREBP (31 genes), MYB (12 genes) and WRKY (9
genes). These genes might be involved in different path-
ways of cotton plants to elicit a rapid, effective defense
against A. lucorum. A comparative transcriptomic analysis
of cotton cultivars resistant and sensitive to the whitefly B.

@ Springer

tabaci showed that WRKY40 expression was elevated in
the resistant cultivar compared to the susceptible cotton (Li
et al. 2016). Recently, transcription factors that regulate the
biosynthesis of plant volatile secondary metabolites have
received increasing attention. For example, MYB transcrip-
tion factor EMA1 from Medicago truncatula regulates the
emission of the volatile methyl anthranilate (Pollier et al.
2019). In strawberry, the FAERF#9-FaMYB98 complex
regulates synthesis of an important fruit aroma compound,
4-hydroxy-2,5-dimethyl-3(2H)-furanone (Zhang et al. 2018).
In Citrus sinensis, two ERF-type transcription factors,
CitAP2.10 and CitERF71, activate CitTPS genes that are
involved in the synthesis of important volatile mono- and
sesquiterpenes in fruit (Shen et al. 2016; Li et al. 2017). In
banana, MabZIP4 and MabZIP5 are involved in regulating
aroma formation during fruit ripening (Guo et al. 2018b).
Other transcription factors such as AtMYC2 in Arabidop-
sis thaliana (Hong et al. 2012), GaWRKY1 in cotton G.
arboretum (Xu et al. 2004), AaERF1 and AaERF2 in Arte-
misia annua (Yu et al. 2012) and ZmEREBS58 in Zea mays
(Li et al. 2015) are also involved in the accumulation of
volatile sesquiterpenes. The function of these differentially
expressed TFs in the biosynthesis of A. lucorum-induced
volatiles should be further investigated in the future to
understand the regulatory mechanisms underlying the pro-
duction of these important volatiles.

Phytohormones such as JA, ET and SA have essential
roles in a complex regulatory network that mediates direct
and indirect plant defenses against insect herbivore attack.
Distinct transcriptional responses and signal-transduction
pathways are often activated in plants to response herbi-
vores depending on the attacker and its feeding guild (Stam
et al. 2014; Erb and Reymond 2019). Chewing herbivores
(such as beetles and caterpillars) and cell-content feeding
insects (such as mites and thrips) predominantly trigger
the JA pathway, while phloem feeders (such as whiteflies
and aphids) frequently activate the SA pathway (Zhang
et al. 2009; Clavijo McCormick 2016; Arena et al. 2018).
Components of SA pathways often antagonize JA signal-
ing and therefore suppress JA-dependent defenses, whereas
evidence is accumulating that the two signaling pathways
can act synergistically (Stam et al. 2014; Erb and Reymond
2019). Our data showed that A. lucorum elicited the expres-
sion of genes associated with JA and SA (Fig. 3), which is
consistent with overlapping or synergistic effects of JA and
SA inrice attacked by C. suppressalis (Zhou et al. 2011; Liu
et al. 2016) and in A. thaliana attacked by Brevipalpus yoth-
ersi (Arena et al. 2018), but different from the antagonistic
effects in cotton during an infestation of H. armigera (Huang
et al. 2015) or whitefly (Dubey et al. 2013; Li et al. 2016). In
addition, almost all DEGs genes involved in ET biosynthe-
sis and signaling were upregulated after A. lucorum infesta-
tion (Fig. 3), suggesting that the ET-mediated signaling was
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also activated and involved in cotton-induced responses to
A. lucorum and other herbivores (Artico et al. 2014; Huang
et al. 2015; Kumar et al. 2016). An integrated signaling net-
work activated by A. lucorum infestation, especially posi-
tive crosstalk between JA, SA and ET signaling pathways,
might contribute to plant adaptation to herbivores of differ-
ent feeding guilds, which allow cotton plants to fine-tune
their defense induced by A. lucorum and consequently lead
to the production of volatiles induced specifically by this
pest. Interestingly, all of the five DEGs associated with BRs
were downregulated (Fig. 3), which provided clues about
negative crosstalk between BR and JA, and suggested that
A. lucorum infestation negatively affected BR-aided growth.

Gossypol and its derivatives are the most important
insecticidal compounds in cotton. Several cadinene syn-
thase genes and five other genes (CYP706B1, CYP82D113,
CYP71BE79, DHI and 2-ODD-1) responsible for interme-
diates in the gossypol biosynthetic pathway were recently
characterized (Tian et al. 2018). Some toxic secondary com-
pounds are synthesized de novo only after the rupture of
multiple cells by chewing, not by piercing or sucking actions
(Stam et al. 2014). Here, we found that almost all character-
ized gossypol genes, except for 2-ODD-1, were present in
the transcriptome induced by A. lucorum, whereas only one
upstream gene (cadinene synthase gene) was differentially
expressed (Table S2). In this context, A. lucorum infestation
activated a specific and somewhat mitigated cotton defense
strategy instead of a gossypol-related defense, which might
be explained by less extensive damage caused by stylets of
mirids compared to chewing herbivores.

Thirty genes related to the biosynthetic pathways of vol-
atile terpenoids, shikimic-acid-derived phenylpropanoids/
benzenoids and HPL-derived green leaf volatiles were
upregulated (Fig. 4). Consistently, A. lucorum-exposed
cotton emitted 13 terpenes, 4 phenylpropanoids/benze-
noids and 12 green leaf volatiles (Table 1; Fig. S5). It is
noteworthy that (E)-f-ocimene, DMNT and linalool were
the three most abundant of these compounds. Volatile ter-
penoids mainly including monoterpenes, sesquiterpenes
and homoterpenes are catalyzed by terpene synthases and
cytochrome P450 proteins (Huang et al. 2013, 2018; Liu
et al. 2018). As expected, eight genes (GhTPS4, GhTPS10,
GhTPS12, GhTPS14, GhTPS15, GhTPS16, GhCYPS2LI
and GhCYP82L) that contribute to the production of (E)-
B-ocimene, (3R)-linalool, (3S)-linalool, DMNT, TMTT and
d-cadinene (Huang et al. 2018; Liu et al. 2018) were strongly
upregulated in response to A. lucorum feeding (Fig. 4).

Intriguingly, many key upstream genes involved in phe-
nylalanine ammonia lyase (PAL) for the phenylpropanoid
pathway, HPL for green leaf volatiles pathway and HMG-
CoA reductase (HMGR) for sesquiterpene pathway were
not differentially expressed. However, 12 genes required
for catalyzing the last step in the formation of cotton

volatiles, including eight terpene synthase genes, three
acetyl CoA:(Z)-3-hexen-1-ol acetyltransferase genes and one
hexenal isomerase gene, were upregulated (Fig. 4). These
findings further suggest that cotton plants fine-tune their
induced defense response to A. lucorum.

Additionally, genes for many other key proteins/enzymes
involved in biosynthetic pathways of natural antibiotics,
including CYP, GST and UGT genes, were upregulated
(Fig. 4), suggesting their possible roles in cotton plants
induced resistance to A. lucorum. It is important to note
that there is a trade-off between the synthesis of defensive
metabolites and growth-related metabolites, as exemplified
here by the upregulation of defense-related genes concomi-
tantly with the downregulation of photosynthetic genes and
partial suppression of amino acid metabolism, carbohydrate
metabolism and nucleotide metabolism (Table S5), which
are general plant responses to insect feeding (Zhou et al.
2011; Huang et al. 2015; Liu et al. 2016). Thus, cotton plants
redirect limited resources by altering their primary metabo-
lism to activate defense-related processes.

Herbivore-induced plant volatiles can function in an
indirect plant defense through the recruitment of benefi-
cial natural enemies (Turlings and Erb 2018), as supported
here by the attraction of parasitoid P. spretus to A. luco-
rum-induced volatile blends and synthetic MeSA (Fig. 5).
MeSA is a common component in insect-induced volatile
blends of many plant species reported to function as a sig-
nal to attract diverse natural enemies. In a meta-analysis of
natural enemy responses to MeSA, Rodriguez-Saona et al.
(2011) found that 41 of 91 observed insect species were sig-
nificantly attracted to synthetic MeSA in the field. In cotton
fields, MeSA may also attract various carnivorous predators
(Yu et al. 2008). Besides its role as an active signal in indi-
rect defense, MeSA can also directly repel some predatory
insects (Lin et al. 2016) and herbivores (Groux et al. 2014).
Moreover, MeSA is also involved in plant—plant communica-
tion and can activate defense responses and improve herbi-
vore resistance in undamaged neighboring plants (Filgueiras
et al 2019). MeSA is synthesized from SA by the action
of SA carboxyl methyltransferase (SAMT), translocated
through the phloem and then converted back to the active
signal SA in systemic tissues (Zhao et al. 2009). In trans-
genic hairy roots of soybean that overexpressed GmSAMT 1,
the SA pathway appeared to be modulated, and plants had
enhanced resistance against nematodes compared with the
wild type (Lin et al. 2013). Notably, transcriptomic data
obtained in our study revealed that two DEGs annotated as
SAMT were significantly upregulated at three times (12, 24
and 36 h of exposure) in A. lucorum-infested cotton plants
(Fig. 3), which is consistent with the detection of MeSA
in the emission profile of A. lucorum-induced volatiles
(Table 1).
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In this study, we provide a comprehensive view of sap-
feeding A. lucorum-induced responses, mainly indirect
defense responses, in upland cotton by monitoring dynamic
transcriptomic and volatile metabolomic changes. Integra-
tive analysis of transcriptome and volatile metabolome
revealed that the A. lucorum-induced plant volatile emission
was mainly regulated by the JA pathway with a likely minor
role for the SA pathway. Specific volatile blends including
MeSA consequently emitted from A. lucorum-infested cot-
ton plants as well as synthetic MeSA alone were attractive
to the parasitoid wasp P. spretus. Our results will help to
elucidate molecular mechanisms of induced plant defense
against sap-feeding mirids, but also to discover previously
unknown defensive genes, for example, SA carboxyl methyl-
transferase, valuable for breeding new cotton cultivars with
enhanced resistance to insects.
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